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Abstract

The search for extrasolar planets is strongly motivated by the goal of characterizing how frequent
habitable worlds and life may be within the Galaxy. Whilst much effort has been spent on searching for
Earth-like planets, large moons may also be common, temperate abodes for life as well. The methods
to detect extrasolar moons, or “exomoons” are more subtle than their planetary counterparts and in
this thesis I aim to provide a method to find such bodies in transiting systems, which offer the greatest
potential for detection.

Before one can search for the tiny perturbations to the planetary signal, an understanding of the
planetary transit must be established. Therefore, in Chapters 3 to 5 I discuss the transit model and
provide several new insights. Chapter 4 presents new analytic expressions for the times of transit minima
and the transit duration, which will be critical in the later search for exomoons. Chapter 5 discusses two
sources of distortion to the transit signal, namely blending (with a focus on the previously unconsidered
self-blending scenario) and light curve smearing due to long integration times. I provide methods to
compensate for both of these effects, thus permitting for the accurate modelling of the planetary transit
light curve.

In Chapter 6, I discuss methods to detect exomoons through their gravitational influence on the host
planet, giving rise to transit timing and duration variations (TTV and TDV). The previously known
TTYV effect is updated with a new model and the associated critical problems are outlined. I then predict
a new effect, TDV, which solves these problems, making exomoon detection viable. Chapter 7 presents a
feasibility study for detecting habitable-zone exomoons with Kepler, where it is found that moons down

to 0.2 Mg are detectable. Finally, conclusions and future work are discussed in Chapter 8.
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Chapter 1

Introduction

“ To consider the Earth as the only populated world in infinite space is as
absurd as to assert that in an entire field sown with millet, only one grain will

grow.”

— Metrodorus of Chios, 4th century BC

1.1 Are We Alone?

It is not exaggeration to say that a great deal of the motivation behind searching for extrasolar planets
is embodied by the above question. Since time immemorial, humans have turned their gaze to the
illimitable, velvet darkness peppered with oases of light and wondered whether other beings, such as
ourselves, also populate the ocean of space and time.

With the Earth representing the only environment where life is known to reside, a natural place
to begin a search for extraterrestrial life are environments similar to this sole example. Consequently,
planets, and in particular “Earth-like” planets, are believed to offer the best locations for life to begin.
Just like the ancient fascination with extraterrestrial life, planets have long captured the imagination of
human minds.

Since antiquity, the seven asteres planetai or the “wandering stars” were known to many cultures
across the world. These bodies, all visible to the naked eye, were noted as abnormal heavenly objects
in that they did not appear in the same part of the sky each night. The seven are the Sun, the Moon,
Mercury, Venus, Mars, Jupiter and Saturn, which give us the seven days of the week. It was the irregular
motions of these objects which distinguished them as planets and this provides a natural place for us to

start our exploration too.
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1.2 Motions of the Planets

1.2.1 Celestial Mechanics

Whilst the positions of the planets were rigorously recorded and tracked by the Babylonians as early as
the second millennium BC, it was the Greeks who introduced a geometric model of their motions. A
geocentric view of the Universe was employed, presumably since it was natural to assume the Earth was
at rest, leading to elaborate models to describe the planetary motions. The pinnacle of these theories
was presented in Almagest by Ptolemy (147) in the 2" century AD utilizing a complex arrangement
of planetary spheres and epicycles. Ptolemy’s theory was so successful at predicting these motions it
remained the definitive text for thirteen centuries.

It was not until the European renaissance that the heliocentric model of Copernicus, Galileo and

6" century and the definition of a planet changed from something which

Kepler gained favour in the 1
orbited the Earth to something which orbited the Sun, demoting the number of planets from seven to
six!. Galileo Galilei’s telescope design in 1609 paved the way for the future discovery of Uranus (Herschel,
1781), Neptune (Le Verrier (1845), Galle (1846)) and Pluto (Tombaugh 1930) (as well as the moons of
these planets), ushering in the modern view of the Solar System.

The other revolution came with Sir Isaac Newton’s Philosophiae Naturalis Principia Mathematica,
first published on the 5% July 1687 (Newton, 1687). Whilst Johannes Kepler had earlier provided his
three laws of planetary motion which so accurately predicted the motions of the planets, the laws were
simply empirical observations without a fundamental understanding as to why the three laws worked.
Newton’s theory showed that planets move in ellipses due to a single force, the force of gravity, and

that a simple inverse-square force potential could completely explain all of the observed motions of the

planetary bodies.

1.2.2 Einstein’s General Theory of Relativity

Despite the many great successes of the Newtonian theory, Le Verrier (1859) reported that the perihelion
precession of Mercury’s orbit around the Sun could not be completely explained with Newton’s theory.
Mercury’s precession is measured to be 5600 arc seconds per century whereas Newtonian mechanics
predicts a precession of 5557 arcseconds per century (Clemence, 1947). At the time, Le Verrier proposed
an additional planet named “Vulcan”, which he suggested resided between Mercury and the Sun.
However, the discrepancy was later resolved without the need to invoke another planet when Albert
Einstein published his General Theory of Relativity in 1915 (Einstein, 1915). The observed motions of

the planetary bodies was finally completely understood by the early twentieth century.

L Although the Moon and the Sun were no longer classed as planets, the Earth was now seen as a planet, to give six
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1.2.3 The Discovery of Neptune

The discovery of Neptune in many ways serves as a transitional stage between the methods used to
detect Solar System planets and the methods later used to detect extrasolar planets. Bouvard (1821)
first struck upon the hypothesis of Neptune’s existence when he tabulated the observations of the orbit
of Uranus and noticed substantial deviations from current predictions. Bouvard hypothesized that an
unknown outer planet was perturbing the orbit of Uranus. Le Verrier (1845) and Adams (1846) went
further by calculating what the orbit of this body must be. These predictions were sufficiently accurate
that the detection of Neptune was made soon after by Galle (1846).

Neptune therefore represented a transitional stage between the classic technique of directly observing
the reflected starlight from planets and moons, to detecting bodies through indirect techniques based
upon the predictions of celestial mechanics. Celestial mechanics had matured to a sufficient point that

it could be a tool for planetary detection, which would later play a vital role in exoplanetary searches.

1.3 Historical Overview of Efforts to Find Extrasolar Planets

1.3.1 From Planets to Exoplanets

After the detection of Pluto in 1930 and the picture of the Solar System apparently complete, many
astronomers set their sights on much more distant planets - those orbiting other stars. This ambitious
goal would not be achievable through the conventional techniques used to find Solar System planets.

These planets, including the seven asteres planetai, were found by detecting the sunlight reflected off
their surface as they moved against the backdrop of a black canvas. Therefore, the oldest technique used
to find planets is what we would now call “direct imaging”.

In contrast, the light reflected from an extrasolar planet, or “exoplanet”, is very challenging to
spatially resolve from the host star and is typically around one million to one billion times fainter (see
§1.3.8). In recognition of this, astronomers had to devise new indirect methods in their bid to detect an

extrasolar planet.

1.3.2 Orbital Perturbations

As discussed earlier in the case of Neptune, the second technique to yield success in detecting Solar
System planets was by searching for deviations in the motions of a known orbiting body, betraying the
presence of a unseen perturber. The use of this technique reflects the extreme confidence astronomers
now had in their understanding of the motions of heavenly bodies, in large part due to the pioneering
work of Kepler, Newton, Lagrange, Hill, Einstein and many others.

These orbital deviations may be classed into two categories depending upon the timescale over which
they are observable. The first category is orbit-to-orbit variations (e.g. Le Verrier’s prediction of Nep-

tune) and the second is long-term secular (or apparently so) changes in the orbital elements of the system

16



(e.g. the prediction of Vulcan, also by Le Verrier).

In both cases, one requires at least two bodies in the system to detect the third. Naturally, this
limits the use of the technique to either a multiple-star system or a star for which exoplanets are already
known. In the nineteenth century, the latter of these was of course not available. Therefore, following
the success of Le Verrier’s work with Neptune and the known existence of numerous bright multiple star
systems, it should perhaps come as no surprise that one of the first scientific claims of an exoplanet
detection was for a binary star system.

In 1855, Capt. W. S. Jacob at the East India Company’s Madras Observatory reported that orbital
anomalies in the binary star 70 Ophiuchi made it “highly probable” that there was a “planetary body”
in this system. Jacob (1855) compared observations of the positions of the binary components to a
calculated model of a two-body and three-body system and noted that the average residuals decreased
from 49 arcminutes to 35 arcminutes over the entire data set (see Figure 1.1). The statement “highly
probable” was not quantified in the way which would be mandatory by modern standards, but Jacob
can be forgiven, given that much of seminal work in observational statistics by Karl Pearson (Pearson’s
chi squared test in 1900, Pearson (1900)), Ronald Fischer (the F-test in 1920’s) and others had not
been devised yet. Using Jacob’s original data, a modern F-test would find the three-body model to be
accepted over the two-body with a confidence of 1.9-¢, which is below the oft-cited detection threshold
of 3-0.

Many interesting aspects of nineteenth century astronomy are visible when one reads through Jacob’s
paper with a modern perspective. For example, Jacob remarks that the deviations “might arise from an
erroneous assumption of the universal application of the law of gravitation”. Jacob essentially concludes
that only two hypotheses can explain the observations; either Newton’s laws of gravity requires modi-
fication or there is a planet in orbit. Between these two hypotheses, Jacob quite reasonably concludes
the latter is much more likely. There are no other hypotheses put forward; the idea that instrumental or
human errors could be responsible for the observations is notably absent. By virtue of the fact this third
hypothesis is not even mentioned, it therefore follows that Capt. Jacob considered a systematic error
much less likely than his second hypothesis - that the laws of gravitation are not universal - a concept
which would be viewed as grossly aberrant to the modern exoplanetary scientist.

A few decades later, See (1896) made a stronger claim for the existence of a dark companion in this
system. However, Forest Ray Moulton, who had been a graduate student of See at the University of
Chicago, soon published a paper proving that a three-body system with the specified orbital parameters
would be highly unstable (Moulton, 1899). The claims by Jacob and See have both been shown to be

erroneous (Heintz, 1988).

1.3.3 Astrometry

One of the oldest and most famous scientific techniques used to look for an exoplanet is that of astrom-

etry. Unlike the orbital perturbations method, there is no example of a Solar System planet ever being
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Figure 1.1: Original 1855 data of Capt. W. S. Jacob, comparing the residuals from a two-body model
(open circles) for 70 Ophiuchi and a three-body model (filled circles, offset by -250 arcminutes for clarity).
The decreased residuals of the three-body model was used to make one of the first claims for the existence
of a exoplanet. A modern statistical analysis using an F-test finds the three-body model to be accepted

with 1.9-0 confidence, below the standard detection threshold.
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discovered through astrometry and so in many ways astrometry was quite a radical technique. What is
astrometry and why was it proposed so early on without any successes in the Solar System?

From Newton’s theory, two masses in an inertial frame orbit a common centre of mass. This means
that a planet doesn’t just have an orbit, the star also has an orbit around the centre-of-mass, albeit of
much smaller amplitude. Figure 1.2 provides an illustration of this and Murray and Dermott (1999) give
a detailed discussion of the two-body problem. The star’s “reflex motion” to the orbiting mass could
therefore potentially be used to detect an exoplanet, if stellar positions could be measured to sufficient
precision.

The variation in the sky position, «, of a star of mass M, at a distance d from the Earth, hosting a
planet? of mass Mp and semi-major axis ap, can be estimated by Equation (1.1). The equation reveals
that ~ 107 arcseconds, or ~ 0.1 as is a reasonable estimate for the required precision in astrometry,

which outlines just how challenging detecting an exoplanet truly is with this method.

Mpap = M*a*
Q4
o>~ —
d

(94.”5 x 107°) (X—%) <10dpc> (%) (]]\\/[4®> (1.1)

Where “AU” denotes astronomical units, “pc” denotes parsec, M; is the mass of Jupiter, Mg the
Solar mass unit and a, represents the semi-major axis of the star’s reflex motion.

At the time when astrometry was first implemented, it was of course not the only considered method.
For example, transits of Venus and Mercury had long been known. The transit of Venus was first observed
in 1032 by the Persian astronomer Avicenna, who used the observation to conclude that Venus is closer
to the Earth than the Sun. In fact, one can go back to even the work of Ptolemy, who wrote about
the possibility of planetary transits across the face of the Sun in his work “Planetary Hypotheses”. He
suggested that no transits had been observed either because planets such as Mercury were too small to
see, or because the transits were too infrequent.

Despite the known existence of planetary eclipses, transits would not have seemed an appealing
method of detecting exoplanets in the nineteenth and early twentieth century. For a Jupiter-sized planet
transiting a Sun-like star, the flux decrement would be ~ 1% (see §1.3.6). Using just the human eye or
even later with photographic plates, this level of precision was simply not feasible. However, astronomers
were very skilled in measuring positions of objects in the sky since the late eighteenth century and early
nineteenth century, able to reach better than an arcsecond precision, through improved telescope designs

(for example Bessel (1838) measured the parallax of the binary star 61 Cygni to be 300 mas?).

2T here introduce the notation for several parameters related to the planet and star. In many other texts, a subscript
“P” is not placed on the planetary terms. However, in this thesis I will be dealing with > 1 planet and satellites and the

advantage of the “P” subscript will become apparent
3Note: “mas” denotes milli-arcseconds
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Figure 1.2: Cartoon illustrating the reflex motion of a star in the inertial frame of the barycentre. The
planet’s presence gives rise to variations in the position (used for astrometry and pulsar timing) and the

velocity (used for radial velocity) of the host star, which may used to detect an exoplanet.
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Other reasons why transits were likely seen as unfeasible, even in the age of photomultipliers after
1934, was that transits are low probability events, both geometrically and temporally, meaning that a
very large dedicated survey would have been required at great expense by nineteenth and early twentieth
century standards. Finally, the expectation was to find planets on large distant orbits, based upon
the configuration of the Solar System, which maximizes the astrometric amplitude* and minimizes the
geometric probability of a transit.

Therefore, astrometry can be seen to have been destined to emerge as one of the first methods to
look for exoplanets. Observers were no doubt spurred on by the early successes of Friedrich Bessel.
Bessel (1844) used astrometry to detect the presence of unseen dark companions to Sirius and Procyon
(astrometric amplitudes of 3.7mas and 1.8 mas respectively), although these were unseen stars rather
than exoplanets. It is worth pointing out that these detections did withstand the scrutiny of later
observations.

Over a hundred years after Bessel’s groundbreaking work in astrometry, the stage was set for one of
the most famous stories in the tale of exoplanets. In 1963, Peter van de Kamp claimed to have detected
an exoplanet orbiting a nearby M-dwarf known as “Barnard’s star” (named after the discoverer of its
very high proper motion). Van de Kamp (1963) argued for a 1.6 Jupiter mass (M) planet on a 4.4 AU
orbit electrifying the astronomical community (see Figure 1.3 for the original data).

In a familiar pattern though, the signal was soon identified as spurious. In subsequent observations,
Gatewood and Eichhorn (1973) failed to verify the planetary signal and around the same time Hershey
(1973) showed that that changes in the astrometric field of various stars correlated to the timing of
adjustments and modifications that had been carried out on the refractor telescope’s objective lens. As
a result, the planetary “discovery” was an artefact of maintenance and upgrade work on the telescope
and is an excellent example of an uncorrected systematic effect masquerading as a planet.

Barnard’s star may have seemed an attractive target as it has a low mass, being an M-dwarf, and is one
of the nearest stars to the Solar System meaning the claimed signal of Van de Kamp was (24.5+2.0) mas.
However, Barnard’s star also has the highest proper motion out of any star in the sky at a formidable
10.3 arcseconds per year. This means over the putative 24 year period of Van de Kamp’s planet, the
star exhibits a systematic motion over 10,000 times larger than the signal due to the proposed planet.

It is worth noting that despite the early problems with astrometry, it has since been exploited on sev-
eral targets known to already host planets for the purpose of characterizing the orbit and demonstrating
the feasibility of astrometry in general. An excellent example comes from Benedict et al. (2002), who

use HST astrometry to determine the mass of GJ 876b.

1.3.4 Pulsar Timing

After the debacle over Barnard’s star, it is easy to see how confidence may been lost in the hunt for

exoplanets. By the beginning of 1990, over 130 years had passed of claimed detections of exoplanets

4 And also minimizes the radial velocity amplitude
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Figure 1.3: Original 1963 data of Peter van de Kamp, comparing the residuals from a two-body model
(open circles) for Barnard’s star and a three-body model (filled circles, offset by -25um for clarity). The
decreased residuals of the three-body model was used to claim the presence of a 1.6 Mj exoplanet in a

4.4 AU orbit. A modern statistical analysis using an F-test finds the three-body model to be accepted with
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1.7-0 confidence, below the standard detection threshold.
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which were consistently debunked by later studies.

In the same decade that Van de Kamp wrote his infamous paper on Barnard’s star, Burnell & Hewish
(1967) detected the first pulsar (a highly magnetized rotating neutron star) which they designated “Little
Green Men 1”7 or LGMO1 (now less poetically known as PSR B1919+21). The original designation came
from the half tongue-in-cheek proposition that the measured regular radio beats were artificial in nature,
as there was previously no concept of a rotating star beaming electromagnetic radiation in this manner.
The few dozen pulsars subsequently discovered were subject to frequent timing measurements, in order
to pin down their positions and spin-down parameters.

The 6.2 ms pulsar PSR B1257412 became an object of interest in the early 1990’s due to irregularities
in the timing of the pulses, as measured by the team of Aleksander Wolszczan. The object was studied
further by the giant 305m Arecibo telescope by the same group and led to the inescapable conclusion
that deviations in the times-of-arrival (TOA) of the pulsar must be due to the presence of two perturbing
planets. Wolszczan and Frail (1992) published their results soon after in what would become historically
acknowledged as the first unambiguous detection of an extrasolar planet.

On a brief aside, Wolszczan and Frail (1992) were under the impression that their detection was not
the first at the time of writing. A year earlier, Bailes et al. (1991) published a letter to Nature claiming a
10 Mg planet orbiting the pulsar PSR B1829-10 with an orbital period of nearly exactly 6 months. The
authors later retracted the planet upon realising they failed to properly account for the Earth’s elliptical
orbit.

The method of looking for TOA deviations is very similar to astrometry. Due to the changing position
of the star, as a result of its reflex motion, the distance between the observer and the pulsar changes

periodically. These changes in distance result in a shorter and longer light travel times.

A(TOA) ~ & sinip
C
apMp . .
= sinip
«C

(4.74 x 10748) sinip <Z—6> (%) (AA?) (1.2)
J *

Where ip is the orbital inclination of the planet. Equation (1.2) shows a typical signal is around half

2

a millisecond which was much larger than the typical uncertainties of a few hundred nanoseconds being
achieved for millisecond pulsars by the time of 1990. As a result, the signal seen by Wolszczan and Frail
(1992), which I show in Figure 1.4, was extremely secure from a statistical perspective.

Although the significance was not quoted in the original paper, I have estimated this by digitizing
the figure of the orbital fit and comparing the root mean square (RMS) between the two-planet model
and the null hypothesis of a static system. The result is a false-alarm-probability (FAP) of 4.3 x 1074 or
13.3-0, which gives a sense of just how secure the detection was relative to that of Jacob (1855) and Van

de Kamp (1963). Note that Wolszczan and Frail (1992) also considered whether their signal could be a
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Figure 1.4: Original data of Wolszczan and Frail (1992), showing a two-planet fit to the measured pulsar
times of PSR B1257+12. In contrast the earlier claims of Jacob (1855) (see Figure 1.1) and Van de
Kamp (1963) (see Figure 1.3), the signals of each planet are overwhelming obvious and have a significance

of roughly 13-0. Figure taken from Wolszczan and Frail (1992).

systematic error by verifying that the observed periodicities were independent of radio frequency and that
other millisecond pulsars routinely observed with the same equipment did not show such periodicities
either.

The Wolszczan and Frail (1992) paper is recognized as the first unambiguous detection of a planet
orbiting another star. What made the paper even more remarkable was that the planets detected were
in the terrestrial mass regime at 2.8 Mg and 3.4 Mg and what would be considered “long-period” from
a modern perspective, with respective orbital periods of 98.2d and 66.6d.

However, despite the low masses and long periods, pulsars would be a hellish environment for life and
there was still a strong motivation to find a planet around a “normal” star, i.e. main-sequence. In many
ways, the pulsar detection spurred on the exoplanet hunt tremendously since now astronomers knew

stars hosted planets and yet the real prize of a planet around a Sun-like star remained undiscovered.
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1.3.5 Radial Velocity
Principles of RV

In many ways, the age of exoplanet discovery did not truly begin until the detection of 51-Pegasi b,
discovered using the radial velocity technique. Radial velocity, or RV, is very similar to the astrometric
method except that instead of looking for the reflex motion of the star in terms of changes in position, one
looks for changes in velocity (along the line of sight). Since a planet, and thus the star’s corresponding
reflex motion, orbit with a higher speed when in tighter orbits, RV favours planets on very short orbital
periods. This is in contrast to astrometry which favours long-period planets yielding a large planet-star
separation and thus large amplitude spatial motion of the host star. I summarise these very important

points below.

m Astrometry: Measures the sky-projected position of a star: Prefers long-period companions

m Radial Velocity: Measures the line-of-sight velocity of a star: Prefers short-period companions

Therefore, RV and astrometry are highly complementary to one another in parameter space. Addi-
tionally, the combination of the two allows for a unique solution for the planetary mass (Tuomi et al.,
2009). This complementarity between a position-based phenomenon and a velocity-based phenomenon
will have important ramifications later when I discuss detecting exomoons and so I stress the point early
on. The reflex velocity semi-amplitude can be easily written down for a circular orbit to give a feeling
as to the feasibility of such an enterprise. One may again exploit the fact that the planetary motion and

the stellar motion must balance out in the inertial frame:

MP’UP = M*’U*

MpSinip 27Tap

K, ~v,sinip =

M, Pp
= Mp(2nG) /3 M2 Pyt
B _ (Mpy\M.\-2/3, Pp \-1/3
= (28.4m/s) smzP(E) (M@) (years) (1.3)

On the second line, I have used K, to denote the RV semi-amplitude, as is standard in the exoplanet
literature. On the third line, I have used Newton’s version of Kepler’s Third Law to remove the depen-
dency on ap. Given that by 1995 typical RV errors could reach 20 m/s, Equation (1.3) reveals that for
giant planets on an orbit of a year or less, RV would be a viable detection technique.

The RV method requires measurements of a star’s velocity along the line-of-sight, which can be
achieved by measuring the Doppler shifts of said star’s spectral lines. This naturally requires a very
stable spectrograph, with highly sensitive calibration and a rich forest of lines to measure. To make
the method feasible for an exoplanet search, the process has to become somehow automated to expedite

what would otherwise be a very tedious task by hand (as well as prone to inaccuracies).
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A shot in the dark

For RV to succeed, the key hinge was whether gas giants would exist in orbits of a year or less and thus
be detectable. Planetary formation models (Pollack et al., 1996) of the Solar System perpetrated that
gas giants formed beyond the snow-line (where the equilibrium temperature is less than 150K which
means 2-3 AU typically). Whilst inward migration was conceived, inspection of the positions of the Solar
System gas giants alluded that this mechanism was not very effective. Thus, even after the Wolszczan
and Frail (1992) discovery, little resources were devoted to looking for exoplanets using the RV method.
Nevertheless, some groups did take the gamble, which ultimately paid off for Mayor and Queloz (1995).

Before discussing the famous paper of Mayor and Queloz (1995), I point out that some tentative
successes had already transpired for the RV method before 1995. Notably, seven years prior, Campbell
et al. (1988) cautiously claimed to have detected a companion to Gamma Cephei which was challenged
a few years later by Walker et al. (1992). It was therefore not generally considered a confirmed planet
until validated in Hatzes et al. (2003). Another example comes from Latham et al. (1989) who detected
a companion of minimum mass 11 M; around HD 114762, but concluded the object was more likely to
be a brown dwarf than a planet.

The story of Mayor and Queloz (1995) centres around “51-Peg”; a bright (V' = 5.5) G2- to G4-type
star relatively close at 15.6 pc in the Pegasus constellation. The star was part of a exploratory survey
being conducted by a Swiss group based in Geneva, led by Michel Mayor looking at 142 bright K and G
dwarfs for radial velocity variations with a sensitivity of ~13m/s.

Although not quoted in the original paper, it is simple to download the original data, refit a circular
orbit model (no linear drift) and compute the significance of the fit. The result is a false alarm probability
(FAP) of 7.1 x 10712 or 8.9-0, easily above the standard detection threshold of 3-o. It is also visible
that Mayor and Queloz (1995) spend considerable effort excluding alternate hypotheses for the signal,

for example from a blended eclipsing binary by virtue of a bisector analysis.

An explosion of discoveries

Just six days after the Mayor and Queloz (1995) discovery, Geoff Marcy and Paul Butler of San Francisco
State University independently confirmed the signal and then charged on with two new discoveries for
70 Virginis (Marcy and Butler, 1996) and 47 Ursae Majoris (Butler and Marcy, 1996). And so began
the age of exoplanetary science with new discoveries coming in on a regular basis from here on. Today,
over 500 exoplanets are known to exist with over 80% coming from RV surveys.

Due to the bias of RV surveys to high mass, short-period planets, a large fraction of these bodies
are previously unanticipated “hot-Jupiters”. The fact that hot-Jupiters exist was a major boon for RV
surveys in the early years, but modern high resolution spectroscopy can now measure stellar velocities
to better than 1m/s meaning planets down to a few Earth-masses (Super-Earths) at long periods can
be found (e.g. Vogt et al. (2010a)).

One interesting consequence of the RV discoveries was that many of the exoplanets being found had
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Figure 1.5: Original data of Mayor and Queloz (1995) (circles), showing a one-planet fit (continuous
dotted line) to the measured radial velocities of 51-Pegasi. In contrast to the earlier claims of Jacob
(1855) (see Figure 1.1) and Van de Kamp (1963) (see Figure 1.3), the signal of the planet is very clear
and has a significance of roughly 9-o0. Squares show the offset (-100m/s) residuals of the one planet

circular-orbit fit. Empty points represent a repetition of the data to illustrate to signal more clearly.
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unanticipated short-periods (a few days) and thus had a much higher chance (~ 10%) of transiting the
face of the star than previously expected. After the paper of Mayor and Queloz (1995), astronomers

started to think about the technique which had long been considered implausible.

1.3.6 Transiting Planets

Despite RV surveys churning out plenty of exoplanet discoveries, RV provides frustratingly little informa-
tion about these bodies. For example, the true mass of the planet is not actually known, just Mp sinip.
The only other information one can glean is the orbital period, Pp, the orbital eccentricity, ep and
the argument of periastron, wp. For the ultimate goal of detecting signs of life on another planet, this
was simply not enough. If one of the RV detected planets happened to transit across the star though,
vast amounts of detail could be inferred about the planet’s size, composition, oblateness, atmosphere,
temperature, albedo, surface coverage and ultimately habitability®. Transits are the window into the
soul of an exoplanet.

The principles of the transit method are very simple at a first-order level. The star has a nominal flux
level which temporarily decreases due the planet blocking out a fraction of the projected stellar surface
as it passes in front. The depth of the transit® is given by the ratio of the sky-projected area of the

planet and the sky-projected area of the star:

_ WR%D
- TR2
—1.03 (};—i) (f;@) % (1.4)

By the end of the twentieth century, even small telescopes (a few inches aperture) had photometric
precisions better than 1%, in large part due to the development of CCDs a few decades earlier. The
key question was how likely was it that a transit would occur, given the plainly fortuitous geometric
alignment required?

Assuming a planet is on a nearly circular orbit and the inclination angle is uniformly distributed in
space, the probability is simply given by ~ R,/a. For the hot-Jupiters being found from RVs, a good
rough estimate was 10% probability. In reality, it is larger than this since RV surveys have a bias to
aligned systems, but this conservative estimate is already encouraging. Consequently, success was soon
coming.

Charbonneau et al. (2000) and Henry et al. (2000) detected the first transit of an extrasolar planet
for HD 209458b, a fairly typical hot-Jupiter around a bright star (see Figure 1.6). Charbonneau et al.
(2000) used the 4-inch STARE telescope, demonstrating just how inexpensive transit observations could

potentially be (which opened the door for future ground-based transit surveys such as HATNet (Bakos

5Note that not all of these possibilities were known early on
6] here describe the geometric transit depth. The observed transit depth is, in general, deeper than this due to limb

darkening effects
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Figure 1.6: First detected transit light curve of an exoplanet, made by Charbonneau et al. (2000) (left)
and Henry et al. (2000) (right) for HD 209458b. On the left, the solid line shows the best-fit model and
the dotted line shows the extrema of a planet which is 10% smaller or larger in radius. Left figure taken

from Charbonneau et al. (2000). Right figure taken from Henry et al. (2000).

et al., 2004) and WASP (Pollacco et al., 2006)). The resulting light curve showed a depth of around
1.5% lasting for around 3 hours. The light curve allowed for a determination of the orbital inclination
angle and thus the true planetary mass from the RV determined Mpsinip. Also, since the transit depth
is essentially (Rp/R.)?, the planetary radius could be calculated and thus the average density of HD
209458b was known. The power of transits had been demonstrated.

A spectacular follow-up paper by Brown et al. (2001) used the STIS instrument on HST to provide
the first space-based transit light curve. The stunning photometry, showed in Figure 1.7, provided an
exquisite determination of the system parameters and toyed with the idea of constraining the presence
of rings and moons.

Having finally reached the discovery of transiting exoplanets, which constitutes the major topic of
interest of this thesis, the relevant history of exoplanets has been covered, for the purposes of this thesis.
However, for completion, I will briefly overview two other known successful methods to detect exoplanets.

Methods based upon transit timing will be discussed later in the thesis, in Chapter 6.

1.3.7 Gravitational Microlensing

Gravitational microlensing is based upon the fact that massive bodies bend the apparent path of light,
in essence acting as a lens. If a star passes in front of another more distant luminous body, it causes
the luminous body to dramatically increase in brightness for a few days or weeks, depending on the
configuration. The same is true for a star with a planet except that one sees two (or more) increases in
brightness; one large increase due to the more massive star and one smaller increase due to the planet
(see Figure 1.8 for an illustration).

Microlensing favours massive planets with a wide separation leading to the detection of cold or frozen

planets. However, with a space-based mission in the form of EUCLID or WFIRST, microlensing could
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Figure 1.7: Flirst space-based transit light curve of an exoplanet, made by Brown et al. (2001) for HD
209458b using the Hubble Space Telescope (HST). Data has been phase-folded from five partial transits.
It was not possible to observe a complete and uninterrupted transit, due to the 90 minute orbit of HST.

Figure taken from Brown et al. (2001).
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detect many Earth-mass habitable-zone planets and provide comprehensive statistics on the frequency
of habitable bodies (often dubbed 7g). On the down side, microlensing events are inherently transient
and once the lensing event is over there are no further opportunities for follow-up.

Microlensing hit upon its first success in 2004 with the discovery of OGLE 2003-BLG-235/MOA
2003-BLG-53, named jointly as it was discovered by both the OGLE and MOA surveys. Bond et al.
(2004) reported the discovery of 1.5 M ; at 3 AU and since this time several more have been found.

1.3.8 Direct Imaging

The latest technique to broach success could also be considered the oldest technique used to detect a
planet - direct imaging. Direct imaging seeks to either spatially, or spectrally, resolve the light from the
planet from that of the star. The light from the planet is either reflected or thermal emission and so hot
planets at a wide separation, meaning young planetary systems, are favourable. For reflected light only,

the contrast ratio between the disk-averaged intensities of the planet and star is given by:

Ip o WR%D
T W =AC(fr) 1 A
Rpy (AU
_ -8 P
=5.71 % 10 (—RJ) (—ap )mGC(fp) dA (1.5)

Where 20 is the geometric albedo, defined as the flux reflected by the planet when viewed at oppo-
sition (full phase), and C(fp) can be between 0 and 1 depending upon the true anomaly of the planet.
Equation (1.5) therefore reveals that the contrast ratios are likely to be quite extreme.

Matters are further exacerbated by the challenge of resolving this light. The star and planet have
an angular separation of ap/d, where d is again the distance to the star from the observer. Typically,
telescopes have their angular resolution constrained by the diffraction limit, given by 1.22)\/D, where A
is the wavelength of the light one is using and D is the diameter of the telescope. Therefore, the smallest

separation one can detect is:

1.22d)\
@pmin = =
AP min = (1.38AU)(%pc) (550%) (%n) (1.6)

So it can be seen that direct imaging naturally prefers to use infrared wavelengths to look around
nearby stars with wide companions. Coronographic techniques can null the stellar flux leaving the planets
alone to identify and track over the course of their orbit (e.g. Heap et al. (2000)).

The first image of an extrasolar planet is 2M1207b by Chauvin et al. (2004). The primary is a brown
dwarf meaning the contrast ratio between the planet and the “star” is quite favourable. Also, the planet
orbits at ~50 AU around the primary and is hot, being in the range 1000-2000K. The pioneering first

image is shown in Figure 1.9.
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Figure 1.9: First image of an extrasolar planet by Chauvin et al. (2004). 2M1207b orbits its primary, a
brown dwarf named 2M1207a, at around 50 AU.
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1.4 Lessons from History

1.4.1 Context

This tour of the history of exoplanet discovery does not only serve to introduce this thesis but clearly
exposes several key lessons which one can, and should, take away. In this thesis, I seek to develop ways
to detect the moon of an extrasolar planet, which, it must be admitted, is a challenging task. There is
little question that the signals being dealt with will exhibit very low signal-to-noise, just like the early
years of exoplanet searches. In such a circumstance, how can one avoid the pitfalls of the early claims
made for planets?

In this section, I ask, what are the differences between the discovery papers, methods and attitudes

of those discoveries which were genuine and those which were not?

1.4.2 Detection Criteria of the Historically Genuine Discoveries
1 - Statistical significance

Looking back to the earliest claim of Jacob (1855), there are many differences in style, presentation and
evident resources applied to that of modern exoplanet detection papers. The first thing one can note is
that the statistical significance of Jacob’s claim (1.9-¢) is marginal, at best, even assuming absolutely
no systematic errors (which is of course never true). A very similar situation is true for Van de Kamp
(1963) whose model fit I have estimated to be accepted with 1.7-c confidence.

In contrast, the successful first detections of Wolszczan and Frail (1992), Mayor and Queloz (1995)
and Charbonneau et al. (2000) exhibit significances of 13.3-, 8.9- and 31.8-¢0 respectively. Although
detecting a signal to ~ 10-0 confidence does not guarantee a genuine detection (e.g. the false positive
of Bailes et al. (1991)), it must certainly be considered as a requisite along the chain of steps necessary
to claim a detection. I identify this as my first detection criterion and use 3-0 as an absolute minimum

detection threshold.

2 - Systematic errors

Another clear difference is that Jacob (1855) and Van de Kamp (1963) give little, if any, consideration to
the hypothesis that the observations are induced by some kind of systematic error(s)?. In modern detec-
tion papers, this is a very regular practice. For example, RV detected planets are invariably accompanied
with a bisector analysis to eliminate the hypothesis of a blended eclipsing binary (e.g. Mayor and Queloz
(1995)). Frequently, they also come with a photometric campaign too (e.g. Vogt et al. (2010b)) to con-
firm the signal is not due to star spots or plages (e.g. Queloz et al. (2001)). Similarly, planets detected
through the transit method are usually given a thorough consideration of various blending scenarios and

almost always come with RV confirmation (e.g. Bakos et al. (2010)).

9Note that systematic errors can be either instrumental or astrophysical in origin
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I therefore identify a second criterion to be that an exploration of systematic effects, both instrumental

and astrophysical, should be performed.

3 - Physicality of the claim

For a two-body system, almost all configurations can be considered plausible but once one moves into
the realm of three-body systems then many configurations would quickly become dynamically unstable
after a time span much shorter than the age of the systems in question. As an example of this, the claim
of See (1896) was challenged by Moulton (1899) on the basis that the system would rapidly become
unstable. Not surprisingly, observations later confirmed Moulton’s warning (Heintz, 1988). Modern
exoplanet papers regularly test the dynamical stability of the proposed system for multi-planet systems

(e.g. Vogt et al. (2010b)) as a criterion for the system being real. I take this as my third criterion.

4 - Suspicious periods

Bailes et al. (1991) provide an interesting example of a signal cleanly detected to high significance but
which ultimately proved to be false. The signal had a period of nearly exactly 6 months and turned
out to be due to a calibration error for compensating for the Earth’s orbit. Similarly, it can be seen to
be prudent to check for signals which can be due to aliasing of the sampling frequency (Dawson and

Fabrycky, 2010). This gives the fourth criterion.

5 - Consistent instrumentation

The claim of Van de Kamp (1963) was eventually shown to be false as a result of upgrades to the telescope
over the course of the observations. These upgrades meant essentially a different instrument was being
used between the start and end of the observations. If an instrument has an unknown systematic error
which causes a constant offset then using it repeatedly actually has no bearing on the results, so long as
the offset is indeed constant. However, if one uses different instruments, each one with its own unique
(and unknown) systematic offset, then artificial signals will inevitably appear.

A lesson to take home is that it is strongly preferable to use the same instrument as much as possible

for the observational data in a detection paper. This constitutes the fifth criterion.

6 - Avoid observing targets with large systematic offsets in the observed parameter

The false claim of Van de Kamp (1963) resonates with a later claim made for a different star, VB 10, in
2009. Pravdo and Shaklan (2009) claimed to have detected a planet around VB 10 using astrometry, in
what would have been the first confirmed detection using this method. However, it was later shown by
Anglada-Escudé et al. (2010) and Bean et al. (2010) that the predicted RV signal did not exist and thus
the astrometric signal was spurious.

What VB 10 and Barnard’s star have in common is that both are objects with very high proper

motion (17 and 10.3” per year respectively). To perform astrometry, one therefore has to first remove
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this large systematic effect of the proper motion. One can easily see that if there is a, say 0.01%, error
in this process then a residual signal of 0.1 mas will persist in the case of Barnard’s star, which is the
same size as the claimed planetary signal for that system.

Therefore, targeting objects with extremely high systematics (i.e. proper motion in the case of
astrometry) can be instantly appreciated to be an unwise strategy since it requires exceptionally accurate
corrections for these effects before a meaningful analysis can be performed. This constitutes the sixth

criterion.

1.4.3 Summary

I have identified six criteria which seem to discriminate between the genuine and spurious exoplanet
claims over the past decades. I caution that this is by no means comprehensive - counter examples of
genuine systems will surely exist for any given criterion - but they do offer a general strategy to optimize

the chances of finding authentic discoveries by exploiting the benefit of hindsight.

C1 Statistical significance

C2 Systematic errors

C3 Physicality of the claim
C4 Suspicious periods

C5 Consistent instrumentation

C6 Avoid large systematics

1.5 From Exoplanets to Exomoons

To date, over 500 extrasolar planets have been detected!?. The lower mass limits continue to drop with
Super-Earth detections becoming routine and Earth-mass objects appearing imminent. As we approach
the Earth-mass and radius limit, it is natural to consider the possibility of detecting the moons of
exoplanets too.

Satellite systems represent mini Solar Systems, with a richness and diversity all of their own. The
exploration of the moons of Jupiter and Saturn has reaped immense understanding and shown us worlds
beyond our imagination. The prospect of studying thousands of new examples in utterly alien environ-
ments would provide unforeseeable understanding of our place in the Universe.

The problem I therefore identify in this thesis, is how can we make this ambitious vision a reality?

How can we detect and characterize the moons of extrasolar planets?

10See www.exoplanet.eu
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1.6 Thesis Outline

In this thesis, I aim to provide a method for detecting the moons of transiting extrasolar planets. To
achieve this goal it will be necessary to first understand the transit light curve of an exoplanet without
a moon and so this thesis will be broadly split into two objectives i) an exploration of methods to model
the transit light curve ii) description of a novel method to detect the moons of transiting planets.

In Chapter 2, I will discuss the motivations for such a search, the expected properties of an exomoon
and possible methods which could be used to detect the moons of non-transiting planets. Having estab-
lished what is being searched for and why, I move on to describe the basics of transit theory in Chapter 3,
which must be first understood. The method to detect moons will be later be shown to rely on precise
timing of transits and so in Chapter 4 I derive the times of transit minima and the transit durations.
Chapter 4 marks the start of my own research into this field with the other material covered thus far
being predominantly introductory. In Chapter 5, this continues with an exploration of two subtleties
with modelling the transit light curve. I discuss how hot planets can produce nightside emission which
acts as a self-blend, which acts to dilute the transit depth. Then, I explore how long-integration times,
such as that used by Kepler’s long-cadence mode cause a smearing of the transit signal and provide
methods to compensate for the distortion.

With the theory of transiting planets well established by the end of Chapter 5, the stage is set to
introduce the exomoon into the model. In Chapter 6, I present the transit timing variations (TTV)
method of detecting exomoons as first proposed by Sartoretti and Schneider (1999). I then go on to
discuss two critical problems with TTV, namely TTV only provides the mass of the moon multiplied
by the orbital distance, Mgas, and also how many other phenomena can also cause TTVs leading to a
signal ambiguity. I then predict the existence of a new timing effect, velocity induced transit duration
variations (TDV-V), which solves both of these problems. TDV-V scales as M, sagl/ * and thus the ratio
of TDV-V to TTV solves for Mg and ag separately. Further, TDV-V exhibits a 7/2 phase shift from
TTV and thus provides a unique exomoon signature. The chapter closes by exploring a second order
TDV effect, dubbed transit impact parameter induced transit duration variations (TDV-TIP), which
could be exploited to determine an exomoon’s sense of orbital motion with sufficient signal-to-noise.

Whilst the theory of transit timing effects is presented in Chapter 6, the issue of how feasible an
exomoon detection would be with these techniques remains absent. To address this, Chapter 7 provides
a feasibility study of detecting habitable-zone exomoons with Kepler-class photometry. In this chapter,
I conclude that exomoons down to 0.2 Mg could be detected in the most favourable scenarios and up
to 25,000 stars within Kepler’s field-of-view are bright enough to be surveyed for 1 Mg habitable-zone
exomoons. These encouraging figures mean that TTV and TDV have been shown to be viable detection
techniques for finding exomoons.

I conclude in Chapter 8 with a summary of the thesis and a look at future work required in exolunar
theory. Notably, a work in preparation, which can model the transit dips of exomoons, is discussed and

the potential for it to characterize exomoons.
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Chapter 2

Extrasolar Moons

“ I think we’re going to the Moon because it’s in the nature of the human being

to face challenges.”

— Neil Armstrong, Apollo mission press conference, 1969

2.1 Motivations

Extrasolar moons, or “exomoons”, offer a significant challenge to astronomers given their anticipated®
low masses and radii. However, there are many motivations for looking for such objects, which T will

overview here.

2.1.1 Intrinsic Habitability

Based upon the only known examples, moons are likely to have either a solid or liquid surface (see §2.2 for
a more detailed discussion of expected compositions). For that reason, exomoons have the same capacity
as Earths and Super-Earths (planets of mass < 10 Mg) for harbouring a habitable environment.

Habitability of exomoons is discussed in more detail in Williams et al. (1997), who find that such
bodies can offer suitable conditions provided they are massive enough to maintain an atmosphere for
Gyr. The authors argue that this cut-off occurs approximately at = 0.3 Mg.

Scharf (2006) explored the interesting possibility of moons outside of the conventional habitable-zone
being tidally heated to an extent where they could maintain oceans of liquid water, which may be suitable

for life.

2.1.2 Extrinsic Habitability

Even if a moon is not habitable itself, a moon could enhance the probability of a host planet maintaining

a habitable environment. As an example, Laskar and Robutel (1993) have argued that the presence of

1From a Copernican perspective

38



a large satellite around the Earth (i.e. the Moon) stabilizes the axial tilt of our planet and thus leads

to a more favourable long-term climate for life. This may not significantly affect the probability of the

emergence of life, but is thought to affect the probability of land-based life emerging (Benn, 2001).
Benn (2001) provide a review of the various proposed beneficial influences the Moon may have had

on the emergence of life on the Earth:

m Stabilization of the Earth’s axial tilt (Laskar and Robutel, 1993)

m Elimination of the primordial atmosphere (Cameron and Benz (1991), Taylor (1992))
m Generation of the Earth’s magnetic field (Pearson, 1988)

m Generation of large tides (Chyba, 1990)

m Generation of longer-period tides (Rood and Trefil, 1981)

2.1.3 Planet/Moon Formation

The formation theory of the planets and their moons is a topic of active debate. Currently, two hypotheses
of planet formation are considered the most viable i) core accretion (Pollack et al., 1996) ii) gravitational
instability (Boss, 2004).

Two mechanisms (although quite distinct from the planet formation models) have also been pro-
posed for the formation of satellites. Moons are predicted to form either from the disk material sur-
rounding a planet (“regular satellites”; always prograde) (Canup and Ward, 2002) or by gravitational
capture/impacts/exchange interactions ( “irregular satellites”; either prograde or retrograde) (Jewitt and
Haghighipour, 2007).

The detection of many extrasolar examples of satellite systems would undoubtedly enhance our
understanding of the formation of planets and moons by providing a greater population sample. This is
particularly salient for the large irregular satellites, as currently only two examples are known to exist, the
Moon and Triton. Whilst Triton is likely to have been gravitationally captured by Neptune (Agnor and
Hamilton, 2006), the most plausible mechanism for the formation of the Moon is quite distinct. In this
case, a Mars-size planet, dubbed “Theia”, is thought to have impacted the primordial Earth (Taylor,
1992) (see Figure 2.1) and the prevalence of such encounters would impinge powerfully on models of

young planetary systems.

2.2 Predicted Properties of Exomoons

Having established a clear motivation for searching for exomoons (§2.1), one may begin to consider how
they might be found. However, it is useful to first overview the expected properties of exomoons, which

will inform the choice of detection method.

39



Figure 2.1: Artist’s impression of the impact of a Mars sized planet (dubbed “Theia”) into the primordial
Earth. This “Big Splash” scenario is currently believed to be the most plausible mechanism for the

formation of the Moon.
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2.2.1 Formation

As discussed in §2.1.3, current models of the formation of satellites is naturally based upon observations
of the Solar System. There appear to be two broad classes of moons; regular and irregular satellites.
Canup and Ward (2006) have proposed that the maximum total mass of a satellite system, formed as
regular satellites, is ~ 2 x 10™* times the mass of the host planet. This is based upon the expected
quantity of material in the disc surrounding a planet early in its history, which may subsequently be
gravitationally bound to the planet and coalesce into solid moons. The region in which a massive body,
in orbit of a star, dominates the attraction of surrounding test particles is known as the Hill sphere
(named after George William Hill who provided this definition). The radius of this sphere is found by
solving the restricted circular three-body problem and is equal to the distance of the L1/L2 Lagrange

points:

MP )1/3

R = ap(?,M*

(2.1)

Given that the focus of this thesis is detecting moons, and it is known that even detecting a Super-
Earth mass planet is challenging with current instrumentation, one must acknowledge that the most
favourable, and in all likelihood even feasible, case will be a single moon around a planet. This is because
the total allowed mass will be concentrated into a single body. The Saturn-Titan system is perhaps the
closest example of this whereas Jupiter has four large moons with roughly equivalent masses. Following
the hypothesis of Canup and Ward (2006), to reach an Earth-mass moon, one would therefore need a
host planet of mass ~ 16 M ;, which is really a brown dwarf rather than a “planet”.

The second formation mechanism is that of the irregular satellites. Classifying an object as such
does not really constrain the expected properties in many ways. The mass of such an object could be
anything from an asteroid to a Super-Earth?. The latter clearly would require a full-grown planet to get
captured by a gas giant planet. Similarly, this classification does not strongly constrain the origins of
the satellite, which could be anything from an impact scenario (e.g. Earth-Moon (Taylor, 1992)) to a
capture (e.g. Triton-Neptune (Agnor and Hamilton, 2006)).

This vast range of possible histories actually means that irregular satellites are quite favourable for
an exomoon search. The permissible existence of Earth mass moons around “normal” gas giants (i.e. not
brown dwarfs) certainly increases the chances of a detection. By this reasoning, I consider it much more
likely that the first detected exomoon will be an irregular satellite, based upon our current understanding
of the regular satellites.

I also mention that the existence of binary-planets is physically sound. Podsiadlowski et al. (2010)
showed that one viable scattering history in the formation of a planetary system is the tidal capture of
two planets forming a binary. Indeed, a Jupiter-Earth pair could be considered as an extreme binary,

much like Pluto-Charon.

2 Although, of course, no examples of this exist in the Solar System
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2.2.2 Evolution

Having identified that irregular satellites are the most probable bodies which can be detected in the
near-future, let us consider the chances of a moon’s survival. Two dominant effects are believed to cause
the loss of moons for a single planet-moon pair®: i) tidal dissipation ii) inward planetary migration.

Tidal dissipation between a planet and its companion cause a moon to either spiral in or out. Which of
these occurs depends on whether the tidal bulge caused by the moon leads (spirals-in) or lags (spirals-out)
relative to the rotation bulge of the planet. Barnes and O’Brien (2002) provide analytic approximations
for the maximum time a moon can survive and encouragingly predict that Earth-mass moons are stable
around Jupiter-like planets for habitable-zone periods for Sun-like stars. Planets on short periods have
tighter stable regions for a moon to reside and thus the planet-moon tides are greater leading to a rapid
loss i.e. hot-Jupiters are unfavourable.

The other effect is that of inward, disk-driven planetary migration, which occurs on a much faster
time scale than tidal dissipation. Because of this fact, the Hill radius of the planet shrinks very quickly.
Thus, a moon initially well inside the Hill sphere can find itself outside and so be ejected. Namouni
(2010) showed that once a migrating gas giant crosses ~ 0.1 AU, a moon is unlikely to survive. For this

reason, hot-Jupiters are again unfavourable hosts.

2.2.3 Stable Region

I earlier provided the distance at which a test particle feels a greater gravitational attraction to the
planet rather than the star- the Hill sphere (see §2.2.1 and Equation (2.1)). However, this simple picture
does not accurately represent the complete stable region of an extrasolar moon. Other effects, such as
the Yarkovsky effect (Yarkovsky, 1888) and three-body perturbations can eventually perturb a moon to
be ejected from the system.

Domingos et al. (2006) showed that the actual region over which a moon is stable depends upon the
eccentricity of the orbit and the sense of orbital motion. For prograde and retrograde moons respectively,

the stable regions are:

a 089 = 0.4895Rp(1.0000 — 1.0305¢ p — 0.2738es) (2.2)
a8 = 0.9309R 4 (1.0000 — 1.0764ep — 0.9812¢) (2:3)

Where ep and eg are the orbital eccentricities of the planet and satellite respectively. Therefore,
retrograde moons can be found at far larger distances than their prograde counterparts. This means the
moon has a larger distance over which to tidally spin-out or in and thus ultimately a longer lifetime.
This is equivalent to allowing a larger moon mass to be stable for a given amount of time. One can also

see that planets on eccentric orbits offer severely reduced regions of stability for a putative moon.

3Multiple moons are more complex due to the dynamical interactions which occur between the moons
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More recently, Donnison (2010) showed that moons on inclined orbits also yield contracted regions
of orbital stability and thus in general one expects moons to be roughly co-aligned to the orbital plane
of the planetary orbit, which is supported by the properties of the massive satellites in our own solar

system.

2.2.4 Composition

For the regular satellites of the Solar System, the composition of a moon tends to be ice-rich with the
rest being silicates and iron (Consolmagno, 1983). This is because gas giants are thought to have formed
beyond the snow-line, where ices do not sublimate away and thus the moons which form in situ (i.e.
regular moons) have plenty of ice to accumulate in their formation (Pollack et al., 1996). However, given
that this thesis has identified the best chance of detecting an exomoon to be a terrestrial planet which
becomes captured around a gas giant, the composition of a detected exomoon is more likely to resemble
Mercury, Venus, Earth and Mars. Useful mass-radius scalings for such bodies are presented in Valencia

et al. (2006), who estimate (R/Rg) ~ (M/Mg)°27.

2.2.5 Conclusions

The largest and most massive (and thus most detectable) possible satellite which could exist is likely
to be a terrestrial planet which was captured as an irregular moon around a gas giant planet. This
statement merely indicates physically feasible origin for an exomoon which could be detected in the
coming years. The consequences are that the moon is likely to have a similar composition and mass
scaling as the terrestrial planets of the Solar System and may exist in a retrograde orbit (e.g. Triton).

Further, the host planet is likely to be on an orbit with semi-major axis 2 0.1 AU with low eccentricity.

2.3 Proposed Detection Methods for Non-Transiting Systems

In this thesis, I will present methods of detecting moons using transit light curves. However, other
methods are of course possible for non-transiting systems as well. In this section, I will discuss the

different methods available, which will provide a context for the method of transits.

2.3.1 Direct Imaging

Direct imaging of an exomoon would face similar, but ultimately amplified, problems as imaging an
exoplanet. For the latter, one needs to spatially resolve the star and planet which have an angular
separation of ap/d. However, for a moon one needs to acquire an angular resolution of ag/d. Given
that the maximum allowed ag ~ Ry (i.e. the Hill radius), then a simple calculation reveals the angular
resolution requirement is at least a factor of (3M,/Mp)'/3 lower. For a Jupiter around a Sun-like star

this is a factor of 14.4 i.e. comfortably an order-of-magnitude more challenging.
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The glare of the host star also becomes more problematic as a 1 Rg exomoon would have a contrast
ratio of ~ 4.5 x 10710 to the host star (using Equation (1.5) and assuming ap = 1 AU). This is a factor

of 125 times more difficult than a Jovian planet i.e. two orders of magnitude.

2.3.2 Microlensing

Microlensing does not offer the ability to characterize moons once the lensing event is over and thus is
more useful for understanding the statistical distributions of moons rather than their nature.

Liebig and Wambsganss (2010) recently calculated the detectability of an Earth mass moon around
a Saturn-like planet at 2.5 AU for various configurations using the microlensing technique. The authors
find that for fairly rapid sampling of once every 15 minutes with an RMS photometric precision of
20 mmag, there is a 30% chance of detecting such a system. As the planet-star separation is decreased,
this probability rapidly falls and the authors conclude only “cold” planets are feasible for an exomoon
detection in the near future.

Nevertheless, the case for a microlensing detection of an exomoon is strong when considered in light
of the planned space missions (EUCLID/WFIRST). However, due to the fact that a habitable-zone
exomoon is unlikely to be found and that follow-up characterization is not possible, the microlensing

prospect also has a lot to be desired.

2.3.3 Pulsar Timing

Is there any way that studying the motion of the host star could reveal the presence of a moon? At the
simplest level, the reflex motion of a star is exactly the same for a 1 M ; planet with a 0.003 M ; moon as
it is for a 1.003 M ; planet without a moon. In other words, the star sees the planet-moon system as a
composite point-mass and thus there is no way one could detect a moon by watching the motion of the
host star.

However, this is not strictly true and the presence of the moon does induce slight deviations in the
star’s reflex motion. These tiny deviations arise from a full analysis of the three body problem. In reality,
the moon and planet are not a single composite point-mass but two distinct masses which give rise to a
varying torque on the host star.

Lewis et al. (2008) first considered the possibility of detecting moons in this way, for pulsars with a
time-of-arrival (TOA) analysis. The planet plus moon signal has two components i) a dominant term
which essentially acts like Mp + Mg in orbit of the host star and thus indistinguishable from a slightly
more massive planet ii) a residual term which may be used to detect the moon. This residual signal is

given by (Lewis et al., 2008):

TOArcsidual = - Sinipm? 20 COS(¢P - 2¢S) + %5 COS(3¢P - 2¢S) (24)

32 32
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Where ¢p is the angular position of the planet-moon barycentre around the host star and ¢g is
the angular position of the satellite around the planet-moon barycentre. Thus, the residual signal has
two frequency components at (np — 2ng) and (3np — 2ng), where np denotes the mean motion of the
planet-moon barycentre around the star and ng denotes the mean motion of the satellite around the
planet-moon barycentre. Replacing ag with the Hill radius, and assuming Mp > Mg, the maximized

amplitude of this signal can be expressed as:

|T0Aresidual| =

Qsinip MPMS ap(2a5)5
16 (MP+M5)2 c ap
9sinip ap MY®
16 ¢ 353000

(41918 ns) sinip(%—;) (Z—%) (%)2/3(?%)5/3 (2.5)

This may be compared to the residuals of one of the most stable pulsars, PSR J0437-4715, which
has an RMS of 130ns (van Straten et al., 2001). Therefore, the detection of an Earth-mass moon would
seem highly feasible. However, the ratio of the amplitude of this residual signal to the planet-only signal
is ~ 0.347M]13/3M*2/3M§1, or a factor of 11400 for a 1 M; planet at 1 AU with an Earth mass moon.
This ratio perhaps gives a more realistic quantification of the challenge faced.

Another drawback with the proposed method is that only two examples of pulsars with planets are
known to exist, PSR B12574+12 and PSR B1620-26 and therefore one does not have many planets to
investigate. The first of these is a multi-planet system where the approximations of Lewis et al. (2008)
are invalid (i.e. a single planet with a single moon) (Wolszczan and Frail, 1992). The second is actually a
binary star system with a poorly characterized planetary companion (Mp = 2.5+ 1.0M ) (Backer et al.,

1993). Thus, success does not seem likely to be forthcoming for the prospect of pulsar moons.

2.3.4 Astrometry

I briefly point out that the TOA signal from pulsar timing is an astrometric effect and thus a very similar

equation exists for the astrometric amplitude. One can show that the astrometric signal is:

C|T0Aresidual|
d
9sin ip ap MIQD/B
T 16 0Td 3

ap p\2/3 5/3
- o) (70) (57) (56) () () 26

Where “nas” indicates nano-arcseconds. Whilst a dedicated astrometric space mission, such as SIM,

aresidual| =

may be launched in the next 10-20 years, a sensitivity of at best pas would be achievable with such an
enterprise (Goullioud et al., 2008). Consequently, I conclude that achieving the nano-arcsecond precision

needed to locate a moon is unfeasible in the near future.
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2.3.5 Radial Velocity

In a similar manner to the astrometric signature predicted by Lewis et al. (2008), the torque supplied
by a binary should induce a residual radial velocity signature over the bulk centre-of-mass signal. This
torque was investigated by Morais and Correia (2008), who performed numerical simulations to compute
the predicted RV signals for a variety of possible configurations.

The authors found that a Jupiter-Jupiter binary at 1 AU would induce a residual RV signal of 1075 to
10~%m/s and a Jupiter-Earth system is even more challenging at 10~7 to 10~8m/s. These magnitudes
are certainly far below the typical intrinsic noise level of even the quietest stars (~ 1m/s, Martinez-
Arndiz et al. (2010)), the so-called stellar “jitter” which is due to spots, plages and magnetic activity. In

conclusion, a RV detection appears quite unfeasible in the near-future.

2.4 Summary

Amongst the myriad of motivations for embarking on a search for exomoons, I have identified three
examples which outline the importance of this work. §2.1 discusses the potential of moons to be intrinsi-
cally habitable (§2.1.1) as well as increasing the probability of complex life prospering on the host planet
(§2.1.2). Away from astrobiology, moons would also shed new light onto the theories of planet/moon
formation (§2.1.3).

The expected properties of exomoons is discussed in §2.2, including their formation (§2.2.1), evolution
(§2.2.2), dynamical stability (§2.2.3) and expected composition (§2.2.4). I conclude the most feasible
and detectable case is a terrestrial planet which is captured by a Jupiter as an irregular satellite. This
therefore means retrograde orbits are possible for the moon and it would likely exhibit a composition
similar to the rocky planets of our own Solar System.

Finally, I have explored the possible methods of detecting a non-transiting planet. Direct imaging
(§2.3.1), astrometry (§2.3.4) and radial velocity methods (§2.3.5) can be seen to be unfeasible as a method
for detecting exomoons in the near future. Pulsar timing (§2.3.3) has the necessary sensitivity but an
insufficient catalogue of planets to survey.

Microlensing (§2.3.2) has the greatest chance of detecting an exomoon in a non-transiting system in
the near future. This seems to require space-based photometry to give a reasonable chance of success and
indeed a mission such as EUCLID/WFIRST (Beaulieu et al., 2010) looks likely to fly within a decade.
However, microlensing is unlikely to identify habitable-zone exomoons in the near-future and would not
be able to offer opportunities for intensive follow-up (e.g. to look for bio-signatures).

There is clearly a strong desideratum for a method which can detect exomoons, which have not only
the potential to be habitable, but also be subsequently investigated to verify /reject such a hypothesis.
Transiting systems, then, may offer the only hope of a near-future achievement of such a goal. However,
before one can even entertain the notion of looking for exomoons with the transit method, one must first

properly understand the transit light curve of a single planet, which I will discuss in the next chapter.
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Chapter 3

The Transiting Planet

“ From immemorial antiquity, men have dreamed of a royal road to success -
leading directly and easily to some goal that could be reached otherwise only be
long approaches and with weary toil. Times beyond number, this dream has
proved to be a delusion... Nevertheless, there are ways of approach to unknown
territory which lead surprisingly far, and repay their followers richly. There is

probably no better example of this than eclipses of heavenly bodies.”

— Henry Norris Russell, 1946

3.1 The Planetary Orbit

3.1.1 Orbital Elements

The first step in understanding the transit light curve is to define the appropriate coordinate system. In
defining the so-called orbital elements, a Cartesian coordinate system is usually adopted. I begin with
the simplest reference frame possible, where the planet orbits the star in the z-y plane with the star at
one focus, defined to be the origin, as shown in Figure 3.1. By working in the rest frame of the star, the
reflex motion is inherently accounted for by the model. Concordantly, the Cartesian coordinate of the

planet may be expressed as a function of the planet’s true anomaly, fp:

rp =rpcos fp
yp =rpsin fp

2p=0 (3.1)

Where rp is the planet-star separation, given by:
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Figure 3.1: The orbit of a planet around a star in the simplest reference frame. The orbit follows an
elliptical path with the star at one focus, in accordance with Kepler’s First Law. Figure adapted from

Murray and Correia (2010).

2
1-ep

P epcosfp apop(fp) (3.2)

rp =

Where op(fp) is used to absorb the effects of orbital eccentricity. This simple 2D picture is, of course,
impractical since real orbits exist in 3D. Say one executes N rotations in three dimensions to account
for the viewing angle of the target solar system in its local cluster, then the rotation of that cluster to
the Galactic plane and then the Solar System’s rotation relative to the Galactic plane, etc, etc. One
can very quickly obtain a large integer value for N which would severely complicate the mathematics.
However, Euler (1776) showed that any finite chain of rotations can be simplified to just three rotations.

Standard celestial mechanics exploits Euler’s theorem so that any planetary system can be described
by just three angles: the argument of periapse, wp, the orbital inclination angle, i p, and the longitude of
the ascending node, p. The rotations are performed sequentially in a clockwise sense, about the axes
z-2-Z. The rotations are shown in Figure 3.2, which illustrates the orbital elements.

As one is performing a series of three dimensional rotations, the easiest way to represent the transfor-
mations mathematically is using matrices. Following Murray and Correia (2010), I denote the following

clockwise rotation matrices about the & and Z axes respectively:

1 0 0
P.(¢)=|0 cos¢p —sing (3.3)
0 sing coso¢
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Figure 3.2: Orbital elements of a planet orbiting a star. In the standard theory of transits, v ~ 90° and
the observer is located at {X,Y,Z} = {0,0,+00}. Figure from Murray and Correia (2010).

cos¢p —sing 0
P.(¢) = [sing cosgp O0Of - (3.4)
0 0 1
Armed with these definitions, the transformation from the simple frame of {z,y, z} to the observed

frame of {X,Y, Z} may be written as:

XP ,IP
Yp | =P.(Qp)P.(ip)P.(wp) yp (3.5)
Zp zZp

After simplification, this yields the following final Cartesian coordinates:

Xp =rplcosQp cos(wp + fp) — sinQp sin(wp + fp) cosip]
Yp = rp[sinQp cos(wp + fp) + cos Qp sin(wp + fp) cosip]
Zp=r1p Sin((.«)p + fp) sinip (36)

In the final frame, plane of the sky is X-Y and the observer is located far down the +Z axis at

{0,0,+00}. From these simple equations, one is able to derive a large proportion of the equations
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governing exoplanetary transit light curves. However, a description of the planetary motion is still

missing.

3.1.2 Kepler’s Equation

Equation (3.6) provides the instantaneous position of a planet as seen by the observer in three dimensions.
However, one complication of the equation is that it is expressed in terms of the true anomaly of the
planet, fp, rather than time, ¢. To convert from f to ¢ is non-trivial and requires solving Kepler’s
Equation. A detailed discussion of the origins of the Kepler’s Equation can be found in Murray and
Dermott (1999), but for the purposes of this thesis, a statement of the relevant equations is sufficient.
In standard notation, a new parameter known as the mean anomaly, 91, is specified, which by

definition scales linearly with time:

M(t) = nt + My (3.7)

The mean anomaly does not directly relate to the true anomaly but can be connected using an

intermediary term known as the eccentric anomaly, E. The relationship between 9t and E is given by:

M=FE —esinF (3.8)

Solving E as a function of 91 gives a transcendental equation, which is a source of perennial nuisance
in computing orbits. This is typically done with a numerical iteration, starting from E; = 9, and I

opted for the Newton-Rhapson iteration method (Danby, 1988), given by:

E;, —esinE; —IM

Eiy1=F; — 3.9
+ 1 —ecosE; (3.9)
Once E has been found to the desired level of precision, the true anomaly is computed using:
f 1+e E
tan = = tan — 3.10
an o T, tansg (3.10)

A very useful equation to introduce at this point is the rate of change of f, with respect to time:

dt P (1-e2)3?

df — 27 (1 +ecos f)? (3:11)

3.1.3 Kepler’s Laws

Kepler’s Laws of planetary motion are one of the bedrocks underlying the physics of exoplanetary transits
and it is appropriate to mention it here as part of the fundamentals of transit theory. The three laws

are:
1. The orbit of every planet is an ellipse with the Sun at one of the two foci (i.e. Figure 3.1)

2. A line joining a planet and the Sun sweeps out equal areas during equal intervals of time
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3. The square of the orbital period of a planet is directly proportional to the cube of the semi-major

axis of its orbit

Kepler’s Third Law is particularly cogent for exoplanet transits, as will be seen later in §4.2.2. It
was originally stated as P2 ~ a3 but Newton’s version of Kepler’s Third Law (which I simply refer to
Kepler’s Third Law in the rest of this thesis) provides the constants of proportionality, derived from his
Laws of Gravitation. For two bodies labelled with subscripts 1 and 2, in the reference frame of body 1’s

rest frame, Kepler’s Third Law states:

Pl 2 aif
(ﬂ) T GOM, + M) (312)

3.2 The Radial Velocity Signal

A useful demonstration of the power of the equations obtained thus far is illustrated in the derivation
of the radial velocity signal of a transiting planet. As discussed in §1.3.5, radial velocity measures the
reflex motion of a star due to the presence of a companion along the line-of-sight. One can now see
that the line-of-sight is Z. Let us denote the motion of the separation between the star and the planet-
star barycentre as r,. Since rp is the planet-star separation then, r, = rpM, /(M. + Mp) will be the
planet-barycentre separation and finally r. = rpMp /(M. + Mp) will be the star-barycentre separation.
Therefore, we have:

M, )

e =arer(e) (30

(3.13)

In §3.1.1, I selected a reference frame with the star at rest, but here one is interested in the star’s reflex
motion. To move from the star’s rest frame to that of the planet-moon barycentre is quite straightforward.
I simply replace rp — r, in Equation (3.6) and then make use of Equation (3.13) to obtain the correct
description of the star’s observed reflex motion in three dimensions. For radial velocity, the relevant

term is Z,:

Mp . o
Z* = aPQP(fP) (m) SIH(UJP + fP) smmip (314)
Note that Z, does not contain any dependency upon 2p and thus RV measurements cannot constrain
this parameter. The RV method measures dZ,/d¢, but a minus sign is usually introduced to give the

historically standard definition of a positive RV corresponding to a receding object:

4z,
RV =~ —
T W
a7, dfp
_._dz.dfp 1
Lty mawn (3.15)
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Where « represents the constant systematic drift of the star relative to the Sun, along our line of

sight. Differentiating Z, with respect to fp and substituting Equation (3.11) into Equation (3.15):

RV =~ — Ksiniplep coswp + cos(fp + wp)] (3.16)

Where I have substituted K, known as the “radial velocity semi-amplitude”, for:

M
K =apnp (WM) (1—ep) /2

Mp _
= Gl/gnyg <m> (1 - €2P) 1/2 (317)

Where I have used Kepler’s Third Law (Equation (3.12)) on the second line. The mass terms may be
grouped into a parameter sometimes referred to as the “mass function”, given by Mp (M, + Mp)~2/3. If
one is able to determine K from a set of radial velocity measurements, and the eccentricity, inclination,
period and stellar mass are known, it should be possible to determine Mp. Solving Equation (3.17) for

Mp in this way yields a cubic with only one real root:

Mp =

—12GK*M, Ppr&* — KSPAEL + K3 Pped/? ( — 54G2 K3 M2 Ppr2¢3/?

1/3
—18GKCM, Pired — KOP3¢Y? + 63373/ 2\/ G3KSM3P2E3,(27TG M, + 2K3Ppes! 2))

_ < — BAGP K3 M2 Ppr®¢? — 18GKOM, Pincd, — KO P3ed/?

2/3
n 6\/§7r3/2\/G3 KSM3P2E,(21G M, 7 + 2K3PpeY 2))

6G7r( — 54GP K3 M2 Pprel?

1/37 1
— ISGKM, PRnh, — K°PREY +6V3r%/2\/ G KOME PAEL (TG M. + 2K3Pp€133/2)> 1
(3.18)

Where I have used £p = (1—e%). I have not found this equation previously in the exoplanet literature
but it is clearly preferable to use this exact solution as opposed to approximating M, > Mp in the mass

function given in Equation (3.17) and solving from there.

3.3 The Transit Light Curve for a Uniform Source Star

3.3.1 Transit Basics

We have now accumulated sufficient background knowledge to describe the transit light curve. For the

purpose of introducing the topic, I will here only describe the case of a star of uniform brightness, which
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eliminates the complications of limb darkening effects. Although a detailed account of limb darkening is
not given in this thesis for the sake of brevity, I will later briefly discuss in §3.3.6 how it is incorporated
into my modelling routines.

I start by assuming that Al) there are only two bodies in the system A2) the motion of these bodies
are completely described by Newton’s laws only. The second assumption clearly excludes many other
possible complications e.g. relativistic effects, Newton’s laws are not universal, tidal dissipation, disc
migration, etc. Armed with these two assumptions, the equations of motion provided earlier in §3.1 are
valid here. I also define assumption A0 to be that the star has uniform brightness.

As was seen in §3.2, the star exhibits reflex motion, which means that in the inertial frame of the
planet-star barycentre there are two bodies in motion. It is therefore simpler to choose a frame with the
star at rest, as was done in §3.1.1, and so the position of the planet is given by Equation (3.6). Since
the star is at rest then, this equation also describes the planet-star separation, which is of course the
relevant issue for transits.

More specifically, it is not really the planet-star separation which matters, but the sky-projected
planet-star separation. In other words, I acknowledge that an observer has a certain perspective of
the system. The sky-projected planet-star separation, Sp,, is given by the quadrature sum of the two

coordinates lying in the sky-plane’:

Sp, =1/ X2 +Y?

_ ap(l—e})
T 1+4ep cos fp

\/1 —sin*(wp + fp)sin®ip (3.19)

. completely describes the transit light curve for a uniformly emitting star. Note how there is
no dependence on p, just as we had for the RV signal, and so once again this parameter cannot be
determined from the transit light curve. For a planet crossing over the stellar disc, there are three, and

only three, distinct cases:
m Out-of-transit: No part of the sky-projected planetary disc overlaps with the sky-projected stellar
disc
m On-the-limb: The sky-projected planetary disc lies partially within the sky-projected stellar disc

m In-transit: The sky-projected planetary disc lies fully inside the sky-projected stellar disc

So far I have only made three assumptions; A0, Al and A2. Let us make the additional assumption,
A3, that both the planet and star are perfect spheres. The 2D projection of a sphere viewed from any
angle will always appear as a circle, which means that the three cases mentioned above can be completely

described in terms of the radii of these circles (radius of the planet, Rp, and radius of the star, R,) and

/
Px-

!The subscripts “P” and “*” in S}, are commutative
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Out-of-transit: oo < Sp, < R. + Rp
On-the-limb: R, — Rp < S%, < R. + Rp

In-transit: R, — Rp < Sp, <0

With the three cases defined, let us ask what is the observed flux for each case. To do this, one has

to make several new assumptions which are often not explicitly stated. However, for completion, I will

here state all of these assumptions (including those stated earlier):

A0

Al

A2

A3

A4

A5

A6

AT

A8

A9

Al0

The star has uniform brightness

There are only two bodies in the system

The motion of these bodies are completely described by Newton’s laws only

Both the planet and star are perfect spheres

The planet emits no flux and is completely opaque

The star’s emission is of constant flux

There are no background luminous objects

The exoplanetary system is a constant distance d from the observer, such that d > ap
The planet has no extended features, such as an atmosphere, rings, etc

The planet does not cause gravitational microlensing of the host star’s light

The change in flux over a single integration is much smaller than the flux measurement uncertainty

Now, that in-transit, the flux of a star is attenuated from F, — F.[1—(R%/R?)] i.e. the ratio-of-areas.

Therefore, the depth of a transit, J, is:

§=R%/R? =p? (3.20)

Where I have used p = Rp/R, i.e. the ratio-of-radii. As p is essentially a measurement of the

planetary radius in units of the stellar radius, it will be useful to translate Sp, to also be in units of the

stellar radius. I therefore define Sp, = Sp,/R.. I now normalize the observed flux at any instant to

that occurring during the out-of-transit times, to give the so-called “normalized flux”, FV.

1 00< Sps<1+p
Flansit(SPe) = 41— a(l,p; Sp) 1—p<Sps<1+p (3.21)
1—p? 0<Sp., <1+p
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Where a(R,r;S) is the area of overlap between two circles, of radii R and r with separation S. This

simple scenario has a well-known solution:

a(R,r;8) = r’ko(R,7;S) + R?*k1(R,7;S) — ka(R, 73 9) (3.22)
S% 412 — R?
ko(R,7;S) = arccos [T} (3.23)
S?2 + R? — 12
k1(R,7; S) = arccos [T} (3.24)
4S2R2 — (R2 + §2 _ ;2)2
ko(R,7;8) = \/ SR (R4+S ) (3.25)

3.3.2 Conditions for a Transit

One can see from Equation (3.21) that if there is no instance in the orbit where Sp, < 1+p, then FN¥ =1
at all times and so no transit features will be observable. Therefore, the condition for a transit to occur is
dependent upon the minimum value of Sp,. Let us denote this minimum as Sp. r and the true anomaly
at which it occurs as fpr (the “T” subscript denotes transit, as opposed to “O” for occultation which
is discussed more in §3.3.4).

Sp.« T occurs approximately at the time of inferior conjunction, but the exact solution has a rather
elaborate analytic form and is presented in §4.1. Proceeding with the approximate form for now, the
minimum corresponding to the primary transit is therefore fpr ~ (7/2 — wp) . Substituting fpr into
Equation (3.19), one obtains Sp. r:

ap 1—¢€%

SP*,T ~ COS ip = bpyT (326)

R, 1+epsinwp

Where bp 1 is known as the “impact parameter” of the planetary transit event?. Therefore, for a full-
transit to occur one requires bp,r < 1—p and for a so-called “grazing” transit one requires (1—p) < bpr <
(1 4+ p). For a circular orbit, one can see that two critical parameters will impinge on the light curve,
bpr and ap/R.. For an eccentric orbit, one has the additional parameter opr = op(fp = 7/2 — wp)
(see Equation (3.2) for the definition of op(fp)). The importance of these parameters becomes apparent

when fitting light curves.

3.3.3 Anatomy of the Transit Light Curve

As established in the previous subsection and stated explicitly in Equation (3.21), there are three distinct
cases for the transit. The three cases are buffeted by two boundaries i.e. Sp, = (14p) and Sp. = (1—p).
For a grazing transit, only the former of these two boundaries is crossed, but for a full-transit both are
traversed. In either case, the planet must both enter and exit these boundaries and thus a full-transit

has a total of four boundary crossings, which are usually labelled as the “contact points” of the transit.

2Some of the subscripts present in the notation employed at this stage of the thesis may seem superfluous, but once

moons and occultations are introduced, the value of these subscripts will become apparent
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Figure 3.3: Anatomy of the transit light curve. The four key contact points are labelled along the bottom
and the corresponding position of the planet is visible from the upper part of the figure. The transit
durations T and T2 are also marked, which will be discussed further in Chapter 4. The impact parameter,
bpr, is defined as the sky-projected planet-star separation in units of the stellar radius at the instant of

inferior conjunction. Figure adapted from Winn (2010).

These contact points are labelled sequentially as times tj, 77, t777 and try, and the instant when Sp.
is minimized is 7r (see Figure 3.3). The durations between these contact points will be discussed in

Chapter 4.

3.3.4 Occultations

As well as the primary transit event, secondary eclipses or “occultations” can occur too. Occultations
cause a much shallower eclipse depth as one is now seeing the flux decrease from (F, + Fp) — F and,
in general, Fp < F, (where Fp is the flux from the planet). Fp can be caused by reflected light and
thermal emission from the exoplanet and so in both cases it is largest for close-in planets. By definition,
in order to acknowledge the presence of an occultation one must break assumption A4. This does affect
the transit event and will be discussed in §5.2. Proceeding with the occultation for now, one may combine

the two possible sources for the eclipse, to calculate the occultation depth, e:
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o oo Rr(N)™Ae(A) dA f%ORI(A)Fp(A)dA 2
(ap/R.)? 1 RiOVF. (V) dX
reflection thermal emission

= Tp.p* (3.27)

Where the left-hand side is for reflected light and the right-hand side for thermal emission. Rj(\)
denotes the response function of the instrument used to observe the star. All of these effects can be
absorbed into the quantity §p., the ratio of the planet’s flux per unit area to that of the star. This

means in modelling the occultation one may use:

1 00<SP*§1+p
N ipse(SPy) = : 3.28
*,ccllpsc( P*) 1—313*0((1,]?, SP*) 1 —p< SP* < 1+p ( : )
1 — Fp.p? 0<Sp. <1+0p

Just as transits occur near the time of inferior conjunction, occultations occur near the time of superior
conjunction. For circular orbits, the presence of a primary transit guarantees that an occultation of equal
duration must occur at a time 7o = 7 + 0.5Pp + Atjighs, where Atjigne is the light travel time across the
system and is typically less than a minute for hot-Jupiters (Loeb, 2005). However, for eccentric orbits
the presence of an occultation is not guaranteed and the duration and time of the event may also vary,
which can be exploited to actually measure the eccentricity (Deming et al., 2007). These points will be

addressed in §4.1 and §4.4.1.

3.3.5 Phase Curves

For a hot-Jupiter system, the very short-period is thought to cause tidal locking of the planet’s rotational
period to the orbital period (Gladman et al., 1996). Therefore, the planet has the same side facing the
star at all times leading to potentially large changes in emitted flux between the day and night side. As
the planet moves from the primary to secondary positions, one sees the day side come into view and
thus continuous monitoring could reveal small changes in the total flux, known as the “phase curve”,
indicative of the day-night contrast (the first successful observation of this effect was achieved by Knutson

et al. (2007)). Figure 3.4 provides an illustration of this in the context of the primary and occultations.

3.3.6 Extending to Limb Darkened Stars

The equations presented thus far allow one to fully model the primary transit and occultations of an
exoplanet. Whilst occultations are completely unaffected by stellar limb darkening, the primary light
curve is modified. As limb darkening is circularly symmetric, the Sp, parameter is still the only term one
needs to describe the light curve. This is contrast to gravity darkening, which breaks this symmetry and

thus requires one to compute Xp and Yp separately at every instance. Fortunately, gravity darkening is
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star + planef dayside

star + planet nightside

A transit

star — planet shadow
Figure 3.4: [llustration of the phase curve of an exoplanet in the context of the primary and secondary

transits. As the day-side comes into view, the flux from the planet appears to increase giving rise to a

slight increase in the total flux observed from the star+planet pair. Figure from Winn (2010).
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generally ineffective and may be neglected, although it does become significant for rapidly rotating stars
(spectral types ~F6 and earlier) and the appropriate treatment is described in Barnes (2009).

Limb darkened stars exhibit a monotonically decreasing brightness profile from centre to limb. Nu-
merous profile forms have been proposed including linear (Claret et al., 1995), quadratic (Claret et al.,
1995), square-root (Claret et al., 1995), four-coefficient polynomial (Claret, 2000) and logarithmic (Claret,
2000). Claret (2000) argue that the four-coefficient model gives the most accurate representation but the
quadratic model is sufficient for most applications. The use of just two coefficients rather than four is
preferable from a parameter fitting perspective and I will adopt the quadratic law in this thesis. I treat
the specific stellar intensity as:

1

f =1 —u(1—p) —us(l —p)? (3.29)

Where 1 = cos6, 0 is the angle between the stellar surface normal vector and the line-of-sight, and
u1 and ug are the linear and quadratic limb darkening coefficients respectively.

Mandel and Agol (2002) presented equations for modelling the transit light curve with linear, quadratic
and four-coefficient polynomial limb darkening. Another benefit of the quadratic model is that Mandel
and Agol (2002) find the four-coefficient method requires computing hypergeometric functions, which
slow down a fitting routine significantly. In this thesis, I employ the quadratic expressions from Mandel
and Agol (2002) to generalize the modelling of transit light curves and thus assumption A0 (a uniform

source) is broken.

3.3.7 Breaking the Assumptions

Breaking any one of the assumptions listed in §3.3.1 will invalidate the equations presented. As one
may expect, some of the assumptions hold in almost all situations whereas others are almost invariably

broken. The consequences and likelihood of each assumption being broken is discussed here.

AO - A Uniformly Emitting Star

I have discussed how limb darkening (Mandel and Agol, 2002) strongly affects the transit light curve
but has no effect on the occultation event. Limb darkening becomes less prominent for stars observed in
the infrared wavelengths but in general is always present and so it is prudent to always account for limb
darkening.

Gravity darkening (Barnes, 2009) is rarely prominent and currently no light curves of a transiting
planet have ever been shown to exhibit this effect. However, rapidly rotating stars will have significant
gravity darkening and in these cases one should model the effect (Barnes, 2009).

Other non-uniform effects, such as starspots and plages, can have a significant effect on the transit
light curve, especially at visible wavelengths. If a planet transits across a starspot then an apparent flux

increment will occur which may be used to determine the spot’s parameters (Pont et al., 2007). Much
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more troubling (and more probable) are out-of-transit spots which can induce variations in the transit

depth from epoch-to-epoch (Czesla et al., 2009).

A1l - There are only two bodies in the system

For just two bodies following Keplerian orbits, the orbital motions are described with Equation (3.11).
Accordingly, transits occur once every orbital period, Pp. However, the introduction of a third body leads
to an extremely challenging analytic problem. Indeed, the general solution to the three-body problem
has never been found and as such one is forced to use either approximate solution for restricted cases or
numerical methods.

Additional bodies, whether a nearby star, outer/inner planet or companion moon will perturb the
orbital motion of the transiting planet. More specifically, the gravitational influence of the third body
acts to perturb the position and velocity of the transiting body, which manifest as transit time and
duration variations (TTV and TDV). TTV means that the planet no longer transits once every orbital
period (the deviation can be seconds up to days) and TDV means that the duration of the transit events
vary from orbit-to-orbit.

Agol et al. (2005) and Holman and Murray (2005) discuss the TTV effects of a perturbing planet and
show that bodies in mean motion resonance (MMR) with the transiting planet induce heavily amplified
signals. Borkovits et al. (2010) recently extended these analyses to longer time scale perturbations too.
Apsidal and nodal precession which may be induced by a third body lead to TTV and TDV effects
as well (Jorddn and Bakos (2008);Kipping (2010a)). Sartoretti and Schneider (1999) discuss the TTV
effects caused by a companion moon and Kipping (2009a,b) predict an accompanying TDV signal (also
see Chapter 6). Ford and Holman (2007) discuss the TTV effect caused by a Trojan body.

Aside from TTV and TDV, the third body can also transit the host star as well. If these transits
are simultaneous (e.g. the case of a moon), then the transit signal can modify the light curve shape
in an elaborate manner. Whilst authors such as Sato and Asada (2009) have touched on these points,
a generalized model which inherently includes both transit timing effects and the light curve features
remains absent in the exoplanet literature. A new framework to solve this problem, LUNA, is currently

under development (see Chapter 8).

A2 - The motion are completely described by Newton’s laws only

Newton’s laws produce very accurate predictions of the planetary motions in the Solar System. However,
we have already seen in Chapter 1 how Mercury’s observed precession rate cannot be explained by
Newtonian mechanics alone (Clemence, 1947). General relativistic effects perturb the precession rate
and so in this case one of the assumptions is clearly invalid. Jorddn and Bakos (2008) provide a detailed
discussion of the observability of general relativistic precession and conclude that decades of duration
measurements may be able to infer the rate. However, for time scales of years or less these effects are

not significant.
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Other effects include tidal dissipation and disc migration. Migration generally occurs on the time
scale of Myr and thus is insignificant. Tidal dissipation is usually a slow process as well, although it has
been hypothesized that in some extreme cases for planets on ultra-short periods it may result in TTV
and TDV effects as the planet spirals inwards (Hellier et al., 2009a; Kipping, 2010a). Finally, stellar
quadrupole moments may also cause timing deviations through the Applegate effect, but are generally

long-term deviations (Watson and Marsh, 2010).

A3 - Both the planet and star are perfect spheres

Whilst a detailed discussion of stellar oblateness is absent in the exoplanet literature, planetary oblate-
ness has been investigated. Hui and Seager (2002) suggested such planets would induce asymmetric
light curves but requiring photometric precisions at or beyond the ppm level. Carter and Winn (2010)
suggested that precession of the axial tilt of an oblate planet may offer a more detectable signal due to
resultant depth changes, but predict decades of data are required in most cases. In general, these effects

do not need to be included in a transit model.

A4 - The planet emits no flux and is completely opaque

Although I could find no work considering the effects of a non-opaque planet, it is perhaps safe to assume
that such an event is quite unlikely. For the planetary flux issue, occultations cannot be understood at
all unless A4 is discarded. With many observations of such events, particularly at infrared wavelengths,
now existing in the literature (e.g. Deming et al. (2006), Charbonneau et al. (2008), Swain et al. (2009))
the assumption must be seen as frequently invalid.

Kipping and Tinetti (2010) presented a method for correcting transit light curves for the effects of
nightside emission (or “pollution” as dubbed by the authors due to the observational consequences) and
this will be covered in this thesis in §5.2. As will be seen later, the overall effect is a predictable dilution

of the transit depth.

A5 - The star’s emission is of constant flux

Stellar activity is always present at various degrees of intensity and depends heavily on the spectral type
and rotation. Stars with very large activities are generally not selected for transit surveys and thus few
examples exist in the literature. Those exhibiting pronounced activity induce photometric variations at
the level of a percent which can induce TTV (Alonso et al., 2008). TDV is also predicted to be induced
by magnetic activity in the star over the time scales of decades (Loeb, 2009). Techniques such as Fourier
filtering (Alapini and Aigrain, 2009) and wavelet analysis (Carter and Winn, 2009) can remove the bulk

of the activity but of course it is preferable to select a

‘quiet” star in the first place (criterion C6).
Fortunately, 65-70% of F7-K9 main-sequence stars in the are likely to have similar or lower intrinsic
variability than the Sun (Batalha et al., 2002), which is 10 ppm. Such a tiny noise level is generally

inconsequential to light curve analyses.
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A6 - There are no background luminous objects

Background luminous objects cause a dilution of transit depths, in a very similar way to how nightside
emission does (Kipping and Tinetti, 2010). These dilutions are usually called “blends” and thus nightside
emission is a self-blending scenario. More generally, blends mean that instead of seeing just F, one has
F, + Fp, where Fp is the flux from the blended object. This causes the observed transit depth to

attenuate to:

(3.30)

(3.31)

Where B is the blending factor. Due to the simple nature of the effects of blends, it is easy to account
for them in transit modelling if B is known. For surveys like Kepler, adaptive optics follow-up of transit
candidates allows one to spatially resolve nearby stars from the target and thus determine B to high
confidence (e.g. Latham et al. (2010)). There is always a small chance that a blended target is too close
to spatially resolve but the low probability of this occurrence is quantifiable and manageable.

The assumption of no luminous background objects also excludes gravitational microlensing of a
distant background source. Such an effect would be extremely pronounced and easily identified but no
examples of a transiting system acting as a lens star are known to exist. Lewis (2001) estimate a very

low probability, ~ 1076, of such an event being detected.

AT - The exoplanetary system is a large and constant distance away

By treating the distance of the system, d, to be at a large distance away (i.e. d > ap), one can neglect
the angular size of the planet. The exact size of the shadow of the planet cast onto the stellar surface

has a radius R and causes a transit depth ¢':

, _rpr+d
P4

2 2
1
142.34x 10713 (X—E) ( Odpc> ]5 (3.32)

Where rp 7 is the planet-star separation at the transit minimum and on the second line I have

Rp

8 ~

approximated the orbit to be circular. The change in the transit depth is clearly negligible and thus
assumption A7 seems justified.
Finally, one interesting effect which can occur for systems with high proper motion is a deviation in

the times of transit due to the varying light travel time (Rafikov, 2009).
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A8 - The planet has no extended features

Planetary rings will induce transit features before and after the transit event. These features can be either
brightenings due to forward scattering or dimmings due to opacity, but no detection of such phenomena
have been made. Barnes and Fortney (2004) provide simulations of transit light curves featuring ring
systems and argue that Kepler should be able to detect many feasible configurations.

An atmosphere is also neglected in this analysis. The opacity of an atmosphere will vary as a function
of wavelength due to absorption of light due by different molecules. This has been exploited to detect
or constrain the presence of molecules in exo-atmospheres, in what is usually dubbed as “transmission
spectroscopy” (e.g. Charbonneau et al. (2002), Tinetti et al. (2007), Beaulieu et al. (2009)). For a single
bandpass observation, this actually requires no modification to the model as Rp/R. simply increases or
decreases.

One atmospheric effect which can cause a breakdown of this model is refraction through the atmo-
sphere, causing a lensing effect (Hui and Seager (2002), Sidis and Sari (2010)). The most significant
perturbation is the presence of out-of-transit features caused by the lensing, which may mimic rings in
their shape and size. No observations of these effects have been reported though, and they do not need

to be included in general.

A9 - The planet does not cause gravitational microlensing

Kasuya et al. (2010) discuss the possibility of a planet acting as a gravitational lens to the host star and
causing a degree of microlensing. Notably, spikes before and after the transit event may be observable,
with amplitudes ~ 100 ppm. However, typically these events are only observable for transiting planets
at very large separation from their host star (~ 200 AU), which means they are geometrically highly
unlikely to transit in the first place (~ 10~°). Therefore, I do no consider this effect to be necessary to

model in most circumstances.

A10 - The change in flux over a single integration is much smaller than the flux measurement

uncertainty

Taking long integrations for the photometric observations can result in a smearing of the transit signal.
This effect was first discussed in Kipping (2010b) and I will come back to it in §5.3. The main lesson
is that it is possible to modify the light curve model to incorporate the integration times and thus
produce accurate parameter estimates for the system. One minute integration typically exhibit negligible
smearing whilst anything above ~15 minutes can cause significant effects. Given that the Kepler Mission
performs the vast majority of its photometry using 30 minute integrations, this effect can be quite severe

and should be accounted for.
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3.4 Summary

I have presented the fundamental equations for the sky-projected motion (§3.1), the associated radial
velocity signal (§3.2) and observed light curve of a transiting planet (§3.3). The light curve for a uniform
brightness star can be completely understood in terms of the sky-projected planet-star separation, Spy,
and this critical parameter is derived for two bodies in Keplerian orbits. The derived equations are
easily manipulated to give the associated RV signal, which is critical in global modelling of the available
data. Finally, I have presented a simple model for the observed flux during a transit event and clearly
outlined my assumptions. The effect(s) of breaking the various assumptions are overviewed in §3.3.7 and
I discuss the frequency and significance of each assumption being broken. In particular, I find that three
out of the eleven assumptions are likely to be frequently broken with significant effects. These are A0) a
uniform source star; A4/A5) the planet emits no flux/there are no background luminous objects; A10)
the integration times are small. A4 and A5 are grouped together because they may be modelled using
the same method, the introduction of a blending factor, B, which will be discussed in more detail in
§5.2. For A0, I discuss how the expressions of Mandel and Agol (2002) are used in my fitting routines to
account for limb darkening. For A10, this assumption is broken by the long-cadence data of the Kepler
Mission which uses 30 minute integrations inducing smearing of the light curve. In §5.3, I will discuss a
method to compensate for this effect.

With the basics established, there are numerous subtleties which I have skimmed over and wish to
return to. Notably, the “transit time” is defined as the moment when Sp, is minimized and so far I have
only stated that these moments occur near the times of inferior and superior conjunction for the transit
and occultation events respectively. Also, the duration of a transit event has not been addressed. All of

the time-related quantities will be discussed in the next chapter, Chapter 4.
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Chapter 4

Timing the Transit

“ What then is time? If no one asks me, I know what it is. If I wish to explain

it to him who asks, I do not know.”

— Saint Augustine

4.1 Transit Minima

4.1.1 The Exact Solution

I discussed earlier how the minima of Sp, occur approximately at the times of inferior and superior
conjunction for the transit and occultation respectively. In this section, I will derive the exact solution.
The instants of minima (and maxima) Sp. occur when dSp,/dt = 0. This may be expanded using

the chain rule to:

dSp. _ dSp. dfp
at  dfp dt

(4.1)

Since fp # 0 under any circumstances, then the condition that dSp./dt = 0 is equivalent to
dSp./dfp = 0, which is more manageable mathematically. However, Sp,. involves a square root func-
tion, which I prefer to avoid as it tends to produce more elaborate forms when differentiated relative to

functions of integer indices. S%, therefore makes a more useful starting point.

d(S2 dSp.
(5p) _ o, 95P (4.2)
dfp dfp
From the above, one can see that the condition dS%,/dfp = 0 is equivalent to the condition

dSp./dfp = 0, except in the case where Sp, = 0. However, Sp. # 0 except for ip = 7/2. In

general, this never occurs since the inclination will always be a very small finite distance away from
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/2 for the even the most fortuitously aligned systems. I therefore proceed to consider transit minima

occurring at dS%,/dfp = 0.

ap(1 = ep)?

5%, = [+ cpcos fr)? [1 —sin?ipsin®(wp + fp)] (4.3)
d(s2 21 _ 022
(dfl;*) = — (12(—l|—Pe(113 005;1)3)3 ((1 + epcos fp)sin(fp +wp) cos(fp + wp)sin®ip
—epsinfp[l—sin2ipsin2(fp+wp)]> (4.4)

Inspection of dS%, /dfp shows a common factor on the outside. This factor has no bearing on the
minima and can only reach an extrema if ep > 1, which is forbidden for bounded orbits. Therefore, the

condition under which minima occur is:

(1+epcos fp)sin(fp +wp)cos(fp +wp)sin®ip = epsin fp[l —sin?ipsin?(fp + wp)] (4.5)

Rearranging and writing in terms of the coefficients of cos fp, one obtains a quartic equation, of form

Ry + Ry cos fp + Ry cos? fp + Rscos® fp + Rycos* fp = 0, where:

Ro = —4e%(1 —sin®ip cos? wp)? + sin? i p sin?(2wp) (4.6)
R, = 8epsin? ip(cos2wp — cos* wp sin? ip) (4.7)
Ry = 4e% —sin%ip (2 +3e% — (2 — e%) cos 2ip + €% cos 2wp(3 + cos 2ip)) (4.8)
Rs = —2ep cos 2wp sin? ip(3+cos2ip) +4dep sintip (4.9)
Ry = 4sin*ip (4.10)

The quartic solution has four roots, two of which correspond to the instants where minima occur
and two of which correspond to the maxima. The standard analytic solutions for the roots of a quartic
equation, known as Ferrari’s solution, are unfortunately highly elaborate and take several pages to write
out. Further, which root corresponds to a minima or maxima varies depending upon wp, ep and ip
with complex boundary conditions. A final complication comes from the fact I have solved the equation
in cos fp, which means there are twice as many roots (i.e. 8 roots) for fp (concordantly I refer to the
problem as a bi-quartic equation).

For these reasons, solving the bi-quartic is clearly possible, but somewhat impractical. One has to
find all eight roots and then test each of them to see which one is the true solution. The resulting

algorithm is rather inefficient and an alternative approach is clearly desirable.

4.1.2 The Series Expansion Solution

A series expansion approach is attractive as one can continue up to any desired level of precision and

yet possess just one root i.e. avoid the root-selection problems encountered with the bi-quartic. The
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expansion can also be written as a series of much simpler expressions than that encountered in §4.1.1.
Many methods exist for iterating towards a root with the most commonly used being the Newton-

Rhapson method:

(i)
f'(xi)
A good starting point is required for the iteration and so I select the time of inferior conjunction,

fp = m/2 —wp. I define the function, f(z), to be dS%,/dfp, as given in Equation (4.4). The final

Ti+1 = T4 (411)

solution for fpr may be written as:

fpr= [g - wp} - Zn;f (4.12)

The n; terms are used to absorb the perturbing terms from the time of inferior conjunction. This
notation comes from Kopal (1959), who used a single 7 parameter and only presented up to the first-order
expansion, whereas here I wish to go up to higher order.

Newton’s method produces quite elaborate formulas when used naively. However, one useful trick is
to perform a series expansion of x; using a Taylor series. This Taylor expansion should be performed
in a parameter which is very close to zero, so that only a few terms are needed to achieve the required

2ip which is very close to zero for transits.

precision. An excellent candidate for this parameter is cos
Previous authors, such as Irwin (1952) and Kopal (1959), expanded in cot? i p rather than cos? ip though,
so I will pause to consider the value of such an approach. One wishes to choose the parameter which is

closest to zero for ip — m/2. Writing out the first few terms of each one obtains:

e
cos(m/2 —x)=x — 5 + 0O[z°]
cot(m/2 —x) =x + x_; + 0O[z°]

It can therefore be seen that cos? i p will approach zero faster than cot?ip. Another subtlety is that if

2ip above

one has performed n iterations with Newton’s method, any parts of the series expansion in cos
order n will change after the next iteration. In other words, they are unstable. Therefore, one must be
careful to only Taylor expand up to order n in cos?ip if one has performed n iterations with Newton’s

method. Taking into account all of these issues, the first six terms of the 5! series are given by:
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nl = +(1 . hp)(COSQ ip)t (4.13)
n = +(1 iPI’LP) (1 +1hp)(COS2 ip)? (4.14)
= —(; iphp) (—6(1 + hg()liljlfop()—gl + 2hp))(cos2 ip)? (4.15)
ni = —(1 _liphp) <_2(1 i hg()lt_%;)zl +3he) ) (cos?ip)? (4.16)
= +(1 fphp) (40(1 + hp)? — 40k3 (-1 Z(;‘S(fip;;bif)zz;) + k(3 —19hp + ShQP))(COS2 ip)P (417)
o= +(1 iphp) (24(1 + hp)? — 40k (—1 zfgitzi})%) +9k%(1 — 8hp + 5h§3))(6082 i) (418)

Where hp = epsinwp and kp = ¢, coswp. For the occultation event, one may repeat the process

but using the initial guess 37/2 — wp instead. The occultation minimum then occurs at:

fP7O = [7 — (UP:| — ;nl (419)
Where:
n? = —( kp )(c032 ip)t (4.20)
! 1—hp
k 1
o _ _ P 2. N2
= (1—hp)<1—hp)(cos ir) (4.21)
k 6(1 —hp)+ k%(1+ 2hp) :
o_ _ P p)tkp P 2. \3
= (1—hp)( 6(1— hp)? )(COS ir) (4.22)
k 2(1 —hp) +k%(1+ 3hp) :
) P p)tkp P 2. \4
9 = _( )( )(cos ip) (4.23)
1—hp 2(1 — hp)?
k 40(1 — hp)? — 40k%(—1 — 3hp + 4h%) + k(3 4+ 19hp + 8h%) :
o P P P P P P P P 2, \5
- 4.24
s (1—hp)< 40(1 — hp)S )(COS ip)? (424)
k 24(1 — hp)? — 40k%(—1 — 4hp + 5h%) + 9kH (1 + 8hp + 5h%) :
o _ P P P P P P P P 2 6
e (1—hp)( 24(1 — hp)T )(COS ip)" (425)

I was unable to find the series presented in Equations (4.18)&(4.25) in the previous exoplanet, or
eclipsing binary, literature above second order and thus conclude they are novel results. The equations
have been verified against the solution found from the bi-quartic equation and seem to converge very

rapidly. I found that it was not practical to derive the solutions above 6"

order. The above equations were
computed using Mathematica with computation time increasing exponentially with the order number.
On a 2GHz Intel processor, the final term requires around 20 minutes to generate and I extrapolate that
the next order will require 2 days of continuous processing. However, in practice, Mathematica uses up

all of the available memory before this point and this freezes the computation indefinitely.

One may compare the n”-series against the first-order solution presented in Kopal (1959), who finds:

Kopal ™ kp .
Py =5 -wp— (l—i-hp)COtQZP (4.26)
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Therefore, provided one acknowledges that cot? ip ~ cos?ip for ip ~ (7/2), the Kopal (1959) solution
is identical to the first order term in the n7-series.

It is useful to consider the error formulas of the 7-series. If one goes up to order n in the series,
the error in fpr will be ~ [pF" |. It is more useful, though, to consider the error in terms of time. To
make the conversion from f — ¢ requires solving Kepler’s Equation, which is clearly not desirable due
its transcendental nature. However, since the error in fp will be small, it is justified to approximate
dfp ~ Afp and dt ~ At in Equation (3.11). I will also approximate fpr ~ m/2 —wp, which essentially
is saying the speed of the planet at the time of transit minimum is approximately the same as that as
at the time of inferior conjunction. This allows one to write that the error on the n''-order n”-series

expansion for the time of transit minimum, 77, is':

Pp (1= 332

A7), ~ nk —_— 4.27
( TT) |nn+1| o (1 + hP)2 ( )
Similarly, for the occultation minimum:
Po (1 — e2)3/2
(AT0)n =~ |777(z)+1|_P( ) (4.28)

2r (1 —hp)?

I will here illustrate the convergence of the n”-series with an example of a known transiting system.
To maximize the number of iterations needed, I require a short-period highly eccentric planet. HAT-
P-2b (Bakos et al., 2007) gives an ideal test with Pp = 5.6334729d, ep = 0.5171, wp = 185.22° and
ip = 86.72°. In Figure 4.1, I show the resulting errors in 77 as a function of the order used from the n’
series. Using a zeroth-order expansion gives an error of 4.5s, which is generally too large, but going to
first-order reduces this to less than a millisecond as a result of the very rapid convergence. Although the
general speed of convergence is variable, this typical example has a convergence of rate of 8.6, illustrating

how rapidly the series works.

4.2 Transit Duration for a Circular Orbit

4.2.1 Fundamental Equations

Calculating the duration of a transit is non-trivial and I begin the discussion by considering the simple
case of a circular orbit. The first point to establish is that numerous definitions for the transit duration
exist in the literature. As was seen earlier in §3.3.3 and Figure 3.3, there are four principal contact
points which define the transit, ¢;, t;s, 777 and t;y. t; and try occur when Sp, = (1 4 p) and ¢y

and t77; occur when Sp, = (1 — p). I define the time between any two contact points as Ty, where =

1Note, the notation of using 7 for the transit minima is not present in the exoplanet literature, but is adopted in this

thesis in an effort to produce a self-consistent notation set spanning both planets and moons (see Appendix A)
2Note, in virtually cases in the exoplanet literature this time is known as the mid-transit time, whereas in the eclipsing

binary community is known as the eclipse minimum. The second definition is far more accurate as mid-time refers to

simply the halfway point of the transit, which is not the same as the minimum (see Appendix A)
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Figure 4.1: Convergence of the n™ -series for predicting the time of the transit minimum, for the example
of the HAT-P-2b system. The very rapid convergence is shown by the best-fit line, indicating a rate of

convergence of 8.6 here.
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and y are the contact points®. Ti4 is sometimes referred to as the “total duration” and T3 as the “flat-
bottomed duration” or confusingly the “full duration”. 712 and T34 tend to have a negligible difference
(even for very eccentric systems) and are therefore often grouped together and called the “ingress/egress
duration”.

The duration between any two instances is found by computing the time between the planetary true
anomalies at those points. For contact points x and y, I define the associated true anomalies as fp, and

fp,y and thus the time between these points can be found by integrating Equation (3.11):

fpy dt
T, :/ —dfp
Y fP:fP,.'L' dfP
Pp fry (1 _ e%)3/2

— ——d 4.29
27 Jp=pp. (L+epcos fp)? Ir (4.29)

Recall earlier in §3.1.2, Equation (3.7), that the mean anomaly is defined to scale linearly with
time. Therefore, by virtue of its very definition, the mean anomaly is also directly related to the transit

duration:

Pp
sz = E(mp’y - Sﬁp,z)

/fp,y (1 _ e%)3/2

= AM
" Jrmpn, (U epcos fp)?

dfp (4.30)

From the above, it can therefore be seen that A9tp = Afp if ep = 0 i.e. a circular orbit. In such a

case, the transit duration may therefore be simply expressed as:

circ PP
Twy = E(fpﬁ - fP,y) (431)

The outstanding problem is now to solve for fp, and fp,. Let us assume that contact points x and
y have the same sky-projected planet-star separation i.e. Sp.(fpz) = Sp«(fpy). Consequently, the true

anomalies fp, and fp, may be found by solving the following for fp:

1—82P
1+epcosfp

Spsx = (ap/R*)< )\/1—sin2ipsin2(wp+fp) (4.32)

For a circular orbit, the ep terms vanish, but an wp term would persist in the function sin? (wp+fp).
For a circular orbit, the transit minimum occurs exactly at the time of inferior conjunction (visible
by setting ep = 0 in the n’-series in Equation (4.18)). T therefore define the difference in the true
anomaly between the instant of inferior conjunction and the relevant contact points as f p. Therefore,
fvp@ =n/2—wp— fpy and f\{P7y =m/2—wp — fp, and consequently Afp = Afp. Equation (4.32) now

becomes:

3Note that x and y are commutable

71



Sp, = (ap/R*)\/l — sin?ip cos? feire (4.33)

Solving for fp yields:

feire — _ arcsin —SIZD* b
P (@r /R — Vs

2 2
Feire _ aresin —SP* _ bP’T
Py —
Y (ap/R.)* = bh p

8123* - b%’,T
(ap/R.)? = b 1

Afgre = Afdr = 2 arcsin [\/ (4.34)

Plugging this into Equation (4.31) gives an exact solution for the duration of a transit, for circular

orbits.

i Pp . St —bpr
TClrc - I b 435
oy - arcsin l\/(ap/R*)Q — b%,T ( )

Equation (4.35) is only valid if contact points z and y have the same Sp.. Two cases which are

therefore applicable are T14 and Tbs:

) P 1+ p)2 — b2
Tere — 2P qresin l\/ —(( P ~bpr ] (4.36)
™

ap/R.)? = bpy

we PP . (1=p)2=b%p
TQCg S 7 arcsin l\/m (4.37)

For the ingress/egress duration, one cannot use Equation (4.35) since the contact points now have
different values for the sky-projected separation. However, one may retrace the steps in the above
derivation to obtain such a result and find that the time difference between contact points 1&2 and 3&4

give an identical result:

TCirC = TCirC = & arcsin w — arcsin w
- o 2m (ap/R.)* — bQP,T (ap/R.)* - b?D,T

circ circ
T14 — T34
2

TEpe = T = (438)

Where on the last line I have shown how the ingress/egress duration may be written as a linear

combination of the two durations previously defined.

4.2.2 Parameter Retrieval

The parameters p, bpr and (ap/R.) should now be clearly identifiable as the main players in these

equations. These three parameters combined with the time of the transit minimum, 77, provide the
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four-observables of transit light curves for both circular and eccentric orbits. It has already been seen
how the ingress/egress duration is simply a linear combination of T4 and T3 and thus it does not provide
any new information. In other words, one only needs two quantities to define the transit durations. Since
the transit depth gives p, and the timing gives 7, the outstanding challenge one faces is whether these
two durations can be converted into bpr and (ap/R.).

Seager and Mallén-Ornelas (2003) were the first to appreciate this point and successfully provide a

solution. Through rearranging the expressions for T¢i" and Tsi', they showed:

1/2
sin?(Tfi°n /Pp)
sin2 (T;ércﬂ'/Pp)
sin? (T¢¢n / Pp)
(1+p)* — [b@F]*(1 — sin®(Tfjr/ Pp)
sin?(Tsiren / Pp)

circ

PT —

ap circ
(%) -

If the semi-major axis of the orbit, ap, and the period, Pp, was known (through timing of consecutive

(1-p)?— sin®(T5yw/ Pp) (1+p)?
(4.39)

1/2

(4.40)

transits) then it would be possible to determine the mass of the star (or technically M, + Mp) through
Kepler’s Third Law. However, nature throws a spanner into the works because one cannot determine ap,

only (ap/R.). As a result, instead of being able to measure M,, one obtains the average stellar density,

Pxt

st = ()
G(M. + Mp) 21
3
ah _ (P (M, Mp
R (277) G(Rg * Rg)
37T(CLP/R*)3
3 _
p« +p°pp = G2 (4.41)

The importance of Equation (4.41) cannot be overstated. This pioneering insight by Seager and
Mallén-Ornelas (2003) now forms the standard method of determining the properties of a transiting
planet’s host star. A typical approach is to compute stellar evolution isochrones of a main sequence star
(e.g. Baraffe et al. (1998), Yi et al. (2001)) and see which isochrones best-match the measured stellar
density, as well as other stellar parameters determined spectroscopically (e.g. effective temperature of
the star, Tog, metallicity, [Fe/H], and surface gravity, log g).

Of course, the suggested method is actually somewhat restricted in that the equations of Seager and
Mallén-Ornelas (2003) are only valid for circular orbits. A large fraction of the known transiting planets
have been found to maintain non-zero eccentricities and thus this assumption is critically flawed. Clearly,
what is required is an updated version of the Seager and Mallén-Ornelas (2003) equations but accounting
for eccentricity. To do this, one first needs to derive the transit duration for such systems, which will be
provided in §4.3. First though, I will introduce an additional definition of the transit duration, which

will be very useful in the rest of this thesis.
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4.2.3 The T Duration

So far, I have considered the durations between the four contact points defined in §3.3.3 and Figure 3.3.
However, Carter et al. (2008) proposed an additional, and very useful, definition of the transit duration
which does not involve these four points. T is defined as the time it takes for the planet’s centre to cross
the stellar limb and exit under the same condition*. Mathematically, these points occur when Sp. = 1.
Critically, this definition excludes the parameter p and can be expressed in terms of bpr and (ap/R.)
only (for a circular orbit). Naturally, if one has a measurement error on all three observables, then these
will propagate into the estimates of the various durations, but T is only exposed to two of these errors
and thus tends to be found with the highest signal-to-noise (SNR). For this reason, T is very useful for
TDV (transit duration variation) studies.

On a brief aside, Carter et al. (2008) showed that T has the highest SNR for a trapezoid-approximated
light curve and thus limb darkening is notably absent. If one uses the same bandpass for a set of TDV
measurements, one may safely fix the quadratic limb darkening coefficients to some reasonable estimate
and T will tend to give the lowest errors. However, if one compares multiple wavelengths, it must
be acknowledged that the limb darkening will vary across each light curve and thus should be fitted
for. This tends to increase the error on T in particular and, often, it is no longer the best duration
parameter. However, performing TDV across multiple wavelengths should be avoided anyway, based
upon the detection criterion C5. For the Seager and Mallén-Ornelas (2003) (SMOO03) model, it is trivial

to show that 7" is given by using Sp, = 1 in Equation (4.35):

S 3 1-bhr
TCer - R 442
— arcsin [\/(GP/R*)Q iy (4.42)

It should be stressed at this point that T % (T¢re 4 Tgirc) /9,

4.3 Transit Duration for an Eccentric Orbit

4.3.1 The Exact Solution

The duration between any two true anomalies is most concisely expressed in terms of the change in the

mean anomaly between those points, as first shown in Equation (4.30).

Pp
T,y = — A
Y 2 P
fP,y (1 - 62 )3/2
AMp = S S A 4.43
i /fp—fp,z (1+epcos fp)? r (449)

For circular orbits, AMtp = Afp, but this is not the case for eccentric ones. Integrating the above

equation yields:

4Since T is not defined in terms of the four contact points, it is not possible to use the Try notation employed earlier,

and thus the tilde symbol is used instead
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tan
1+epcosfpy

AMp = <2(1 — ¢%) arctan T ep 5

1—6P @‘| _ ep(l—ezp)?’/Qsinfpﬁy>

(4.44)

l1+ep 2 1+6PCOSfp1$

1- x 1-— 233/2 gj -
- (2(1—6%) arctan €P ian fp ] _ep(l—ep)¥?sin fp

Now, the only remaining challenge is to find fp, and fp,. As was seen before, for 774, one has:

1—e%
1+epcosfp

Spsx = (ap/R*)< )\/1—5111 ipsin®(wp + fp) (4.45)

Solving the above for fp is a challenging problem. As was done in §4.1, the problem is easier if
one changes all fp terms to cos fp parameters. This, again, yields a quartic equation Qg + Q1 cos fp +

Q2 cos? fp + Q3 cos® fp 4+ Q4 cos* fp, where:

2
Qo = ( csc?ip(S%, — A%) + A% cos? wp) (4.46)
Q1 =2epS%, csc’ip (2 esc?ip(S%, — A%) + A% + A% cos 2wp) (4.47)

Q2 APCOS2(UP(SP*CSC ip(=2+e%) — A% + 2A% csc? zp)

— Ap+ethSh AScsc?ip 4 2csctipes S, (355, — AD) (4.48)
Q3 =4epS%, csc?ip(ebS%, csc?ip — A% cos2wp) (4.49)
Q4 =A% —2e%5% A2 cos2wp csc?ip + e Sp, csctip (4.50)
Ap =(ap/R.)(1 —€%) (4.51)

The quartic nature of the solution for this problem was first identified by Kipping (2008). As the
solution is presented in cos fp rather than fp, Equation (4.51) actually has eight roots in the same way
as found for the transit minima, and thus is again a bi-quartic equation. The large number of solutions
causes similar problems as before and a root selection routine is required. As before, I will seek methods

to avoid the bi-quartic.

4.3.2 Approximate Solutions

One way to avoid the bi-quartic is to make an approximation. A useful approximation which can be
made is that op(fp) ~ opr = op(fp = fpr), i.e. the planet-star separation is approximately a constant
value given by the planet-star separation at the transit minimum. I will also make the approximation
fpr ~ (7/2 —wp) to simplify the mathematics, which can be justified at the level of a few seconds
accuracy for even the most extreme systems (e.g. Figure 4.1).

Modifying the definition of the transit impact parameter to account for the altered planet-star separa-
tion so that bpr = (ap/R.)opr cosip, the true anomalies satisfy Equation (4.52), which is subsequently

solved as was done before for the circular orbits (§4.2.1):
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Spy (ap/R*)gp,T\/l — sin®ip cos? fp
8123* - b%,T

(aP/R*)2Q?3,T - bQP,T

Afp = Afp ~ 2arcsin [\/ (4.52)

Having assigned the true anomaly at the moment of the transit minimum and the change in the true
anomaly over the transit event, the necessary tools to compute the duration have been found. Unlike
the circular orbit case, there are actually two options as to how to proceed here. Firstly, one could use
the solutions for fp, and fp, and feed them into the Equation (4.44) to get AMtp and then use this
in Equation (4.29) to get the duration. Given that Equation (4.44) has two principal functions, this
will yield a “two-term” expression for the duration. Alternatively, one could assume AMp ~ A fp and
avoid Equation (4.44) altogether, which would yield a “one-term” expression. I will investigate both

approaches here, followed by alternative methods adopted by some previous authors.

Two-Term Expression

By combining Equation (4.44) with Equation (4.29), one may obtain a final expression for the duration,

which T label T (“two-term” ):

cos(Afp/2) + epcos({fp))
V1—e%sin(Afp/2)

ep(1 —e%) /2 sin(Afp/2)(ep cos(Afp/2) + COS(<fP>))]

P
Ty = 2—: [arctan

+

(1= B)sin?((fp)) + (ep cos(Afp/2) + cos((f))? (453)

Where I have used Afp from Equation (4.52) and defined (fp) = (fp + fpy)/2. The approximate
entry for this latter term would be (fp) ~ /2 — wp. Testing T for the exact solutions for fpr and
A fp provided precisely the correct transit duration for all ep, as expected. However, I found that using
approximate entries for these terms severely limited the precision of the derived equation for large ep
(the results of numerical tests will be discussed later in §4.3.3).

The source of the problem is visible in Equation (4.53), which consists of taking the difference between
two terms. Both terms are of comparable magnitude for large ep and thus one is obtaining a small term
by taking the difference between two large terms. These kinds of expressions are very sensitive to slight
errors. In this case, the error is from using approximate entries for (fp) and in particular Afp. Next, I
will consider a possible “one-term” expression, which avoids the problem of taking the difference between

two comparable-magnitude terms and thus produces greater numerical stability.

One-Term Expression

There are numerous possible methods for finding “one-term” transit duration expressions. The first one

I consider is to assume A9p ~ Afp thereby avoiding the two-term nature of Equation (4.44):
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Pp 0}
T3 = 5o ——==Afr

2m «/l—e%

2
Pp  0pT .
=~ = arcsin

T \/1—¢€%

Where Equation (4.52) has been used for Afp. Another derivation would be to assume the planet

S2, — b2
\/( px — VP . (4.54)

aP/R*)QQ%,T - bP,T

takes a tangential orbital velocity and constant orbital separation from the planet, sweeping out an arc
of length rprAfp. It is trivial to show that this argument will lead to precisely the same expression for

one
T7y°

Tingley and Sackett (2005) Equation

I will also describe the derivations of two other commonly used formulas in the exoplanet literature. The
Seager and Mallén-Ornelas (2003) (SMOO03) formula has already been discussed in §4.2 and so will not
be covered again.

The first alternative I discuss is that of Tingley and Sackett (2005) (TS05), which has been used by
numerous authors since (e.g. Ford et al. (2008); Jordan and Bakos (2008)). It is also forms the basis of
a light curve parameter fitting set proposed by Bakos et al. (2007). There are two critical assumptions

made in the derivation of the T'S05 formula. The first of these is that:
m The planet-star separation, rp, is constant during the planetary transit event and equals 7p

This is the same assumption made in the derivation of the T/ equation. Under this assumption,

TS05 quote the following expression for T} °%° (changing to consistent notation).

A
TS0 _ [PTA0 (4.55)
vp,T

Where TS05 define vpp as the planet’s orbital velocity at the transit minimum and A¢ as “the
eccentric angle” between the contact points. In the standard notation, there is no such parameter
defined strictly as the “eccentric angle” and thus I initially assumed that TS05 were referring to the
eccentric anomaly. However, substituting the relevant terms for rpr and vpr gives:

P 2
IS _ “E_CRT g (4.56)

2n -

By comparing Equation (4.56) to Equation (4.54), it is clear that A¢ = Afp (also note that Equa-
tion (4.54) was derived under precisely the same assumptions as that assumed by TS05 at this stage of
the derivation). I therefore conclude that the term TS05 refer to as the “eccentric angle” in fact refers
to the true anomaly. This is an important point to make because the derivation of the TS05 equation
would otherwise be very difficult to understand by those working outside of the field. Continuing the

derivation from this point, the second assumption made by TS05 is:

i



m The planet-star separation is much greater than the stellar radius, rpr > R.

Critically, this assumption was not made in the derivation of T°"¢ or T®°. Using this assumption,
T'S05 propose that (replacing A¢ — A fp and 1+p to the more general form of Sp,, to remain consistent

with the notations used in this thesis):

\/S (ap/R.)?0p pcos?ip
AfES% = arcsin (4.57)
(ap/Rs)opT
\/S (ap/Ri)?0% pcos?ip
AfES ~ 9 (4.58)

(ap/R.)opT

Where TS05 use Equation (4.58) rather than Equation (4.57) in the final version of 77505, Therefore,
TSO05 effectively make a small-angle approximation for A fp, which is a consequence of assuming rpr >
R,. T argue here that losing the arcsin function does not offer any great simplification of the transit
duration equation but does lead to an unnecessary source of error in the resultant expression, in particular
for close-in orbits, which is common for transits. Also note that even Equation (4.57) exhibits differences
to Equation (4.52).

Firstly, inside the arcsin function, the factor of cscip is missing, which is present in both the derivation
presented in Equation (4.54) and the derivation of SMOO03 for circular orbits, Equation (4.35). The
absence of this term can be understood as a result of the rpr > R, assumption. As rpr — o0, in order
to maintain a transit event, one must have ip — (7/2).

Secondly, the expression I presented for Afp earlier in Equation (4.52) has the factor of 2 present
outside of the arcsin function, whereas TS05 have this factor inside the function. Further more, the
SMOO03 derivation also predicts that the factor of 2 should be outside of the arcsin function and this
expression is known to be an exact solution for circular orbits. In a small angle approximation, arcsin 2z ~
2 arcsinz, but moving the factor of 2 to within the arcsin function seems to serve no purpose except to

invite further error into the expression. As a result of these differences, the TEySOE’

expression does not

reduce down to the original SMOO03 equation and is given by:

TS0 Pr orr \/SP* (ap/R.)%0} pcos?ip

T - (ar/R.)

(4.59)

Winn (2010) Equation

Winn (2010) (W10) proposed an expression for T, based upon modification to the SMO03 equation.
The first change was to modify the impact parameter from (ap/R.)cosip — opr(ap/R.)cosip, i.e.
to allow for the altered planet-star separation for eccentric orbits, as was done in §4.3.2. Secondly, the
altered planetary velocity should also be incorporated. W10 propose that a reasonable approximation

for the transit duration is obtained by multiplying the SMOO03 expressions by the following ratio:
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GEUrr)er =01 opr

= (4.60)
(o) Vi-¢ép
Where Xp is given in Equation (3.6). This yields a new transit duration equation of:
Pp o 1 S%_— (ap/Ry)?0% - cos?ip 1/2
T = SR s ——— P —— BT (4.61)
‘ ™ \/1—é% (ap/Ry) sin“ip

Firstly, note an obvious improvement of the W10 expression is that one recovers the original SMO03
equation for ep = 0. Secondly, comparison to the equation for Tp)¢ (Equation (4.54)) reveals that the
two expressions are very similar except for the position of an extra gpr term. Indeed, the T and

T;’Zlo expressions are equivalent in the small-angle approximation.

4.3.3 Numerical Testing of the Approximations
Example Systems

Insights into the robustness and accuracy of the various expressions may be obtained through numerical
testing of the various approximate expressions. I here compare the accuracy of the four expressions:
TS5 TWI0 one and T, These expressions depend only on five parameters®: Pp, (ap/R.), bpr,
epsinwp and epcoswp. One of the clearest ways of comparing the equations is to consider a typical
transiting exoplanet example with system parameters for (ap/R.) and bpr, and vary the eccentricity
parameters. Pp may be selected by simply assuming a star of Solar density and using Equation (4.41).

I created a 1000 by 1000 grid of epsinwp and ep coswp values from -1 to 1 in equal steps. Grid
positions for hyperbolic orbits (ep > 1) are excluded. I then calculated the transit duration through
the exact solution of the bi-quartic equation, T'biquartic plus all four approximate formulas. Then, the

fractional deviation of each equation from the true solution is found using:

Tcandida‘ce _ Tbiquartic

Dcandidate _ (462)

Tbiquartic
The loci of points for which the deviation is less than 1% (i.e. Dcandidate < (0.01) may then be
computed. In Figure 4.2, I present four such plots for different choices of (ap/R.) and bpr. The plot

reveals several interesting features:

m 7°"° consistently yields the largest loci

m 7%° is sometimes accurate and sometimes not, demonstrating that the approximation is not stable

m TW10 also yields consistently large loci

m 7759 consistently yields the smallest loci

5There is no dependence on p because I am using the T' definition of the duration to deliberately avoid p
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Figure 4.2: Loci of points for which the accuracy is better than 99% for all four candidate expressions,
as a function of eccentricity. The T expression offers both consistency and excellent accuracy. Other
system parameters fized to typical transit values. Blue is for TY5%  black is for TV, red is for T°" and
green for T, The gray ellipse represents the allowed physical limits. Parameter subscripts removed for

clarity.
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Additional Tests

I also briefly discuss additional tests which I performed for two sets of 107 different hypothetical transiting
exoplanet systems; one for eccentricities 0.0 < ep < 1 and the other for 0.9 < ep < 1. In all cases,
I randomly generated® the system parameters weighted by the transit probability and calculated the
deviation of the various formulas.

I found that the T°" expression was consistently the most accurate, with the W10 of similar accuracy
but higher asymmetry. I therefore find that the results yield a overall preference for the 7°"¢ approxima-
tion. Note that authors using the 7W1'0 formulation can also expect an extremely good approximation
but I will only consider using T°" for the later derivations. I define the “improvement” of the T°"°

TTSOS

expression relative to the equation (since this is the previously most cited expression) as:

one [(DTSO5/Donc) _ 1] * 100 (4.63)

Where Z is measured in %. One can see that if TS05 gives a lower deviation (i.e. more accurate
solution), one will obtain Z < 0% whereas if the candidate expression gives a closer solution one obtains
Z > 0% and is essentially the percentage improvement in accuracy. For the range 0 < ep < 1, I find that
the mean value of this parameter is Z°*¢ = 210% and for the range 0.9 < ep < 11 find Z°*¢ = 458%.
Note that one caveat of these tests is that they are sensitive to the a-priori inputs. In conclusion, the
qualitative, rather than quantitative, aspects of these results offer the greatest insights.

For the case of spaced-based photometry, the typical measurement uncertainty on T will be ~0.1%
in most cases (Kipping et al., 2009). I find, on average, that T°"e is accurate to 0.1% or better over a

range of |epsinwp| < 0.5 and |ep coswp| < 0.85.

4.3.4 The Series Expansion Solution

I also investigated whether a series expansion solution could be obtained in a similar way as was done

for the transit minima in §4.1.2. The equation which needs to be solved may be written as:

(ap/R.)*(1 = ep)”
(14 epcos fp)?

I tried using Newton’s method again with initial starting points for fp, and fp, being 7/2 —wp —

0= [1 —sin?ipsin®(wp + fp)] — 5%, (4.64)

Afp/2 and 7/2 — wp + Afp/2, where I define Afp using Equation (4.52). The resulting expressions
do not yield elegant forms despite efforts to perform Taylor expansions in numerous terms. Further,
computational memory limits restrict the calculation in Mathematica to just first order. As a result of

the limited use of these expressions, I do not present them here.

6With uniform probability distributions
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4.3.5 The Consequences of Using Circular Expressions for Eccentric Orbits

SMOO03 showed that the 15 to 4'" contact duration, T4, and the 2°¢ the 3¢ contact duration, Ths,
may be used to derive (ap/R.) and bpr, and consequently the derivative terms such as ip and p,. I
here consider how biased these retrieved parameters would be if one used the circular equations for an
eccentric orbit. Such a circumstance may occur for newly discovered transiting planets with only a few
RV points and thus a simple circular model is erroneously adopted for the sake of simplicity. From here,
I will employ the T°"¢ expression for the transit duration, as this equation has been shown to provide
the greatest accuracy in §4.3.3. The transit durations T¢I and Tsi are given Equation (4.37), but for

the T/ solutions I utilize Equation (4.54) to get:

Pp  0%p (L+p)? — (ap/Rs)?0ppcos?ip
Ty = — : 5 arcsin _ (4.65)
1—e% (ap/Rs)oprsinip
et T
= ———"— arcsin _ '
* T \/1-ep (ap/Ri)oprsinip

Using Equation (4.37), SMOO03 show that the impact parameter of a transiting planet on a circular

orbit may be determined by using:

_ 2 _ sin?(Ti°n/Pp) 2
[ CiI‘C]2 _ (1 p) sin? (T¢y°n/ Pp) (1 +p) (4 67)
mr | _ s (T5en/P). :
sin? (T /Pp)

Now consider that an observer is unaware that the orbit is eccentric and makes the simple, but false,
assumption of a circular orbit. In this case, the observer would assign T;j?ifc = Tf;q“arﬁc ~ Ty Asa

result of this assumption, the observer would falsely calculate an impact parameter:

bPF)? =1+ p* +2p
Q%,T V (1_1’)2_17?91 )] + Sin2[ Q%D,T vV (1+p)2_b?9,T )]

. 2 . .
Sin arcsin\ ——o—~—"—"—"— arcsin ——
y < [ /1_62P ((ap/R*),gp,Tsmzp \/1_6?3 ((ap/R*)gp,Tsmzp

92P,T V (1_1’)2_17?91 )] _ SinQ[ 92P,T V (1""1‘7)2_17?9,7" )]

2 arCSlIl( (ap/Rx)(op,T sinip V1-€% ap/R«)op,r sinip

—e2,
Where it is understood that terms on the right-hand side with bp 1 in them refer to the true impact

(4.68)

sin?| arcsin( i
parameter, bpr = (ap/R«)opr cosip. This function is plotted in the case of (ap/R.) = 10, b2P7T =0.5
and p = 0.1 in Figure 4.3. Making small-angle approximations, this yields [b3'$]? ~ b} ;.. However, for
larger epsinwp and ep coswp values, the overall effect is to overestimate bp r for eccentric orbits.

In addition to the impact parameter, SMOO03 proposed that the parameter (ap/R.) may be derived

using:

(1+p)* - [bpF]?
sin?(T¢iren / Pp)

[(ap/R) ] = + [bPE] (4.69)

If one uses the assumption b‘lsif; ~ bp 7, then this equation yields:
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Figure 4.3: If one uses the circular expressions, the retrieved impact parameter is heavily biased by
eccentricity. In this example, the true value of bpr is v/0.5 but the introduction of eccentricity causes

bp,T to be overestimated.

2 1+p)?2—b?
[(CLP/R*)CircP = b?{T +[(1 +p2) - b%’,T] csc? |\QF’77T arcsin <( 4o il >‘| (4.70)

V1-ep ap/R.)oprsinip

With small-angle approximations, this simplifies to:

_ 2 2 .
(aP/R*)circ ~ (GP/R*)\/Q%{T cos2 ip+ w (4.71)

QQP,T

The term inside the square root goes to unity for circular orbits, as expected. The deviation in
(ap/R+) can be seen to become quite significant for eccentric orbits, as seen in Figure 4.4 where the
exact expression for Equation (4.71) is plotted. This will have significant consequences for the next
parameter, the stellar density. As seen earlier, stellar density is related to (ap/R.) by manipulation of

Kepler’s Laws (see Equation (4.41)):

3
p*_G—P]%

37

_G—PI%

(ap/R.)* = p’pp
(ap/R.)* (4.72)

Where the approximation is made using the assumption p < 1. It can therefore be seen that:
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Figure 4.4: If one uses the circular expressions, the retrieved value of (ap/R.) is heavily biased by
eccentricity. In this example, the true value of (ap/R.) is 10 but the introduction of eccentricity causes

(ap/R.) to be underestimated.

3/2
; 1 —e%)sin?i
P~ p, Q?D)T cos?ip + —( ;2) P} (4.73)
P.T
. (1+epsinwp)?
circ _ 7

Where in the second line I have assumed that ip ~ w/2. A series expansion of ¥ p into first order of
ep yields Up ~ 1+ 3epsinwp + Ole3]. So observers neglecting an eccentricity of ep ~ 0.1 may alter the
stellar density by 30%. As an example, if one decreased the density of a solar type G2V star by 30%,
the biased average stellar density would be more consistent with a star of spectral type KOV. Indeed,
asteroseismologically determined stellar densities of transiting systems could be used to infer ¥p.

This density bias, which is plotted in Figure 4.5, could be extremely crucial in the search for transiting
planets. Many discovery papers of new transiting planets have only sparse radial velocity data and usually
no secondary eclipse measurement. As a result, the uncertainty on the eccentricity is very large.

Critically, planets are often accepted or rejected as being genuine or not on the basis of this light curve
derived stellar density. If the light curve derived stellar density is very different from the combination of
stellar evolution and spectroscopic determination, these candidates are generally regarded as unphysical.
This method of discriminating between genuine planets and blends, which may mimic such objects, was

proposed by Seager and Mallén-Ornelas (2003) (see §6.3 of SMOO03) but crucially is only applicable for
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Figure 4.5: If one uses the circular expressions, the retrieved value of py is heavily biased by eccentric-
ity. In this example, the true value of p. is 1pg but the introduction of eccentricity causes p. to be

underestimated.

circular orbits.

Since the typical upper limit on ep is around 0.1 in discovery papers, then the light curve derived
stellar density also has a maximum possible error of ~ 30%. In practice, the uncertainty on ep will
result in a larger uncertainty in p,. Typical procedure is to fix ep = 0 if the radial velocity data is quite
poor, despite the fact the upper limit on ep ~ 0.1. As a result, the posterior distribution of p, would
be artificially narrow and erroneous if ep # 0. I propose that global fits should allow ep to vary when
analyzing radial velocity and transit photometry, as well as a fixed ep = 0 fit for comparison. This would
allow the full range of possible eccentricities to be explored, which would result in a broader and more

accurate distribution for bpr, (ap/R.) and critically p..

4.3.6 Application to Multiple Transiting Planet Systems

One interesting application of these ideas comes with the multi-planet transiting systems being found
by Kepler. Recently, Steffen et al. (2010) announced the discovery of five multiple transiting planet
candidate systems. The planets have not been confirmed (and thus are “candidate” at the time of
writing) because the targets are too faint for RV follow-up. Nevertheless, in such cases, one can assess

the ratio of ¥ p between the two planets, dubbed with subscripts “b” and “c”:
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pS*¢(using planet b) W,

N0 N

péire(using planet ¢) W,

3
14 epsinwy 1—e
1+ e.sinw, 1—ej

3/2
] (4.75)

The sinwp functions must be in the range of -1 to +1 only, and so it is possible to consider the

maximum and minimum ratios which bound the orbits:

Vo) (T} (B
W)  T\U. ) T T,
1 1 U 2 1 1
— €p — € b + ep + ec
<l = < 4.76
(o) () <(3) = (=2) () 70

Re-writing e. as ep(e./ep) and then expanding to first order” in e, on both sides of the inequality,

one obtains a symmetric solution on either side which can be consequently re-arranged to:

2/3
LAY
.

Where it should be understood that the above is only an approximate formula due to the first-order

1
ep + e. >

>3 (4.77)

expansion in e,. To test the accuracy of Equation (4.77), which I label as the ¥-inequality, I generated
some random values for e, wy, €. and w.. The wp values have uniform distributions between 0 and 27
and the ep values have uniform distributions between 0 and enay. I generated these random values 108
times and tested if the inequality in Equation (4.77) was true or not each time. As an example, using
emax = 0.25, the inequality is true in 91.9% of all of the Monte Carlo simulations. In Figure 4.6, I show
the percentage of trials for which the inequality is correct as a function of ey .y, which reveals that the
W-inequality provides useful eccentricity constraints in the absence of any other information and is >90%
reliable for epa, < 0.30.

I also tried using a potentially more realistic non-uniform distribution eccentricity distribution using
a mixture of an exponential and a Rayleigh distribution (see Juri¢ and Tremaine (2008) and Zakamska

et al. (2010)):

ep(z) = alexp(—Az) + (1 — a)%

exp(—2?/202) (4.78)

The values of the constants were found by fitting the distribution of eccentricities in known multi-
planet systems measured from radial velocity surveys using only systems with measured eccentricities,
which find & = 0.38, A = 15 and o, = 0.17 (Steffen et al., 2010). Finally, this distribution can produce
values of ep greater than unity, and so I ignored any simulations where ep > e« for either planet. Using

emax = 1, I found that 87.0% of simulations agreed with the inequality presented in Equation (4.77),
and >90% agree for epax < 0.65 (Figure 4.6 shows dependency of this percentage with emax).

7A first order expansion in eccentricity can be justified by the fact multi-planet systems are rarely permitted to have

dynamically stable highly eccentric orbits for either body
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Figure 4.6: Assuming circular orbits, one may derive two values for the stellar density for a system
with two transiting planets. The ratio of these densities constrains the sum of the eccentricities via the
V-inequality given in Equation (4.77). The reliability of this inequality is plotted here as a function
of the maximum allowed eccentricity, assuming a uniform distribution in ep (dashed line) and also a
non-uniform physically motivated distribution (solid line). The reliability is >90% for ep < 0.30 for the

uniform case, and ep < 0.65 for the non-uniform case.
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Additional constraints may come from dynamical modelling of the orbits to explore the stable regimes
of ep and wp for each planet. Put together, these methods raise the chances of characterizing the

eccentricity of such systems.

4.3.7 Generalized Parameter Retrieval

In the previous subsection, I discussed how using the circular expressions to derive (ap/R.) and p. can
lead to severe errors for even mildly eccentric systems. Here, I present expressions which will recover
excellent approximate values for bpr, (ap/R.) and p.. The new equations (derived using the 7°"° model

and thus given the same superscript notation) are given by:

sin?[(Thery/1—e2 Pp o>
(1 _p)2 — = 2[( 203;8 — 5)/( PQZP,T)](1+p)2
[ 0ne]2 — sin?[(T7y ”\/l ep)/(Ppop 1) (4 79)
AT sin[(Tgremy/1—¢2)/(Pro% 1)) :
sin2[(Tepemy/1-e2)/(Pp o 1))

(1+p?) —bpr bP 1
[(ap/R.)™ ) = , ’ + (4.80)
0% sin®[(Tepem\/T = ¢3)/(Prob )] Cbr
37
pgne _ [(aP/R*)one]3 _ pSpP (4.81)
GP2

These expressions can be shown to reduce down to the original SMOO03 derivations if ep — 0 (Equa-
tions (7)&(8) of SMO03). The new stellar density parameter may be used with floating ep and wp values
to correctly estimate the probability distribution of this critical parameter.

It is also possible to write down the retrieval of the parameters in terms of the duration 7', which was
defined in §4.2.3, and the ingress/egress duration. Due to the approximations made in the derivation of
T, ¢, the ingress and egress have an equivalent duration, as was seen for circular orbits. Therefore, T}2

and T form a complete set which can be used instead of the T14 and Th3 set. With this alternate set,

the retrieved parameters may be shown to be:
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B 271+/1 — 2 Tonc
gone _ RV (4.82)

PPQ?D,T
2 /1 52 Tone
i)n2c — m :P 12 (483)
’ Propp

(ap/R.)* = [Q%T <2p2 cos T + (p? + 1) cos 2T — cos 2F9"y + p2>

one

g
— \/inQP)T csc? 9y cos? 5 sin 237"y \/ p? — (p? —4) cos 239 — 4 cos 439y

-1

X lg‘}g’T <cos 2%°"¢ _ cos 25‘{?;) (4.84)

b = [Q%T ( —2p? cos T + (p? + 1) cos 23°"° + p* — 1)

one

(g:onc .
+ \/EpQ;T tan? 5 csc® T9 cos” sin 29"y

-1

X /1% — (p? — 4) cos2T45 — dcos 2Tome + 203 1. sin® TY'S

QQP)T <cos 2T°"° — cos 2 ‘f“;)

(4.85)

Where the first two lines give a necessary substitution.

4.3.8 Application to Light Curve Fitting

In fitting transit light curves, one is trying to calculate the parameters 1, p, (ap/R.) and bpp. One
can fit for these parameters directly but the strong correlation between (ap/R.) and bpr severely slows
down such algorithms (Carter et al., 2008). Consequently, it is preferable to use an alternative pair of
parameters over (ap/R.) and bp r.

To understand what alternative pair should be used, one must analyze the light curve morphology
which can be done by approximating the transit light curve as a trapezoid and calculating the various
covariances between the different parameters. Carter et al. (2008) showed that this exercise reveals that
Ty and T exhibit much lower correlations than bpr and (ap/R.). One must also consider the effect of
whether the fitted parameters have uniform priors or not, which is also a desideratum.

Various sets exist in the literature e.g. Winn et al. (2009) advocate T and bpr; Bakos et al. (2007)
propose (¢/R.) = 2/ T and b%T. The former set is generally preferable to the latter due to the non-
uniform prior which exists for bQP)T (Kipping et al., 2010), but nevertheless the Bakos et al. (2007) set is
far better than using (ap/R.) and bpr. However, Bakos et al. (2007) used the TS05 expression for 7.
By using an improved estimate for the duration, one would expect the correlations to further decrease,
since the offset between the approximation and the true value is lower.

To investigate this hypothesis, I generated an artificial transit and refitted the data using the Markov

Chain Monte Carlo (MCMC) method, which allows one to see the various inter-parameter correlations.
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I used three parameter sets to fit the data. Firstly, I use the physical parameter set {7r,p, (a/R+),bpr}
as a reference, or “control”, model. In the second I use {7r,p?, ((/Rx),bp } and in the third T use
{rr.p?,(Y/R.),b% 1}, where I have defined (Y/R.) = 2/T°".

Since the T'S05 formula does not reduce down to the SMOO03 equation, the formula will perform worse
than T°"° for even circular orbits (or near-circular), which are the most common type of planet in the
exoplanet transiting catalogue (see http://www.exoplanet.eu). I therefore consider a hot-Jupiter on a
circular orbit with a planet-star separation of (ap/R.) = 3.5 from a Sun-like star (Pp = 0.76 days).
I choose a near-grazing transit with bpr = 0.9, corresponding to an orbital inclination of ip = 75.1°.
The light curve is generated using the Mandel and Agol (2002) algorithm with no limb-darkening and
0.25 mmag Gaussian noise over a 30sec cadence. The light curve is then passed onto an MCMC fitting
algorithm. I also repeated the whole exercise for an eccentric orbit example as well, where I chose the
same system parameters as that of the most eccentric transiting planet known at the time of writing,
HD 80606b (Fossey et al. (2009), Winn et al. (2009)).

In the MCMC runs, the jump sizes are set to be equal to ~ 1-0 uncertainties from a preliminary
short-run. The MCMC is started from 5-0’s away from the solution for each parameter, utilizing 500,000
trials with a 100,000 burn-in time. I then compute the cross-correlations between the various parameters
in trials which are within Ax? = 1 of x?|pest (errors rescaled such that y2|pest equals number of data
points minus the degrees of freedom). The inter-parameter correlations are computed and used to
construct correlation matrices for each parameter fitting set. As an example, the correlation matrix for

the {7r,p, (ap/R.),bpr} parameter set is given by:

Corr({rr,p, (ap/Rs),bp 1}, {17, p, (ap/Rs),bpT}) =

1 Corr(rr,p) Corr(rr, (ap/Rx)) Corr(rr,bp,T)
Corr(p, 7) 1 Corr(p, (ap/Rx)) Corr(p,bpr)
Corr((ap/Ry),mr) Corr((ap/Ry),p) 1 Corr((ap/R.),bp,T)
Corr(bp,r, r) Corr(bp,r,p) Corr(p, (ap/Ry)) 1

I then calculated the semi-principal axes of correlation ellipsoid by diagnolizing the matrices. For a
completely optimal parameter set, this diagnolized matrix would be the identity matrix. I quantify the
departure of each proposed parameter set from the identity matrix by calculating Z?:l |M; ; — 1| where
M is the diagnolized correlation matrix. The results are shown in upper half of Table 4.1.

The correlations of the physical parameter set are predictably very large, in particular between

TT805 is evident

(ap/Rs) and bpr, which approaches negative unity. The improvement of T°" over
by examining the effect of modifying (¢/R.) to (Y/R.), which produces a clear improvement in the

corresponding correlations, as seen in Figure 4.7.
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Table 4.1: For several proposed light curve fitting parameter sets (left column), I calculate the inter-
parameter correlation matrices in the examples of i) a hypothetical near-grazing hot-Jupiter on a circular
orbit ii) a system similar to the eccentric planet HD 80606b. I diagnolize the correlation matrices to
give M and then quantify the departure from a perfectly optimal parameter set (right column), where
it 1s understood that 0 corresponds to optimal and larger values correspond to greater inter-parameter

correlations.

Parameter Set Z?Zl |M;,; — 1]

Circular orbit example

{rr, p, (ap/R.), bp1} 2.19333
{rr, p?, ((/R.), bp 1} 1.71236
{rr, p*, (Y/R.), b1} 1.32074
Eccentric orbit example

{rr, p, (ap/Ry), bpr} 2.46676
{rr, p*, ((/R.), bb 1} 1.56816
{rr, p*, (Y/R.), b} 1} 1.56799

7 0.7H 079 LA [15:3) e .83 L84 F&T? Q7n 079 0.0 aL 0.02 0.83 0.54
. #

Figure 4.7: Comparison of the correlations between (C/R.) against b} and (Y /R.) against by 1. Data
comes from fitting a synthetic hot-Jupiter light curve on a circular, near-grazing orbit with an MCMC
algorithm. The (T/R.) parameter provides two-fold lower correlation and preserves the ability to be
inversely mapped to more physical parameters (see Equation (4.81)). The three different types of shading

represent the 1-0, 2-0 and 3-0 confidence regions.

91



4.3.9 Secular Transit Duration Variations

Transit duration variation (TDV) can occur in two possible formats: i) periodic change and/or ii) secular
change (or apparently secular). Periodic changes in the duration of a transit will be discussed later in
Chapter 6.

Secular changes in transit duration can be caused by numerous possible scenarios. For example,
Jordan and Bakos (2008) showed that apsidal precession would induce changes in T and used the TS05
equation to predict the size of these changes. As was already demonstrated a better formulation for T is
possible; I will here present an improved equation for the rate of change in T due to apsidal precession,
or essentially changes in wp.

Jordén and Bakos (2008) argued that apsidal precession can be caused by stellar oblateness, general
relativistic effects and/or a perturbing planet. Additionally, Murray and Dermott (1999) showed that, in
general, nodal precession should always accompany apsidal precession, leading to changes in the orbital
inclination angle, ip. These changes lead to another form of secular TDV.

Additionally, T consider here that falling planets, such as proposed for WASP-18b (Hellier et al.,
2009a), would experience a changing semi-major axis, ap, leading to another form of secular TDV.
Finally, I will consider the effect of varying the orbital eccentricity. All four possible TDVs will be
derived here using T°"°, since T°® has demonstrated the greatest accuracy in numerical tests (see
§4.3.3) and T, in general, is the most useful definition of the duration for TDV studies (Carter et al.,
2008).

Apsidal Precession

Apsidal precession is the precession of the argument of periapse over time and it may be induced from

several different effects including:

m General relativistic effects (Einstein (1915); P4l and Kocsis (2008))
m Rotational quadrupole bulges on the planet (Sterne, 1939)

m Tides raised on the planet and the star (Sterne, 1939)

m Stellar quadrupole moment (Murray and Dermott, 1999)

m Kozai mechanism (Kozai, 1962)

Perturbing planets (Murray and Dermott (1999), Miralda-Escudé (2002); Heyl and Gladman
(2007))

Out of these examples, planets on nearby orbits of masses > Mg are expected to produce the largest
effect. Thus the detection of apsidal precession could actually be used to infer the presence of Earth-mass

planets.
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As Jordén and Bakos (2008) noted, apsidal precession should cause a change in the transit duration

and in order to estimate the magnitude of this effect, the authors differentiated 7750

with respect to
wp. Having shown the T°"¢ offers substantial improvement over the 7759 in the previous section, I am

here able to provide an improved estimate for the secular TDV caused by apsidal precession:

V1~ thr )) (4.86)

(ap/R.)oprsinip

dT°"  Pp epQprcoswp 1

- _ 52)\3/2
dwp ™ (1—e3)3/ <\/1—b§31T\/(ap/R*)29§31T—1

One can see that there are two terms counter-acting in the derived quantity. The two terms can be

— 2 arcsin (

understood to originate from the planet-star separation changing as a result of the precession, which has
two effects: 1) decreasing the planet-star separation causes a near-grazing transit’s impact parameter
to decrease and thus increases T (the first term) 2) decreasing the planet-star separation causes the
tangential orbital velocity to increase and thus decreases T (the second term). The coswp term outside
of the brackets determines the sign of which term causes an increase and which to decrease.

Kopal (1959) showed that the two effects approximately cancel out for bpp ~ 1/ V2. The Kopal
(1959) derivation is quite different for the ones produced in this paper. It is done by first solving for the
mid-eclipse time by a series expansion of the differential of the planet-star separation with respect to

3ip or higher. The duration between the primary and secondary

true anomaly, disregarding terms in sin
occultation is then solved for in another series expansion in first order of ep. Nevertheless, setting bp

to this value, the terms inside the bracket of Equation (4.86) become:

V2 — 2 arcsin < ! ) (4.87)
Jer/ Rk, —1 V2y/(ap/R.)20hy —

Under the condition ap > R,, I find that Equation (4.86) gives 97°"¢/dwp = 0, in agreement with

Kopal (1959). For very close-in orbits, this does not appear to hold.

One may compare this estimate of the apsidal precession to Equation (15) of Jordén and Bakos (2008),
which was found by differentiating the expression of TS05 with respect to wp. The difference between
the two expression is typically less than 1% across a broad range of parameters. However, if bpp ~ 1/ V2,
the difference between the two diverges and can reach 10%-100%. Given the sensitivity of both equations
to this critical value of bp 1, I recommend numerical calculations over analytic approximations if bp 7 is

known to be close to 0.707.

Nodal Precession

Nodal precession causes changes in the orbital inclination of the planetary orbit, which would be a source
of secular TDV. The secular theory of Murray and Dermott (1999) predicts the rate of inclination change
due to a perturbing planet as the nodes precess:

6ip 6&]13

93



Where AQ) is the ascending node of the perturbing planet relative to the ascending node of the
transiting planet, measured clockwise on the plane of the sky. Therefore, any occurrence of apsidal
precession from a perturbing planet will, in general, be coupled with nodal precession. One may derive

the rate of secular TDV from inclination change as before:

ogiore  pp Obryf(ap/R)? oy — 1

Oip T tanipy/T— chy/1 - by

This expression has only one term and therefore one can see that decreasing the inclination towards

(4.89)

a more grazing transit always yields a shorter transit duration, and vice versa.

Falling Exoplanets

Planetary bodies experience infall towards the host star through tidal dissipation and to a much lesser
degree gravitational radiation. The effects increase as the orbit becomes smaller leading to runaway
fall-in. Therefore, for very close-in exoplanets, the change in semi-major axis may be detectable. The

transit duration will vary as:

oTe™ _ Pp 0 (3

— arcsin
/ 2
8£Lp T ap 1 ep

2
As for apsidal precession, there are two countering components, which are the same as before except

(( V!~V ! ) (4.90)

aP/R*)QP,TSiniP) \/1_b2P,T\/(aP/R*)292P,T_1

for a slightly different constant in front of the first term. This different constant means that the impact
parameter at which both effects cancel has now changed to bpp ~ 1/ V3 = 0.577. This result could not
be found in the previous literature and is of particular interest given the recent discovery of exoplanets
on periods of around a day or less, for example WASP-18b (Hellier et al., 2009a) with period of 0.94 days
and bp = 0.25.

Eccentricity Variation

Irregular satellites are known to exchange orbital inclination and eccentricity through the Kozai mecha-
nism, which roughly conserves the value cos Iv/1 — €2, where I is the angle to the ecliptic. Variations in

ep may lead to a form of secular TDV as well:

— [Bep + (2 + %) sinwp] arcsin (

dep  m (1—e3)5/2

8T0nc . Pp QgpyT 2ep + (1 + €2P) sinwp
(ap/Rs)oprsinip

E \/1 - b%,T\/(aP/R*)QQ%D,T -1

(4.91)

The two terms here seem to exhibit a more complicated inter-dependency, which is physically based
on the same idea of varying the planet-star separation. The balance-point between the two effects occurs

for:
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b ep +sinwp
BT\ Bep + (2 + €2) sinwp

1 ep 2
_ 1 o) 4.92
5 1Bsman T Oler] (492)

Thus to zeroth-order in ep, the balance point is the same as for apsidal precession.

4.4 Other Important Timings

4.4.1 Transit to Occultation Time

Before moving on, I will discuss other important timings related to transits, aside from the transit minima
and the durations. The first one will I consider is the time it takes for a planet to move from the transit
minimum to the occultation minimum i.e. 70 — 7p. As was discussed in §3.3.4, this time difference is
given by 0.5Pp + Atiign for circular orbits, where Atiign is the light travel time across the system. For

an eccentric orbit, things are more complicated and the exact time is given by:

P,
(to — 1) = 2_71_:AEIRTHO + Atiight (4.93)
fro (1 _ 2 )3/2
AMy_o = / — P _q 4.94
T—0 ioeson (Lt epcos f)2 fp (4.94)

Dealing with the light travel time first, if one assumes a nearly coplanar orbit, then the transit minima

occur at the times of the conjunctions, so:

_ Zp(fro) = Zp(fpr) _ aplopr +00,T)
Atjight = . ~ -
2 1—¢e2
lim  Abyigny = —— (2 €2P) (4.95)
wp)

ip—m/2 c(1 —e% sin
For the dynamical time difference, one must deal with the integral once again. In practice, my

light curve fitting routine computes the transit and occultation minima using the 7-series and then
uses Equation (4.44) to compute AMr_,o. If one must insist on using an approximation though, then

fpr~(7/2 —wp) and fpo ~ (37/2 — wp) may be used to give:

P, V1—e7 2ap(1 — 7
lim (ro —71r) = “2( arctan {BP o8 wp} + e r SOSMP + ap(2 . ezp) (4.96)
V1—e% c(1 — €% sin®wp)

ip—/2 ™ 1 —e%sinwp
Another insightful approximation comes from expanding to first order in ep and ignoring the light

travel time, which is usually very small:

2P
(to — 1) ~ =L | coswp + Oled] (4.97)
0
Therefore, the measurement of the time between the transit and the occultation strongly constrains

epCOSWp.
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4.4.2 Transit to Occultation Duration Ratio

To estimate of the ratio between the two eclipse durations, I will proceed with the 7°"° approximations.
I will label the occultation duration between the z and y contact points as O, (thus T' corresponds to

the transit and O for the occultation). It is trivial to show that:

PP Q%O . 5123* - b%—’o
oot = — = _ arcsin ’ 4.98
N s P R Gy — oo (49%)

Where bpo is the impact parameter of the planet for the occultation event, given by bpo =
(ap/Ri)op,o cosip. Taking the ratio of the tilde definitions for the duration gives an elaborate ex-
pression. However, I expand to zeroth-order in cos?ip and then to first order in ep, simplifying the

result with the assumption ap > R.:

Tone
OOHC

~1—2epsinwp + Oe?] (4.99)

Due to the approximations made, the above expression is only useful for providing a sense of the
scaling of the ratio. However, they do allow one to see that the dominant term is ep sinwp. Therefore,
the transit to occultation timing gives ep coswp and the duration ratios give ep sinwp suggesting that

eccentricity could be measured photometrically with high quality data.

4.4.3 Transit to RV Time

As a final piece to the puzzle, I will discuss the time difference between the transit minimum and the
time of the stellar reflex velocity null (determined by radial velocity measurements). The RV-null occurs
at exactly the same instant as the transit minimum for circular orbits. However, for eccentric orbits a
slight offset is introduced. This may be found by first finding the true anomaly at which the RV-null

occurs, by solving:

RV(fp) —v=—Ksiniplep coswp + cos(fp + wp)] =0

= fpnul = —wp + arccos[—ep coswp] (4.100)

Thus for ep = 0 one has fpnu = 7/2 — wp, as expected. The disturbance of the RV-null away from
the point of inferior conjunction is much greater than that of the transit minimum. Therefore, a good
approximation is given by assuming fpr ~ 7/2 — wp for the purposes of computing the time difference
between the RV-null and the transit minimum. I will also use the approximation A9p ~ Afp for

simplicity:
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P,
(Thull — 77) =~ 2—P [arccos[—ep coswp] — 71'/2}
™

P
= 2—{epcoswp+(’)[ef3]] (4.101)

™

The first-order expansion in ep, which is presented on the second-line, illustrates how the RV-null
time has a strong dependence on ep coswp. Indeed, at the first-order level, (tnun — 7r) =~ (70 — 71) /4.
Put together, these additional timings permit the joint modelling of transit, occultation and RV data to
strongly constrain ep and wp. With these quantities known, reliable estimates for the other parameters,

such as ¢p and p,, are enabled.
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Chapter 5

Transit Distortions

“ Nothing is as simple as we hope it will be”

— Jim Horning

5.1 Introduction

The properties and morphology of the transit light curve have now been established, provided assump-
tions A0 to A10 are in effect. In §3.3.7, I discussed the consequences of breaking each of the assumptions
and how frequent and significant the invalidation of each assumption was. In that section, it was con-
cluded that three assumptions, in particular, were likely to be frequently broken and lead to significant
distortion to the transit light curve. These are A0) a uniform source star; A4/A5) the planet emits
no flux/there are no background luminous objects; A10) the integration times are small. AO can be
compensated for by using the Mandel and Agol (2002) code to account for limb darkening and generally
avoid observing spotty stars. In this section, I will discuss the consequences of breaking A4/A5 (§5.2)
and A10 (§5.3) in more detail and present methods for compensating for each distortion. These two

sections are based upon the papers Kipping and Tinetti (2010) and Kipping (2010b) respectively.

5.2 Blending and Nightside Pollution

5.2.1 Introduction

During the early days of exoplanetary science, the dedicated transit space missions now available did not
exist and the pioneers of those early times sought the first transit using off-the-shelf instrumentation and
small-aperture telescopes. It was therefore not surprising that the first transit light curve was obtained
in the visible wavelength range (Charbonneau et al. (2000); Henry et al. (2000)) and for the subsequent
few years this was established as the normal practice in later observations and surveys (e.g. Brown et al.

(2001); Bakos et al. (2004); Pollacco et al. (2006)), mostly down to the cost efficiency of the available
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CCDs (see §1.3.6 for a more detailed account of the first discovery).

As transit measurements became routine and staggering photometric quality became available with
space-based observatories like HST (Brown et al., 2001), it became clear that improved models of the
transit light curve were required. In response to the growing need for accurate parameterization of light
curves, several authors produced equations modelling the light curve behaviour, such as Mandel and Agol
(2002) and Seager and Mallén-Ornelas (2003), both of which have been discussed extensively earlier in
this thesis (see §3.3.6 and §4.2 respectively).

In the last few years, the value of infrared measurements of transiting systems has become apparent
with numerous pioneering detections; emission from a transiting planet (Deming et al., 2005), emission
from a non-transiting planet (Harrington et al., 2006), an exoplanetary spectrum (Grillmair et al., 2007),
detection of water in the atmosphere of a hot-Jupiter (Tinetti et al., 2007), methane (Swain et al., 2008)
and more recently carbon dioxide (Swain et al., 2009). More details on the use of transmission spec-
troscopy as a tool for detecting molecular species can be found in Seager and Sasselov (2000) and Tinetti
and Beaulieu (2009). With JWST set to replace HST in the next decade, one can expect an abundance
of high-precision infrared transits to be observed in order to detect more molecular species, perhaps
including biosignatures (Seager et al., 2005). In this section, I discuss the consequences of significant
nightside planetary emission on precise infrared transit light curves. Nightside emission invalidates one
of the original assumptions made both earlier in this thesis (assumption A4, §3.3.1) and in the models
of Seager and Mallén-Ornelas (2003) and Mandel and Agol (2002): “The planet emits no flux”. In the
case of hot-Jupiter systems, the nightside of the planet is hot and thus flux-emitting. This additional
flux can be considered as a blend, but from the planet itself, i.e. a self-blend.

Conceptually, it is very easy to see that this will cause mid-infrared transit depth measurements (and
to a lesser degree in the visible and near-infrared range) to become underestimates of the true depth.
The reason is that there are two sources of flux, the star and the planet, and only one of these is being
occulted, whilst the other is the blend source. This is highly analogous to the case of a nearby companion
star which is not spatially resolved in the point-spread-function (PSF) and thus induces blending. In this
section, I will derive expressions estimating the amplitude of the effect, propose methods for correcting
the light curves and apply them to two cases where the nightside emission of an exoplanet has been
determined in the mid-infrared.

Although the fundamental effects of both blending and self-blending (or nightside pollution) are the
same (i.e. a dilution of the depth) I will here focus more on the nightside pollution effect. This is
because this was not previously known until pointed out in Kipping and Tinetti (2010) (the paper upon
which this section is based) whereas blending is a well-known occurrence and generally corrected for by

resolving the companion’s light using high resolution imaging (Latham et al., 2010)*.

LObviously this is not possible for self-blending
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5.2.2 Derivation
Depth Dilution

Let us define the total out-of-transit flux surrounding a transit event, as shown in Figure 5.1a, to be

given by:

Fout,tra =F,+Fp (51)

Where F, is the total flux received from the star and Fp is the total flux received from the nightside
of the planet, over a time interval of d¢. Let us assume that the star is a uniform emitter (A0) and that
both the stellar and planetary total flux are invariable over the timescale of the transit event (A5). One

may then write down the flux during a transit as a function of the ratio of the radii, p:

Frtra=(1—p*)F. + Fp (5.2)

Note how the flux of the star has been attenuated as a result of the eclipse but the planetary flux is

still present. The observed transit depth in the flux domain, ', is defined by:

Fout tra = En tra
5 = —oubtra  “intra 5.3
Fout,tra ( )
F
=(=——])¢ 5.4
(77 7) (54

Where § is the undiluted transit depth. In the case of Fp — 0, the standard equation for the depth is
recovered, i.e. ' = § = p?. For cases where the nightside flux of the planet is non-negligible, the transit

depth will therefore be affected. One may re-write Equation (5.4) as 6 = Bpd’ where I define:

By=—"*%
F,
F.+F
= Bp— ;P (5.5)

Where the above equation emphasizes how the equations presented here are generally applicable to
any kind of blend from a source . For the nightside emission case, the blend source is generally at a much
cooler temperature than the host star and thus the contrast between the two bodies is greater at infrared
wavelengths. Consequently, the self-blending has a significant effect on infrared measurements (e.g. see
§5.2.5) but a much lower impact on visible wavelengths (e.g. see §5.2.4). This makes the inclusion of
such an effect paramount since visible and infrared measurements must be considered incommensurable

unless this systematic is corrected for.

The Consequences for Other Parameters

The largest effect of a blend is to underestimate the transit depth. However, I evaluate here the effect

of the nightside blend, or indeed any kind of blend, on the other light curve parameters. For simplicity,
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I consider here a circular orbit and so I may use the expressions of Seager and Mallén-Ornelas (2003).
Earlier in §4.3.5, I showed how using the circular expressions when the orbit is eccentric leads to

the erroneous retrieval of the impact parameter, the scaled orbital semi-major axis and the light curve

derived stellar density (see Equations (4.68,4.71 & 4.74)). In a similar manner, I will here show how

erroneous the retrieval of these parameters would be if one did not know that a blend was present:

[bundilutcd]Q _ p2 B (1 +p2 - b2P,T) \% Bm + Bac
P, T Bm

= b%,T + %(1 - b%,T - pz)(Bw - 1) + O[(Bac - 1)2] (5'6)

(1=bpr —p*)((ap/R)* — (1 +p)*)
2((1+p)* = bpr)

Equations (5.6) and (5.7) imply that negating the blending factor causes one to overestimate the

[(ap/Ra)" 2 = (ap/R.)?* — (B: = 1)+ O[(B; = 1)*] (5.7)

impact parameter and underestimate (ap/R.). It is important to recall that the light curve derived
stellar density is found by taking the cube of (ap/R,) and therefore will exacerbate any errors at this
stage. Note that both equations give the expected results for B, = 1, i.e. no blend source present.
These expressions have been derived assuming no limb darkening is present, which is typically a very
good approximation for the wavelength range we are interested in. However, in reality the incorporation
of limb darkening is easily implemented and demonstrated later in §5.2.5. Therefore, Equations (5.6) and
(5.7) should not be used to attempt to correct parameters derived from fits not accounting for nightside
pollution, rather they offer an approximate quantification of the direction and magnitude of the expected

errors2 .

5.2.3 Compensating for the Effect
Empirical Method

In the previous section, it was seen how the undiluted transit depth, ¢, and the observed transit depth,
', are related by the factor B,. If the blend source was due to a nearby star which was hidden within
the PSF (point spread function) during the observations, then it usually possible to evaluate B, through
higher resolution imaging e.g. using adaptic optics (Latham et al., 2010). However, if the blend source
is from the planet itself, then no feasible improvements in spatial resolution will ever aid in determining
Bp.

Fortunately, Bp can be obtained in other ways, specifically through measuring the phase curve of
an extrasolar planet (for the first measured example, see Knutson et al. (2007)). With such a measure-
ment, the difference between the day and nightside fluxes may be determined and thus (Fp/F) can be

calculated.

2For this reason, I considered it not worthwhile to derive the full versions of Equations (5.6) and (5.7) which account

for eccentricity
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Another possible method is to measure the occultation and transit without the intermediate phase
curve information, which would require instruments with extremely stable calibration. For a very inactive
star, a highly calibrated instrument could, in principle, measure the nightside flux by measuring just
the transits and occultations. This would equate to an absolute calibration accurate to a fraction of
the difference between the day and nightside fluxes, estimated to be ~ 1073 for HD 189733b, over one
half of the orbital period. I therefore estimate calibration requirements to be at least ~ 10~* during
the full ~ 30 hour period. Staring telescopes like Kepler and CoRoT have been shown to reach these
precisions (Kipping and Bakos, 2010), but it is the infrared telescopes of Spitzer and JWST that are
most heavily affected by nightside pollution and these observatories frequently slew around looking at
different patches of the sky. After the slewing one requires the target to be at the same centroid position
to within a fraction of a pixel. Regardless as to whether the whole phase curve or simply the eclipse-
only observations are made, the same method may be used to correct both for the effects of nightside
pollution.

A phase curve time series is typically normalized to F, (see Figure 3.4 for illustration of the phase
curve), which is in contrast to a normal transit measurement, which is normalized to (F, 4+ Fp) i.e. the
local out-of-transit baseline (see Figure 5.1a). Therefore, for a phase curve, the stellar normalized flux
immediately before and after the transit event is equal to Bp, as shown in Figure 5.1b. It is possible that
shifted hot spots on the planetary surface could cause an inequality between the pre and post transit
baselines, but in practice the net effect of nightside pollution is very well accounted for by averaging over
this time range.

In order to correct a transit light curve, one needs to modify the normalization. In Figure 5.1, I show
the two-step transformation which can achieve this. I consider initially normalizing a light curve using
the local baseline as usual for such measurements, as shown in Figure 5.1a. After this, the two-step
correction may be performed, provided the observer has knowledge of B,. The whole process may be

summarized by the following (also illustrated in Figure 5.1):

1. Normalize fluxes to local out-of-transit baseline, as usual.
2. Multiply all flux values by B,.

3. Subtract (B, — 1) from all data points.

In practice, these steps are incorporated into the light curve fitting algorithm directly. In the case of
using Monte Carlo based routines for error estimation, B, may be floated around its best-fit value and
corresponding uncertainty. An example of this method is shown in §5.2.5 for the planet HD 189733b.
Defining I; yncorr @s the locally normalized flux measurement of the 4t data point, one may explicitly

write down the corrected data point using Equation (5.8).

Ij,corr = Bij,uncorr - (B;E - 1) (58)
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A: Typical normalization for a lightcurve
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Figure 5.1: [llustration of the three-stages involved in the corrective procedure, to compensate for the

effects of nightside pollution.
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I also briefly mention here that the transformation operations on the light curve time series will not
only change the transit depth but also provides a more physical transit signal and thus one should expect
a slightly lower x? in the final fitting, as indeed is seen later in Tables 5.1 and 5.2.

One caveat with the described method is the possible presence of ellipsoidal variations of the star,
which would mix the phase curve signature. For example, Welsh et al. (2010) detected ellipsoidal
variations in HAT-P-7. Such signals peak at orbital phases of 0.25 and 0.75, whereas a phase curve
should peak close to orbital phase 0.5, but can be offset by a small factor due to hot spots. Welsh
et al. (2010) provide a detailed discussion of modelling both signals and although ellipsoidal variations

complicate the analysis, they certainly do not undermine it.

Semi-empirical Method

To correct for the effect of nightside pollution, in an accurate way, I have proposed using phase curve
information to obtain Bp, which requires many hours of telescope time. Further, the phase curve should
be obtained at every wavelength simultaneously and for every epoch® one wishes to measure the transit
event at, in order to be sure of a completely reliable correction. I label this resource-intensive method
of correcting for the effect as the “empirical method”. However, it is appreciated that obtaining phase
curves at every wavelength for each epoch is somewhat unrealistic and I propose a “semi-empirical
method” of achieving the same goal with far fewer resources.

I propose that observations of the phase curve are made at several wavelengths in the infrared; for
example the IRAC and MIPS wavelengths of Spitzer are very suitable but most of these channels are
unfortunately no longer available. The resulting measurements of the nightside flux may be used to
compile a spectrum for the purposes of interpolating/extrapolating the emission to other wavelengths
which are missing phase curve observations (an example of this will be provided in §5.2.7). Should
higher resolution spectra of the nightside emission become available in the future, one may construct
a more sophisticated model as appropriate. Transit observations at different wavelengths may then
interpolate/extrapolate the model template to estimate the magnitude of the effect and apply the required
correction at any wavelength. This allows one to estimate the blending factor at all wavelengths and
times.

Long-term monitoring of the planet may also be necessary in order to ascertain the presence or
absence of temporal variability in the system. Ideally, this may be achieved by obtaining phase curves
of the exoplanet to measure the nightside flux at regular times. More practically, it could be done by
measuring only the occultation, which is the dayside of the exoplanet, at regular times (for example Agol
et al. (2009)). Any large changes in the nightside flux are likely to be correlated to large changes in the
dayside flux too, assuming a constant energy budget for the planet. This second approach would reduce

the demands on telescope time by an order of magnitude or more.

3Each epoch should be done in case temporal variability exists in the system

104



Non-empirical Method

The final method I propose here is the least accurate, but requires the fewest resources to implement. If
a planet has recently been discovered, no phase curves or even occultations may have been obtained yet.
Accordingly, the only avenue available is to estimate the temperature of the nightside through either a
simple analytic estimation or a dynamical model of the atmosphere, although the latter may be excessive
given the absence of any observational constraints. I illustrate here how the temperature may be quickly
estimated in such a case.

The nightside temperature may be estimated by assuming the dominant source of heating is from
the incident stellar flux. In this case, the only unknown factors affecting the nightside temperature are
the re-distribution of heat factor, § and the Bond albedo of the planet, 2Ap. First-order estimations of
these values can be made based upon empirical upper limits and measurements of other planets and
atmospheric models. The following expression may be used as a first-order estimate of the planet’s
brightness temperature:

R?

. 1/4
1— QlB) Llntcrnal
T emisphere = T4— ( L .

P hemisphere(A) ( *4a%, s € ) 4T R%0pe (5.9)

Where T is the effective temperature of the host star, § is the distribution of energy to the hemisphere
in question, € is the emissivity of the planet (0 < e < 1), Lizternal i5 the luminosity of the planet from
internal heat generation (e.g. tidal heating, radioactivity), op is the Stefan-Boltzmann constant.

For this calculation, Linternal is generally assumed to be negligible unless large tidal forces are expected
as a result of a highly eccentric orbit, for example. All of the other quantities are typically measured
except for § and Ap. Choices for these values may come from atmospheric models or experience with

other exoplanets.

5.2.4 Comparison to Other Effects
Starspots

Starspots have been observed within the transit events in several cases; e.g. Pont et al. (2007); Dittmann
et al. (2009). They typically have been observed to have a radius of less than or equal to a few Earth radii
and are estimated to have temperatures from 100 K to 1000 K cooler than the rest of the stellar surface.
When a planet passes over a starspot, it results in an increase in relative flux within the transit signal
which is easily identified. If one assumes that the only starspot is the starspot which has been crossed,
then accounting for the effect is quite trivial and may be incorporated in the light curve modelling.
What is much more troublesome are out-of-transit starspots for which one has no direct evidence.
The presence of out-of-transit starspots will cause the transit depth to appear larger, in general. As a
typical example, Czesla et al. (2009) estimate that the effect can cause underestimations of the planetary
radius by a fraction of ~ 3% for CoRoT-2b, which is a 1.6% change in the transit depth. This effect is

larger than the nightside pollution effect by an order of magnitude.
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However, these effects can only be present for spotty stars whereas nightside pollution simply requires
a hot planet. Also, the spot coverage of a stellar surface varies periodically giving rise to an ultimately
regular pattern which may therefore be corrected for. In contrast, the nightside pollution effect is not
periodic: it is a constant offset in a single direction. Further, prior information such as a phase curve
or a dayside eclipse places strong constraints on Bp and concordantly the estimation of this parameter
is not an issue. Therefore, even for spotty stars, no-one would propose ignoring the effects of blending
induced by a nearby companion star and so it can be seen that negating the self-blend of the planet

would also be folly.

Temporal Variability of Fp and F,

If the stellar flux or the nightside emission of the planet experiences temporal variations, then one would
expect dobs to also change over time. I will here estimate the magnitude of this effect. The expected
changes in nightside emission has not been studied in as much detail as that for the dayside, but one
expects the magnitude of the variations to be very similar, based upon an energy budget argument.
Rauscher et al. (2007) have used shallow-layer circulation models to estimate variations in the dayside
emission at the 1%-10% level. This is consistent with the observations of HD 189733b’s dayside flux by
Agol et al. (2009), who measure variations in the dayside below 10%. Typical stellar flux changes are at
the <1% level and so the ratio (Fp/Fy) is more likely to vary due to the planet than the star.

For the case of HD 189733b, I later show that Bp = 1.002571 at 8.0 um. If Fp increased by £10%,
this would correspond to Bp = 1.002828 causing the transit depth to vary by 6 ppm. This would be
around an order of magnitude below Spitzer’s sensitivity but could be potentially close to a 1-o effect

for JWST. Nevertheless, the effect is sufficiently small that it is unlikely to be significant in most cases.

Limb Darkening

The nightside pollution effect is generally only relevant for hot-Jupiters at infrared wavelengths. As
one moves towards the 10-30 um wavelength range, the effects of limb darkening become negligible.
The curvature of the transit trough is essentially flat. However, the limb of the star will possess a
more complicated profile (Orosz and Hauschildt (2000); Jeffers et al. (2006)) and this could potentially
introduce errors into the fitting procedure. It is generally prudent to include even the very weak limb
darkening effects when modelling such transits.

As a result, Equations (5.6) and (5.7) should not be used to attempt to correct light curves which
were fitted without accounting for nightside pollution. They do, however, offer a useful approximate
quantification as to the direction and magnitude of any errors. A comparison between the predictions of
Equations (5.6) and (5.7) and the exact limb-darkened nightside-polluted light curve fits is given later
in §5.2.5 for the example of HD 189733b. A discussion of this method required to produce this exact

modelling is given in §5.2.3.
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Significance at Visible Wavelengths

I briefly consider the value of including the nightside pollution effect at visible wavelengths, in particular
for the Kepler Mission. Borucki et al. (2009) recently reported visible-wavelength photometry for HAT-
P-7b which exhibits a combination of ellipsoidal variations and a phase curve (Welsh et al., 2010),
as well as an occultation of depth (130 & 11)ppm. HAT-P-7b is one of the very hottest transiting
exoplanets discovered, so it offers a useful upper-limit example. For the purposes of nightside pollution,
the maximum possible effect would occur if eclipse was both due to thermal emission alone and efficient
day-night circulation. In this hypothetical scenario which maximizes the nightside pollution, one would
have Bp = 1.00013. In the case of HAT-P-7b, the transit depth was reported to be dons = (6056 +
47)ppm by Welsh et al. (2010), implying that the undiluted transit depth is larger by 0.79 ppm, or
0.017-0. Therefore, as expected, visible wavelength transits will not, in general, be significantly affected

by nightside pollution for even Kepler class photometry.

5.2.5 Applied Example - HD 189733b
Spitzer IRAC 8.0 ym measurement

I will here provide an example of the empirical method of compensating for nightside pollution. I used the
corrected data of HD 189733b’s phase curve at 8.0 pm, as measured by Knutson et al. (2007) (obtained
through personal communication). I applied a median-stack smoothing function to the light curve with
a one-minute window in order to identify the eclipse contact points. I find the flux of the star by taking
the mean of fluxes between the 24 and 3'4 contact points during the occultation, weighting each point
by the reported error. The standard deviation within this region is divided by the square root of the
number of data points to provide the error on the mean. All fluxes are then divided by the derived stellar
flux and the error on each flux stamp is propagated through, incorporating the error on the stellar flux
estimate.

In order to determine the nightside flux, which is not the same as the minimum flux, I adopt a
baseline defined as 30 minutes before 15 contact and 30 minutes after 4™ contact and find a mean of
Bp = 1.002571 £ 0.000048. The average RMS in this baseline is 0.65 mmag/minute. If it were possible
for the nightside of the planet to induce an occultation, as the dayside does, one would measure an
occultation nightside depth of (0.256 + 0.023)%, whereas Charbonneau et al. (2008) report a dayside
occultation depth of (0.391 + 0.022)%.

As discussed in §5.2.3, ellipsoidal variations can also be responsible for out-of-transit flux variations
and can be potentially confused with the phase curve. For HD 189733b, I use Equation (1) of Pfahl et al.
(2008) to estimate an ellipsoidal variation amplitude of 2.2 ppm. Given that the phase curve exhibits a
variation 1350 ppm amplitude, ellipsoidal variations can be neglected for the rest of this analysis.

I now produce two fits of the light curve: 1) no blending factor 2) blending factor Bpignt included.
Each light curve is fitted independently assuming a fixed period of Pp = 2.2185733 days and zero orbital
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Table 5.1: Best-fit transit parameters for the HD 1897330 8.0 um primary transit light curve; data
obtained by Knutson et al. (2007). Fits performed for the case of 1) typical normalization of the local
baseline 2) correction for the effects of nightside pollution. The number of data points is 22372.

Method Depth, p*,% T/s bpT (ap/R.) ip/° X2

(1) Local baseline 2.3824 5127.45 0.66264 8.9121 85.7360  22412.4691
(2) Nightside correction 2.3884 5127.55 0.66204 8.9183 85.7428  22412.4605
Uncertainty 0.0061 8.1 0.0061 0.050 0.054 -

(2) - (1) +0.0060 +0.10  -0.00060 +40.0062 +0.0068 -0.0086

eccentricity 4. The results of the fits are displayed in Table 5.1.

For the fitting, I used a Markov Chain Monte Carlo (MCMC) algorithm which employs the limb dark-
ening model of Mandel and Agol (2002) and I chose the light curve fitting parameter set: {71, p?, Tore, bpr,00T}.
I used 125,000 trials with the first 25,000 discarded for burn-in. Employing the code of I. Ribas, a
Kurucz (2006) style atmosphere is used to interpolate the four non-linear limb darkening coefficients
(Claret, 2000), following the same methodology of Beaulieu et al. (2009), giving us ¢; = 0.2790207,
co = —0.1506885, ¢35 = 0.0779481 and ¢4 = —0.0087653. I use the same local baseline as defined earlier,
constituting 22382 data points and assume a circular orbit®. At this stage, no outliers have yet been
rejected but I proceed to fit the unbinned light curve. I take the best-fit light curve and subtract it from
the data to obtain the residues and then look for outlier points. I then use the median-absolute-deviation
(MAD) (Gauss, 1817) to provide a robust estimate of the standard deviation of the data, as this param-
eter is highly resistant to outliers, and find MAD = 2.92062 x 10~3. Since there are 22382 points, then
the maximum expectant departure from a normal distribution is 4.08 standard deviations. Any points
above this level are rejected, where the evaluation of the standard deviation comes from the MAD value
multiplied by 1.4826, as appropriate for a normal distribution®. This procedure rejects any points with
a residual deviation greater or equal to 0.0176749, corresponding to 10 points”.

The new light curve is then refitted in the normal way and I present the best-fit value in Table 5.1. 1
find the uncorrected light curve has a depth of dops = 2.3824 +0.0061%. For comparison, Knutson et al.
(2009) report the fitted 8.0 um depth to be 2.38740.006%, which is consistent with this value®. Applying
the correction due to nightside pollution, I find the undiluted transit depth to be § = 2.3884 &+ 0.0061%

meaning that the depth has increased by 60 ppm corresponding to 1-o. From this example, it is clear that

4This is done for simplicity, as our goal is merely to compare corrected versus uncorrected photometry, not re-derive

more accurate system parameters
5A circular orbit is used for the purposes of fair comparison with Equations (5.6) and (5.6), and justified by the fact

the goal here is not to produce refined parameters, merely illustrate the significance of nightside pollution
6 Although strictly a Poisson distribution, for 22382 data points, the distribution is very well approximated by a Gaussian
"Note that the data has already been cleaned of outlier measurements, which is why the MAD rejection criteria only

identifies 10 outliers from 22382 points
8The slight difference likely comes from a different limb darkening treatment

108



Table 5.2: Best-fit transit parameters of the HD 189733b 24.0um primary transit light curve; data
obtained by Knutson et al. (2009). Fits performed for the case of 1) typical normalization of the local
baseline 2) correction for the effects of nightside pollution. Number of data points is 1198.

Method Depth, p*,% T/s bpT (ap/R.)  ip/° X2

(1) Local baseline 2.3980 5072.527 0.61425 9.492 86.290 1260.9125
(2) Nightside correction 2.4085 5072.505 0.6131 9.502 86.300 1260.9092
Uncertainty 0.019 19.7 0.003 0.033 0.022 -

(2) - (1) +0.011 -0.022 -0.0012  40.010 +0.010 -0.0033

negating an effect which systematically biases transit depth measurements by ~ 1-0 would be imprudent.

Using Equation (5.6), to first-order in (B, — 1), I estimate that the impact parameter should be
overestimated by 6.9 x 10~%. The fits reveal a very similar value of 6.0 x 10~*. Similarly, for (ap/R.),
Equation (5.7) predicts an underestimation of 3.4 x 10~3 whereas the light curve fit finds 6.2 x 1073, As
expected, the effect of a blend is less pronounced on the other parameters.

Based on the difference in collecting area, it is expected JWST will achieve a precision ~ 6.6 times
greater than Spitzer, suggesting this nightside pollution effect will become significant at the ~ 5-10¢
level for future infrared transit observations of hot-Jupiters. Additionally, the binning of multiple Spitzer
transits would raise the significance of the effect. For example, Agol et al. (2009) reported seven 8.0 um
transits of HD 189733b which, if globally fitted would increase the significance of the nightside pollution
effect to 2.6-0. Such a large effect cannot be justifiably neglected.

Spitzer MIPS 24 ym

Knutson et al. (2009) measured the phase curve of HD 189733b with the MIPS instrument onboard
Spitzer about a year after the observations of the 8.0 um phase curve for the same system. Using the
original normalized-to-stellar-flux unbinned data (personal correspondence with H. Knutson), I took the
mean of data points ~ 1 hour either side of the transit event, which exhibit an RMS of 2.1 mmag/minute.
I combined the two baseline estimates to calculate a nightside relative flux of Bp = 1.00438 4 0.00025.
Knutson et al. (2009) reported a 24 ym transit depth of (2.396 £ 0.027)% and this re-analysis of the
data yields dobs = (2.398 £ 0.019)%, where the fit has been performed using the same methodology as
for 8.0 um, except that I assume no limb darkening at 24 um. As before, I apply the correction due to
nightside pollution and estimate a new 24 ym transit depth of 6 = (2.409 +0.020)%, which increases the
depth by ~ 0.5-0. Despite the absolute effect being larger than that at 8.0 um, the difference is fewer

standard deviations away due to the much poorer signal-to-noise of the transit event itself.
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5.2.6 Pollution of the Transmission Spectrum

In the standard theory of transmission spectroscopy, planetary nightside emission is assumed to be
negligible and thus disregarded (e.g. as explicitly stated in the foundational theory of Brown (2001)).
However, it has been shown here that the effect noticeably changes the transit depth for high quality
photometry. Essentially, it is posited here that the “traditional” transmission spectrum is in fact a
combination of transmission through the terminator and the self-blending caused by emission from the
nightside.

One subtle point is that the nightside pollution effect is not something which can be accounted for
in the modelling of the transmission spectrum. It is generally useful to think of the nightside pollution
effect as an astrophysical blend which happens to be related to the planetary properties. A transmission
spectrum is typically found by fitting a transit light curve at multiple wavelengths and then fitting a
spectrum through the retrieved transit depths which models the planetary atmosphere. These routines
usually make use of radiative transfer, chemical equilibrium, molecular line lists, etc to estimate the
opacity of the atmosphere at each wavelength. However, attempting to increase the sophistication of
these models would not accurately account for the self-blending scenario. Recall that each transit depth
is obtained by fitting an eclipse model through the light curve time series. Critically, it is at this stage
where blending needs to be accounted for. The transit signal plus blend should be modelled as such
from the outset due to the subtle, and quite intricate, inter-dependencies between bp 7, (ap/R.), p? and
the limb darkening. Thus it can be seen that attempting to incorporate the effects later on is far more
challenging and completely unnecessary than simply fitting each transit light curve with a physically
accurate model in the first place.

In this section, I will estimate how different an exoplanet’s transmission spectrum would appear with
and without nightside pollution. The spectra generated in this section were computed by Giovanna
Tinetti, who was the co-author on the paper on which this thesis chapter is based (Kipping and Tinetti,
2010). All other parts of this paper including the original concept, derivation and light curve analyses
were conducted by myself.

In order to evaluate the magnitude of the spectral pollution, we will here consider a planet of similar
type to HD 189733b. It is important to stress that the effects of nightside pollution will vary from case
to case and the example we give here is indeed just for one example which is somewhat typical for an
observed hot-Jupiter. Therefore the results here are only for a hypothetical, but typical, example.

The real question we need to answer is how much does a planetary transmission spectra change due
to nightside self-blending? We therefore need to generate two versions of the planetary transmission
spectra, one including (Figure 5.2a) and one excluding the effects of nightside pollution (Figure 5.2¢),
and then take the difference between the two (Figure 5.2d).

For a description of the models used to generate the spectra, details may be found in Tinetti et al.
(2007) for the transmission spectrum and Swain et al. (2009) for the emission. Planet and star properties

are set to be that of the HD 189733 system. The model contains water, carbon dioxide and methane
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to provide us with the effects of molecular species on nightside pollution. No carbon monoxide or
hazes/clouds are included in our example. We note that the transmission and emission models are good
fits to the current available spectroscopy/photometry data of HD 189733b in the NIR/MIR, (Swain et al.,
2009). The effects of water absorption are quantified with the BT2 water line list (Barber et al., 2006),
which characterises water absorption at the range of temperatures probed in HD 189733b. Methane was
simulated by using a combination of HITRAN 2008 (Rothman et al., 1995) and PNNL data-lists. Carbon
dioxide absorption coefficients were estimated with a combination of HITEMP and CDSD-1000 (Carbon
Dioxide Spectroscopic Databank version for high temperature applications; Tashkun et al. (2003)). The
continuum was computed using Hy — Hs absorption data (Borysow U. G. Jorgensen and Fu, 2001).

Generated spectra are always plotted in terms of the quantities determined with the lowest mea-
surement uncertainty, namely (Rp/R.)? and (Fp/F,), for the transits and occultations respectively.
Transmission spectra which are plotted in units of Rp (e.g. as done by Fortney et al. (2010)) will cause
the measurement uncertainties to be much larger since the error on R, must necessarily be propagated
in such a recipe. In fact, the measurement uncertainties on a spectra plotted in units of Rp will be
dominated by the error on R, since this property is typically determined to much lower precision. Con-
sequently, statistically significant molecular features would be overwhelmed by the artificially large error
bars.

Using the model described above, we first compute the transit depth from transmission absorption
effects only (i.e. excluding nightside pollution) as visible in Figure 5.2a. We then generate the dayside
emission spectra for the same planet and make the assumption that the dayside and nightside emission
spectra are identical (Figure 5.2b). This assumption is unlikely to be true for the exact case of HD
189733b and really constitutes an upper limit, but we again stress that we are here only considering a
planet similar to that of HD 189733b and thus we are free to make this assumption for our hypothetical
example.

We combine the nightside emission and transmission spectra to produce a transmission spectra which
includes the effects of the nightside, as seen in Figure 5.2c. We then take the difference between the
corrected spectrum and the one which excludes nightside emission. The resultant residual spectrum is
plotted in Figure 5.2d. The residual spectrum reveals nightside emission affects the transmission spectra
at the level of 6 x 107° for A > 10 um and very closely matches the behaviour of the emission features, as
expected. As we saw earlier, the magnitude of the effect is equal to the typical measurement uncertainty
for a target like HD 189733b with Spitzer. This supports our hypothesis that the nightside pollution
effect is a ~1-0 effect for 8.0 um Spitzer photometry.

5.2.7 Extrapolating the Nightside Correction for HD 189733b

Only two measurements exist for the nightside flux for HD 189733b (or indeed any other exoplanet) at
8.0 um and 24 um, but several other primary transit light curves exist in the mid-infrared wavelengths.

Beaulieu et al. (2008) presented 3.6 um and 5.8 pum measurements and Désert et al. (2009) obtained
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Figure 5.2: Top left: A- Transmission spectrum of a hypothetical exoplanet similar to HD 189733b,
generated considering the transmission through the terminator only. Top right: B- Emission spectrum
from the nightside of the hypothetical planet. Bottom left: C- Transmission spectrum of the planet
incorporating the pollution of the nightside emission. Bottom right: D- Residual between two transmis-
sion spectra. We conclude that not accounting for nightside emission would result in a 60-80 ppm error

in the transit depth.
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Figure 5.3: Fluz per unit area (i.e. not total fluz) of the planetary nightside emission divided by that of
the star, plotted as a function of wavelength. Using the two measurements at 8.0 um and 24.0 um (black
dots with error bars), we fit a blackbody curve through the points (gray lines) with a nightside planetary
temperature of T = 1148 &+ 32K. Open circles represent the integrated blackbody function across the
instrument bandpasses. Filled circles represent the same but extrapolated to the other IRAC wavelengths,

which allow us to conclude the nightside effect will be much less at lower wavelengths.
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photometry at 4.5 ym and 8.0 um. I will here estimate the nightside effect on the 3.6 um, 4.5 um and
5.8 pm channels. Currently, only two data points exist and this does not warrant modelling the nightside
emission spectrum in any more complexity than that of a blackbody, as a first-order approximation.
Should more measurements become available in the future, molecular species could be included to improve
the accuracy of our model.

I first assume that the star is blackbody emitter with T, = (5040 £ 50) K (Torres et al., 2008). At
this point is advantageous to consider only the emission per unit area from both the planet and the star,
in order to avoid the effects of transmission through the planetary atmosphere. I therefore define the

flux per unit area of each object using:

Fp=Fp/(TR%) (5.10)

F.=F./(nR?) (5.11)
_Fp Fp

Rp = = F*5 (5.12)

I then convert the Bp measurements for 8.0 um and 24 ym into Rp by using the two values of the
corrected ratio-of-radii shown in Tables 5.1 and 5.2 and propagating the uncertainties. Using the Planck
function as a blackbody model for each body and the relevant Spitzer bandpass response functions, one
may estimate Ryighy for any given value of T'ppigni. 1 allow this temperature to vary from 700K to
1700K in 1K steps and numerically integrate the bandpasses to find x? at each temperature, which I

define as:

2 2 2
J obs — J calc J obs — J calc T* obs — T*.calc
2 > )
= [ Zobs _cale + | === | 5.13
X < A(J obs) ) ( A(J obs) ) < A(T*) ) ( )
8.0pum 24pm

Where 1 additionally define T caic as the temperature used in the integration and T ops as being

equal to the value determined by Torres et al. (2008). Note that I do not fit for T} but do allow the value
to float in order to correctly estimate the uncertainty of T'ppignt. The final analysis reveals a best-fit
planetary nightside temperature of Tppnight = (1148 £ 32) K with x? = 1.12, suggesting the blackbody
model gives a satisfactory fit for these two measurements. Note that not accounting for the response
function of the instruments would yield a erroneous result of Tp night = 1120 K.

Using our derived planetary temperature, one may now use the blackbody function to extrapolate
Rnight to other wavelengths and thus the nightside corrected transit depths for 3.6 ym, 4.5 ¢ and 5.8 pm.
The undiluted transit depth will be given by Equation (5.14) and the results of this analysis are sum-
marized in Table 5.3 and Figure 5.3.

o 5obs

The maximal deviation occurs for 8.0 pum and is less than 1-o for all other wavelengths. Consequently,
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Table 5.3: Using a fitted blackbody function for the nightside emission of HD 189733b, we calculate the
nightside corrections to Spitzer channels for which no phase curve information currently exists. Values
with a T superscript cannot have their uncertainties estimated since they are extrapolated parameters.
8.0 um data comes from Knutson et al. (2007), 24.0um from Knutson et al. (2009), 8.6 um & 5.8 um
from Beaulieu et al. (2008) and 4.5 um from Désert et al. (2009).

Channel Observed depth dops,% Rp Corrected depth 6,% %;‘”
Measured

8.0 um 2.3824 = 0.0060 0.1076 4 0.0020 2.3884 =+ 0.0061 1.0
24.0 ym 2.398 £ 0.019 0.1818 4 0.0105 2.4085 =+ 0.020 0.5
Ezxtrapolated

3.6 um 2.356 +0.019 0.0365% 2.358 + 0.019f <0.1
4.5 pm 2.424 4+ 0.010 0.0570f 2.427 +0.0107 <04
5.8 ym 2.436 4+ 0.020 0.08007 2.441 4+ 0.0207 <0.25

the deduction of which molecules are evident from the spectrum of HD 189733b will not significantly
affected by the nightside effect, but derived abundances will change.

5.2.8 Conclusions

Both transit photometry and transmission spectroscopy are expected to be affected by self-blending of the
planet’s nightside emission at infrared wavelengths. This self-blending, or “nightside pollution”, causes
a dilution of transit depths and invalidates assumptions A4 and A5. However, I have shown here how
either high resolution imaging, for extrinsic blend sources, or phase curve observations, for self-blends,
can be used to determine the extra flux contribution and thus compensate for the effect. In a worked
example, it is shown that HD 189733b’s 8.0 um Spitzer transit light curve experiences a 1-o bias if this
effect is not accounted for. With A4/A5 now addressed, the outstanding assumption which is frequently

broken in A10, which I move onto next in §5.3.
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5.3 Binning is Sinning

5.3.1 Introduction

The final assumption to be considered is A10) - “The change in flux over a single integration is much
smaller than the flux measurement uncertainty”. This essentially assumes a very short integration time
but the quantification of just how short this really is has not been provided. This may be evaluated
by breaking the assumption and then computing when the consequences surpass the noise. Assumption
A10 was never stated in Mandel and Agol (2002) or Seager and Mallén-Ornelas (2003), but it can be
seen to be implicit in both pioneering papers. Much like how nightside pollution was never conceived
until precise infrared measurements became available with Spitzer, the issue of A10 was never considered
until a space-based telescope combining long-integrations with extremely high precision photometry was
launched i.e. Kepler.

The Kepler Mission surveys more than 150,000 stars for transiting planets and thus produces large
amounts of data. Due to telemetry limits, almost all of these measurements are performed in long-
cadence (LC) mode to preserve bandwidth. The LC mode utilizes 30 minute integrations and so one
has the combination of integration times of comparable size to the transit features plus high precision
photometry. This combination maximizes the conditions under which A10 is broken. In this section, I

will consider the consequences of this invalidation, and how one can compensate for the effect.

5.3.2 The Effects of Finite Integration Time
Ingress/Egress Durations

As discussed in §3.3.3 there are four critical contact points which define the transit light curve morphology,
which represent the points where the time derivative is discontinuous. Physically speaking, contact
points I and IV occur when the sky-projected planet-star separation is equal to the stellar radius plus
the planetary radius. Contact points II and III occur when this parameter equals the stellar radius minus
the planetary radius. Defining W as the mean of the durations between the 1%¢-to-4'" and 2"d-to-3'd

contacts, one may write:

t] =TT —W/2—T12/2
tir =710 —W/24T12/2
tirr =m0+ W/2—-T2/2

try =m0+ W/2+4+Tia/2

The principal effect of finite integration time is to smear out the light curve into a broader shape
(see Figure 5.4). The apparent ingress and egress durations will increase and additional curvature will

be introduced into the light curve wings. The ingress/egress stretching can be considered in terms of the

116



1.00¢

N ’
\\ 7
SN s o
0.98! LN le N f
N 7
. 5
= 0.96} i Tl
~ i
5]
S
g
=
£ 0.941
Z,
0.92/ \ J
\‘ I
\ : : ,‘
. AN i Lo
0.90- 5 S D4
~6000  —4000 ~2000 0 2000 4000 6000
Time/s

Figure 5.4: A trapezoid approximated light curve with a one hour flat-bottom duration and 30 minute
ingress/egress duration, Tia, is shown in solid. The dashed line shows the light curve morphology for an
integration time of 30 minutes. The apparent ingress/egress duration, Ty, can be seen to have doubled

purely as a consequence of the integration time.

apparent positions of the contact points being temporally shifted from their true value. The magnitude
of this time shift is dependent on the relative phase difference between the sampling and the transit
signal. If one assumes that a large number of transits observed with LC photometry are folded about
the orbital period, as is typical in transit detection, then the effect becomes much more predictable with
the deviation averaging out to Z/2.

Under these conditions, contact points I and IV will appear to move outwards from 77 by one half
of the integration time each, Z/2. Conversely, contact points IT and IIT will appear to move inwards by

the same amount. Let us define the apparent contact points as t/,:

th =t —1/2

tir =t +1/2

trr =t —1/2

thy =trv +7/2

These shifted apparent contact points will cause the apparent transit durations 77, and Tjs to differ

from the true values. Specifically, an observer would find 77, = (T4 + Z) and T4s = (Tas — Z). If

the observer was unaware that this smearing had occurred, they would naively use Equation (4.81)
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(or alternatively the Seager and Mallén-Ornelas (2003) equations if one assumes ep = 0) to retrieve
erroneous values of bpr, (ap/R.), ip and p.. I denote these erroneous retrieved parameters with the
superscript “instant”, in reference to the assumption of instantaneous integration times. They may be

computed using the same method I used in §5.2, and utilizing Equation 4.81 I find:

9 1-e2,In /(1=p)2—b2
(1 N )2 sin Wfamsm (GP/R*)QPTS””P
p V1—eLZr VP23, 1
ot sin? PPQQPT “+arcsin (aP/R*)QPT Sinip
instan }
T S Nl (5.23)
sin? | ¥——5—— —arcsin
Ppo% (ap/R«)epTsinip
1—e2,T (1+p)2—b2,
sin? \/76;P7r+arcsm \/R
Ppo} - (ap/ )QPTslrJ’LP
[1_o2 A2 b2
2 . 2 1—epnT ) . (1—p) bP,T
[(1-{-;0) sin <Q?:TPP_derln (—(GP/R*)QP,T Sthip —4p
- (1-p)?
2
. 1_e2rT . \/(1+p)2*bP,T
sin? <—Q§P—W+arcsm Gp R snip
instant]2
[(ap/Ry) I*= (5.24)
S1—e2 n 1252
sin2 ﬁfamsin pr.j
°% 1 Pp (ap/R«)ep,p sinip
2 2
Opr —Opr
' \/1—eZrz \/ (+p)2 —b% 7
sin? | Yo—— P | aresin | Y BT
ob 7 Pp (ap/Rx«)ep,sinip
instant . 3 [( /R )instant]3 (5 25)
P - GP2 ap * :
P

Setting Z = 0 returns the original results as expected. Unfortunately, these equations are somewhat
overly complex for one to draw any physical intuition. To proceed, I will consider a typical case example
by using the system parameters from one of the Kepler planets, since these are discovered using LC
data. The following example is for the assumption of zero limb darkening, which is a very poor one for
the Kepler bandpass. The effects of limb darkening will be discussed later.

instant

In Figure 5.5, I plot the retrieved stellar density, p! , as a function of the true stellar density, p..
All other parameters are fixed to be that of Kepler-5b, as reported by Koch et al. (2010). The effect can
be seen to be highly significant, causing the retrieved stellar density to be underestimated by a factor
which borders on an order-of-magnitude. This scale of underestimation is sufficient to completely reject
some planetary candidates as unphysical. However, note that in reality the underestimation of p, will
not be this severe due to countering effects of limb darkening suppression discussed later.

Looking at Figure 5.5 again, let us explore the physical reasons for this underestimation. I begin this
line of thought by considering the impact parameter, bp . If the ingress/egress duration is elongated,
what does one expect to happen to the derived impact parameter? Consider two extreme cases. When a
planet transits with a very low impact parameter, one has essentially an equatorial transit. This means
the vector describing the sky-projected planetary velocity is nearly perpendicular to the stellar limb. As
a result, the planet crosses the limb expediently. In contrast, for a near-grazing transit, the mutual angle

between the stellar limb and the sky-projected planetary velocity vector has become more acute, which

has the effect of making the limb-crossing time much longer. Therefore, stretching the ingress/egress
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Figure 5.5: As an example, I use the system parameters of Kepler-5b to show the effect on the retrieved
stellar density as a result of long integration times, in the case of no limb darkening. The 1 min line

appears to produce results within the typical uncertainties of the derived stellar density.

duration causes biﬁsfant > bpr.

Having established this point, consider the effect on (ap/R.). The simplest way to understand the
effect on this parameter is to appreciate that bpr and (ap/R.) exhibit an extremely strong negative
correlation, as demonstrated by Carter et al. (2008) and seen earlier in Table 4.1. So the act of increasing
the ingress/egress duration will increase bp and therefore decrease (ap/R.). Finally, one knows that

p« x (ap/R.)® meaning that decreasing (ap/R.) by a factor of 2 would decrease p, by a factor of 8.

Limb Darkening Effects

For transit observations at visible wavelengths, limb darkening is quite pronounced producing a well-
known curvature in the flat-bottom part of the light curve. For large integration times, the curvature is
smeared out, producing a flatter transit trough morphology.

However, for stars exhibiting limb darkening, the boundary between the end of ingress and start of
the trough is less obvious and can form an essentially continuous curve. As a result, an algorithm which
is fitting this light curve may “borrow” some of the ingress portion to increase the net curvature in what
the algorithm considers to be the trough. The reason an algorithm would do this is because usually the
limb darkening parameters are known and often fixed and so the algorithm is trying to find a solution
which produces the expected curvature a-priori.

By “borrowing” some of the ingress, the overall effect of limb darkening is to actually decrease the
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systematic overestimation of the ingress discussed in the last subsubsection. Therefore, LC data pushes

bipstant towards a more equatorial value due to limb darkening.

Two Countering Effects

In conclusion, finite integration times have two countering effects on 65%*™ and thus (ap/R.)™***" and
pirstant aq well. The ingress and egress smearing causes the ingress to appear larger, which occurs for
more grazing transits. In contrast, the limb darkening borrows some of the ingress and thuds attenuates
the previous effect, causing an apparently more equatorial transit. Whilst limb darkening is important,
especially for transit surveys like CoRoT and Kepler which operate at visible wavelengths, the fun-
damental change in the transit morphology is sufficiently large that it will tend to dominate. This is
because the amplitude of the curvature in the light curve trough is usually at least an order-of-magnitude
less than the amplitude of the transit signal itself. Therefore, the consequences of smearing the overall
transit signal will tend to dominate over the effects of limb darkening.

This general rule of thumb that biﬁ)s}ant is overestimated will break-down when one has Ti2 > Z but
Tas3 ~ OIZ], which occurs for near-grazing transits. In such a case, the fractional change to the ingress
durations is minimized but the change in the transit trough curvature is maximized.

To exactly calculate the net consequence of these two effects though, the integration time should be

included when one generates the model light curves, rather than attempting ad-hoc corrections post-

analysis. This appears to be the only way to completely account for the effect in a reliable manner.

Consequences for the Transit Depth

I will briefly comment on the effect of finite integration time on the transit depth. Assuming no limb
darkening is present and T3 > Z, the transit depth is completely unaffected by the long integration
time. This has important consequences for occultations where the light curve is unaffected by stellar
limb darkening.

For cases where limb darkening is present, the net effect on the retrieved pinstant

will depend on
whether bB5"" > bp 1 or bpr < b, Additionally, the effect will be a function of what assumptions
were used in the fitting algorithm (e.g. the fixing of various parameters), the true impact parameter
and the limb darkening coefficients. Given the large number of correlated factors, predicting the effect

of integration time becomes less reliable and one must fit the transit light curve with a model which

accounts for integration time in the first place.

Observed Effects with Kepler

I point out that the effects of long integration times have already been observed by the Kepler Mission.
Figure 4 of Gilliland et al. (2010), shows the transit light curve of long-cadence and short-cadence data
for the same planet, TreS-2b. The long-cadence light curve exhibits a broader shape with the apparent
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position of the contact points shifted by ~ Z/2, as predicted in this work. Notice also that the curvature

in the transit trough, due to limb darkening, has also been attenuated.

5.3.3 Accurate Transit Light Curve Modelling
Analytic Integration

The critical problem I have outlined can be simply summarized by the following: Don’t fit an unbinned
model to binned data. The model usually used to generate a transit light curve is provided by Mandel
and Agol (2002), which includes the effects of stellar limb darkening. To generate the Mandel and Agol
(2002) light curve, one usually has a set of time stamps forming a time vector t. This time vector
represents instantaneous moments rather than integrated time. The t vector is converted into a vector of
instantaneous true anomalies, fp, by solving Kepler’s Equation numerically (see §3.1.2). fp is converted
to a Sp. array, where Sp, is an array of the instantaneous sky-projected planet-star separations. Finally,
the Mandel and Agol (2002) equations provide us with F, where F is the instantaneous flux. The sequence

of events may be summarized as:

t — fp — Sp. — F(t)

Now that the mechanism of generating of a transit light curve for instantaneous time stamps, F(t),
has been established, I will consider what the transit light curve for integrated time stamps would be,

F(f). In this case, the integrated flux of the i*" data point would be given by:

S t:tifl—/2
Fi(fy) = === "
t=t,—7/2

HET2 R (t)dt
—_ (5.26)
This equation suffers from the problem that F' cannot be written as a function of ¢ analytically,
since such a solution would require a closed-form solution to Kepler’s Equation, which is transcendental.
Evaluating this expression for F' as a function of Sp, is also not possible since one would find the

following:

tViJrI/Q Sp*(tviJrI/Q) dt
/ 7 F(at = / RSP e (5p0)]dSe. (5.27)
t=t,—7/2 Sp«(ti—T/2) Px

Whilst dSp./dt may be evaluated analytically through a chain rule expansion of (dSp./dfp) x
(dfp/dt), the resultant expression will be as a function of fp, rather than Sp,. If one knew fp(Sp.),
then one would be able to write out the integrand in a closed-form, but fp(Sps) can only be found by
solving a bi-quartic equation, as was shown earlier in §4.3.1. Unfortunately, as was discussed, there is
no currently proposed method to find which roots correspond to which orbital conjunction which makes
a closed-form expression elusive.

The only remaining hope for a simple analytic expression would be to express the integral in terms

of true or eccentric anomaly, which are inter-changeable. This would yield the following integral:
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G4+I/2 fe(ti+Z/2) dt
/ Ft)dt — / F(t(fp))~r(fr)dfp (5.28)
t=t;—T/2 fr(t:—12/2) dfp

The integrand of this expression may be written out in a closed-form, using Equation (3.11):

ti+Z/2 fp(ti+Z/2) P (1—¢2 )3/2
Ftdt:/ F(Spu(fp)) =2 ——— "L ___qf 5.29
/t_t;I/z () fo(ii—1/2) (Sp-(/7)) 21 (1 +epcos fp)? " (5.29)

Where F(Sp.) is given by Mandel and Agol (2002) and Sp.(fp) is given in Equation (3.19). The
integral limits do not possess a closed-form solution since once again one must solve Kepler’s Equation,
but in principle the indefinite integral could be analytically evaluated and then the relevant limits applied
after a subroutine provides numerical solutions to Kepler’s Equation. I believe that this strategy would
be the most computationally efficient since this would obviate the need for any numerical integration.
However, I was unable to find a solution for the indefinite integral for even a uniform-source case and

will therefore focus the remainder of this discussion onto numerical techniques.

Numerical Integration

Having established the significant challenges regarding analytic integration, I now consider numerical
integration techniques. The functions one needs to integrate over are in fact very well-behaved and well-
approximated by compositions of polynomials and thus I anticipate that even a low-resolution numerical
integration technique should provide satisfactory accuracy.

In this subsection, I first consider the merit of Simpson’s Rule or other Newton-Cotes based methods.
I aim to avoid using nested quadrature methods like the Gauss-Kronrod or Clenshaw-Curtis, as the
number of integrations required is large and it is preferable to avoid nested methods. For the simplest

case of Simpson’s rule, the integrated flux is given by:

F(t; —Z/2)+4F ;) + F(t; +Z/2)
6

Where N denotes the number of calls needed to the Mandel and Agol (2002) code and essentially is a

Fy(N =3) =

(5.30)

measure of the resolution of the numerical integration. This method may be extended to higher intervals
by using Simpson’s composite rule. Alternatively, one can extend to cubic, quartic, etc interpolations
by using the Newton-Cotes formulas. Each time one evaluates F(t), one requires another call to the
Mandel and Agol (2002) subroutine, and thus one wishes to minimize the number of calls, but maximize
the accuracy of the employed technique.

Simpson’s composite rule works by splitting up our integration range into 2m subintervals, therefore
requiring N = 2m + 1 calls to the Mandel and Agol (2002) code. The error on the composite Simpson’s

rule is given by:

7 T \¢
op(N) =FOO (51 (5.31)
CompF.‘Simpson 180 (N — 1)
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Where € lies in the range t; —Z/2 < € < t; + Z/2. In contrast, the Newton-Cotes formulas move
through increasing orders by increasing the interpolation order. For the N = 4 case (which is the cubic

interpolation scenario, known as Simpson’s 3/8 rule), the equivalent errors between the two methods are:

3
op(N=4) = F(4)(e)%15 (5.32)
Newton—Cotes
1
op(N=4) = F(4)(e)m15 (5.33)

Comp.Simpson

Thus for N = 4, Simpson’s composite rule offers greater accuracy than the Newton-Cotes based
equation. Moving through the higher orders in the Newton-Cotes family causes the error to have a
functional dependence on F(V) ie. the N*® differential of F. So for N > 4 it is not possible to give an
exact comparison between the two methods since FV)(¢) is not known for any N > 1. Therefore, our
only reliable comparison is for the N = 4 case, from which I conclude the composite Simpson’s rule is

superior in terms of accuracy versus computational requirement.

Error in Numerical Integration

I now consider what value of N should be used. There are essentially three segments of the light curve
which exhibit curvature and thus would produce the maximum error in the numerical integrations, which

employ linear piece-wise approximations.

m Curvature of the ingress/egress
m Curvature of the limb-darkened light curve trough

m Discontinuities at the contact points

The last of these is due to a discontinuous function and the former two are due to curvatures within
continuous functions. I will treat these two different sources of “curvature” separately, although from
the arguments made earlier, one expects the last of these effects to be the largest source of numerical
erTor.

Ingress/egress curvature

The transit light curve has a depth § and an ingress duration Tjs. For most of the ingress, the
curvature is close to zero and essentially mimics a linear slope. However, near the contact points, the
slope rapidly changes to a flat line of zero gradient. Therefore, near the contact points, the ingress/egress
morphology causes large amounts of curvature. These points will exhibit the largest numerical errors in
using a technique like Simpson’s composite rule.

A suitable choice of resolution can be made by increasing N until ¢z |max < o ,0bs? i.e. the calculation
should produce a flux which has a maximum systematic error which is less than the observational
uncertainty. One should set the resolution to a point where it provides satisfactory accuracy even at the

point of highest numerical error, i.e. within the ingress/egress near the contact points.
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Another approach would be to use an adaptive composite Simpson’s rule, for example like that pro-
posed by McKeeman (1962). However, it is preferable to avoid using adaptive routines since they would
require a new adaptation for every single data point and fitting trial, which would be time consuming.
The costs versus benefits of using such a method could warrant further investigation in the future. In-
stead, I choose to use the adaptation required for the most troublesome points, which have already been
identified. The required interval size in each element of the Simpson’s composition should be decreased

until one reaches:

‘S(a,a;—b) +S(QT+b,b) = S(a.b)|/15 < 0 g1 (5.34)

Where S(«, ) is Simpson’s rule evaluated over the interval « to 8. In this case, the integral is over
time and a = t; and b = t; + (Zp/m), where 2m is the number of subintervals which the integral has
been split into and 2m = N — 1, where N is the required factor by which the number of calls to the
Mandel and Agol (2002) code increases. The reason for the subscript of 0 by the Z term will be explained

shortly. This requirement may be written as:

|S(t17tl + I_,,(,:I) “I‘S(t] + I—;_:l,tl —+ %) — S(tl7tl + %”
2 215 < Of obs (5.35)

00—«
6

a+f

) [F(a) + 4F(T) n F(B)] (5.36)

S(an ) = (

In order to continue, one needs to evaluate F(t) in a closed-form, which cannot be achieved due to
Kepler’s Equation. However, there exists a special case where Kepler’s Equation does yield an exact
closed-form solution and this occurs for circular orbits since Mp = Ep = fp. In such a case, one may

use Equation (4.33), which I remind the reader of here:

Sp«(t) = (ap/R*)\/sin2 (%7:) + cos? i p cos? (%7:) (5.37)

The ingress/egress morphology is dominated by the expressions pertaining to a uniform source.
Limb darkening does affect the ingress/egress curvature but this is much less than the amplitude of
the uniform source transit signal. In the small-planet limit, Mandel and Agol (2002) provided the

following approximation for the ingress/egress flux:

X
F(X) =1+ X/p? — X2 — p? arccos [;} (5.38)

Where I have defined Sp. = 1 + X and it is understood that —p < X < p for the ingress/egress.
For the purposes of evaluating the maximum error, one may bear in mind X ~ p and thus one may
expand the cosine term into second order using a Taylor series. I assume the simple case of bpr = 0 so

that ip = /2. T make further small-angle approximations to simplify the resultant expression for the
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error, which is justified since 2nt; < Pp. The other adjustment one needs to account for is that I have
approximated bp = 0 and ep = 0. To generalize the result, I consider that the effect of bp7 > 0 and
ep > 0 is to stretch or shrink the ingress/egress duration by a factor 7/79. Therefore the expressions
here are actually for Zy, which may be written as Zo = Z(79/7). One may now rewrite Equation (5.35)

as:

w5/2
UF,ObS > 108m3

[3(\/24mp 00 — 4\/2mp — o — 6:/Imp —  + \/Smp — w)} ‘ (5.39)

Where I have used:

QF(GP/R*) T0

=———7 5.40
() F—— (5.40)
/1 =03 1y/1— €%
EUPN : (5.41)
T orP,T

Due to the approximations made, I find that this equation is only stable for m > 2. For any given
data set, one simply needs to solve Equation (5.39) for m with some sensible estimates of p, bpr, ep,
wp, (ap/Rs) and Pp. As an example, for Kepler-5b, taking the quoted parameters from the Koch et al.
(2010) paper, I find that even using m = 2 provides an error of 0.1 ppm, which is well below the typical
measurement uncertainty of 130 ppm.

Limb-darkened trough-curvature

Another part of the light curve where there is significant curvature, and thus one expects the maximum
numerical integration error, is the limb-darkened light curve trough. However, the peak-to-peak size of
the changes in flux induced by the limb darkening are much lower than the transit signal itself (i.e. §);
typically an order-of-magnitude. Further, the time scale over which these changes act is greater than
that of the ingress/egress curvatures (i.e. T4 > Ti2) except for grazing transits. So one can see that,
in general, the errors in these numerical integration techniques will be dominated by the ingress/egress
curvatures rather than the limb-darkening-induced light curve trough curvatures.

Contact point discontinuities

The final source of variation in the light curve gradient is that of the discontinuous change located
at the contact points. Estimating the error due to this discontinuity may be achieved by assuming
a trapezoid approximated light curve and considering the location where maximal error is induced.
The largest error (and in fact only error) will occur for measurements close to contact points, or more
specifically |t; — t5| < Z/2 where t,, is the time of one of the contact points.

Before the first contact point, the flux is a flat line at F' = 1 and after this point there is a linear slope
with a gradient —(6/7). The error in Simpson’s composite rule will depend upon the relative phasing
between the centre of the integration and the contact point, i.e. (¢; —t;). Generalized to any phase, the

true integrated flux of the trapezoid approximated light curve for the i*? time stamp is given by:
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. § (2t; +I)*
Fiwi=1———-—"— 5.42
brue, T12 8T ( )

For each value of m = 1,2,3... I choose to set the phase to be such that the difference between the
true integrated flux and that from Simpson’s method is maximized. Under such a condition, it may be

shown that the maximum error is given by:

Zo
op =20 (5.43)
Compgimp. 24Tn21112
7z
= 5.44
6(N — 1)2T1, (5.44)

For the system parameters of Kepler-5b, I find that using m = 1,2,3 induces a maximal error of
371 ppm, 93 ppm and 41 ppm respectively. Given that the measurement uncertainties are 130 ppm (Koch
et al., 2010), a suitable choice for the resolution would be m = 2 since this means the maximum possible
error of a data point in the least-favourable phasing would be below the measurement error.

It is interesting to see that for m = 2 the error was 0.1 ppm for the ingress/egress curvature of the
same system, suggesting the discontinuity error dominates the error budget. Actually, this is expected
from the arguments made earlier in this section. Therefore, in most applications, a selection for m based

on the error induced by the contact point discontinuities will provide a robust integration resolution.

Resampling

An additional method for numerically integrating the light curve is discussed here. Consider a set of
observations with integrated time stamps given by the vector £. A second way of calculating F() is to
resample the time vector into a very fine cadence, at which point one may assume F ~ F. I define the
temporary resampled time vector as t/. As an example, for the Kepler data, one may choose to resample
the 30 minute integrations into 1 minute integrations by expanding each time stamp, #; into a sub-vector
of 30 equally spaced time stamps with a mean value given by ;. The new temporary time array is used
to generate a light curve using the normal Mandel and Agol (2002) expressions giving F/(t') (note that
F here has no check sign because the Mandel and Agol (2002) equations can only generate instantaneous
flux, not integrated flux). The next step is to rebin the model light curve back to the original cadence
to give F(f). Finally, I make the assumption F(f') ~ F(t), i.e. the high cadence resampled time vector
yields a light curve model consistent with a time vector of infinite cadence.

i/ 103! I\~ ~ -
t rcs;nplc t MXO? F (t ) r(;;n F(t) - F(t) (545)

It can be seen that resampling into N sub-time stamps will increase the computation time by a factor
of ~ N, since typically the Mandel and Agol (2002) subroutine uses the majority of a light curve fitting
algorithm’s resources (especially for non-linear limb darkening). In the next subsubsection, I will show

that the computation times can be decreased by “selective resampling”.
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One advantage of resampling is that one can choose to resample in such a way as to account for
read-out and dead-times, which may be important if the instrument’s duty cycle is quite poor?. The
resampling of the i time stamp into N sub-time stamps with labels j = 1,2,...N —1, N can be expressed

as:

N+1\Z
/ 4. . -
iy =ti+ (] —5— )N (5.46)
The flux of the i*™® time stamp is found by rebinning all N' flux stamps from j =1 to j = N.
D DAY o
F=%==1 % 5.47
Thus for the first few values of N =2, N = 3 and N = 4 one would have:
- 1
(W =2)= [F(ti —T/4)+ F(t; + 1/4)] (5.48)
- 1
(N =3) = 3 [F(ti ~T/3)+ F(t;) + F(t; + 1/3)} (5.49)
. 1
Fi(N =4)= 1 [F(tl —3Z/8)+ F(t; —Z/8)+ F(t; +Z/8) + F(t; + 3Z/8) (5.50)

For a trapezoid approximated light curve, it can be easily shown that the error in these expressions,

as a function of IV, is given by:

A

op =
F 2
Resampling T12 8N

(5.51)

Therefore, the resampling method yields greater accuracy than the composite Simpson’s method.
In Kipping and Bakos (2010), both the resampling and Simpson’s composite rule were employed in
completely independent analyses and the obtained results were consistent. Therefore, whilst one is free
to use either method discussed here, the most efficient approach out of the two is resampling.

Gilliland et al. (2010) reported that they used a method for fitting the long-cadence light curve of
TreS-2b which I interpret to be equivalent to the resampling method. The authors split the LC intervals
into 30 contributing sub-intervals corresponding to the SC cadence i.e. N = 30. For the reported LC
RMS noise of 66 ppm and the system parameters of TreS-2b taken from Kipping and Bakos (2010), I
estimate that using N = 5 would produce a maximum possible error in the most unfavourably phased
data point of 59 ppm and thus using N = 30 is excessive for this light curve. These equations therefore
permit for a reduction in computational time of 600%. Such a saving is highly advantageous in MCMC

fitting, which is inherently expensive on the CPU.

Selective Resampling

Resampling time stamps which satisty [t; — 7r| > (T14+Z)/2 and |t; — 70| > (014 +Z)/2 is unnecessary

since F; = F; = 1 in such cases (assuming one has folded multiple transits about the orbital period). T

9Note that this is not the case for Kepler which has a duty cycle of 91.4%.
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label this method of optimization as “selective resampling”.

Since (Th4 + O14)/Pp ~ 2/(m(ap/R.)), this can reduce the number of time stamps which require
resampling by an order of magnitude for continuous staring telescopes like Kepler and CoRoT. It should
be noted that selective resampling will not be possible if the light curve model includes phase variations

of the planet e.g. HAT-P-7b, Borucki et al. (2009).

5.3.4 Conclusions

I have explored how long-cadence data, with particular focus on Kepler, invalidates assumption A10
and consequently causes severe systematic errors in the retrieved physical parameters, unless accounted
for. The effect is valid for any finite exposure time but increases with longer cadences. Long-cadence
data smears out the light curve morphology, which acts to stretch out the ingress/egress duration and
suppress limb darkening in the light curve trough. These two effects act to increase and decrease the
retrieved impact parameter respectively. Critically, overestimating the impact parameter is shown to
lead to severe underestimations of the stellar density which could lead to planetary candidates being
rejected on the basis of being unphysical, in a similar manner as to what was found for eccentric orbits
in §4.3.5.

Numerical integration techniques permit improved modelling of the transit light curve. I have dis-
cussed two particular methods, the composite Simpson’s method and resampling. Expressions for esti-
mating the errors of these techniques have been provided and I find that both methods produce an error
which scales as N2, where NN is the numerical resolution of the techniques. Out of these two discussed
methods, the resampling approach yields a greater efficiency.

With corrective procedures for the invalidation of assumptions A0, A4/A5 and A10 now established,
it is now possible to produce highly accurate transit light curve models. With the discussion and nuances
of modelling the transit light curve of a single exoplanet now complete, it is possible to progress to the
original aim of this thesis - methods to detect extrasolar moons in transiting systems, which will be

explored in Chapter 6.
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Chapter 6

Transit Timing Effects due to an

Exomoon

“ The moving moon went up to the sky,
And nowhere did abide;
Softly she was going up,

And a star or two beside. ”

— Samuel Taylor Coleridge, The Ancient Mariner (pt. IV)

6.1 Introduction

The methods and intricacies of modelling the light curve of a single transiting planet have now been
covered. This necessary understanding enables the investigation of more complex situations involving
three-bodies, rather than two. This therefore generalizes the model for cases where assumption Al is
invalid (see §3.3.1).

As discussed in Chapter 2, the moons of extrasolar planets present a unique and exciting challenge
in modern astronomy. The motivations for such a search have been clearly established (§2.1) and with
the transit now well understood (see Chapters 3, 4 & 5), I begin here the discussion of what forms the

ultimate goal of this thesis (§1.6) - a method to detect an exomoon in a transiting system.

6.2 Background Theory of Timing Deviations

6.2.1 The Sartoretti and Schneider (1999) Method

The first serious scientific investigation into a method for detecting exomoons in transiting systems comes

from Sartoretti and Schneider (1999). This groundbreaking paper, published in the supplementary series
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Figure 6.1: Cartoon illustrating the composite motion of a planet in orbit of a star with an unseen
exomoon companion. Unless the period of the moon happens to be resonant to the planet’s orbital period
(which there is no reason to expect) then orbit B will exhibit a different shift in position than orbit A at

the time of inferior conjunction. These changes in position give rise to the TTV effect.

of A&A, did not receive wide attention until very recently, where it has gone from an average of ~4
citations per year from 2000-2009 up to 16 citations in 2010.

Perhaps inspired by the astrometric method of detecting exoplanets, which in 1999 was considered
to have more promise than it has since delivered, Sartoretti and Schneider (1999) argued that even if an
exomoon is too small to detect in transit, the gravitational perturbation which it induces on the host
planet may not be. The very simple premise was that the planet and moon orbited a common centre-
of-mass which itself orbited the star causing the planet to exhibit composite motion. This composite
motion was discernible from a simple Keplerian orbit by virtue of the fact the position of the planet was
offset from the barycentre and thus the times of transit minimum would also be displaced. Although not
labelled as such in the paper, the phenomenon of changes in the times of transit minimum would soon

be dubbed “transit time variation” (TTV).

6.2.2 Exomoon Transit Features

Before I provide Sartoretti & Schneider’s mathematical formulation of TTV, I first mention that the

authors also considered detecting moons through their transit features. These transit features could
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be due to either the moon eclipsing the planet (causing a flux increase) or the star (causing a flux
decrease). This method is certainly highly viable for moons of large radius but modelling the light
curves of planet-moon systems in an efficient manner is a very challenging problem.

To illustrate this complexity, consider that for a planet-star system it is possible to describe the light
curve using just one parameter, Sp., which can be in three possible states (see §3.3.1): i) in-transit ii)
on-the-limb iii) out-of-transit. Therefore, there exists 3' = 3 distinct cases, each with its own unique,
analytic solution. In contrast, a planet-moon-star system requires three distances to characterize the
light curve Sp., Sps and Sg. (where the “S” subscript denotes satellite). Since each one can be in three
states again, there exists 3% = 27 distinct cases, each with its own unique, analytic solution. Things are
further exacerbated when one considers the effects of limb darkening and the three-body problem, which
has no exact closed-form solution. As a result, modelling these light curves in an analytic manner is
highly challenging and no proposed method currently exists in the literature (one could model the light
curve numerically by pixelating the star, but such methods use inordinate amounts of CPU and memory
making a fitting routine impractical).

As will be discussed in Chapter 8, part of the future work in exomoon detection theory will revolve
around meeting this challenge. To this end, I have been developing a new analytic framework and
computer code called LUNA, which accomplishes the goal of complete analytic modelling of the planet-
moon-star transit light curve. However, this is currently a work in progress and does not constitute the
main focus of this thesis. Therefore, for the remaining derivations I assume (Rs/R.)? < 1 i.e. the moon
does not induce a detectable transit signal. I label this assumption as al. I also point out here that

assumption a0 will be to consider the system comprised of a star with a single planet with a single moon.

6.2.3 The TTV of Sartoretti and Schneider (1999)

The authors explicitly assumed a coplanar configuration and implicitly assumed that the orbit of both
the planet and satellite are circular, plus assumption al'. There are other implicit assumptions which
will be discussed in §6.3.4, and it is unclear whether the authors were aware of these or not. Sartoretti
and Schneider (1999) argued that the positional displacement of the planet away from the planet-moon

barycentre is given by:

app = (Ms/Mp)asp (6.1)

Where app denotes the semi-major axis of the planet (“P”) around the planet-moon barycentre (“B”)
and agsp denotes the semi-major axis of the satellite (“S”) around the same barycentre. The authors
then argue that the velocity of the planet at the time of transit minimum is given by vpr = 27ap/Pp.

Therefore, the maximum time shift of the planet away from that expected from a strictly linear ephemeris

1This last assumption is required or the moon’s transit features would impair the timing of the planetary transit signal
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would be given by (app/vp,r) and the maximum possible observed difference between consecutive transits

would be twice this value:

At ~2aspMsMp' x Pp(2map) ™ (6.2)

Equation (6.2) is given in the exact same format as that presented in the original paper, except for a
change in notation to be consistent with that of this thesis. Equation (6.2) may be re-expressed in terms

some typical astrophysical units and replacing asp = ® Rui, where Ry is the Hill radius, I find:

At o DMgPp
31/37TM123/3M*1/3
Mg~ / Pp N\ My\2/3/ Mo\1/3
500 (1) (22 (42" () "
D 7. ) Gears) 315 A minutes (6.3)

This 36 minute deviation illustrates the exciting potential of this technique to detect an exomoon.
After this pioneering work, it seemed as though the methodology for detecting an exomoon was solved,

but unfortunately problems with this TTV technique soon became apparent, as discussed next in §6.2.4.

6.2.4 The Problems with Detecting Exomoons Using TTV
Problem 1 - A Multitude of Phenomena

As was mentioned earlier, Sartoretti and Schneider (1999) devised the TTV method for detecting moons,
although it was not called TTV at the time. Six years later, Agol et al. (2005) and Holman and Murray
(2005) almost simultaneously predicted that if a system has two or more planets then TTV would be
induced due to planet-planet gravitational interactions (this appears to be the first instance of referring
to the effect as TTV). These effects are particularly pronounced for planets in mean motion resonance
(MMR), where timing deviations of hours can be induced (Holman et al., 2010).

Unfortunately for exomoons, this new prediction of the phenomenon meant that if one observed TTVs
then it could be due to either a moon or a perturbing planet. This was exacerbated later when a barrage

of papers predicted a plethora of possible sources for TTV, including:
m Trojan bodies (Ford and Holman, 2007)
m Parallax effects (Scharf, 2007)

m Kozai mechanism induced eccentricity variation (Kipping, 2008)

Apsidal precession (Jorddn and Bakos, 2008)
m Star spots (Alonso et al., 2008)

m Stellar proper motion (Rafikov, 2009)
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m Planetary in-fall (Hellier et al., 2009a)
m The Applegate effect (Watson and Marsh, 2010)

m Stellar binarity (Montalto, 2010)

With so many effects potentially responsible for TTV, the detection of TTVs no longer seemed viable
as an unambiguous detection tool for exomoons. This can be summarized by the desideratum for some
kind of unique signature of the exomoon’s timing deviations, which would distinguish it from the other

effects.

Problem 2 - Undersampling

The second major problem with the TTV due to an exomoon is undersampling. I begin this discussion
by considering the Hill radius. Ry represents the maximum possible stable orbital distance of an
exomoon away from its host planet. As discussed earlier in §2.2.3, the true limit is actually less than
Rumin (Domingos et al., 2006). Let us therefore denote the semi-major axis of the satellite around the

planet as some fraction, D, of the Hill radius, as was done in Equation (6.3):

Mp\1/3
= 6.4
asr QGP(?)M*) (64)
Now I use Kepler’s Third Law to replace the distances with orbital periods:
Pon2/3 PoN2/3 7 Mp\1/3
G1/3(MP+MS)1/3(—S) —DGY3(M, +MP+M5)1/3(—P) ( P) (6.5)
21 21 3M.
Now I assume M, > Mp > Mg, giving:
1\ 1/2
Ps = Pp©3/2(§) (6.6)

Equation (6.6) is very powerful, constraining a satellite’s orbital period purely in terms of © and Pp.
I have been unable to find this expression in the previous literature and believe it may be a novel result,
first pointed out in Kipping (2009a). Since ® < 1 for all bounded moons, then Ps < 0.57735Pp.

The sampling rate of the exomoon TTYV signal is once every transit i.e. Pp. In order to avoid
aliasing, one is required to sample the signal at above the Nyquist rate i.e. 2/Pg = 3.46/Pp. However,
it is physically impossible to sample the signal 3.46 times per Pp, the best one can ever do is once?
per Pp. Therefore, the observed TTVs caused by an exomoon will always be undersampled, in most

cases heavily so. As a result, a Fourier periodogram of the TTVs would reveal a rich forest of possible

harmonic frequencies with no way of distinguishing which signal is the correct one.

2Hypothetically, one could actually sample the signal twice per Pp using the occultation, but the error on this timing

would be much higher. In any case, even sampling of twice per Pp would still cause aliasing.
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Despite not being able to retrieve the correct period, the deviations themselves will still be present
and cause an excess variance in the residuals of the transit times from a linear ephemeris. This excess
variance is detectable if the standard deviation of the scatter is much greater than the errors bars of the
measurements themselves.

Since it is possible to measure the amplitude through excess scatter, then one can evaluate:

CLPM

T
Msasp = TPP\/%TTV (6.7)

Where dprvy is the RMS amplitude of the TTV signal. Therefore, the final problem of undersampling
becomes evident - one can only measure Mgagp i.e. mass multiplied by distance, a.k.a. “the moment”

of the exomoon.

6.3 An Updated Model for TTV

6.3.1 Introduction

Two major problems exist with the proposed TTV method of Sartoretti and Schneider (1999) and a
hypothetical wish list of required breakthroughs would read as: 1) the ability to distinguish between an
exomoon’s TTV and other sources 2) the ability to measure both the exomoon mass and orbital distance.
In the remainder of this chapter, I provide a new method of detecting exomoons which achieves both of
these goals and thus makes transit timing a viable method for detecting exomoons and thus coming full
circle to satisfy the original goal of this thesis. This remainder of this chapter is based upon the papers
Kipping (2009a) and Kipping (2009b), with some new updates.

Before I provide this new method, I will first provide an updated model for the transit timing
variations (TTV) of an exomoon, including the effects of orbital eccentricity and inclination of both the
planet and moon plus the mutual longitude of the ascending node. I will then go on to predict and
introduce a new observable, transit duration variations (TDV) and compare it to TTV.

I will begin by outlining the assumptions of the model presented here. So far, only one assumption
has been made, al): the satellite induces no transit features = (Rs/R.)? < 1. In order to proceed, the
first requirement is a coordinate system for the positions of the planet and the moon which will require

an additional approximation, given that no general analytic solution exists for the three-body problem.

6.3.2 The Nested Two-Body Model

Since there is a planet, star and moon all in play, one must deal with the three-body problem. The
three-body problem is quite daunting given that no analytic, general solution has ever been found. In
practice, one is forced to either use numerical methods or some restricted case through an approximation.
In this work, I will adopt what I label as “the nested two-body” model. In this framework, one has the

planet-moon forming a close-binary which orbits the star at a much greater distance. The basic premise
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is that in the frame of reference of the planet-moon barycentre, both bodies follow Keplerian orbits.
Then, in the reference frame of the star, the motions can be considered as a composite of these local
Keplerian orbits on top of the global Keplerian motion around the star.

The advantages of the nested two-body model are a) it is simple to describe analytically since one
only has Keplerian orbits b) more general than the restricted circular three-body problem, which insists
eccentricities are zero ¢) particularly applicable for the problem of interest- motion of a planet over short
timescales (i.e. we do not care about long term precessions, secular changes, etc). I will here derive the
conditions under which the nested two-body model is a good approximation for the three-body problem.

For a planet-moon pair at infinite orbital separation, the validity of the nested model can be under-
stood intuitionally. As the planet-moon pair moves in, the disturbance due to the star becomes greater
and the approximation will break down. One may follow the standard treatment used in lunar theory
(Murray and Dermott, 1999) to calculate the disturbance to this approximation. I select a non-rotating
reference frame with the star at rest at the origin, for which one may treat the frame as inertial since the

mass of the star is much greater than the planet or moon. The satellite’s equation of motion is given by:

. rs —rp rs

Where rg and rp are the position vectors of the satellite and planet relative to the star, np is the
mean-motion of the planet around the star and ap is the corresponding semi-major axis. Similarly, ng
is the mean-motion of the moon around the planet and ag is the corresponding semi-major axis. To

translate to the reference frame of the planet, one may substitute:

r=rg—rp (6.9)
r'=-rp (6.10)
These vectors now describe the positions of the satellite and the star, respectively, relative to the

planet. It follows that in this non-inertial frame where the planet is at rest, but the coordinate axes

point in fixed directions, the equation of motion for the satellite becomes:
/ /
. 9 3 T 5 53| (@ =r1) r
I'=-Ngag—= +Npap |75 — —= 6.11
S S|r|3 P P[|r/_r|3 |r/|31 ( )

The term to the right of the addition sign represents the disturbance to Kepler’s Third Law from a

simple nested two-body approximation. The disturbing function can be written as:

rg rp
(b:nQa?’ —s — T3
P s el

6 = npap([1 + (as/ap)] 7 ~1)

|| ~ 2ntag (6.12)
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Where T have assumed a low eccentricity system and expanded to first order for (ag/ap) < 1. For

the disturbing function to be small, one therefore requires:

r
’”%agwl > (¢
n% > 2n% (6.13)

Where the final line gives the condition under which this derivation is ultimately valid and is equivalent

to:

P < P2 (6.14)

Using Equation (6.6), (Ps/Pp) ~ 1/®©3/3, this constraint becomes assumption a2:

D% < 3/2 (6.15)

Defining < to indicate an order-of-magnitude difference, i.e. a factor of 10, this constrains ® < 0.531.
Note that this distance is larger than that predicted as the maximum stable separation for a prograde
satellite of ® = 0.4895 (Domingos et al., 2006). However, a retrograde moon can be stable at up to

D = 0.9309, at which point D? is only about one half of 3/2 and thus Keplerian motion is not guaranteed.

6.3.3 Coordinate System

In the nested two body problem, the planet-moon barycentre orbits the star in a Keplerian orbit and
thus one can see that the planet-moon barycentre, denoted by the subscript “B”, replaces the planet

(“P”) in Equation (3.6). The coordinates of the barycentre are therefore given by:

Xp =rpcos(wp + fp)
Y =rpsin(wp + fp)cosip
Zp=rp sin(wp—l—fp) sinip (616)
Furthermore, the satellite orbits the barycentre of the planet-moon system with a semi-major axis
of agp in a Keplerian orbit. The motion is therefore highly analogous to the case derived earlier for a

planet-star system. Indeed, in the reference frame of the planet-moon barycentre, one may simply adapt

Equation (3.6), replacing the subscripts for the planet to that of the satellite:

Xsp =rsplcos Qg cos(wg + fg) —sinigsin Qg sin(wp + fs)]
Ysg =rsp [sin Qs COS(L«)S + fs) + sinig cos Qg sin(wp + fs)]

Zsp =rsp cosigsin(ws + fg) (6.17)
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Where rsp = asp(1 — €%)/(1 + ep cos fs). The planet’s reflex motion is simply given by:

Xpp = —(Mgs/Mp)Xsp = —rpp[cos Qs cos(ws + fs) — sinig sin Qg sin(wp + fg)]
Ypg = —(Ms/Mp)Ysp = —rpp[sin Qg cos(ws + fs) + sinig cos Qg sin(wp + fs)]

Zpp = _(MS/MP)ZSB = —Trpp COSig sin(ws + f5> (618)

Where rpg = (Mg/Mp)rsg. These coordinates define the motion of the planet in the reference
frame of the planet-moon barycentre. However, the reference frame of interest is that of the star at the
origin. Proceeding through the rotations for wp and ip (2p rotation is not performed as the transit is
insensitive to this parameter) as was done in §3.3.1, the final sky-projected coordinates of the planet are

given by:

Xp=rpcos(fp+wp)+rpp [ — cos(fs + wg) cos(wp + Ng)

+sinigsin(fs + wg) sin(wp + Qg)] (6.19)

Yp =rpsin(fp +wp)cosip +rpp [Sin(fs + wg)[cosigsinip
— cosipsinig cos(wp + Qg)] — cosipsin(wp + Ng) cos(fs + wg)} (6.20)

Zp =rpsin(fp +wp)sinip —rpp {sin(fg + wg)[cosigcosip
+sinipsinig cos(wp + Ng)] + sinip sin(wp + Qg) cos(fs + ws)} (6.21)
There are two things to note from these equations. First of all, Xpp # (Xp — Xp), and equivalently
for Ypp and Zpp. 1 will therefore define AXp = (Xp— Xp), AYp = (Yp—Yp) and AZp = (Zp — Zp).

Second, all instances of Qg occur in the form (wp + Qg). I will define this quantity as ws = wp + Qg,

the “longitude of the periapsis”, in the rest of this work.

6.3.4 Model Assumptions
The Importance of Declaring the Model Assumptions

Curiously, the TTV of an exomoon is very easy to write down with some simple intuitive feel but
actually characterizing what the assumptions are and under what conditions this toy model is valid is
more subtle. In this subsection, I will provide a strict outline of the model and the required assumptions,
no matter how seemingly obvious. This is extremely important as it has already been seen how breaking
model assumptions for the transit model causes significant departures (§3.3.7). Further, identifying the
assumptions allows one to calculate the range of moons and planets for which it is actually legitimate to

conduct TTV analyses on.
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RMS Amplitude Definition

The first thing to establish is that whatever form is derived for the TTV effect, it is only ever possible
to infer the RMS amplitude, as discussed in §6.2.4. Therefore, regardless as to the functional form, the

following integral must be performed to calculate the RMS amplitude:

27
brry = \/ - /f [TV s (6.22)

I outline this point early on, because naturally if the TTV has an elaborate functional form, the
integral will become increasingly challenging to compute analytically, and perhaps not even possible.
Therefore, it is required to seek a relatively simple but nevertheless physically accurate and justified

form for the TTV.

Two Definitions of the TTV

One subtlety with TTV is that there actually exists two definitions of what constitutes the TTV. The
first definition could be considered as the pure theoretical definition whilst the second is the observable
or measurable TTV. I will discuss the first definition initially, which will make it clear why a second
definition exists.

Theoretical definition of the TTV

In the nested two-body problem, the planet-moon barycentre orbits the star in a Keplerian orbit.
Therefore the instant when the barycentre satisfies dSgp./dt = 0 (i.e. the equivalent of the transit
minimum) occurs at approximately the time of inferior conjunction, as before. These events are therefore
separated in time by exactly Pp and have a strictly linear ephemeris.

In contrast, the instant when the transit minimum of the planet occurs will be given by when
dSp./dt = 0, which will be a function of fg. In other words, the transit minima do not occur at
the same instances as the barycentric minima. Therefore, the transit minima do not follow a strictly
linear ephemeris. The temporal deviation of the transit minima away from the barycentric minima is
the source of the TTV (for both definitions).

The theoretical definition for the TTV of a transit event would therefore be to calculate the difference

between the times ¢(Sp, = 0) and ¢(Sp. = 0):
TTV = t(Spy = 0) — t(Sp. = 0) (6.23)

Observable definition of the TTV
The theoretical definition classes the TTV as the time difference between the instants of the barycen-
tric and planetary transit minima. However, consider the case of a moon moving on a very short orbital

period, say less than the transit duration. Under such a circumstance, the planet-moon separation would
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be very different between the start and the end of the transit. When one fits such a light curve, the
timing deviation would be essentially the averaged-out temporal deviation across the whole duration. In
other words, the motion of the moon smears out the TTV.

It can be seen that a derivation of the theoretical TTV is required before it is possible to account for
the practicalities of smearing effects. I therefore proceed here to consider what model assumptions are

required for the theoretical TTV. The observational TTV will be discussed in §6.3.8.

Assumptions a3 & a4: Slow-moving moon

The theoretical definition of the TTV is based upon solving the instants when the sky-projected separa-
tions hit minima. However, it has been shown earlier (see §4.1) that solving the exact time when Sg, = 0
is non-trivial and possesses no simple analytic form. The mathematics will be even more complex for
the case of Sp, = 0. Therefore, one can easily appreciate that approximations will be necessary to make
this calculation possible.

The first two approximations I therefore make are @3) the sky-projected distance between the barycen-
tre and the planet does not change appreciably over the timescale of the TTV amplitude «4) the sky-
projected velocity of the planet does not change appreciably over the timescale of the TTV amplitude.

Under such approximations, the TTV definition becomes:

Spyx — SB*](t(fP = fP,T))
dBrl(t(fp = frr))

Where the parentheses after each term mean that the function is evaluated at the time, ¢, when

TTV = [

(6.24)

fp = fpr ie. the transit minimum. The approximations a3 and a4 will be written out mathematically
shortly, but first it is useful to adopt additional approximations. Firstly, when trying to solve the true
anomaly at the instant of the transit minimum for the simple case of a moonless planet and a star, it was
seen that a simple, closed-form solution is elusive (§4.1). In light of this, one can easily appreciate that
solving for fpr with the moon included will be even worse. Therefore, a useful approximation to make
is that the numerator and denominator in Equation (6.24) receive negligible change when evaluated at
fp = (/2 —wp) rather than fpr.

Since I have assumed the distance is constant over the timescale of the TTV amplitude, assumption
a3, then assuming [Sp. — Sp«|(t(fp = fpr)) =~ [Sps« — Sp«](t(fr = /2 — wp)) is actually already
implicit by assumption a3 and no further assumption is needed. This is because the timescale of the TTV
amplitude is approximately equal to that for the planet to move between fp = fpr and fp = (7/2—wp).

The same is also true for the denominator, if one wishes to assume the velocity at fp = fpr and
fp = (7/2—wp) are approximately equal, then this is equivalent to assuming that the velocity does not
change appreciably over the timescale of the TTV effect i.e. assumption a4. This line of argument leads

to the following definition for the TTV effect:
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[Sps — Sps](t(fp = 7/2 — wp))

dBrel(t(n/2 — wp))

TTV =

(6.25)

Assumptions a5 and «6: Motion is in the X-direction

Now, it has been established that the key term of interest is the sky-projected distance between the
planet and the planet-moon barycentre i.e. (Sp. — Sp.). I will write out this distance in terms of the

Cartesian elements:

6o 5, - VXETYE /KR IVE
R. R,
V(X +AXp)2+ (Yp +AYP)2 /X +Y3
R. R,

(6.26)

The presence of terms with “B” subscripts is non-preferable as one can intuitionally understand
that it is the distance between the barycentre and the planet (i.e. the “A” terms) which ultimately
dominate the TTV. Inspecting the above, it is clear that if one assumes the motion is predominantly in

the X—direction, then the Y-terms can be ignored and the following simplification would be possible:

g G~ \/(XB+AXP)2 \/X]%,
Px — P Bx — -
R, R,
AXp Xp—Xp

Sps = Spa = - = (6.27)

These simplifications can be seen to greatly aid in the analysis and thus are adopted in this work and

denoted as assumptions a5 and a6. The TTV equation now becomes:

[(Xp — Xpl(t(frp=7/2 —wp))

TTV = (6.28)
L (t(r/2 — wp))
The mathematical form of assumption ab yields:
Y| < | XB]
= |cosip| < 1 (6.29)

Assumption a6 can be seen to be equivalent to this assumption if one assumes rpp < rp, which

gives:

app K< ap
31/3M*1/3M2/3
D — 2 P
Ms
Mo \1/3 / Mpn\2/3 1 M
D < 4655.19(M®) (E) (m) (6.30)

140



The above assumption can be seen to be essentially valid in virtually all conditions. Therefore since
app < ap in almost all cases and cosip < 1 by definition for a transit to occur, then assumptions a5

and a6 are excellent approximations.

Assumption a7: Barycentric dominated velocity

The next step is to compute the velocity-like term. The Xp(t(fp = 7/2 — wp)) term contains an fg
dependency and this causes problems later when it is necessary to perform the integration over fg,
as required by Equation (6.22). I have not been able to solve said integral if the velocity-like term
has an fg dependency. Therefore, a required approximation is that Xp ~ Xp. This is equivalent to
assuming that | Xz (t(fp = 7/2—wp))| > |AXp|(t(fp = 7/2—wp)) i.e. the barycentric velocity is much
greater than the planet’s reflex motion, at the instant of inferior conjunction. This forms assumption

a7. Differentiating, and setting fp = (7/2 — wp), I find:

| XB(t(fp =7/2—wp))| > [AXp(t(fp = 7/2 — wp))|

ap(l+epsinwp) N app

\/1—6%Pp \/1—6%PS

X |coswgles sinwg + sin(fs + wg) + sinig sinwgles coswg + cos(fs + wg)] (6.31)

The terms inside the large modulus contain all of the fg dependency. In order to evaluate the limits
under which the above inequality is valid, one is interested in setting the terms inside the large modulus
to be the maximum possible value. I differentiated the expression with respect to fs and then solved
for when the result is equal to zero. This yields four solutions for fsmax. I then generated 10° Monte
Carlo simulations where all of the parameters are randomly varied and four versions of the term in the
modulus are calculated each time, for each solution for fgmax. I then compute the maximum of each
of these four lists of possible maxima which gives {1.99424,1.98929,1.99485,1.99275}. Therefore, it is
reasonable to conclude that the maximum possible value is equal to 2. Accordingly, the assumption a7

becomes:

ap(l+epsinwp) 2appB
V1—e%LPp V1—eiPs

Now using Kepler’s Third Law and Equation 6.6, one obtains:

)
@1/2>>2><31/6< Ms >< V1-cp ) (6.33)

MIPME? )\ /1= €e2(1+epsinwp)

For near circular orbits, and assuming > to be an order-of-magnitude, this becomes:

(6.32)

) () ()" oo

> 0. =7
D >0 000055( i) (Gr i
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So this constraint will be satisfied in essentially all cases as well.

6.3.5 Valid Range for the Theory TTV Model

I have now established an upper constraint on ® using assumption @2 and a lower limit from «7.
Therefore there is a permitted bounded range of ® which can be investigated. Before I do so, I will
calculate the conditions which assumptions a3 and o4 imply. For o3, the condition is that (Sps« — SBx)
does not change appreciably over the timescale of the TTV amplitude. Under assumption a5 this becomes
that (Xp — Xp) = AXp does not change appreciably over the same time. AXp is characterized by
the distance app and the TTV amplitude is approximately given by the Sartoretti and Schneider (1999)

model, given in Equation (6.2):

dAX -1
1 P <L app {2GSBM5M;1 X Pp(27mp)_l}
4 x 31/6 M
P2 =X o s
\/1_65MP M*l/?)
Mg f My\2/3 s Moy 1/3
D2 > 0.00149(M—;) (M—;) (M@) (6.35)

Where on the last line I have have assumed eg < 1. If one defines > to indicate an order of magnitude

then the above becomes:

Mg\2/ MjgN\4/3 s Mo\ 2/3
9> 0.00012(M—;) (M—;) (MQ) (6.36)
Therefore, just like a7, assumptions a3 places a lower limit on ® for TTV studies. The two have the
same functional dependency but a3 places a more stringent lower constraint on ® (by a factor of 2) and
so represents the more realistic bounding limit.
For a4, the constraint bounds Xp to exhibit negligible variation over the timescale of the TTV

amplitude.

d®>Xp dXp
5 418 6.37
dt? fp=m—2wp TTV < dt fpP=m—2wp ( )

However, since XB(fp =7/2 —wp) = 0, then the above can be seen to be valid in all cases. It has
now been established that a7 places a lower limit and o2 places an upper limit on ®, which together

imply:

0.00012(%—;)2(%—;)4/3(%32/3 <D< (23—0)1/3 (6.38)

It can therefore be seen that the theoretical TTV model presented in this thesis is invalid if the LHS
exceeds the RHS of this inequality. This condition gives rise to the following condition, which must be

satisfied for a TTV search using the model of this thesis to be possible:

142



Mg < (48.98 M@) (%—’;)1/3 (%3)1/3% (6.39)

)
Therefore, the model for the theory TTV presented here is generally valid for all prograde satellites

with terrestrial masses. The final list of assumptions which are used, and their respective consequential

conditions which must be satisfied, are (conditions given for low-eccentricity systems):

m a0) There is only one moon and one planet in the system
m «l1) The moon does not impart any transit features onto the light curve = R% < R?
m a2) The three-body problem may be described with the nested two-body model = D3 < 3/2

m a3) The change in the sky-projected planet-moon separation is negligible during the transit event

= D2 > 4 x 3V Mg M, P M,

m a4) The change in the sky-projected velocity of the planet is negligible during the transit event =

no further constraints
m &b) The sky-projected planet moves predominantly in the X-direction = app < ap

m a6) The sky-projected planet-moon barycentre moves predominantly in the X-direction = | cosip| <

1
m a7) The sky-projected reflex motion of the planet is much less than the sky-projected barycentric
motion = D2 > 2 x 3V Mg M, P M
6.3.6 TTV Waveform and Amplitude

Under assumptions a0— a7, the temporal deviation of the planet away from the planet-moon barycen-

tre’s position at the time of inferior conjunction is given by:

[(Xp — Xp|(t(frp=7/2 —wp))

el (t(r/2 - wp))

TTV = (6.40)

Now one requires evaluating [Xp — Xp|(t(fp = 7/2 —wp)):

[Xp — XB](t(fp = 7T/2 — u)p)) =TpB| — COS(fS + WS) coswg + sinig Sin(fS + Ws) sinwg (641)

And the sky-projected velocity of the planet-moon barycentre, in the X-direction, is given by:
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d[Xp]

dXB
~Blt(rn/2 — wp)) =

dfe

dfp
fp=m/2—wp dt fp=m/2—wp

e 27 (1 + epcos fp)?
) ["PW[WSW*“(J‘PW” Pe -y |
Jp=m/s—wp

2map 1+ epsinwp

= 6.42
Pr (1= cp)2 4
The final TTV equation is therefore:
asy/1—e%(1—e%)MsPp

TTV A 6.43

(fs) ~ [ 2rapMp(l+ epsinwp) v (fs) ( )

Aty (fs) = [cos wg cos(fs + wf) —sinig sinwg sin(fs + ws) (6.44)

+ escos fs

The TTV effect is therefore a function of the true anomaly of the satellite, as expected. In general,
the satellite will take a different true anomaly every time one measures a transit. Therefore, one can

obtain the RMS amplitude of the TTV effect using Equation (6.22). Integrating this equation, I obtain:

asMgP, 1—e 1—e%4 [®
sy — 2sMsPp (1= €5)y P [®rTV (6.45)

apMp (1+epsinwp)

2
P cos? wg [ sin?igsin? wg(1 — €2 3/2—1—0052@' (1+€2 1 —e? —1)
TTV = 2P+ Vioel [ S< s s( ) s s/ ¢ —1]
+sin wg <sin2 igsin? ws(l +eZ[y/1—e? — 1]) + (1 — €2)*? cos ws>

1
+ 5 sinis sin 2ws sin 2 <e§[1 —2y/1- €3]+ /1- et - 1)] (6.46)

6.3.7 Properties of the TTV RMS Amplitude

In the limit of circular and co-aligned orbits, as was considered by Sartoretti and Schneider (1999),
®rpry — 7 and thus the RMS amplitude agrees with that found by the original paper. However,
the advantages of this much more general expression for the TTV waveform and RMS amplitude are
manifold. In Figure 6.2, I show the dependency of \/W, which is essentially the scaling factor for
the TTV amplitude, in the case of a circular lunar orbit. In this case, a very simple expression for &y

is possible:

lim @pry = w(1 — cos?ig sin? ws) (6.47)
es—

Equation (6.47) and Figure 6.2 reveal that exomoons possessing |is — 7/2| > 0 or wg > 0 only act

to decrease the TTV amplitude and are thus less favourable for detection.
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Figure 6.2: Dependency of ®rrv, the TTV enhancement factor, on an exomoon’s orbital inclination, ig,
and longitude of the periapsis, ws, as measured from the plane of the planetary orbit. Maximum TTVs
occur for co-aligned systems. In this plot, I have assumed a circular orbit for both the exomoon and the

host planet.

Note, that the equations presented here are also improvements upon the model presented in Kipping
(2009a) and Kipping (2009b), where longitude of the ascending node was fixed to zero and it was
approximated that the velocity was equal to the tangential barycentric orbital velocity, rather than the
sky-projected velocity of the barycentre in the X-direction. These improvements mean that the above
equations should be used rather than those previously presented, for the greatest accuracy.

The effects of eccentricity, eg, are illustrated in Figure 6.3. Here, I assume ig = 7/2 which gives:

lim oy =7 2(1 — %) cos?(ws + ws) + /1 — €%[1 + (=1 + 2e%) cos 2(ws + wg)]

ig—/2 (1 _ 62S>2[1 + /1 — 6%]

Equation (6.48) is plotted in Figure 6.3 and reveals how eccentric moons can cause strong enhance-

(6.48)

ments to the TTV amplitude. However, in general, one does not expect highly eccentric systems exo-

moons to be dynamically stable (Domingos et al., 2006).

6.3.8 Observational TTV

The model presented thus far has been for the theoretical TTV, which ignores the practicalities of fitting
light curves. As discussed in §6.3.4, a real determination of the timing deviation of the transit would
differ from the theory definition if the moon was moving quickly enough. This motion would cause a
blurring or smearing of the signal.

At the simplest level, this could be considered by extending assumptions a3 and a4 to hold over

the timescale of the transit duration rather than the TTV amplitude. However, this would cause the
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(ws+wmg)® 100

Figure 6.3: Dependency of ®prv, the TTV enhancement factor, on an exomoon’s eccentricity and the
sum of the argument of periapsis and the longitude of periapsis, ws + wg. In this plot, I have assumed

ig =7/2.

equations to hold at a much higher accuracy than the TTV is ever likely to be measured to. One
has to acknowledge that moons will induce very small observable effects and so the measurement of a
TTYV signal to, say, signal-to-noise SNR=10 would have to be considered quite optimistic, in general.
Therefore, if the smearing effect induces an error much less than 10%, then it would be safe to assume
the observational TTV is equivalent to the theory TTV.

Out of the two assumptions, a4 is less constraining than «3. This is because the sky-projected
acceleration of the barycentre is zero at the time of inferior conjunction and thus the assumption of
constant velocity is excellent for both the timescale of the TTV amplitude and the timescale of the
transit duration. I will denote the extension of a4 to the larger timescale as a4*, which as discussed
here has the same conditions as a4. With this point established, I will turn the focus onto a3 and its
extension to a3*.

In light of the acknowledgement that there exists a measurement error in real observations, I will
consider the extension of a3, which I denote as a3*, to be that the smearing effect of the lunar motion
causes a change in the TTV amplitude which is much less than the measurement error. If one had a
measurement error of oy, then the acceptable tolerance level for the error in the TTV equation would

be given by otheory:

2 2
\/ Ptheory T 01TV — 0TTV L 0TTV

= Otheory K 20TTV (6.49)

So if for example orrv=10%, then an acceptable tolerance level in the smearing effect would be
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Otheory ~20%. The error in the theory TTV is controlled by the error in assuming [Xp — Xp] =
[Xp—XpB](t(fp = 7/2—wp)). This may be evaluated by computing AXp(t(fp =7/2—wp—Afp/2))—
AXp(t(fp = 7T/2 — u)p)):

Cineory AXp(t(fr=7/2 —wp — Afp/2)) — AXp(i(fp =7/2 —wp)) (6.50)
appB

The two instances in time correspond to the ingress up to the moment of inferior conjunction and
so are separated by T/ 2. If one assumes the satellite as a nearly circular orbit, then AMg ~ Afg
and so Afg ~ 7TT/ Ps. The maximum smearing occurs when the velocity is largest which occurs when
AXp = 0. This, in turn, occurs when fg + wg = tan~![1/sinig tan wg] for a low eccentricity orbit. If
one assumes sinig ~ 1 (i.e. a coplanar moon) then this becomes (fs + ws) = (7/2 — wg). It is now

possible to evaluate oiheory:

T
Ftheory ~ Sin | — (6.51)
s
The requirement of a:3* then becomes:
T
sin [—] < 207TV (6.52)
Pg

Further expansion is possible by writing out T assuming that (ap/ R*)QQ%T > b%T and employing a

small-angle approximation and finally using Equation (6.6) plus that >> indicates an order-of-magnitude:

w5\ 10\ — \*7°
@20.196( °> <7> (1—b§37T)1/3<7_8P> (6.53)

oTTV (ap/Ry) 1+epsinwp

Equation (6.53) reveals that for typical transiters with (ap/R.) > 10, the constraint will be satisfied
across the majority of the Hill sphere. For (ap/R.) > 100, which is the likely requirement for a moon to
be dynamically stable, this translates to ® > 0.042. Having established that the observational TTV is

equal to the theory TTV under assumption a3*, the model for the TTV due to an exomoon is complete.

6.3.9 Valid Range for the Observational TTV

Just as was done in §6.3.5, the new lower bound from a3* may be combined with the upper bound from

a2 to estimate the feasible range for observational TTV (where I here assume near-circular orbits):

ap \/ 1= b%,T
— >0224—— (6.54)

R, oTTV
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6.4 Velocity-Induced Transit Duration Variation (TDV-V)

6.4.1 The TDV-V Waveform and Amplitude

The theory of TTV is now complete, but as pointed out in §6.2.4, it is not sufficient as a method for
the unambiguous detection of an exomoon. TTV is conceptually analogous to astrometry in that one is
looking for a companion to a massive body by searching for the reflex motion and consequent variations
in position. Astrometry is well-known to be highly complementary to the radial velocity technique and
thus this line of thought brings one to consider whether variations in the velocity of a planet could betray
the presence of a moon. Such variations would induce transit duration variations (TDV).

TDV has been previously been discussed as a possible test of general relativity by Jordan and Bakos
(2008). In this case, the changes were secular in nature whereas one would expect the reflex motion due
to a moon to cause periodic variations of the same frequency as the TTV. In this section, I consider the
TDV due to an exomoon and conclude that it should produce a detectable signal.

An exomoon’s TDV may be found by considering that the duration of a transit is inversely propor-
tional to the sky-projected velocity of the planet across the star. Since I am only considering TDV to
be due to velocity variations, I label this TDV effect as TDV-V, where the “V” stands for velocity. The

required assumptions are a0, al, a2, a4*, a5, ab and a7. The planetary transit duration scales as:

dX
Tp X P

dit

-1
6.55
fp_ﬁ/wl (6:55)

The presence of a moon means that dXp/dt #dXp/dt. The deviation of the duration away from the

barycentric motion is given by:

__fp=m/2mwr 1] (6.56)

fp=m/2-wp

The differentiated position of the planet-moon barycentre is given by:

dXp [ 2map 1+ epsinwp (6.57)
dt lfp=n/2—wp - Pp \/1— 82P '

From Equation (6.21), one may write Xp = Xp + AXp where AXp is the perturbation term due to

the moon and may be expressed independent of fp. Therefore:

dXp _ dXp | dAXp
dt fP:Tr/wap o dt fp:Tl'/Q*UJP dt fP:Tr/wap

(6.58)
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Where the first term on the RHS is already known. The second term is:

dAXp  dAXpdfs
At dfs dt

2
= =T | cos wgles sinwg + sin(fs + wg)] + sinig sinwgleg coswg + cos(fs + wg)]

\/1 — €2SPS

(6.59)

Note, that since Xpp has no dependency on fp, then evaluating the above at the instant of inferior

conjunction does not actually change the equation at all. One may now bring assumption a7 into play:

dAXp dXp

_— 6.60
dt < de fp=m/2—wp ( )
With this approximation, a first-order expansion of the TDV-V waveform is given by:
d(Xp—Xg)
V= dt
TDV -V s Tp (6.61)
dt fp :71’/27&)13

—Tp (GSMSPP> < V1-cp )ATDv_v(fs) (6.62)

apMp Pg 1/1—€%(1+6psinwp)

Arpv_v(fs) = coswgles sinwg + sin(fs + wg)] + sinig sinwg[eg coswg + cos(fs + wg)] (6.63)

Integrating over fg, as was done for Equation (6.46), one obtains the RMS TDV-V amplitude:

27
drpv_v = \/% /f _O[TDV —V(fs)]2dfs

Stov—v =T asMslp L=< \/ rov_v (6.64)
- apMpPs |\ \/1—e%(1 +epsinwp) 27 '

— 2¢% cos 2ws[1 + 3 cos 2]

™
Crovov = ¢

+ (1 4+ e2)[6 + cos2(is — ws) + 2 cos 2w + cos 2(ig + ws)]

—2c0s2ig[1 + €% + 2e% cos 2wg sin® wg)] + 8eZ sinig sin 2wg sin 2wg (6.65)

As with &ppy, drpy_yv — 7 for circular, co-aligned orbits. As was provided for the TTV effect, it

is useful to write the TDV-V amplitude in astrophysical units:

2, - 2/3 1/3
dtpv-v = (13 48) 1 s Ms | (Mg Mg V1i-¢p Prpy_v
- . D 10hrs | \ Mg Mp M, T—eZ(1 + epsinwp) o

(6.66)
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(ws+s)/®

Figure 6.4: Dependency of ®rpy_v, the TDV-V enhancement factor, on an exomoon’s eccentricity, eg,
and the sum of the argument of periapsis and the longitude of the periapsis, (ws + ws), In this plot, T

have assumed is = /2.

6.4.2 Properties of the TDV-V RMS Amplitude

As was done in §6.3.7, I will here investigate the properties of the derived TDV-V RMS amplitude. In
the case of a moon on a circular orbit, a very simple expression for ®rpy_v is possible, which happens

to be equivalent to @y for the same conditions.

limO Orpy_yv =7 (1 — cos? igsin® ws>

es—

— lim ®ppy (6.67)
es—0

Since this function is plotted in Figure 6.2, it will not be repeated here. The effects of eccentricity,
es are illustrated in Figure 6.4. As was done for the TTV case, I set i = m/2 which simplifies ®rpyv_v

to:

lim ®rpy_yv = 7r(1 + 2e2 sin?(ws + ws)) (6.68)

i —mw/2

Figure 6.4 plots Equation (6.68), which shows how eccentricity always leads to an enhancement of
the TDV-V amplitude. As for the TTV case, the function is total controlled by one single angle, given

by the sum of the argument of periapsis and the longitude of the periapsis.
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6.5 TTV & TDV-V as Complementary Methods

6.5.1 Mass and Period Determination

I here define n as the ratio of the TDV to the TTV RMS amplitudes. Each of these amplitudes are

derivable through searches for excess variance and so 7 is readily measureable.

~ OtDV
oV

Tg 1 [ ®TDV_V
= — 6.69
PS (1 — 625)3/2 (I)TTV ( )

If one makes the reasonable approximation that eg < 1, which is expected for dynamically stable

exomoons (Domingos et al., 2006), then one may make use of the fact:

lim @rry = lim Grpy-y = w(l — cos?ig sin® ws) (6.70)
es— es—

Therefore, for eg < 1, Equation (6.69) becomes:

: T
lim n=—

= 6.71
es—0 PS ( )

The elegant Equation (6.71) shows that the measurement of a TTV and TDV amplitude due to an
exomoon allows one to directly determine Ps. Armed with Ps and Kepler’s Third Law, one may use
either drrv or drpyv_v to obtain Mg as well.

A further possibility to use the derived period to look for the closest harmonic frequency in the

periodogram which would further constrain Ps and consequently Mg. Alternatively, one could use

the harmonic period to estimate \/ (1 —e%) 3®rpy_v/Prrv, which essentially characterizes how non-
circular and non-coplanar the moon is.

Therefore, combining TTV and TDV together allows one to determine both the mass and period
of the exomoon, which satisfies the first critical desideratum outlined in §6.2.4. Now just one problem

remains - the requirement for a unique signature of an exomoon.

6.5.2 Phase Difference

Consider the simple case of ig ~ 7/2 and Qg ~ 0 and es = ep = 0. These conditions may seem limited
but actually are dynamically expected as the Hill sphere of stable moon orbits shrink as the eccentricity
and inclination angles move away from coplanarity (Donnison, 2010). Under this simple circumstance,

the waveform components of the two signals become:
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lim lim lim Appy = cos fg
ep,es—0Qg—0ig—m/2

i i i A _v = si 6.72
o lim, | lim Arpy v = sin fs (6.72)

Therefore, the TDV-V leads TTV by a /2 phase shift. This phase difference is paramount - it is the
key to unlocking an exomoon detection through timing effects. By detecting both signals and observing
this phase shift, the detection would be unambiguous against all other phenomenon, since presently no
other effect is predicted to induce such a phase shift. In fact, no other phenomena are predicted to even
induce both periodic (and detectable) TTVs and TDVs.

The origin of the phase shift can be understood by considering that the planet’s local Keplerian orbit
appears as simple harmonic motion (SHM) on the sky-plane. Since TTV is a position effect and TDV-V
is a velocity effect, then just like in SHM with a swinging pendulum, the velocity and position will always
be 90° out of phase, and so too are the TTV and TDV-V effects.

In practice, the effects of orbital eccentricity and non-coalignment distort the phase difference away
from 7/2. However, one expects such systems to be relatively rare, due to the contracted regions of
stability (Donnison, 2010). Therefore, the existence of this phase shift acts as a unique signature for an
exomoon and discriminates the timing signals from other phenomena.

For a retrograde orbit, ig ~ 37/2, but the phase shift is preserved. This tell us that the ratio of the

TDV-V to the TTV effect provides no information about the sense of orbital motion of the moon:

lim lim lim ATTV = COSs fg
ep,es—0Qs—0ig—37r/2

li li li Atpy_v =si 6.73
ool i, L Aoy = sin fs 673

With the ability to determine both the exomoon mass and discriminate it against other phenomena,
both of the problems described with TTV alone have been solved (§6.2.4). TDV-V can therefore be seen
to be the key to solving the problem of detecting exomoons through timing effects. With this, I have
now met the original goal of this thesis - a method to detect exomoons in transiting systems. However,

in the next section, I will discuss a additional complication which arises for non-coplanar configurations.

6.6 Transit Impact Parameter induced Transit Duration Vari-

ations (TDV-TIP)

6.6.1 Definition

Not long after the prediction of TDV-V in Kipping (2009a), a follow-on paper soon predicted that an
additional component to TDV should also exist for non-coplanar systems (Kipping, 2009b). The premise

was that if the plane of the planet-moon orbit was inclined to the line-of-sight, then the planet would
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(0,0,0) p/2

—ip observer

Figure 6.5: Cartoon of the TDV-TIP effect. Here, the moon is relaxed into the same orbital plane as
the planet’s orbit and causes the planet to experience reflex motion illustrated by the two positions of the
planet, (1) and (2). This motion can be seen to cause a change in the apparent impact parameter, which

causes a change in the transit duration.

have a non-zero component of motion in the Y-direction i.e. |AYp| > 0 (illustrated in Figure 6.5). This
motion would change the transit impact parameter and since the transit duration is highly sensitive to
this term, then another form of TDV should occur.

TDV-TIP can be completely understood in terms of AYp and how it modifies the apparent transit

impact parameter. The modified transit duration, using the rone approximation, would be given by:

. Pp  0br . 1 — by + (AYp/R,))?
TP _ 2P ZPT  4csin b 6.74
P T J1— el (ap/R)?0pr — lbrr + (AYP/R,))? o7y

Where the “TTP” superscript indicates that this definition of the duration only accounts for the
TDV-TIP effect and not the TDV-V. Since the V component is just a scaling factor, it can be applied
after the TIP component has been incorporated. This two-step process allows one to write the transit

duration accounting for both V and TIP components as:

Tp = .XiB.TEIP (6.75)
Xp+AXp

At this point, it is useful to define Tg P as some factor multiplied by the barycentric transit duration,

PTIP
Tp

Tp

(6.76)

€ =

Note that 7" increases as the impact parameter approaches zero. Since Y3 is generally positive, then
increases in the transit duration occur when AYp is negative and decreases occur when AYp is positive.
Mathematically, € > 1 for AYp < 0 and € < 1 for AYp > 0. The total TDV effect may be now written

as:
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X -
TDV = | ——2 1|7 (6.77)
Xp+AXp
Using assumption a7, this simplifies to:
AXp | -
TDV = |(e— 1) — =P | T (6.78)
XB

One can now see that the TDV signal has two clear components. In the absence of any TIP-
component, € — 1 and one recovers the TDV-V effect seen earlier. Given that € is of order unity, it is

useful to write it as:

e=1+4¢ (6.79)

Where it is understood that ¢ is small compared to unity. Expanding out, the TDV effect now

becomes:

TDV = Ts (6.80)

_ AXP _ QDAXP

4 Xp Xp

Both (AX r/ X p) and ¢ are small terms and thus the cross-product of the two gives an even smaller

term i.e. it is second order. Therefore, the total TTV effect may be expressed as:

TDV = |¢ — AXp Tx
B
TDV = (TDV — TIP) + (TDV — V) (6.81)
TDV — TIP = 15 (6.82)

Critically, TDV may be treated as a linear combination of the TDV-V and TDV-TIP components,

which grossly simplifies the subsequent analysis.

6.6.2 Derivation

To provide the TDV-TIP waveform and RMS amplitude, it is necessary to derive ¢, which is a function
of AYp. € is given by:

2 _ 2
! P Opr arcsin\/( 1 [bP’T+(AYP/R*)] (6.83)

Thy ap/R)20% s — ber + (AYp/R.)]?

TB 7T \/1—6%

Assuming (ap/R.)*0pp > bp 1 and using a small-angle approximation, € may be written as:
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2 L-[brr+ (AYp/R.)J?

6.84
1—[bpr]? ( )
Note that the above is true even for eccentric orbits. Expanding out the squares:
, 1- b%ﬁT —2bpr(AYp/R.) — O[(AYp/R.)?]
€= 5
1—bpr
20p7(AYp /R,
e=,/1— LQP/) (6.85)
1—bpp

Where the second line has made the reasonable approximation that O[(AYp/R,)?] is small, since it
is second order. Since one knows that € is of order unity due to its definition as the ratio of the transit
duration with and without the TDV effect, then the term subtracted from unity inside the square root

must be small i.e. ¢ < 1. Therefore, a Taylor expansion to first-order gives:

o bRT(AYE/R.)

~ (6.86)
1—bpp

This tells us that for AYp > 0, ¢ < 0 indicating ¢ < 1 which in turn means the duration has
decreased, which follows the expected behaviour. The TDV-TIP waveform is therefore:

~ bPT asMs(l —8%)
TDV —TIP =T, : A _
B <1 — b%jﬂ) ( R*Mp TDV-TIP

sin(fs + wg)[— cosig sinip + sinig cosip coswg] + cosip sin wg cos(ws + fs)
1+ egcos fs

Arpv_Tip = (6.87)

In Kipping (2009b), I had been unable to solve the integral of A%\, _rp, but I here present a solution

found through a decomposition of the various elements, integrated and then re-combined:

5 _ 7 bp,T asMs(1 —e%) Orpv_TIP
TDV—TIP B 1= Wy R.p 5

@TDV,TIP = 7T8§2(1 — 625)_3/2 [ _ < — 625 —+ (625(3 — 2\/ 1-— 625) + 2(—1 + \/ 1-— 625)) COS 2WS>

x [cosigsinip — cosip coswg sinig)?

+2<2 —2/1— €% +ef(=3+24/1 - e?.;)) cosip sin 2wg sin wg

X [—cosigsinip + cosip coswg sinig|

— cos?ip sin? ws(- e + cosQwS(Q — 2y /1 €2+ e2(—3+2y/1— eg))ﬂ (6.88)

In astrophysical units, this becomes:
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Figure 6.6: Dependency of ®rpv_Tip, the TDV-TIP scaling factor, as a function of the satellite’s

eccentricity and argument of periapsis for ip = /2 and ig = 0.

- 2/3 1/3
T b ap\ (Ms (M M, F—
_ 1/2 B P.T ap s J o 9 TDV—TIP
brov-mie = (7.735)D (10hrs> (1 > bQRT) (m) (—M@> (—MP> (M> (L= —5—

(6.89)

6.6.3 Properties of the TDV-TIP RMS Amplitude

As with the other ® terms, ®Tpy_Tp — 7 in the nominal case. Unlike, the other ® terms though, this
nominal case occurs for ig = 0 rather than ig = /2 since this effect is non-coplanar, whereas the others

were coplanar. Taking the limit for circular orbits and wg = 0, ®py_11p becomes:

lim lim (DTDV—TIP = 7TSiIl2(ip — is) (690)
es—0wsg—0

This indicates that maximum TIP effects occur for ip — ig = n(n/2), where n is any real integer.
This prediction is exactly what one would expect intuitionally, as it corresponds to the planet’s reflex
motion being orthogonal to the X-direction. For the eccentricity dependency, I take the limit for g = 0,
wg =0 and ip = 7/2 and then one may plot ®rpy_Trp purely as a function of eg and wg, as shown in
Figure 6.6.

Another interesting point to bear in mind with TDV-TIP, is that one does not require the moon to
be inclined relative to the planet’s orbital plane to still have a TIP effect. The only requirement is that
ip —ig # nm. Therefore, if ip # 7/2, then a TIP effect is guaranteed unless one has the coincidence
that ig = nm + ip. Consider the case of es < 1, and ig = m/2, the dependency on wg naturally drops

out leaving one with:
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2

lim lim (I)TDV—TIP = T COS ip (691)

es—0ig—m/2

This last equation is particularly useful because one expects moons to exhibit circular, coplanar
configurations based upon the contracted region of orbital stability (Donnison, 2010) but there is no

reason why the planet’s orbital plane should coincidentally align to the observer’s line-of-sight.

6.6.4 The Total TDV Effect

As shown in §6.6.1, the total TDV effect may be treated as a linear combination of the two components.

This yields:

~ CLsMspp 1—6?_—,
TDV =T, A _
B<GPMPPS> ((l—l—epsinwp) 1—e% vy

~ pr CLsMs(l - 8%)
T . A _ 6.92
+ B<1_b§3)T>< R.Mp TDV—TIP ( )

The RMS amplitude integral will be given by:

2 2
22y = /2” 72 asMgsPp V1—e% Aoy v
¥ apMpPs (14 epsinwp)y/1 — €% -

~ MgP, V1 —e? b Ms(1 — e
+2T§<QS - P><( r )( - )(as s eS)>ATDVVATDVTIP

apMpPs 1+epsinwp)y/1 — €2 1—b?37T R.Mp
2 2
- b asMg(1 — e2)
2 P,T SVLs S 2
(25 ) (SR e s o

The cross-term is new, but the two squared terms were integrated previously:

2 2
-, [ agMsP /1 —e2
27T6%DV:T]%’< i P) <( L ) Orpyv_v

apMpPg 1+epsinwp)m

~92 (L%MEPP \/1—6%\/1—625 bp7T
+ 2TB (I)Cross

R*CLPMIQDPS (1+8P Sian) 1 _bQP,T
2 2
= bpr asMs(1 — %)
T2 : 52 drpy_ 6.94
+ B<1_b%3,T> < R.Mp TDV—TIP ( )

Where the @055 term is given by:
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27
Dcross = / Arpv_vArpv_TIp dfs
fs=0

™ [coszpsmzssm ws Qescos ws(/1 —eS—l)—cos2w5 es+2\/1—es —l—eS

(I)Cross = -

V1—ed

+ sinig sin 2wg sin wg[cosip sinig cos ws — sinip cosigl[ed + 2¢/1 — e —

32
€s

+ cos 2w g[cosip sinig cos wg — sinip cosig]led — cos2ws(ed +24/1 — e —
1
+ 5 cosip sin 2wg sin 2wsed +24/1 — ek — 2]] (6.95)

The cross-term, whose “parents” could be considered to be ®rpyv_vyv and ®rpy_Trp, mimics the
properties of the ®py_Trp parent in the sense of its nominal case. Like ®1pyv_r1ip, Peross — 7™ when
is — 0 rather than m/2. Therefore, the cross-term describes an out-of-the-plane effect. This is supported
by the fact ®rpy_Tip — 0 when ¢g — 0 for a coplanar planet. One useful limiting case to consider is

that of a circular moon, which yields:

1im0 Deross = 7r( COSigSinip coswg — COSip sin ig) (6.96)

€es—

6.6.5 The Consequences for 7

7, as defined in Equation (6.69), is the ratio of the TDV to TTV RMS amplitudes and was shown earlier
to allow one to directly determine Pg and then Mg, thus solving Problem 1 in §6.2.4. With the TDV-TIP
effect now recognized, the expression for 7 will become more complicated.

Equation (6.94) presented the total TDV RMS amplitude as the quadrature sum of the two squares
of the individual components plus a cross-term. It is useful to complete the square in Equation (6.94). If

one defines Wrpy_v = TDV — V/Arpy_v and similarly for the TDV-TIP effect, then one may write:

2163y = Wipv_v®tpv_v + Wipy_1ip ®tpv_1ip + 2Wrpv-vWrpv-1ip Peross
= {WTDV—VCI’TDV—V + WTDV—TIP(I)TDV—TIP} ’ + 2Wrpv-vWrpv-TIp [(I)Cross - (I)TDV—V(I)TDV—TIP}
= {WTD\/fV(I)TDVfV + WTDV7TIP(I)TDV7TIP} i + 2Wrpy-—vWrpyv-Tip AP (6.97)
Where I have defined A® = ®¢ro5s — Prpv_vPrpDV_TIP. In order for the squares and square roots

to cancel, one ideally wants A® to be small. Assuming eg < 1 and ig ~ 7/2 in line with the dynamical

expectations (Donnison, 2010), A® is given by:

lim lim lim A® = wcosip + Ocos?

es—0ig—m/2ws—0

ip] (6.98)
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Table 6.1: Summary of key properties of the three known transit timing effects due to an exomoon.

TTV TDV-V TDV-TIP
Type of effect Positional Velocity Positional
Direction X X Y
Proportionality Msag Mgagl/2 Mgsags
Relative phase 0 /2 +7/2

Waveform Eqn Eqn (6.44) Eqn (6.63) Eqn (6.87)
RMS Amplitude Eqn  Eqn (6.46) Eqn (6.65) Eqn (6.88)

Since the other ® terms are of order unity and cosip < 1, then in general, one can see that the A®

term will be negligible. In such a circumstance, the total TDV amplitude becomes:

- (asMsPp Vi-¢é% Prpyv-v
dtpv ~ T (

apMpPs 1+€pSiH(.«)P)\/1—8% 2m
~ bpr asMs(1 —€%) ®Tpyv_TIP
T 3 6.99
* B<1—b2P)T>< R.Mp 2 (6.99)

The expression for n now becomes:

_ OTDV

drTV

_ T_B 1 [®TDV-_V
Ps (1 —e%)3/2 v
Tp ap bpr 1+epsinwp Orpv_TIP
+ == ’ 6.100
Py R. (1 . Aoz JV o (6.100)
Now consider the case of eg < 1 and ig ~ 7/2, as was done previously:

lm lim g LB [Provev  Teap( ber \/m
es—04ig—m/2 PS (I)TTV PB R* 1— bQP,T (I)TTV

TB TB b%T
_ : 6.101
PS + PB <1 _ b2P7T ( )

Therefore, the contribution of the TIP effect is just to add a constant onto the n term. This constant

is purely a function of the properties of the planet, and so can be estimated reliably.
A summary of the properties of TTV, TDV-V and TDV-TIP is provided in Table 6.1 and I provide

some estimates of the TTV and TDV amplitudes for several transiting exoplanet systems in Table 6.2.

6.6.6 Prograde vs Retrograde

It was shown earlier in §6.5.2 how a retrograde orbit does not alter the phase shift between TTV and

TDV-V. Retrograde orbits are defined by m < ig < 2, or alternatively as when the sense of the moon’s
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Table 6.2: Predicted TTV and TDV (both V- & TIP- components) RMS amplitudes due to a 1 Mg
exomoon at 1/3 the Hill radius, for a selection of candidate transiting planets. System parameters are

taken from wvarious references, which are shown.

Planet orrv/s drpv-v/s Orpv-rip/s Reference
HAT-P-11b 19.19 22.54 0.40 Bakos et al. (2010)
GJ 436b 14.12 13.68 1.30 Torres et al. (2008)
CoRoT-4b 7.58 9.15 0.00 Aigrain et al. (2008)
OGLE-TR-111b 4.63 7.32 0.11 Diaz et al. (2008)
HAT-P-1b 4.58 6.82 0.47 Johnson et al. (2008)
HD 149026b 3.61 9.76 0.00 Winn et al. (2008a)
Lupus-TR-3b 3.28 5.19 0.07 Weldrake et al. (2008)
WASP-7b 3.26 5.88 0.00 Hellier et al. (2009b)
HD 17156b 3.07 1.06 0.43 Barbieri et al. (2007)
TrES-1b 3.04 5.95 0.05 Winn et al. (2007)
HD2 09458b 2.97 5.95 0.07 Kipping (2008)
XO-5b 2.65 4.69 0.17 Burke et al. (2008)
HAT-P-4b 2.54 8.34 0.00 Kovécs et al. (2007)
HD 189733b 1.52 2.96 0.16 Beaulieu et al. (2008)
X0-3b 0.41 0.87 0.07 Winn et al. (2008b)
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orbital motion around the planet is counter to that of the planet around the star. A retrograde orbit
would indicate a capture origin for the exomoon and thus its measurement would be a major milestone
in the road to understanding satellite formation outside of the Solar System. The TDV-TIP effect offers
a way to make this determination.

Consider the planet-moon barycentre moving in the +X-direction in Figure 6.5. For a prograde orbit,
the velocity of the planet around the planet-moon barycentre must be in the +X-direction when it is at
position (1). At position (1), the transit impact parameter has increased and thus the transit duration
has shortened. At the same time, the planet’s reflex velocity is additive to the planet-moon barycentre
velocity around the host star, and so the transit duration is further shortened. Thus for prograde orbits,
it can be seen that the TIP- and V-components are additive. The reverse logic is true for retrograde
orbits.

Whilst this intuitive explanation is useful, the validation may be provided by considering the A terms

for each timing effect. For the conditions used earlier in §6.5.2, a prograde moon has:

lim lim lim ATTV = COS fg
ep,es—0Qs—04ig—m/2

lim lim lim ATDV*V = sin fS
ep,es—0Qg—0ig—m/2

lim lim lim ATD\/fTIP = sin fS COs ip (6102)
ep,es—0Qg—0 is~>ﬂ'/2

But for a retrograde moon, this becomes:

lim lim lim Appy = cos fg
ep,es—0 QSHO'LSHSTA'/Z

lim lim lim Appy_v =sinfg
ep,es—0Qg—0 is~>37'r/2

lim lim lim Atpv_Tip = —sin fgcosip (6.103)
ep,es—0Qs5—0ig—3m/2

So the TDV-TIP effect can be seen to flip its phase shift. For prograde orbits, the TDV-V and TDV-
TIP effects are in phase and thus constructively interfere. For a retrograde orbit, destructive interference
occurs. If one assumes that in general the TDV-V component is larger than the TDV-TIP component,
which can be justified by the typical examples given in Table 6.2, then for a retrograde orbit, the constant

term in n becomes negative rather than positive:
. . TB TB b?DT
1 1 ==+ = —=— 6.104
s D0isme T P T Pg <1 Y. (6.104)

Since the constant term is controlled only by the planetary properties, this raises the possibility of
measuring the sense of orbital motion. For any set of measurements, two versions of  can be constructed,

one for prograde moons and one for retrograde. The orbital period is derived using 7 and then this orbital
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period could be checked against the periodogram for both signals. The version of  which provides the
closest agreement to a periodogram peak would be accepted as the real one, and thus the sense of orbital

motion could be determined (or at least some odds ratio of prograde to retrograde).

6.7 Conclusions

In this chapter, I have provided a self-consistent model for the transit timing effects due to an extrasolar
moon. The approximations and assumptions have been carefully considered and outlined, yet the model
maintains a full three-dimensional framework including the effects of orbital eccentricity. The predicted
effects are transit timing variations (TTV), velocity induced transit duration variations (TDV-V) and
transit impact parameter induced transit duration variations (TDV-TIP).

TTV and TDV-TIP are due to the changes in position of the planet whereas TDV-V is a velocity
effect. TTV by itself provides Mgag only due to sampling constraints, but combining TTV with TDV-V
breaks the mass degeneracy and allows one to measure Mg and ag separately. Further, the two effects
exhibit a 7/2 shift allowing one to unambiguously identify the signals as being due to an exomoon,
solving another long-standing problem with TTV alone.

I have also discussed non-coplanar effects, notably TDV-TIP, which is due to kicks out of the plane.
TDV-TIP is generally an order-of-magnitude (or more) smaller than the TDV-V component (e.g. Ta-
ble 6.2) and so is usually a second-order effect. However, even for moons which are aligned to the planet’s
orbital plane, the effect persists but fortunately it does not invalidate the mass and period determination
for the moon, it merely complicates the analysis somewhat. In fact, combining the TDV to TTV am-
plitude ratio with some harmonic information from the periodogram allows one to determine the orbital
sense of motion of the moon. Naturally, this would require a large signal to noise in the timing effects
though.

The final expressions for the RMS amplitudes of the TTV, TDV-V and TDV-TIP effects are given in
Equations (6.46), (6.65) & (6.88) respectively and the combined TDV RMS amplitude in Equation (6.99).
Also see Table 6.1 for a concise summary.

This chapter completes the theoretical aspect of TTV and TDV, but one question which remains is
how feasible a search for exomoons using these techniques would actually be. In Chapter 7, I will present

a feasibility study using the recently launched Kepler Mission.
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Chapter 7

Detectability of Habitable Exomoons

with Kepler-Class Photometry

“ Imagination will often carry us to worlds that never were.

»”

But without it we go nowhere.

— Carl Sagan, Cosmos, 1980

7.1 Introduction

In Chapter 6, I discussed how extrasolar moons may be detected around transiting planets by searching
for timing deviations in both transit minima and duration (TTV and TDV respectively). Whilst the
theory and modelling of these effects has been covered in detail in the previous chapter, there has been
little discussion of how feasible this enterprise actually is.

The goal of this chapter will be to provide quantitative estimates of the minimum exomoon mass
which can be detected with current technology and facilities. To measure these small timing deviations,
one requires a highly precise photometric instrument with uninterrupted temporal coverage on the years
time-scale. The best instrument up to this challenge is Kepler, which was launched in 7th March 2009.
Kepler is a mission designed to detect the transit of an Earth across the Sun with its highly sensitive
photometric camera; more details can be found in Basri et al. (2005) and Koch et al. (2007), as well as
on the mission website (http://www.kepler.nasa.gov/sci).

In this chapter, I will evaluate the range of exomoons that the Kepler Mission or Kepler-class pho-
tometry (KCP) could detect through transit timing effects, with particular attention to habitable-zone
exomoons. This chapter is based upon the paper Kipping et al. (2009), which was co-authored with
colleagues S. Fossey and G. Campanella.

I emphasise the use of Kepler-class photometry (KCP) throughout this work, due to the increasingly

impressive results being obtained from the ground which are matching space-based photometry, for
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example Johnson et al. (2009). Furthermore, ground-based observations are often more ideally suited
for transit-timing studies due to the fewer constraints placed on the system, such as telemetry-limited

data-download speeds.

7.2 Modelling the Detectability of Exomoons

7.2.1 Confidence of Detection

In order to explore a large range of parameter space, it is more convenient and efficient to employ analytic
expressions rather than repeated individual simulations for thousands of different scenarios. Therefore,

one needs analytic expressions for the following:

m TTV & TDV signal amplitudes
m Times of transit minimum and transit duration errors

m Confidence of detection, based upon signal-to-noise

The TTV and TDV root mean square (RMS) amplitudes have been derived in Chapter 7, notably
in Equations (6.46) & (6.99). However, one also requires expressions for the timing errors, which are
critical in evaluating the signal-to-noise.

To address this, I will use the analytic expressions for the uncertainty on the time of transit mini-
mum (77) and duration (T') as derived by Carter et al. (2008) using a Fisher-analysis of a trapezoid-
approximated circular-orbit light curve.

For the purposes of TDV measurements, the primary requirement is to use a measure of transit
duration which has the lowest possible uncertainty. As discussed earlier in §4.2.3, by calculating the
covariances of the light curve, Carter et al. (2008) were able to show that 7' can be calculated more
precisely than either 77 4 or T> 3 and so I select T as a robust duration parameter to explore the TDV
effect. The uncertainties on transit depth, d, transit duration, T, and the time of transit minimum, 77,

were derived by Carter et al. (2008) to be:

o5 =W (7.1)
o5 =W/ 2TT 5 (7.2)
o, =W TT /2 (7.3)
W = 64/TpnT (7.4)

Where T 2 is the ingress/egress duration, I'py, is the photon collection rate, and 0 is the transit depth.
These expressions do not hold for a poorly sampled ingress or egress and therefore I assume a cadence

of 1 minute, corresponding to Kepler’s short-cadence mode.
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The equations of Carter et al. (2008) require the ingress duration!, T1,2, and the transit duration, T,
as inputs, which were provided in Equations (4.38) & (4.42) for circular orbits. Note, that since circular
orbits will be assumed throughout this chapter, then the T expressions are equivalent to the Til;fo
expressions. For the Kepler Mission or KCP, I employ the same estimate for I'y, as that of Borucki

(2005) (B05) and Yee and Gaudi (2008):

Tpn = 6.3 x 108 hr~t 10704(m=12) (7.5)

Where m is the apparent magnitude. For a normal transit depth observed n times, the confidence,

C, to which the transit is detected, in terms of the number of standard deviations, is defined by B05 as:

C(photometric) = i\/ﬁ (7.6)

gd

The transit timing signals due to an exomoon are periodic in nature and so require a different detection
method. Typically, this problem is tackled by searching for significant peaks in a periodogram, as often
employed for radial velocity searches (e.g. Butler et al. (2002)). However, this approach is less useful
for transit timing effects due to an exomoon, since the frequency one is trying to detect will always be
much higher than the sampling frequency, as pointed out in §6.2.4. The only available method is to
therefore search for statistically significant excess variance and then use the y2-distribution to calculate
the confidence of signal detection. In order for this method to be applicable, one requires a) that the
uncertainty estimates are robust and accurate; and b) that the period of the signal may be derived
from amplitude information alone (which may then be compared to a periodogram to further refine the
frequency).

The first of these requirements can be seen to be valid as several investigations have verified. Holman
et al. (2006) derived the uncertainties of the times of transit minimum for four transits of XO-1b using
three different methods: i) Ax? = 1 perturbation of the best-fit; ii) Monte Carlo bootstrapping; iii)
Markov-Chain Monte Carlo (MCMC). The authors found that all three methods produced very similar
uncertainties, which implies the uncertainty estimates are highly robust. Another example is that of
Carter et al. (2008), who showed that the uncertainties derived using an MCMC-analysis were very
similar to those predicted using analytic arguments.

The second requirement was validated in §6.5.1, where it was shown that the ratio of the TTV and
TDV signal amplitudes may be used to obtain the period of the exomoon. This period may then be
compared to the set of possible harmonic frequencies derived from a periodogram in order to obtain a
highly reliable estimate. I therefore conclude that a search for excess variance is the most appropriate
strategy for searching for exomoons through transit timing effects. The confidence of detection may be

found by integrating the probability density function (PDF) of the x2-distribution.

© ,.(n/2)—1 —x/2
C(timing) = v/2erf ™! {1 - / a P dz (7.7)

vz 27720(n/2)

1Defined as the duration between contact points 1 & 2, which is generally equivalent to the egress duration
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Where n is the number of transits observed and o2 is the observed value of x2, given by:

52
a? = n(l + —g) (7.8)
o
2
Where §, is the RMS amplitude of the transit timing signal and o is the uncertainty on the time of
transit minimum/transit duration. Integrating and making the above substitution, the confidence, C, in

detecting a timing signal in units of standard deviations is:

C(timing) = v2erf ! [1 - Q{ 2, 2 (1+ % M (7.9)

272 o2
Where Q{a,b} is the incomplete upper regularized Gamma function. I summarise the assumptions

below:

m Only one exomoon exists around the gas giant exoplanet of interest.
m The moon and planet are both on circular orbits and the moon’s orbit is prograde.

m The moon’s orbital plane is coaligned to that of the planet-star plane which is itself perpendicular

to the line-of-sight of the observer, i.e. ig =ip = 7/2

m If a planet is within the habitable-zone, then any moon around that planet may also be considered

to be “habitable”.
m A transiting planet must be detected to 8-0 confidence to be accepted as genuine.

m An exomoon must be detected through either a) TTV to 8-0 and TDV to 3-o confidence or b)

TTV to 3-0 and TDV to 8-0 confidence, in order to be accepted as genuine.

m The Kepler Mission or KCP will be used in short cadence mode for the transit timing of a target

of interest for ~ 4 years.
m n = M/Pp where M is the mission duration and Pp is the period of transiting planet.

m At least three transits are needed to detect both a planet and a moon.

The assumption of co-alignment nullifies any TDV-TIP effect and thus the TDV signal is not enhanced
by this extra contribution. In this sense, the calculations presented in this work can be considered
conservative.

In most of the cases I will consider, many more than three transits will be detected and three can be
seen to be the limiting case for GOV stars, where the habitable zone is sufficiently distant to only permit
three transits in a 4-year timespan. Although statistically speaking three transits is sufficient, there is
a risk of an outlier producing a false positive. I therefore consider detections of habitable exomoons in
early G-type star systems to be described as “tentative”, whereas once four transits are detected, for

stars of spectral type G5V and later, this risk can be considered to be reduced.
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The nominal mission length of Kepler is 3.5 years and it may be extended to up to 6 years, which
justifies the choice of 4 years of transit timing observations. A ground-based search achieving KCP may
easily be operational for 4 years or more. I choose 8-0 as the signal detection threshold since this is the
same as that used by Kepler. The second signal may be detected to lower significance since it is only

used to confirm the phase difference between the two and also derive the exomoon period.

7.2.2 The Total Noise

The expressions of Carter et al. (2008) only consider shot noise through the I',, parameter. However, if
one assumes that the impact on o7, o, and o5 are approximately equivalent for additional uncorrelated
noise and for correlated noise, then one may simply modify W to absorb the effects of red noise. For
uncorrelated noise, I add the additional sources of noise in quadrature. Note, that this is the same
treatment utilised in the design technical documents for Kepler, for example see B05.

In general, there are expected to be three major sources of noise present in the Kepler data in the form
of shot noise, instrument noise and stellar variability. Instrument noise is due to a variety of effects and
has been modelled in depth by B05 (and Koch (2004)) to quantify its effect as a function of magnitude.

With all three noise sources, I modify W to W', given by:

1 1 /1
- = % =+ [2 4 52 7.10
W/ 5 thT ( )

Where I is the instrument noise and S is the stellar variability. I is a function of magnitude which

may be calculated using the model of B05 and I show all three noise sources plotted as a function of
magnitude in Figure 7.1. I assume a constant value for stellar variability of 10 ppm across all spectral
types, a reasonable assumption, given that 65-70% of F7-K9 main-sequence stars in the Kepler field are
likely to have similar or lower intrinsic variability than the Sun (Batalha et al. (2002); B05) on timescales
important to transit detections. I also note that this equation is equivalent to the formulation used in

the original technical design papers for Kepler, for example see Equation (1) of B05.

7.2.3 The Habitable-Zone

I choose to consider a moon-hosting gas-giant exoplanet around a variety of main-sequence stars as shown
in Table 7.1. For each star, I calculate the habitable-zone orbital distance, ap,p, to be defined as the
distance where a planet would receive the same insolation as the Earth. This straightforwardly permits
a reasonable estimate of the habitable-zone for each star type. For a more in-depth consideration of

habitability of exomoons see Williams et al. (1997).

QAhab = \/L*/L@ AU (7.11)

For each planet-moon system considered, the period of the transiting planet is calculated using

Kepler’s Third Law:
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Figure 7.1: Noise sources predicted to affect Kepler photometry as a function of magnitude. Instrument
noise is dashed, photon noise is dot-dashed, stellar variability is dotted and the total is solid. Values

obtained from Bill Borucki in personal communication.

3
a
Py =2 hab 7.12

hab 7T\/G(m + Mp + My) (7.12)

I choose to work in the time domain, rather than the orbital-distance formulation, since a major

limiting factor in this study is the Kepler Mission duration.

7.2.4 Properties of Host Star

In this analysis, I will only consider single main-sequence stars which offer the best potential for host-
ing habitable environments. I will consider spectral types from M5V to FOV and assume for each an
approximate mass, radius, and effective temperature as given by Cox (2000), and a luminosity derived
from data therein. I use the Kepler bandpass to calculate the absolute magnitude of these stars?.

For each stellar type, I assume the stars are not young and may be considered to be slow rotators.
Since stellar variability is correlated to rotational period (Dorren et al., 1994), I therefore limit the study
to quiet stars. This is the same assumption used for Kepler’s ability to detect Earth-like planets since
very active stars will be too variable for the detection of such bodies. In Table 7.1, I list the different

star properties.

7.2.5 Properties of Exomoons

Although no exomoons have yet been discovered, it is possible to calculate the range of exomoons which

are dynamically stable around each planet. Barnes and O’Brien (2002) addressed this problem and

2Guidelines available from http://keplergo.arc.nasa.gov/proposal.html
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Table 7.1: Properties of stars used in these calculations. Values taken from Coxz (2000). Absolute
magnitudes in the Kepler bandpass calculated using guidelines on the mission website.

Star type M,./Ms R./Reg L./Lo Tea/K Mkep

M5V 0.21 0.27 0.0066 3170  11.84
M2V 0.40 0.50 0.0345 3520 9.49
MOV 0.51 0.60 0.0703 3840 8.42
K5V 0.67 0.72 0.1760 4410 7.06
Kov 0.79 0.85 0.4563 5150 5.78
G5V 0.92 0.92 0.7262 5560 5.02
G2V 1.00 1.00 1.0000 5790 4.63
GOV 1.05 1.10 1.3525 5940 4.34
F5V 1.4 1.3 2.9674 6650 3.47
FOV 1.6 1.5 5.7369 7300 2.71

developed a set of analytic expressions, which can be shown to provide excellent agreement to numerical
simulations, for the stability of exomoons around exoplanets. Assuming an exomoon has to be stable
for at least 5 Gyr, one is able to calculate the maximum allowed exomoon mass in each case (see
Equations (7) to (9) of Barnes and O’Brien (2002)). I assume Jupiter-like values for the tidal dissipation
factor, @p = 10°, and for the tidal Love number, k2, = 0.51, as used by Barnes and O’Brien (2002).

One is also able to estimate the range of allowed values for the planet-moon separation, in units of
Hill radii, ®. Domingos et al. (2006) presented the relevant expressions, which again can be shown to
provide excellent agreement to numerical simulations. Using their Equation (5), one is able to estimate
the maximum distance at which an exomoon is stable for prograde orbits.

For the minimum distance, I calculate the Roche limit of the planet in all cases. If this value is greater
than 2Rp then I use the Roche limit as the minimum distance, otherwise 2Rp is adopted. I assume that

there is no reason for a moon to exist at any particular value of ® and thus the prior distribution is flat.

7.3 Light Curve Simulations

7.3.1 Light Curve Generation

A critical assumption in this paper is the use of the equations of Carter et al. (2008) for the uncertainties
on the transit duration and the times of transit minimum. The authors tested their expressions using
synthetic light curves and an MCMC fitting procedure as well as a numerical Fisher-analysis. They report
excellent agreement between their expressions and the derived errors but find the greatest departure for
poorly sampled ingresses and near-grazing transits. The choice of assumptions made in this work avoids

both of these issues.
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Note that these tests were run for shot noise only and in this work I consider the effects of both
instrument and stellar noise. Having modified W to W’ to account for these additional noise sources, I
proceed to test this modified formulation through generation of synthetic light curves.

I use the Mandel and Agol (2002) code to generate light curves accounting for limb darkening based
upon a non-linear law from Claret (2000). Light curves are generated for a Neptune, Saturn and Jupiter-
like planet in the habitable-zone of a mkep, = 12, G2V Sun-like star with ip = 7/2 and ep = 0. Each
light curve is generated to have 1000 data points evenly spaced with a 1-minute cadence centred on the
transit minimum.

The first noise source added is shot noise generated by taking a random real number from a normal
distribution of mean zero and standard deviation given by:

Oshot = _ (7.13)
teapl'ph

Where t.;p is the time between each consecutive measurement, which is assumed to be one minute
in these calculations.

For the stellar noise, 1000 sinusoidal waveforms are generated with varying periods randomly selected
between one minute up to 24 hours. These waveforms are then coadded to give a single synthetic stellar
signal designed to mimic the non-stochastic nature of real stellar variability. The RMS amplitude of the
combined signal is then scaled to 10 ppm, which matches the amplitude prediction of B05 for a G2V star.

I consider that the instrument noise is composed of hundreds of different noise sources periodic in
nature varying on timescales from one minute to one day. There is no benefit of including timescales
longer than this since transit events will not last longer than ~ 1day. The combined RMS amplitude of
the instrument noise is set to be given by the values calculated by Bill Borucki (personal communication)
and is a function of visual magnitude. For example, a mkep = 12 target has an RMS instrument noise

of 7.47 ppm.

7.3.2 Light Curve Fitting

The noisy light curves are generated 10,000 times with the correlated noises and photon noise being
randomly generated in all cases. The light curves are then passed onto a light curve fitting code used
to obtain best-fit values for T and 77. In all cases, I fit for ap/R., ip, Rp/Rs and 7p and therefore
assume that the out-of-transit baseline is well known and its errors are essentially negligible. This is a
reasonable assumption for high quality photometry with large amounts of out-of-transit data.

The fitting code finds the best-fit to the light curve by utilising a genetic algorithm®, PIKATA (Metcalfe
and Charbonneau, 2003), to get close to a minimum in x2. This approximate solution is then used as
a starting point for a y2-minimisation performed with the AMOEBA routine (Press et al., 1992). The
AMOEBA solution is tested by randomly perturbing it and refitting in 20 trials.

3 Available from http://whitedwarf.org/parallel/
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Figure 7.2: Comparison of the distribution in T found using Monte Carlo simulations (scattered points)
of a transit of a Saturn-like planet versus that from theoretical prediction (smooth line). The theoretical

prediction for the timing error (42.6 s) is slightly larger than that found in numerical simulations (37.3s).

In each subsequent fitting run of the 10,000 light curves, the AMOEBA routine starts from the
original best-fit. The resulting values of 7 and T are binned and plotted as a histogram (Figure 7.2)

and then compared to the distribution expected from the modified Carter et al. (2008) expressions.

7.3.3 Comparison to the Analytic Expressions

For the three cases of a Neptune, a Saturn and a Jupiter, I obtained 10,000 estimates of T and 77 in each
case. One may compare the distribution of 7 and T to the predicted distribution from the expressions
of Carter et al. (2008). In all cases, I find excellent agreement between the predicted uncertainties and
the theoretical values. In Figure 7.2, I show a histogram of the results for the Saturn-case T values, and
overlay the predicted value of o for comparison where the quality of the agreement is evident from the
plot. Note that this overlaid Gaussian is not a fit but a theoretical prediction.

I find excellent agreement for both o7 and o,, and if anything the theoretical expressions slightly
overestimate the uncertainties. Thus any results from this study can in fact be considered to be slightly
conservative. It is preferred to adopt a conservative approach in the analysis since there may be unex-

pected sources of noise which increase the timing uncertainties.

171



7.4 Implementation of the Expressions

7.4.1 Earth-Transit Magnitude Limit

I first consider the magnitude limit in detecting an Earth-like transit which will allow one to compare the
efficiency of detecting Earth-like planets and moons. Kepler is designed to look at ~ 10° stars between
6" to 16'" magnitude?. For each spectral type in Table 7.1, I compute the faintest visual magnitude
for which a habitable-zone Earth-like transit can be detected. Kepler was conceived with the goal of
detecting an Earth-Sun transit of 6.5hours in duration, which represents about half the duration if the
Earth has an impact parameter of zero. However, the maximum magnitude to which an Earth-like transit
could be detected will be for the cases of equatorial transits as these maximise the transit duration and

S0 too the net flux decrement. The following criteria for a reliable transit detection are defined:

m Each transit must be detected to > 1-0 confidence.
m The folded light curve must have a significance of > 8-o.

m The time between contact points 2 & 3 > 1 hour, in order to be detected with Kepler’s long-cadence

mode of 30 minutes.

m At least 3 transits must be detected over the mission duration.

With these criteria, I compute the magnitudes of the faintest stars hosting a habitable, transiting
Earth which can be detected with KCP, for both full transit durations (i.e. equatorial transits) and
half-durations (i.e. impact parameter chosen to be such that the transit duration is half the full transit).
The results are given in Table 7.2. As expected, smaller host stars can be fainter due to their smaller
radius and hence deeper transit depths. One also picks up more transits towards smaller stars since the
orbital period of the habitable-zone decreases.

Even if Kepler was extended to a mission length of 6 years, an F5V star would have a habitable zone
so far out that detecting three transits within this region would be impossible. Hence, I do not consider
F type stars in this analysis. I also consider 6'*-magnitude stars to be the bright limit, giving us duyin,
the minimum distance for each spectral type (see Table 7.2), since the Kepler field is specifically chosen

to avoid such bright targets.

7.4.2 Jupiters vs Saturns vs Neptunes

One may use the approximate analytic expressions to get a handle on the general trends in exomoon
detection. The first question one may pose is- what is the optimum planet to search for moons around,
out of the three classes of Neptunes, Saturns and Jupiters? For each of these planets I simulate the

detectability of the TTV signal as a function of planetary orbital period, Pp, for an 0.2Mg exomoon

4See http://kepler.nasa.gov/sci
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Table 7.2: Faintest stars for which a habitable transiting Earth could be detected for different star types.
Final column gives mazimum distance of such a star with a full transit duration (Tlf‘jl“), based on absolute

magnitude in the Kepler bandpass. A blank indicates that no magnitude can satisfy the detection criteria.

half max full max

Star type T7% mgey Iy mEe dmin/PC  dmax/PC

M5V - 18.111 068  179.56
M2V 15.992 16.190 200  218.78
MOV 15.206 15.465 328  256.45
K5V 14.278 14.618 6.14 32479
KOV 13.286 13.712 11.07  385.83
G5V 12.762 13.240 1570 440.56
G2V 12.236 12.763 18.79  423.25
GOV 11.520 12.106 2148  357.44
F5V - - - -

FOV - - - -

with © = 0.4895. The star is fixed to a G2V spectral type with mkep, = 12 and I work with ip = 7/2
for simplicity.

I calculate the signal amplitude and time of transit minimum uncertainty in all cases and hence find
the x2 value for a range of orbital periods. In Figure 7.3, x? is plotted as a function of host planet’s
orbital period. The figure reveals that Jupiters are the hardest to search for exomoons around whilst
Saturns are the easiest. This is due to Saturn’s low density meaning a large transit depth but a low
enough mass such that an exomoon still perturbs it significantly. I find the same sequence of detectability
consistently in many different orbital configurations and for TDV as well. Note that Saturn would not
be considered a low-density planet from an exoplanet perspective since a significant population of much

lower density exoplanets have now been found (see http://www.exoplanet.eu).

7.4.3 9-mge, Parameter Space

I now consider an exomoon in the case of a Saturn hosting a single satellite in the habitable-zone of the
host star. The detectability of the timing signals depends on the planet-moon separation, ag = ® Ry,
the apparent magnitude of the host star in the Kepler bandpass, mxkep, mass of the exomoon, Mg, and
finally the host star’s mass and radius (i.e. spectral type).

TDV increases with lower values of ©® and TTV increases with higher values of ©, but one must
maintain a balance such that at least one of the effects is detected to 8-0 and the other to 3-o confidence
(dictated by the previous detection criteria). To find the limits of interest, I assume a zero-impact-
parameter transit as the default planet-moon arrangement. The orbital period of the host planet is

always given by Ppap-
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Figure 7.3: Ezample plot showing the TTV detectability of a 0.2 Mg (D = 0.4895) exomoon around a
Jupiter, Saturn and Neptune-like exoplanet for a G2V, miep = 12 star. Values of X2 > 76 are detectable
at > 8-0 confidence. Saturns present the strongest signal due to their low density. The vertical lines

represent the stability limit of such a moon, calculated using the model of Barnes and O’Brien (2002).

For a given star type and exomoon mass, I plot the contours of mke, and ®, which provide TTVs
of 3- and 8-¢ confidence and then repeat for TDVs of the same confidences. There are two possible
acceptance criteria: i) TTV confidence is > 3-0 and TDV confidence is > 8-¢7; ii) TTV confidence is > 8-
o and TDV confidence is > 3-0. The loci of points below these lines represents the potential detection
parameter space. For each star type and exomoon mass, these loci will be different. In Figure 7.4, a
typical example is shown for an MOV-type star and Mg = %M@.

There are certain cases which constrain the stars of interest. The Barnes and O’Brien (2002) limit
may be calculated for a Saturn harbouring an exomoon in a system of 5 Gyr age. This suggests that
the maximum moon mass that a habitable-zone Saturn could hold around a M5V star would be ~
0.3 Ganymede masses, assuming the maximum prograde orbital distance is 0.4895 Hill radii, as calculated
by Domingos et al. (2006). In contrast, an M2V star allows for a habitable-zone Saturn to hold onto a
0.4 Earth-mass moon for over 5 Gyr.

A second lower limit exists from tidal forces and the Roche limit. An upper limit is given by the
fact one requires three transits in a 4 year observation duration and thus the most distant habitable-zone

assumed here corresponds to a period of 1.33 years, which excludes the FOV and F5V stellar types.

7.4.4 Magnitude Quartiles

For Figure 7.4, one may convert the plot into three key numbers by assuming that the probability
distribution of exomoons with respect to ® is approximately uniform. This simple a-priori approximation
allows one to get a handle on some typical magnitude limits. This assumption effectively converts the

two-dimensional array of ©;-mkcp,; into a one-dimensional list of just miep,;. One then simply takes
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Figure 7.4: Detectable range of a habitable %M@ exomoon for an MOV star with respect to apparent
magnitude and O parameter space, with Kepler-class photometry. The grey area represents the area
satisfying the detection criteria of detecting TTV or TDV to 8-0 and the other timing effect to 3-o,
shown by the four curves. Additional constraints are the lower Roche limit, the upper dynamical stability
limit and the bright-star magnitude limit. Note how the 8- TDYV line drops very sharply after m ~ 9

since Kepler’s photometry does not improve appreciably past this magnitude due to instrument noise.

the quartiles of this list to obtain estimates for the 25%, 50% and 75% “catch-rate” values of mkep.
Physically speaking, we are saying that, for example, at the 50% catch-rate value of mxep, there is a
50% probability of detecting an exomoon if an exomoon exists with a uniform prior distribution between
Dmin and Dax-

Accordingly, one may calculate the magnitude limits to detect 25%, 50% or 75% of the exomoons in
the given sample, which I label as the upper, middle and lower quartiles respectively. For the case shown
in Figure 7.4, the quartile values are mgcp = 12.0, 11.5 and 10.9 respectively.

One may then calculate these quartile values for different exomoon masses, for a given star type.
Effectively, one may determine the minimum detectable exomoon mass as a function of magnitude for
three different detection yields: i) 25%, ii) 50%, and iii) 75%. In Figure 7.5, I show an example of one of
these plots for an M2V star with a habitable-zone Saturn host planet. The contours have been calculated
by a spline-interpolation of 20 evenly spaced exomoon masses. Magnitudes brighter than 6" are not

considered, since Kepler’s field-of-view has been selected to omit such stars.

7.4.5 Minimum Detectable Habitable Exomoon Masses

To complete the picture, one wishes to see how these values differ for various star types. I repeat the
analysis performed above for M5V, M2V, MOV, K5V, KOV, G5V, G2V and GOV-type stars. In Figure 7.6,

I plot the minimum detectable exomoon mass, for several contours of visual magnitude, as a function of
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Figure 7.5: Minimum detectable exomoon mass around a Saturn-like planet host in the habitable-zone of
an MOV star. The top line is the 75% catch-rate, the middle is 50% and the lowest is for a 25% exomoon

catch-rate. I also mark three key magnitudes of interest; 9™, 12" and 14 magnitudes.

stellar mass, in the 25% detection-yield case. I also show the upper limit on moon mass calculated from
Barnes and O’Brien (2002) but this is only an approximation since I have assumed values of Qp and k).

The mkep = 12.5 limit almost intersects the Barnes and O’Brien (2002) limit at 0.4 M and ~ 0.4 Mg
for the exomoon corresponding to an M2V star ~ 40pc away. For comparison, within 10,000 pc® (a
spherical shell of radius 13.4 pc) there are ~ 800 main-sequence stars, ~ 630 of which are M-dwarfs
(Ledrew, 2001).

If one sets a lower limit of 10 pc for the target star, then the lowest-mass habitable-zone exomoon
which could be detected with KCP around a M5V star would be 0.09 Mg, which is above the maximum
allowed stable mass limit of 0.008 Mg. However, moving up to an M2V star I find a minimum detectable
habitable exomoon mass of 0.18 Mg which is below the stability limit of 0.41 Mg. I therefore conclude

that the minimum detectable habitable-zone exomoon mass with KCP is ~ 0.2 Mg

7.4.6 1M, Limit

For the 25% detection yield case, one may convert the magnitude limit for detecting a 1 Mg habitable
exomoon into a distance limit by making use of the absolute magnitudes for each star type. The distance
limit for detecting a 1 Mg habitable exomoon may then be compared to the limit found for a transiting
1 Rg habitable exoplanet. In Figure 7.7, I compare the two distance limits, which reveals that the
distance limit for moons takes the same shape as the transit limit but is ~ 1.6 times lower. This
translates to a volume space diminished by a factor of ~ 4.

It is not the intention of this work to estimate accurately how many observable stars might be

contained within this volume, but one may deduce an order-of-magnitude estimate. Assuming that

176



o (=] — —
o oo =] =]

Minimum detectable exomoon mass/M ;,
e
S

o
o

o ‘. 06
Mass of host star/M,,

08 10

Figure 7.6: Minimum detectable exomoon mass around a Saturn-like planet host in the habitable-zone
of various star types. Contours show the different magnitude limits for a 256% exomoon-catch-rate and

overlaid is the mass stability limit (black, solid), found using Barnes and O’Brien (2002).
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Figure 7.7: Distance limit for detecting a 1 Mg habitable exomoon (solid) and a 1 Rg exoplanet (dot-
dashed) as a function of stellar mass, for main sequence stars. I assume a Saturn-like planet as the host
for the exomoon case. I also mark the lower stellar mass stability limit of ~ 0.475 Mg and the upper

mass limit of ~ 1 Mg imposed by the requirement to observe > 3 transits.
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there are about 10° useable stars in Kepler’s field-of-view, I estimate roughly that 25,000 stars would
be within range for habitable-zone exomoon detection. Extrapolating Kepler’s field-of-view to a band
centred on the Galactic plane between +15°, and simplistically assuming the same number of target
stars per square degree, one obtains about 2 x 10% stars that are accessible to KCP for a search for

habitable-zone exomoons, if each star had a habitable-zone gas giant similar to Saturn.

7.4.7 Detectability of an Earth-Moon Analogue

Finally, I consider the detectability of an Earth-Moon system. Using the orbital parameters of the
Sun-Earth-Moon system and assuming the most favourable configuration of ip = 7/2, I find that the
Earth would exhibit a TTV RMS amplitude of 112.4seconds and a TDV of 13.7seconds. The TDV is
particularly low due to the large value of © for the Moon.

In comparison, KCP of a V' = 6 star would yield timing errors of o;, = 389.6 seconds and o7 = 779.2
seconds. Even for the most favourable case then, the TTV has a signal-to-noise of 0.3, which would be
quite undetectable. I therefore conclude that KCP cannot detect a Sun-Earth-Moon analogue through

transit timing effects.

7.5 Conclusions

In this chapter, I have presented a feasibility study which finds that habitable exomoons are detectable up
to ~ 100-200 pc away around early-M, K and later-G dwarf stars with the Kepler Mission or photometry
of equal quality (KCP). This photometric quality should be sensitive down to 0.2 Mg habitable exomoons
in the idealised cases and could survey ~ 10° stars for 1 Mg habitable exomoons, with a full Galactic
Plane survey. This number is around 25,000 stars for Kepler’s field-of-view.

Saturn-like planets are found to be the ideal host candidates for detection, due to their large radius to
mass ratio. Additionally, I find lower-mass exomoons may be found around M-dwarfs due to the closer
habitable-zone permitting a larger number of transits in a 4-year window.

The exciting prospect of discovering a habitable exomoon is well within the grasp of KCP and whether
such worlds exist or whether they will be classed as truly habitable worlds are questions we can hope
to answer in the coming years. It is interesting to note that ~ 0.2 Mg, is the minimum habitable mass
for a planet or moon used by several other sources in the literature, including Raymond et al. (2007)
(0.3 Mg) and Williams et al. (1997) (0.12 Mg). It has also been proposed by Scharf (2006) that the
habitable-zone could be extended for exomoons due to tidal heating and so these calculations may in
fact be an underestimate.

I find that Kepler will be incapable of finding Ganymede-mass moons around Saturn-like planets.
Canup and Ward (2006) have suggested that the maximum moon mass which could form from a planetary
debris disk is 2x 10~* of that of the primary’s and therefore, if this rule holds true, it unlikely KCP would

detect any moons which formed around a planet in such a way. However, moons above this mass limit
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are still dynamically stable (according to Barnes and O’Brien (2002)) and could have been captured by a
planet or formed through an impact, for example like the formation of Triton and the Moon respectively
(see Chapter 2 for a more detailed discussion). Whether or not such objects are common is unknown
but KCP could make the first in-depth search.

These results suggest it is easier to detect an Earth-like exoplanet than an Earth-like exomoon around
a gas giant. However, there are no statistics to draw upon to estimate which of these scenarios is more
common. If a roughly equal number of both are discovered, it would indicate that the latter is more
common due to the detection bias.

These results highlight the promising opportunity of making the first exomoon detection using the
Kepler telescope, or photometry of equivalent quality, especially the feasibility of detecting habitable-
zone exomoons. All-sky surveys focussing on bright M-dwarf stars would be ideally placed to search
for habitable exomoons in greater depth and thus a telescope like TESS or PLATO could continue the

search after the Kepler Mission ends.
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Chapter 8

Conclusions & Future Work

“ For tomorrow belongs to the people who prepare for it today ”

— African Proverb

8.1 Summary

Twenty years ago, humanity knew of just a handful of planets, most of which had been known since
antiquity. Since this time, a new branch of astronomy has blossomed and bore many fruits. At the time
of writing, over 500 exoplanets are known to exist and the breadth and depth of understanding of those
worlds has matured from measuring just minimum masses to characterizing their atmospheres, dynamics
and temperatures. The rich history of planet and exoplanet detection is overviewed in Chapter 1.

The ultimate goal of many exoplanetary scientists is to detect an Earth-like world; a habitable,
temperate abode where beings such as ourselves may just reside and ask the same questions humanity
has asked since the dawn of civilization. Only now can such worlds be detected and early hints suggest
Earths may be frequent (Howard et al., 2010) and a detection is round the corner (Arbesman and
Laughlin, 2010).

The search for an Earth-like world is centered almost exclusively upon the search for an Earth-like
planet, but this may be unnecessarily restrictive - Earth-like moons may also be common throughout
the Universe. A moon in the habitable-zone with a mass > 0.3 Mg could retain an atmosphere and
satisfy all of the criteria usually associated with habitable planets (Williams et al., 1997). In Chapter 2,
I reviewed the likely properties of extrasolar moons based upon physical constraints. The conclusion was
that for a moon to be > 0.3 Mg, a capture or impact origin is probably necessary. With only two known
examples of large satellites originating in such a way, the frequency of habitable moons is unknown and
a Copernican view does not favour such a hypothesis. However, it must also be acknowledged that
a Copernican model of planetary systems is an extremely poor one, with most exoplanetary systems

bearing little resemblance to our own.

180



With every reason to conduct a search for such bodies, the missing piece in the puzzle is a method
to actually detect moons. Whilst several methods have been proposed for non-transiting systems, which
are reviewed in Chapter 2, it is the transiting system which has always been the most generous donor of
information for distant worlds. This forms the principal goal of the thesis presented here - a method to
detect exomoons in transiting systems.

Before one can search for the tiny perturbations due to a moon buried within the planet’s transit
signal, one must first describe a detailed model of transiting planets by themselves. In Chapter 3, I
presented the basics of transiting planets, reviewing the current literature on the subject. This chapter
introduces the various assumptions made in the model too, and discusses the consequences of breaking
each one.

It was shown later that exomoons can be detected through changes in the transit times and durations.
Therefore, a necessary step is a detailed understanding of the transit duration too. Chapter 4 is dedicated
to the times of transit minima and the transit duration. It is shown that in both cases an exact, simple,
closed-form expression is elusive and one is forced to deal with solutions from a bi-quartic equation. Due
to the root selection issues introduced by the bi-quartic, it is preferable to adopt alternative approaches.

6"_order in cos? i p which

For the transit minima, I have presented a series expansion solution up to
rapidly converges upon the true minima solution (Equations (4.18) & (4.25) for the transit and occultation
minima respectively). This series was previously known to the second-order, but the additional terms
allow one to achieve much higher precisions which are frequently required in modern exoplanet timing.

For the transit duration, a physically motivated new approximate formula is derived which is shown
to yield the highest accuracy out of all previously proposed formulas (Equation 4.54). The equation
is easily differentiated allowing one to evaluate the effects of secular parameter change, such as apsidal
precession, nodal precession, etc (Equations (4.86) to (4.91)).

In Chapter 3, three assumptions in the transit model were identified as being frequently invalid and
to have significant consequences in such a scenario. These are A0) a uniform source star; A4/A5) the
planet emits no flux/there are no background luminous objects; A10) the integration times are small.
A0 can be compensated for by using the Mandel and Agol (2002) code to account for limb darkening
and generally avoid observing spotty stars. In Chapter 5, I addressed the consequences of methods of
compensation for assumptions A4/5 and A10.

The first of these is the case of a blended source of light in addition to the host star. The blend
source could be a background object or even the planet itself for very hot planets observed at infrared
wavelengths. In all cases, the blend leads to a dilution of the transit depth. In §5.2, I presented a model
for compensating for blend sources, with particular focus on the self-blend scenario of a hot-planet, since
this was previously unconsidered.

For the other assumption, A10, it is shown in §5.3 that long-integration times lead to a smearing
of the transit light curve signal. This smearing severely compromises the parameter retrieval, unless

accounted for. In the example of the 30-minute integrations of the Kepler Mission, the effects are so

181



severe that many planets would be rejected as unphysical unless the integration time is included in the
model. §5.3 describes the appropriate model to accomplish this and how to quickly evaluate the required
numerical integration needed.

With the transit model now well-understood, one may return to the original problem of this thesis -
how to detect exomoons in transiting systems. In Chapter 6, I introduced the transit timing variations
(TTV) method first proposed by Sartoretti and Schneider (1999). The premise is that the moon causes
the planet to exhibit reflex motion on top of the orbital motion around the star leading to variations in
the position of the planet. These positional changes manifest as offsets to the times of transit minimum.
It is shown that the TTV signal is always heavily undersampled due to the orbital constraints of the
moon, which means one cannot determine a period for the exomoon. Without this information, TTV
only provides mass of the moon multiplied by the distance to the planet, agMg. This was identified as
one of two critical problems with TTV in §6.2.4. The other problem was the plethora of other effects
which also produce TTV, meaning that one requires a method to discriminate between an exomoon TTV
and the other sources.

Before tackling these problems, §6.3 provides an updated model for the TTV accounting for many
effects not given in the Sartoretti and Schneider (1999) model, such as orbital eccentricities and non-
coplanarity. I also provide a very careful and detailed outline of the various assumptions required in
the model. Next, the prediction of velocity induced transit duration variations (TDV-V) is presented in
86.4. The planet’s reflex motion results in changes in not only position but also velocity and this causes
a broadening and shrinking of the transit duration.

It is shown that TDV-V solves both of the problems with TTV alone. Firstly, TDV-V scales as
Mg /Ps meaning the ratio of the TDV-V to TTV RMS amplitudes (which is determined through excess
variance analysis) provides Pg and Mg separately. Second, TDV-V exhibits a 7/2 phase shift from TTV
which gives the observer a unique exomoon signature to hunt for.

In §6.6, a second-order effect is explored which I denote as transit impact parameter induced transit
duration variations (TDV-TIP). Here, the moon causes the planet to exhibit a component of its reflex
motion orthogonal to the planet’s trajectory across the stellar face. These orthogonal kicks cause the
transit impact parameter to vary, which the duration is very sensitive to. The effect is maximized for
highly inclined moons, but such systems are expected to be rare due to the contracted region of Hill
stability (Donnison, 2010). For co-aligned moons, the effect is still present but generally an order-of-
magnitude less than the TDV-V effect. Still, high signal-to-noise measurements may be able to exploit
the effect to determine the sense of orbital motion. This is because for prograde orbits TDV-V and
TDV-TIP are in phase and thus constructively interfere, but for retrograde orbits the phase difference
is m causing destructive interference. I direct the reader to Table 6.1 for a concise summary of the
properties of the various timing effects.

The TTV and TDV effects therefore offer a way of detecting extrasolar moons in transiting systems,

satisfying the original goal of this thesis. However, until this point, it remains unclear how feasible such
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Figure 8.1: Artist’s impression of a habitable exomoon. Kepler may well detect such an object in the

near future. Credit: Dan Durda

an enterprise actually is. Therefore, in Chapter 7, I present a feasibility study for detecting exomoons
with the Kepler Mission, or photometry of equal quality. The study focusses exclusively on habitable-
zone exomoons, since this not only limits the parameter space of investigation, but also is the case of
greatest interest.

The results find that habitable-zone exomoons down to 0.2 Mg may be detectable with Kepler.
The ideal host planets are low-density planets due to the large transit signal but high reflex motion
e.g. Saturn. The ideal host stars are small and cool to give a large transit depth and short period
habitable-zone e.g. an M-dwarf. The analysis finds that ~25,000 stars may be surveyed within Kepler’s
field-of-view for 1 Mg habitable-zone exomoons. This exciting prospect means that Kepler will be able to
obtain meaningful constraints on the frequency of habitable-zone exomoons in the coming years. It also
validates TTV and TDV as detection techniques, showing that these methods are not just theoretical
oddities but plausible, viable detection techniques.

One of the limitations of Kepler is that the telescope is a deep-field survey meaning most of the target
stars are faint by the standards of radial velocity surveys. Since the transit method cannot provide the
mass of a planet, only its radius, then if and when Kepler detects an Earth-sized planet there will be no
way of knowing what the mass of the planet is. As a result, the composition will be completely unknown
which is clearly key to understanding the likely habitability. In fact, without radial velocity confirmation
the planetary nature of the signal is also questionable with numerous astrophysical false positives being
equally viable. It is in this respect that exomoons will have a potent advantage.

Extrasolar moons can have their masses determined through the TTV and TDV effects. The only
requirement is a prior knowledge of the planetary mass through radial velocity measurements, but given
that the planetary host may well be a Jupiter-sized object, RV confirmation will be trivial relative to
the Earth-mass case. Indeed, recently Kipping (2010c) has gone further by showing that the exomoon

systems could even be used to weigh the mass of the star directly which removes any stellar evolution
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dependencies which are usually invoked. The TTV/TDV signals may be used to compile an exomoon
ephemeris and predict the moments when the moon transits. This would allow for the radius of the moon
to be measured as well and thus the mass and radius would be known. Finally then, one can see that
the composition and structure of the moon could be inferred by combining the moon’s mass and radius
with structural models (e.g. Valencia et al. (2006)). In this sense then, not only would the exomoon
detection be more secure, it would also provide a great deal more information about the nature of the

object.

8.2 Future Work

For exolunar science, there is a great deal of work to be done in both the theoretical and observational
aspects. The observational work is fairly obvious since no exomoons have been detected yet; a dedicated
program to search for their existence is required. I will here though consider the theory side, which is
most relevant to the theme of this thesis. The model for TTV and TDV presented in this thesis can be
considered as really the first step in the long chain of future developments which can be envisaged and
ultimately required. I list here some aspects which I identify as requiring further work for the TTV and

TDV theory specifically:

m Generalization of TTV and TDV to multiple moons
m Generalization to multiple planet systems, which can also induce TTV/TDV

m Extension of TTV and TDV to more general three-body cases, including long-term variations e.g.

nodal precession

m Solutions for the exact integrals of the TTV and TDV RMS amplitudes using sky-projected dis-

tances rather than just the dominant Cartesian component

One major problem which remains unsolved is the modelling of the transit light curve of a planet with
a moon in a completely analytic manner. This model needs to include mutual events, eccentricity, the full
three-dimensional orbital elements, stellar limb darkening and inherently account for TTV and TDV.
This demanding list of requirements is challenging enough, but the entire model must be completely
analytic for a light curve fitting code to have any chance of expediently fitting real observations. Whilst
numerical techniques such as pixelating the stellar disc are much easier to write down, the analytic
solution is the real prize offering the potential for rapid exploration of the large numbers of model
parameters.

Although not a part of this thesis, I mention here a work in preparation which has indeed solved
this problem. The framework and code for a completely analytic planet-moon transit modelling routine,
called LUNA, has been developed by myself in recent months. LUNA is a major step forward as it will not

only model the TTVs and TDVs, but also previously unaccounted for effects such as velocity induced
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Figure 8.2: Example light curve from the LUNA code for a moon at 5% of the Hill radius around a
habitable-zone Neptune around an M2V star. Normal TTV/TDV methods are invalid here due to the
moon’s very short period but the moon can be easily detected through the crossing events as it eclipses the

planet during the transits. This is a work in preparation.

ingress/egress asymmetry. Further, LUNA models the exomoon’s light curve dip and thus the moon’s
own reflex motion (including the moon’s own version of TTV, TDV-V, TDV-TIP, etc) is automatically
accounted for. Finally, LUNA also allows one to measure the radius of the moon through the depth of the
transit features it imparts. Put simply, when implemented in a fitting routine, LUNA will extract every
ounce of information imparted onto the light curve by the moon. It will be a highly potent weapon in
exomoon searches.

Despite the obvious power of LUNA, TTV and TDV will remain as very useful methods for finding
exomoons. This is because LUNA is a moon-specific algorithm whereas TTV and TDV can be obtained
by just modelling a planetary transit. It is now becoming a standard aspect of new observations of
transiting systems to provide the transit timings allowing one to use archived timings to search for
exomoons, perturbing planets or whatever else an observer is interested in. In contrast, LUNA requires
the full photometric time series and it is clearly a more specialized and dedicated algorithm.

LUNA is currently just in the beta-phase and models the transits for a planet with a single moon, so

another obvious extension is to include multiple moons. For the time being, a more paramount goal is
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Figure 8.3: Example light curve from the LUNA code for a moon at the Hill radius around a habitable-zone

Neptune around an M2V star. The TTV effect is visible by eye but crossing events are less probable due

to the moon’s much longer period. This is a work in preparation.
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probably to implement LUNA on Kepler photometry, which I will be doing in the future.

This then is a time to be hopeful for finding habitable worlds. An Earth-like exoplanet could be
announced any day now, and the methods for finding Earth-like moons are now becoming mature enough
for effective implementation in a survey style. Then it seems great insight will be soon forthcoming

regarding the question which has haunted great thinkers for millennia - are we alone?
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Appendix A

Notations & Acronyms

A.1 Discussion of Notation Used

A.1.1 Introduction

During the writing of this thesis, a great effort was spent in finding a self-consistent notation spanning
the full breadth of transiting planets and moons. Within the field of transiting exoplanets, a wide berth
of notation and symbolic representation is employed. Some of the choices are historic, some convenient,
and others enigmatic. The goal of the scheme I used, was to be able to convey parameters unambiguously,

even if that comes at the cost of a somewhat more elaborate notation scheme.

A.1.2 Remaining Ambiguities

Despite my efforts, some ambiguities do still exist. For example, early on in the thesis, whilst discussing
a planet orbiting a star only, the planetary properties, such as the period and semi-major axis, are given
the subscript “P” to denote planet. However, once a planet-moon system is introduced, the period of
the planet around the star becomes an ambiguous definition and really one now has two periods: Pp
the period of the planet-moon barycentre around the star and Pg, the period of the satellite around the
planet-moon barycentre (which must equal the period of the planet around the planet-moon barycentre).
Whilst Pp is a more encompassing definition, it would be confusing to employ Pp rather than Pp early
on in the thesis as the barycentre would be in reference to the barycentre of the planet itself, which is
implicit with the standard definition of Pp anyway. Therefore, to remain consistent, Pp is used for the

orbital period of the planet-moon barycentre around the star later on too.

A.1.3 Subscript Scheme

Subscripts to various parameters come in three flavours. The first is the simple case of a single subscript

letter e.g. Pp. In this case, the subscript letter refers to a type of object e.g. “P” for planet, “S” for
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“*¥” for star, “b” for planet b, “c” for planet c, etc.

satellite,

The second type of subscript used is two letters without any separation e.g. Sp., Xgx, etc. Both
letters again refer to objects but here the term in general means object A to object B. For example,
S is the sky-projected separation between two objects, so for Sp, one is referring to the sky-projected
planet-star separation.

The third type of subscript used is with a comma separating the two letters e.g. bp 1, op,0, etc. This
refers to the parameter in reference to the object as the first letter but evaluated at or in reference to
some special instance denoted by the second letter. For example, fpr refers to the true anomaly of the

planet, “P”, evaluated at the time of transit minimum, which is always given by the subscript “T”. The

other instance commonly used is “O” for occultation.

A.1.4 Superscripts

In some cases, superscripts are used to further the definition of a parameter. This is generally done
because otherwise the subscripts would become very messy whereas the superscripts remain an empty
slot. In this thesis, superscripts generally denote some additional property of a parameter and there is a
wide range of its usage. For example, Ogy¢ denote that Oy, is calculated using the “one”-term model for
the transit duration. Other options include the “two”-term model and references to different authors.
Another example would be pSi*®, which refers to the density of the star evaluated for circular orbits

(“cire”).

A.2 Nomenclature

There are also various naming schemes employed throughout this thesis which I believe require some

explanation.

A.2.1 “Satellite” vs “Moon”

Throughout this thesis, the companions of extrasolar planets are referred to as “exomoons” or “moons”
rather than “exosatellites” or “satellites”. Whilst a satellite can denote anything in orbit of a planet,
a moon refers specifically to a natural satellite and therefore is the more apt description for what I am
searching for.

Despite this, the subscript “S” is always used in reference to satellite. The reason for this choice
is that “S” is the same terminology used by numerous other authors in regard to exomoons, starting
with Sartoretti and Schneider (1999) and consistently used since. This is an example of a historically

consistent nomenclature.
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A.2.2 “Occultation” vs “Secondary Eclipse”

In the exoplanet literature, it is generally more common to denote the anti-transit as the secondary eclipse
rather than the occultation. However, in this thesis, occultation is always used. If one uses secondary
eclipse, then the transit is dubbed the primary transit. Therefore, a natural choice of subscripts would
be “P” for primary and “S” for secondary. However, both “P” and “S” subscripts are already used in
reference to the planet and satellite. Therefore, this is a not a viable choice for our purposes.

Instead, “transit” and “occultation” give the subscripts “T” and “O” which are unambiguous against

other subscript terms.

A.2.3 “Transit Minimum” vs “Mid-Transit Time”

In the exoplanet literature, the timing of the transit is usually given by what is called the “mid-transit
time”. Throughout this thesis, the nomenclature of “mid-transit time” is carefully avoided and “transit
minimum” or time of the transit minimum is used throughout. This is because the mid-transit time
is highly ambiguous. For an eccentric orbit, the halfway point (i.e. the mid-point) between the first
and last contacts is not the same as the instant of inferior conjunction. Further, the instant of inferior
conjunction is not the same as the instant when the sky-projected planet-star separation is minimized.
For a limb-darkened star, the minimum of the transit curvature occurs when Sp, is minimized and this
represents a completely unambiguous definition.

For this reason, “transit minimum” is always used. This invalidates several of the standard terms
used to reference this point in time e.g. tc referring to central time and tp;q referring to mid-time.
In light of the ambiguity of mid-times, these terms can be seen to be unsatisfactory descriptors of the
instant of the transit minimum. For that reason, a new notation is devised, 7, which alleviates these

problems.

A.3 List of Acronyms

Table A.1 provides a list of the various acronyms used throughout this thesis.

A.4 List of Parameters

Table A.2 provides a list of the various key parameters used throughout this thesis.

Table A.2: List of important parameters used in this paper.

Parameter Definition

S’ Sky-projected separation between two objects

S Sky-projected separation between two objects, in units of R,
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/
Px

Spu
Xb.
Xps
Y,
Yp.
Zp.
Zpa

!
Sx

SS*
X5,
XS*

Zs.
ZS*

SS*
X5
XS*

YS*

!

PS
Sps
X
Xps
Yis
Yps

/
PS

Sky-projected X-component position of an object

Sky-projected X-component position of an object, in units of R,
Sky-projected Y -component position of an object

Sky-projected Y -component position of an object, in units of R,
Sky-projected Z-component position of an object

Sky-projected Z-component position of an object, in units of R,
Sky-projected planet-star separation

Sky-projected planet-star separation, in units of R,

Sky-projected X-component of planet-star separation

Sky-projected X-component of planet-star separation, in units of R,
Sky-projected Y -component of planet-star separation

Sky-projected Y-component of planet-star separation, in units of R,
Sky-projected Z-component of planet-star separation

Sky-projected Z-component of planet-star separation, in units of R,
Sky-projected satellite-star separation

Sky-projected satellite-star separation, in units of R,

Sky-projected X-component of satellite-star separation

Sky-projected X-component of satellite-star separation, in units of R,
Sky-projected Y -component of satellite-star separation

Sky-projected Y-component of satellite-star separation, in units of R,
Sky-projected Z-component of satellite-star separation

Sky-projected Z-component of satellite-star separation, in units of R,
Sky-projected satellite-star separation

Sky-projected satellite-star separation, in units of R,

Sky-projected X-component of satellite-star separation

Sky-projected X-component of satellite-star separation, in units of R,
Sky-projected Y-component of satellite-star separation

Sky-projected Y -component of satellite-star separation, in units of R,
Sky-projected Z-component of satellite-star separation

Sky-projected Z-component of satellite-star separation, in units of R,
Sky-projected planet-satellite separation

Sky-projected planet-satellite separation, in units of R,

Sky-projected X-component of planet-satellite separation
Sky-projected X-component of planet-satellite separation, in units of R,
Sky-projected Y-component of planet-satellite separation
Sky-projected Y -component of planet-satellite separation, in units of R,

Sky-projected Z-component of planet-satellite separation
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Zps

N -

fp

ep

€s

apyx = ap
apBx
asp = as
asp

app

Sky-projected Z-component of planet-satellite separation, in units of R,

True anomaly of an object around its primary

Eccentric anomaly of an object around its primary

Mean anomaly of an object around its primary

True anomaly of the barycentre of the planet (+ any satellites) around the host star
Eccentric anomaly of the barycentre of the planet (+ any satellites) around the host star
Mean anomaly of the barycentre of the planet (+ any satellites) around the host star
True anomaly of the satellite around the host planet

Eccentric anomaly of the satellite around the host planet

Mean anomaly of the satellite around the host planet

Orbital eccentricity of an object around its primary

Orbital eccentricity of the barycentre of the planet (4 any satellites) around the host star
Orbital eccentricity of the satellite around the host planet

Argument of periapsis of an object around its primary

Argument of periapsis of the barycentre of the planet (+ any satellites) around the host star
Argument of periapsis of the satellite around the host planet

Lagrangian eccentricity parameter & for the planet; kp = ep coswp

Lagrangian eccentricity parameter h for the planet; hp = ep sinwp

Lagrangian eccentricity parameter k for the satellite; ks = eg coswg

Lagrangian eccentricity parameter h for the satellite; hg = egsinwg

Orbital inclination of an object around its primary

Orbital inclination of the barycentre of the planet (+ any satellites) around the host star
Orbital inclination of the satellite around the planet-moon barycentre

Longitude of the ascending node of an object around its primary

Longitude of the ascending node of a planet, relative to the sky-plane

Longitude of the ascending node of a satellite, relative to the orbital plane of the planet
Longitude of the periapsis of a satellite, defined as wg = wp + Qg

Radius of an object

Radius of the host star

Radius of the planet

Radius of the satellite

Semi-major axis of an object around its primary

Semi-major axis of the planet around the host star

Semi-major axis of the planet-moon barycentre around the host star

Semi-major axis of the satellite around the host planet

Semi-major axis of the satellite around the planet-moon barycentre

Semi-major axis of the planet around the planet-moon barycentre
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P Orbital period of an object around its primary

Pp Orbital period of the barycentre of the planet (+ any satellites) around the host star
Pg Orbital period of the satellite around the host planet

M Mass of an object

M, Mass of the star

Mp Mass of the planet

Mg Mass of the satellite

p Mean density of an object

o Mean density of the star

pp Mean density of the planet

ps Mean density of the satellite

T Separation of an object from its primary

TPy =Tp Separation of the planet from the host star

7B Separation of the planet-moon barycentre from the host star

rep =7rg Separation of the satellite from the host planet

rSB Separation of the satellite from the planet-moon barycentre

TPB Separation of the satellite from the planet-moon barycentre

0 Separation of an object from its primary, in units of a

O0psx =Tp Separation of the planet from the host star, in units of ap. = ap

0B« Separation of the planet-moon barycentre from the host star, in units of ap, = ap
0sp =Ts Separation of the satellite from the host planet, in units of agp = ag

0SB Separation of the satellite from the planet-moon barycentre, in units of asp
orB Separation of the satellite from the planet-moon barycentre, in units of app
D Ratio of the planet’s radius to the stellar radius (Rp/Rx)

s Ratio of the satellite’s radius to the stellar radius (Rs/Rx)

) Defined as p?

T Instant when dSp./dt = 0 near inferior conjunction

TO Instant when dSp./dt = 0 near superior conjunction

bp Impact parameter of the planet, defined as rp. cosip/R.

bs Impact parameter of the satellite, defined as rsp cosis/Rp

tr Instant when S, =1+ p and Spe <0

trr Instant when Sp, =1 —p and Spe <0

trrr Instant when Sp, =1 —p and Spe >0

trv Instant when S, =1+ p and Spe >0

Ty Time for a planet to move between contact points x and y

T Time between the planet’s centre crossing the stellar limb to exiting under the same condition
oTTV RMS amplitude of TTV signal
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dTDV_V
ITDV-TIP
dTDV
Aty
Atpv_v
Arpyv_TIP
Arpv
Drrv
Prpv_v
®Tpyv_TIP
Prpv

n

RMS amplitude of TDV-V signal

RMS amplitude of TDV-TIP signal
RMS amplitude of total TDV signal
Waveform of TTV signal

Waveform of TDV-V signal

Waveform of TDV-TIP signal
Waveform of total TDV signal
Enhancement factor of TTV signal
Enhancement factor of TDV-V signal
Enhancement factor of TDV-TIP signal
Enhancement factor of total TDV signal

Equal to 5TDV/5TTV
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Table A.1: List of important acronyms used throughout this thesis.

Acronym  Definition

TTV Transit timing variations

TDV Transit duration variations

TDV-V Velocity induced transit duration variations

TDV-TIP Transit impact parameter induced transit duration variations
MCMC Markov chain monte carlo

RMS Root-mean-square

SNR Signal-to-noise

FAP False alarm probability

RV Radial velocity
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