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Chapter 1

Introduction

We have entered into a different era of exoplanet research. No longer are we
asking whether exoplanet exist or not. Our questions have become deeper and
more discerning. The scientific quest for the search for exoplanets started as early
as the 1950s, when brilliant astronomers of the day such as Otto Struve conjec-
tured about the existence of exoplanets based on the argument of the angular
momentum conservation (Struve |1952)). Should all the angular momentum of the
nebular cloud be present in the star, the star would have to spin too rapidly to
be stable, therefore most of angular momentum has to be imparted and planet
formation was the way of of doing so. For instance, in our own solar system,
while circa 99% of the mass is locked in the Sun, more than 98% of the angular
momentum is distributed among the planets. This inspired early astronomers like
Struve to start looking for planets around other stars. Struve was not alone in hy-
pothesizing on the existence of the exoplanets, and most of the astronomers going
back to the sixteenth century such as Giordano Bruno believed in the existence
of planets around other stars primarily based on the Copernican argument that
nothing is special about the Earth or the solar system, ergo there should be other
systems like ours in the Universe.

However, turning scientific hypothesis into scientific fact is not an easy task,

and often requires growth and maturation of suitable technologies. The progress
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in the field of exoplanets lends insight into how science itself works. For three
decades, the field fumbled its way through the dark passage to discovery of the
first exoplanet. During this course, discovery claims were made (van de Kamp
1969)) and falsified (Black||1980). And every failure led to new understandings,
and showed how daunting the challenge itself is. Finally, the first undisputed
discovery of the planet by astronomers was made by |Wolszczan & Frail (1992)
around a pulsar using pulsar timing variation. A few years later, a planet around
a sun-like star was discovered by [Mayor & Queloz| (1995)) using the radial velocity
(RV) technique. By this time, given the complicated history of false discoveries,
the authors were extra-cautious in the claim. Luckily, they were shortly vindicated
by verification through another independent group (Marcy & Butler|[1995)). The
discovery served as the cornerstone in the history of exoplanet research showing
the technology had come along a long way. Thus, spawned a whole new area of
astronomy - the field of exoplanets, where the progress today only appears to be
accelerating.

Before we talk about how we discover and characterize exoplanets, it becomes
important to define the term - what is a planet? In light of many trans-Neptunian
objects discovered in 2006, the International Astronomical Union (IAU) redefined
the planetary criteria in resolution B5: “A planet is a celestial body that (a) is in
orbit around the Sun, (b) has sufficient mass for its self-gravity to overcome rigid
body forces so that it assumes a hydrostatic equilibrium (nearly round) shape, and
(c) has cleared the neighborhood around its orbit.” Using this definition, Pluto
was demoted to dwarf planet. However, this definition does not strictly apply
to exoplanets. For instance, due to gravitational interaction, sometimes planets
can get ejected out from the system rendering the first criterion not universally

applicable. Such planets are called Steppenwolf planets or rogue planets (Abbot
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& Switzer|2011), and are expected not only exist, but some of them might already
been detected (Delorme et al.|2017). Also, not all planets may be in stable states
due to dynamical interactions, rendering the third criterion that was invoked
to demote Pluto often difficult to be strictly applied to the field of exoplanets.
Besides, it is hard to characterize the orbital parameters of exoplanets with same
precision as solar system planets. Thus, using a strict definition as has been
adopted for the solar system planets may not be the right way to go about this.
The best alternative might be coming up with a general definition as was done by
Soter| (2006)): “A planet is an end product of disk accretion around a primary star
or substar.” Of course, there are problems with this definition. However, given
the diversity of the exoplanets, it may almost be impossible to come up with a
single neat definition that will capture the essence of every single planets that
have been discovered. And exoplanet, also sometimes referred to as extra-solar
planet, is any planet that lies outside our solar system or does not revolve around

the Sun.

1.1 Detection Techniques

Many techniques have been used over the years for the detection of exoplanets.
While the first exoplanets were discovered using the pulsar timing variation, most
of the planets today are found using transits, and RV method. At the same time,
there are other emerging and promising methods such as direct imaging, astrom-
etry and gravitational lensing. In addition, there are many discovery methods as
shown in such as the orbital brightness modulation or transit timing
variation which are more involved methods that build on traditional photometry.

These techniques are varied, and in many cases, complementary to one another.
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Techniques such astrometry still has not made an incontestable discovery (the

one shown in [Figure 1.1| turned out to be a brown dwarf (Sahlmann et al.|2013)),

although with Gaia, a multiyear scale astrometric survey (Lindegren & Perryman|

1996), this status is likely to change. In fact, Gaia might even become the most
prolific instrument to discover exoplanets as one of the estimates expects Gaia to

be able to detect around 70,000 (£ 20,000) planets, most of which will be within

500 pc (Perryman et al. 2014). In this section, I will however be focusing on

transits and RV methods as these are two main techniques I have used for planet

discoveries and characterization in the following chapters.
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Figure 1.1: Cumulative numbers of planets discovered per year by different detection
method in years leading up to 2017 as is recorded in exoplanetarchive.ipac.caltech.edu.
Transit method currently dominates the number of the planet discovered with around
3000 discoveries.
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1.1.1 Transit Method

Transit search is the most successful techniques for discovering exoplanets to
date. The success of this technique comes from the space missions such as COn-
vection ROtation and planetary Transits CoRoT (Bordé et al.|2003)), a pioneering
European mission, and Kepler (Borucki et al.|2010) which provided continuous
temporal coverage with a high duty cycle (~92%). In addition, these missions
have been able to achieve very high photometric precision of 10-100 ppm for typ-
ical targets, which is much better compared to ground observation by avoiding
the turbulent atmosphere of the Earth, and have facilitated an unprecedented
progress in fields such as asteroseismology (Lund et al.[2017) as well as phase
curve studies (Esteves et al.2013). But ground based photometric observations
also have made some significant contributions in the discovery of transiting plan-
ets. For instance, the now famous TRAPPIST-1 system was originally observed
by a ground telescope (TRAPPIST) when transits from 3 super-Earths were orig-
inally identified. It was then followed up with Spitzer, which led to discovery of
additional 4 planets (Gillon et al.|2016]). With the future missions reaching even
better precision and looking at even more extensive lists of targets such as Tran-
siting Exoplanet Survey Satellite (TESS) (Ricker et al.[2015) recently launched
on April, 18 2018, and CHaracterising ExOPlanet Satellite (CHEOPS) in 2018
(Broeg et al.[2013), PLAnetary Transits and Oscillations of stars (PLATO) in
2022/24 (Rauer et al.|2014a), and Atmospheric Remote-sensing Infrared Exo-
planet Large-survey (ARIFEL) in 2026 (Puig et al[[2016), the number of planets
discovered by transit is on the verge of rising even more dramatically.

A transit, however, does not happen in every system that hosts an exoplanet.

A special geometrical arrangement, that the planet inclination is closer to 90° is
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Figure 1.2: Figure showing the occurrence of transit and occultation adopted from
Winn (2010).

required. As shown in [Figure 1.2) during transit the secondary object (planet)

passes in front the primary object (star). The secondary eclipse or occultation
occurs when the secondary object passes behind the primary object. For a cir-
cularized orbit the two are separated by a phase of 0.5, but not for an eccentric
orbit. In fact, the timing of the secondary eclipse can help to precisely constrain
the orbital parameters such as eccentricity (Huber et al.|[2017)).

Transits can provide various information on the planet itself. It gives a direct

measure of the size of the planet with respect of its host star by measuring the

transit depth (§) as in [Equation 1.1

- (B) w
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where IR, is the planetary radius and R, is the stellar radius. However, transit
fitting allows more orbital parameters to be constrained strongly such as scaled
semi-major axis (a/R,), inclination (i), and impact parameter (b). Parameters
such as eccentricity (e) and argument of periastron (w), however can only be
poorly constrained. The primary source of this constraint comes from the shape
of the transit itself. For instance, transit duration depends on the period (P), the

scaled semi-major axis (a/R.), and impact parameter (b) as below:

1+/0)2 - 0?2
TZESin1 &\/< - ) )
™ a sin ¢

(1.2)

Transit methods have also empowered the exoplanet community in venturing
into new arenas of science. With Kepler, the expected photometric precision is
25.4 ppm for V' = 12 for 30 minutes cadence (Borucki et al[2008). This in turn
has allowed astronomer to start looking for exo-moons (Heller|2018)) and Trojan
objects (Hippke & Angerhausen|[2015). Additionally, such precise photometry
has allowed the discovery of non-transiting planets as was the case of Kepler-76b
through phase curve modulation (Faigler et al.|2013]), the details of which will be
dealt in the[Chapter 4] Note that often the primary bottleneck for precision is shot
noise of the source itself. By using a larger collecting area or a longer integrating
time, it is often possible to obtain a higher precision light curve. However, using
a longer integration time than the transit itself dilutes the signal, thereby making
it harder to detect. For a star like our Sun, 30 minute cadence used by Kepler is a
reasonable time scale, but for for stars like white dwarf transits for which transits
are shorter by a factor of 5-50 for similar orbital configuration, and smaller cadence
would be preferable. Although, most of the white dwarfs are very faint, thus the

detection threshold is often limited by photon noise itself.
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The most fundamental parameter of a planet that is not directly constrained
by transit, is its mass, which requires other complementary methods such as radial
velocity or astrometry. Such complementary methods are also desired because it
is hard to validate the signal from transit alone, which often tend to have higher
false positive probability. There are ways in validating a planetary signal using

the fit parameters. One of the way is to estimate the stellar density as follow:

3T a\®

Py R P <R—*) . (1.3)
Gauging the plausibility of stellar density can provide indications in regards to
the validity of the signal itself. Yet, such validation alone is not sufficient in
distinguishing false positives caused by certain astrophysical phenomena such as
eclipsing binaries. This has led to the development of more sophisticated statistical
tools such as vespa (Morton et al.[2016), which can give a reasonable estimation
of the false positive probability. But even this tool is not foolproof (e.g. |Cabrera
et al|2017; Shporer et al. 2017), and has to be used with caution. However,
precise photometry can sometimes open doors for validation just by looking at
the ellipsoidal variation usually for hot Jupiters (Mislis & Hodgkin|2012)). Again,

there are only a handful targets for which such validation procedures are possible.

Kepler /K2

Kepler has a prolific history of planet discovery. Launched on March 6, 2009,
it monitored around 150,000 main sequence stars while orbiting in a heliocentric
Earth trailing orbit. It observed a patch of the sky with an area of 110 square
degrees for four years (Borucki et al|[2010). However, with the failure of two

reaction wheels, Kepler was repurposed as K2 (Howell et al.|2014). In order
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to attain a stable pointing, K2 uses radiation pressure from the Sun and its
symmetrical design for the roll angle drift. This technique has led to achieve
photometric precision rivaling the original Kepler mission (80.5 ppm for V' = 12
magnitude star compared to 25.4 ppm) through some data processing. More on
the K2 data reduction and the detrending process will be discussed in [Chapter 2|

Unlike the original mission, K2 has widened its net with more diverse tar-
gets. This led to the discovery of a disintegrating planet around a white dwarf
(WD 11454017 Vanderburg et al.|2015), a five planet multiplanetary system K2-
138 (Christiansen et al.|2018), planets in the Beehive Clusters (Obermeier et al.
2016) as well as discoveries of more than 200 more exoplanets. K2 also has tried
to accommodate other science with Campaign 9 dedicated to gravitational mi-
crolensing effects, and Campaign 10 dedicated to the study of dwarf galaxies.
K2 also have been used in studying optical variability of Active Galactic Nu-
clei (Aranzana et al.[2018) and in this current campaign (Campaign 17) will be

probably be providing an unparalleled supernova light curve.

TESS

TESS lauched on April, 18 2018 6:51PM EST. Orbiting in a 13.7 days elliptical
orbit around the Earth, the satellite will observe almost all of the sky during its
operation. With four cameras on board, it will simultaneously observe an area
of 2300 deg? at any time, and due to its closer proximity to the Earth than
Kepler, the data can be downloaded at higher downlink speed. The number of
planets discovered by TFESS is expected to far surpass the number of discoveries
by Kepler. Sullivan et al.| (2017) predicts discoveries of about 20,000 new planets
with TESS during its two years of operation as shown in [Figure 1.3 TESS will

observe almost full sky, with observation time scale of different fields ranging from
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27.4 days to 351 days, the longest observed region at ecliptic poles coinciding with
the Continuous Viewing Zone of James Webb Space Telescope (JWST). This is
because one of the primary goals of TESS is to find planetary candidates which
are ideal for atmospheric characterization with JWST. While there are handful of
optimal targets that JWST can look at, TESS is expected to quite extensively
expand the list. In addition, since TESS targets are 10-100 times brighter than
those surveyed by Kepler, most of the planetary candidates could be followed up

with RV observations.
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Figure 1.3: Size distribution of different planets expected to be discovered with
TESS as reported in Sullivan et al. (2017).

1.1.2 Radial Velocity

Radial velocity (RV), also known as wobble method, is one of the earliest
techniques developed for detecting exoplanets. With 662 planets discovered in
this way in the years leading up to 2018, RV is a mature technique. It has come

a long way with a series of technological improvements over the course of the
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Figure 1.4: The RV measurement of HAT P 7b reported Pal et al. (2008) along with
the fit. The O-C is figure in the middle planet shows the residual of the fit.

twentieth century tackling different issues in order to improve its precision. As
the planet moves around the common center of mass, the star also moves around
it with the same characteristic period as the planet. This movement of the star

can be measured by measuring the shifting spectral lines as the star moves away or
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towards the line of sight. The precise nature of this shift over the orbital period
is determined by the mass of the star, mass of the planet, period, eccentricity,
inclination, and angle of periastron. For a circular orbit, a sinusoidal variation is
expected as is seen for HAT-P-7b planet . The RV technique does not
provide the mass itself, but an upper constraint on the mass of the planets. There
is a degeneracy between the inclination and the mass of the secondary object as
shown [Equation 1.4 which is not possible to disentangle from RV observations
alone. Only by using complementary methods such as transit or astrometry, the
actual mass can be determined. Yet, not many planets (< 5%) discovered through
RV is likely to be transiting. The semi-amplitude K; of the RV method is given
by:

284329 m sV mgysini (m1 +m2)_2/3 ( p )—1/3 »

e \/1 — 62 MJup M@

where m; is the mass of the primary object (star), ms is the mass of the secondary

Lyr

object (planet), e is the eccentricity, and P is the period in years. The mass of

the primary object (m;) can be spectroscopically measured, and eccentricity (e)

as well as period (P) can be obtained by fitting RV data as shown in [Figure 1.4}

1.2 Importance of Exoplanetology

Exoplanetology, at its heart, is trying to answer the questions that humanity
have wondered since being captivated by the stars in the night sky - why do we
exist, and how did we come to be? We have divided and conquered different parts
of this puzzle: the birth of the universe, the formation of the solar system, the
beginning of life in the Earth, and the evolution of unicellular organism all the
way to human beings. Not all of these questions have been answered to the same

level of satisfaction. And for a long time, the evolution of planets remained a



1. INTRODUCTION 13

harder problem to solve as for most of the scientific history we were but stuck
with a single system that could be studied. Now armed with the new discoveries,
we have not only learnt about the exoplanets but can also have been able to put
our own solar system in the context of larger numbers of planetary systems.

When planets as hot Jupiters were discovered in very close orbits to their
host stars, astronomers realized that planetary configurations are not as stable
as were originally imagined. This led to the development of formation models
of solar system such as the Nice model, which include short violent events such
as Uranus and Neptune switching their ordering (Tsiganis et al.[[2005). Besides,
we now know that our solar system is not a typical planetary system. In our
search for exoplanets, we discovered planets in orbits much closer to the star
itself than Mercury, and a distribution of size looking like Many of
these planets have orbital radius smaller compared to orbital radius of Mercury.
Secondly, there are no super-Earths or mini-Neptunes in the solar system which
are the most common type of exoplanets so far discovered.

But perhaps the most vital question that we are trying to solve with exoplanets
is about the occurrence of exolife. The primary mission for Kepler was to find
Earth like planets around Sun-like stars. As the reaction wheel broke at the
beginning of the fourth year, the original mission had to be discontinued, which
has been particularly detrimental to finding long period planets. But fortunately,
short period planets were more numerous than expected. Most of these planets
are too hot to sustain lives. However, for smaller stars, habitable zones occur at
a closer distance to the host star i.e., shorter period orbits, which are easier to
find with short term transit surveying missions. Also as shown in [Equation 1.4]
the RV technique prefers lower mass stars. Thus, the last couple of years have

seen a major push for looking the planets around the smaller stars, which is what
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Figure 1.5: Planetary size distribution occurrence calculated for main-sequence
FGKM stars from the Q1-Q6 Kepler data adopted from [Fressin et al.| (2013).

TESS will be particularly focusing on.

With thousands of planets discovered, our pursuit of exolife is going through
a rapid development. Analogous to the solar system, late-G to mid-K stars are
usually considered promising grounds for exobiology (Cuntz & Guinan| 2016).
However, the question about habitability remains complicated as ever. One of
the fronts where gradual progress has been made is in the atmospheric character-
ization. Such ideas started in our own solar system when we made observations
of the Earth’s atmosphere using Galileo. The detection of spectral signatures of
methane along with oxygen was interpreted as biomarkers of the Earth (Sagan

et al.[|1993), all that remains is to do conduct similar studies for exoplanets. How-
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ever, we know that atmosphere of the Earth looked different at different epochs
over the course of its history (Kaltenegger et al.|2007). Given this, using biomark-
ers to detect the uncontestable signs of exolife will always be a tricky business.
Also, unfortunately, the transmission spectroscopy would only be possible for a
handful of planets, and most of them with temperature too hot to be habitable.
This was one of the reasons the TRAPPIST-1 system discovery was welcomed
with a great excitement, as it has three planets, TRAPPIST - e, f, and g, that are
in the classical habitable zone of the system, zone where liquid water can exist.
But even in TRAPPIST, questions has been raised about the habitability given a
number of flares were observed, which is bound to have effects on the climate of
the planets (Vida et al.|[2017)).

Given the never ending debate surrounding habitability, one of the promising
ways to settle the debate would to be send probes to directly image the exoplan-
etary systems. And we are indeed aspiring to send relativistic probes, a project
known as Breakthrough Starshot (Kipping 2017). The concept involves using
light-sails and radiation pressure of giant lasers to propel small robotic chips at
about 20% of speed of light to Alpha Centauri system (Lubin/[2016). But even at
this speed it will take 20 years to reach the system, and 4 years to send the data
back to the Earth. The recent finding of a planet in a classical habitable zone
(Anglada-Escudé et al.|2016)) orbiting Proxima Centauri as well as the disk sur-
rounding the Proxima Centauri (Anglada et al.|2017) might now provide a stronger
motivation for the mission[] But with this previously uncharted technology, the
feasibility of the project itself is still under question. However, if successful, this

would be a very remarkable feat for all of the scientific community.

! Although, the presence of the disk has been more recently disputed by [MacGregor et al.
(2018)).
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Keeping all of these things aside, let us for a moment assume that we found that
intelligent life forms in another planet. The implications in terms of philosophy;,
religion and economy is unimaginable. We may not realize that these days may
be nearer in the future than we think. But there is a long way to go forward,
and there are also major technological hurdles awaiting us along the way. Hence,
while it may appear that we have a made a major dent in the field of exoplanet,
all we have done is merely scratched the surface. The most exciting feats and

discoveries, 1 believe, are still to come.

1.3 Summary of Contents

This thesis will primarily deal with the selected targets observed by K2. The
details of reduction process and vetting process will be described in [Chapter 21 A
triple planetary system (GJ 9827) was discovered among the stars in our Campaign

12 targets and the detailed analysis on this system will be presented in detail in

[Chapter 3. In [Chapter 4, I will describe the analysis of phase curves among the

discovered K2 planets. In the same Chapter, I will discuss how phase curves can
lead to the detection of Trojan objects, and the attempts to date on this front.
This will be followed up with a short conclusion and the ideas for the future work

and their prospects.



Chapter 2

Data Reduction

When the second of the four reaction wheels on board Kepler broke down
in 2012, the repurposing of the most precise operating photometer led to the
birth of K2. Balancing against the solar radiation pressure using the symmetrical
geometry of the spacecraft, K2’s field of view drifts over its observation time,
which is then corrected by firing the thruster in the direction opposite to the
drift every 6-8 hours. This ingenuity allowed K2 to achieve photometric precision
rivaling the original Kepler, despite operating on only two reaction wheels (Howell
et al. 2014), which theoretically speaking allows pointing stability in only two
directions. However, it also meant that K2 required more subtle handling of data
than Kepler mission, as well as a rigorous data processing methods.

What K2 lacked in the observation baseline, it more than made up in the
diversity of the target choices. K2 observed various parts of the ecliptic as shown
in with a typical observation duration of around 80 days. And like pri-
mary Kepler mission there are primarily two modes of observation: short cadence
(SC) with integration time of 58.8 s, and long cadence with integration time of
29.4 minutes. By studying a diverse range of targets, K2 has led to some excit-
ing discoveries such as a disintegrating planetary objects around a white dwarf
(WD 1145+4-017) (Vanderburg et al.|2015)), a multi-planetary system with five plan-

ets (Christiansen et al.[[2018)), re-monitoring of TRAPPIST system (Luger et al.
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2017)), and planet occurrence rates in cluster environments (Obermeier et al.[2016).
Besides, the overlaps between different campaigns such as Campaign 5 (Apr 24,
2015 — Jul 11, 2015), Campaign 16 (Dec 7, 2017 — Feb 25, 2018), and Campaign 18
(May 12, 2018 — Aug 2, 2018), will provide some long term observation baselines

(refer [Figure 2.1]). All of these things in combination have made K2 an enviably

successful mission.

2.1 Reduction Strategies

In order to address these new data issues, many research groups have built
their own detrending methods for K2. These methods can be largely divided into
two major categories: parametric, and non-parametric. One of the most popular
parametric detrending algorithm is Self Flat Fielding, which was adopted from
Kepler, and improved for K2 by [Vanderburg & Johnson (2014), and [Vanderburg
et al.| (2016). Perhaps, their readily made available light curves after each cam-
paign has served in heightening its popularity. The main assumption going into
K2SFF detrending is that the brightness of the targets remains constant over short
duration, and the major change in flux comes from the drifting of the target
outside of the aperture. This creates a very characteristic light curve with a saw-
tooth pattern (see . While different pixels have different responsivity,
the idea is that as the star drifts across the aperture the loss of flux captured
takes some arbitrary functional form which can then be removed by modeling it.
However, when the target is rapidly fluctuating on time scales shorter than six
hours, K2SFF has a hard time producing a good light curve.

Other detrending algorithms like K2PhotF_-] (Van Eylen et al.2016) have used

Thttps://github.com/vincentvaneylen /k2photometry
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multi-dimensional dependency on the centroid variables as below:

M =to+ 0T + 21 Xe + 22 X7 + 3 Ye + 12V72 + 2X. YL, (2.1)

where the X-centroid (X.) and the Y-Centroid (Y.) were used independently for
fitting, while also allowing a cross term between the two centroids. Note that
0,1, To1,2 and yp 12 are coefficients that are determined by fitting the data with
least square fit methods. This code is publicly available, and I have extensively
used this method for detrending. Another parametric approach was suggested by

Huang et al.| (2015)) by using a different functional form as in:

f(m) =co+ c1sin(2nX,) + ¢y cos(2mX,) + c3sin(27Y,) + ¢4 cos(27YL)
(2.2)

+essin(4n X,) + cg cos(4mX,) + crsin(4nY.) + cg cos(4nYy),

where ¢; are the coefficients which are to be determined by fitting, f(m) is the
modeled flux, and X,, Y. represent the centroid of the target star. In addition,
Huang et al.| (2015) focused on finding the centroid of the targets with greater pre-
cision by using an astrometric solution because the photometric precision is often
directly related to the positional precision of the stars. In my code, I have chosen
a polynomial as the functional form, primarily because it is easier and compu-
tationally less expensive to fit a polynomial than sinusoidal functions. However,
using the latter functions would probably be better when it comes to identifying
the intrinsically periodic signals of a stellar light-curve.

Among the non-parametric approaches, the most popular one is Everest
(Luger et al.|2016)), which is able to produce light curves rivaling the photometric

precision of K2SFF. It was developed by Deming et al| (2015)) for Spitzer, which
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is referred to as Pixel Level Decorrelation. Everest, in particular, is agnostic in
terms of the functional form of the light curve and uses a higher order of pixel
level decorrelation and combines it with Gaussian Process to obtain its final light
curve. This approach allows Everest to detect the contamination of eclipsing
binaries in the background, which in other detrending methods such as K2SFF has
passed as the planetary signals (Cabrera et al.2017). A Gaussian Process based,
but still a parametric approach in that it hyperparametrizes the data, is taken
by K2SC which models the stellar light curve while taking into account pointing
induced errors, stellar intrinsic variability and white noise (Aigrain et al.[[2016).
Another non-parametric approach is referred to as eigen-light curve, which used
light curves of different stars within a campaign as basis vectors to model the
light curve of the target star. This method was developed as proof of concept for
targets in Campaign 1 (Foreman-Mackey et al.[2015)).

A comprehensive comparison of different methods to understand the strengths
and weakness of different pipelines has yet to be done, as such an undertaking
would require a deep understanding of different arrays of pipelines. This is fur-
ther complicated by the fact that not all the codes are publicly available. For
most of the targets, the photometric precision of the most pipelines are not very
different, but when it comes to “harder” targets - targets with shallower transits,
rapidly varying stars, or targets with atypical or variable light curves, it becomes
important to be aware of the artifacts that can be introduced by the different
pipelines. Such an undertaking, however, lies beyond the scope of this thesis. I
will be mindful of this fact when it comes to phase curve modulation, and will
use light curve from different detrending algorithm. But most of the detrending

algorithm produce light curves of similar quality as can be observed in |[Figure 2.3|
and [Figure 2.4
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Unlike Kepler, K2 does not come with pre-defined aperture. In the K2SFF
pipeline, a 2D Gaussian function was fitted in each frame to get the centroid of
the target. Using such a fitting procedure is known to produce better results
when the field is crowded, or when there is blending of the sources, or the primary
target is located at the wing of a brighter variable source (Lund et al. 2015).
For such crowded fields and dimmer targets, a PSF based photometry performs
better as has been demonstrated for some of the crowded field in K2 such as M35,
Praesepe, and M67 clusters (Libralato et al.|2016; [Nardiello et al.2016)). Since
we do not deal with such areas, I have not modified our code to handle increased
complexities that comes from a very crowded field. But this is something I am
looking to implement in the future.

For this research, I have implemented K2SFF, whose code is not publicly avail-
able. The primary idea in this method is to use the eigenvector of the drifting
centroid of the stars to find the direction of maximum change, rotate the drifting
centroids in the direction of the maximum change, and fit a high order polynomial
between the drift distance (arclength) as a function of locally normalized photo-
metric variation. In this chapter, I will demonstrate the process of detrending
using EPIC 212110888 or K2-34. K2-34 is known to host a Jupiter-sized exo-
planet (Hirano et al.|2016; Lillo-Box et al.[2016; |[Brahm et al.[2016), and I will be
showing how our version of K2SFF or K2Phot will be able to detrend, and detect
the planet without much trouble. I will also point out anything I have chosen to

do differently and the reasons behind it.
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Figure 2.2: The drifting of the star though centroid and the characteristic saw-tooth
nature of the flux.
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Figure 2.3: Light curve from different pipeline for target EPIC 212110888 or K2-34.
The light curves obtained from different detrending algorithm are offset for the purpose
of clarity. Note the light curve from K2SFF as well as Everest are not flattened, and
show variation related to star spots modulation.
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Figure 2.4: Transit of K2-34 obtained from using different detrending algorithm. All
of the light curves fail to show a statistically significant secondary eclipse.
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2.2 Reduction Pipeline

There is a strong correlation between the position of the centroid of the star
with the locally normalized flux as shown in[Figure 2.5 The local normalized flux
is found by spline fitting the raw light curve by iteratively rejecting the outliers.
This models the stellar continuum flux, and can be used to normalize the flux.
The centroid of the star is calculated from the weighted mean of the flux for the
entire time series. A more robust, but computationally expensive method, would
be to fit a Gaussian function to the PSF. However, my attempt to use 2D Gaussian
function against a flux weighted centroid finding algorithm produced a light curve
of similar quality, hence the latter algorithm has been used primarily because of
its simplicity and lower associated computational cost. In order to estimate the
background value, I use the median value in the aperture, and fit the spline over
time to avoid any outliers. The flux in the selected aperture is summed up, and
the background is subtracted.

Once these photometric time series are obtained, then the values are decor-
related against the stellar centroid drift using K2Phot or K2SFF. In K2SFF the
relationship between the arclength (the distance the centroid of the star moves)
and normalized flux is fitted using a fifth order polynomial for data chunks of
every 3 days. After such a relation is found, the flux variation due to positional
shift is detrended as shown in Since this is a re-iterative process, there
is room for outliers which for instance can be data taken during the thruster fire
events or transit events. The K2 pipeline already marks the different outliers in
the data from the data pre-conditioning K2 pipeline. A strict criterion would be
to use only data whose Quality Flag are equal to 0. However, it is also possible to

impose a laxer requirement by allowing flags such as 32768 which is raised when
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the “Spacecraft is not in fine point” (Van Cleve et al|2016)) in case the data is

too sparse or the pipeline marks too many data points as outliers.
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Figure 2.5: Self Flat Fielding (SFF) showing the relation between the position and the
flux. The red points, excluded in the fit, are potentially related to thruster firing event
or the transit. These points are rejected by performing a re-iterative process fitting a
fifth degree polynomial. The red points are the outliers that were not used in fitting
the polynomial, and every green line is the polynomial fit for a chunk of the data.
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Figure 2.6: The aperture selected for K2-34 from the median stacked image is shown

with an red outline.

1.020 . K2SFF
- K2Phot
. . wttegl . C L o . L. Y . . s ’ T
1.015 1 fhuerth " . - - L]
1.010 L . ) .
. . . . . . :

1.005

1.000 D A & s a pear e o g

Normalized Flux

0.995

2310 2320 2330 2340 2350 2360 2370 2380

BJD - 2454833

Figure 2.7: Detrended and flattened light curve from our pipeline, which is of com-
parable quality compared to light curve from other pipelines as shown in [Figure 2.4
2.2.1 Aperture

Unlike the original Kepler mission, K2 is complicated by the drifting of the

field. Thus, the PSF has to be constructed on a frame to frame basis, which is
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computationally expensive. Often a simple aperture photometry (SAP), method
of summing up all the fluxes in an aperture without weights, is good enough
for most of the targets. There is no universal way of building an aperture, and
this is often left for trial and error using a combination of different algorithms.
For instance, a simple way to construct the aperture is to use the median pixel
factor from the average stacked image. However, crowding and blending make this
complicated, and such a field would require more specialized treatment. Since
individual pixels are 4 arcseconds, blending and source confusion pose a worse
problem for Kepler than telescopes with higher spatial resolution. For crowded
fields, T use the watershed algorithm implemented in scikit libraryﬂ to find the

right boundary as shown in [Figure 2.9] This algorithm will be described in greater

detail in lsubsubsection 2.3l

For K2-34, the selected aperture selected is shown in [Figure 2.6 In order
to obtain the aperture, the time series is collapsed to form a median stacked
image. From this image, the suitable aperture is found by constructing the largest
contiguous region that has a flux value larger than 2 times the median value in the
median stacked image. This threshold for defining aperture is arbitrary, but often
good enough as pointed out in |[Van Eylen et al.| (2016). Due to the drifting of stars
in the field, it is difficult to find which set of pixels make the best combination
for the aperture. The process of choosing the aperture is left to trial and error in
order to produce the best photometric data. However, once a target is found to be
interesting due to potential presence of planetary signal, different combinations
of apertures can be used to produce an optimal light curve. A common way of
finding the best aperture is to use an increasing aperture radius from the known

or the calculated location of the star, and choose the best light curve obtained

2http:/ /scikit-learn.org/stable/
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among the different produced light curves. This method was employed for GJ
9827 or EPIC 246389858, which will be discussed in [Chapter 3|

2.2.2 Flattening

Before looking for the planetary signal, it is necessary to flatten or normalize
the light curve. Flattening in the pykerﬂ library, the official pipeline for Kepler, is
carried out using a Savitsky-Golay filtering technique. This process uses a sliding
filter which leaves the short term features such as transit or flares unchanged, while
fitting out the longer term trends such as stellar modulation. For our pipeline,
we use an iterative spline fitting in order to fit for the time series. We also use a
local variance based flattening technique to deal with discontinuities in the light
curve. Flattening can also introduce an unintended signal into the light curve
when looking for smaller signals such as phase curves, and particularly difficult
for light curves with long period planets. This is a point which will be revisited
in greater detail in [Chapter 4 But for a typical transit, the flattening process is

relatively straightforward and does not interfere with the transit signal.

2.2.3 Bright Targets

White et al.| (2017) has particularly focused on the getting precise photometry
of bright stars through a process referred to as halo photometry. They were able
to substantially improve the photometry for bright stars, compared to more con-
ventional techniques described above. The method involves rejecting the columns
suffering from column bleeding, and assigning weights to each pixel with halo

emission based on their variability. For seven Pleiades stars, White et al.| (2017)

3https://github.com/KeplerGO /pyke
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reported obtaining a light curve better by a factor or 2-3 compared to traditional
methods. As most of our targets do not need such special care, I have not imple-
mented this algorithm. But this will be a line of research that will be pursued by

our research group in the future.

2.3 Planetary Signal Search

A search for planetary transit signals is often conducted on a processed and
flattened light curve. In this process of preparing the light curve, the effects such
as flares or cosmic rays can be simply removed by ignoring the positive outliers
that significantly deviate from the median value. On this flattened light curve,
there are multiple methods available for conducting a planetary search. Among
them, box least squared (henceforth BLS) proposed by Kovacs et al. (2002) remains
one of the most successful methods in searching the planetary signal. The BLS
algorithm can be modified for a trapezoidal signal search as a trapezoid is a
better representation for a transiting signal compared to a rectangle. This is
particularly important when looking for shallower planetary signals or shorter
transiting signals. However, for our search we have been using BLS implemented
in python by Daniel Foreman Mackeyf] Recently, a different method known as
notch filter has been shown to work for relatively shallower transit (Rizzuto et al.
2017)), which works even on an unflattened light curve. However, by tuning the
level of the threshold, and the process for flattening in our search we can arbitrarily
tease out weaker transit signals. Besides, we can always find the transiting signals
by visually inspecting them later, thus an arbitrary SNR value above 3 can be

assigned for the detection threshold, and all of such threshold crossing events were

4https://github.com/dfm/python-bls
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manually checked. For K2-34b, the BLS algorithm is easily able to find the period
with high precision as shown in Harmonics of the signal can also be

seen in the periodogram at the integer multiples of the true period.
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Figure 2.8: Figure depicting the power spectrum BLS periodogram for K3-34. A
significant peak is observed at period of 2.995622 days, which is marked by red line.
The green line marks the 4 times the median value of power, which is often used as the
detection threshold value for follow-up evaluation.

Long Period Planets

It has been common practice in the exoplanet community to only consider
transits with at least three occurrences. For an 80 days observation, a typical
observational run length for K2 campaigns, the largest possible planetary period

fulfilling this criteria is 40 days. However, it is indeed possible to find plan-
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Figure 2.9: Multiple stars captured during the observation of a bright star (EPIC
212110888) from Campaign 5 by K2 . The black cross hairs mark the location of different
stars. The image on the left show the apertures selected for each star, and the image
on the right shows median stacked image of the field. The aspect ratio has been altered
to make the stars easier to spot.
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ets with orbital periods longer than 40 days. If multiple planets are detected,
such multiplicity can be helpful in verifying the nature of such transits, as mul-
tiplicity drastically reduces the false probability rate of the exoplanet (Lissauer
et al[[2012). In such cases the transit duration as discussed in
can be used to roughly constrain the orbital parameters, as well as the period.
Since the probability of transit falls dramatically for the longer transit as with
P-3 (Foreman-Mackey et al. 2016), long period planets are always difficult to
find. The long term planetary signals are also difficult to vet using RV, as shown
in although would be easier with astrometry. Besides, the transit
ephemerides of such systems often cannot be pinpointed with enough precision
for follow-up observations. Despite all these challenges, there has been growing
number of interest in longer period planets (Foreman-Mackey et al. 2016; Bryan
et al.[|2016) particularly because presence of such planets have major implications

on the migrations, architecture, as well as occurrence rates.

Serendipitous targets

Often due to crowding, a star at the periphery can be serendipitously captured
in the field of the view. This is more often the case in K2, which observes bright
targets with larger apertures, as shown in [Figure 2.9, For our pipeline, we auto-
matically look for the stars in the field and perform the detrending and planetary
search algorithm for all of these targets. So far, no signal of planetary origin has
yet been found among these types of targets. However, since these targets occur
near the brighter targets, they may be particularly hard to follow-up and validate.
Thus, not a lot of effort seem to have been put onto these type of targets. As

many of the serendipitous targets occur in a crowded area, for drawing apertures I
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use watershed algorithm implemented in scikit libraryE] inspired by the efforts of
Lund et al. (2015). This algorithm is particularly adapted for finding the borders

between two different objects when the boundary are slightly overlapping.

2.4 Vetting process

Many astrophysical signal can masquerade as the planetary transit signal,
hence once a potential transit signal is found, it must be thoroughly vetted. Orig-
inally, the community required using complementary methods such as RV follow-
up. However, this requirement was considered too high as it is not possible for
most of the Kepler stars due to the faintness of the targets. In fact, there are still
thousands targets that are roaming in the purgatory of KOIs (Kepler Object of
Interest) because there are no methods available for further validation.

The most common source of such false positive comes from background bina-
ries, and the comparatively low spatial resolution of Kepler only serves to make
the situation worse. In order to vet any systems found using Kepler and K2,
Morton et al.| (2016]) developed a code called vespa, which attempts to statisti-
cally verify the fidelity of planetary signal. However, it has been found that vespa
alone is not sufficient, and additional vetting analyses, such as aperture contam-
ination and PSF analysis is required (Cabrera et al.|2017). Vespa operates by
calculating the possibility that the light curve can be obtained by different con-
ditions such as an unblended eclipsing binary, hierarchical-triple eclipsing binary,
chance-aligned background/foreground eclipsing binary, and a transiting planet.
Also, as mentioned earlier it is also possible to verify the validity of the signal

using phase curves through the amplitude of the ellipsoidal variation (Mislis &

°http://scikit-image.org/docs/dev/auto_examples/segmentation /plot_watershed.html
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Hodgkin| 2012), or through dynamics such as transit timing variations (Agol &
Fabrycky |2017). But there are only a handful systems that can be verified in this
fashion leaving many with no viable methods for validation.

Detrending algorithms with K2 are getting better with time, and the planet
recovery rate are getting higher. It would be interesting to see how K2 compares
with Kepler. Understanding how different detrending algorithm fares, and what
are the good setup for the knobs for each algorithm is something we will learn with
time, and this can be seen as better quality of light curves are being extracted
for later campaigns compared to earlier. The data challenges with K2 has helped
in creating a host of new tools and techniques, whose utility is not likely to be

limited to astronomy.



Chapter 3
GJ 9827

GJ 9827 (also EPIC 246389858 and K2-135) was observed by K2 for a total
of 78.89 days from 15 December, 2016 to 4 March, 2017 at the boundary of
the constellations Aquarius and Pisces at RA of 23:27:04.835 and declination —
01:17:10.58 in long cadence mode. It was purposed as a part of nearby star survey
by PI Redfield (GO-12039); and additionally proposed in three other programs:
GO-12071, PI Charbonneau; GO-12049 PI Quintana; and GO-12123 PI Stello.

Nearby stars, particularly within 100 parsecs, are inherently interesting tar-
gets. Temporal monitoring of neighboring stars such as GJ 9827 provides an
opportunity to search for nearby planetary systems that are optimal for follow-up
studies. These targets tend to be brighter due to their distance, which in turn
allows detailed follow-up analysis for planetary atmosphere and habitability, such
as the stellar UV emission (Linsky et al.[[2014]), stellar wind strength (Wood et al.
2005) and stellar magnetic field structure (Alvarado-Gomez et al.[2016).

In our analysis of the light curves of GJ 9827, we detected transits from the
three planets (Niraula et al.2017). At 30.3 4+ 1.6 parsecs, it is the nearest plan-
etary system detected by Kepler or K2. Our analysis of the Kepler light curve
identifies the presence of three super-Earth planets of radii around GJ 9827. We
used the designation of super-Earth for planets with radii from 1.25-2 Rg (e.g.,

Batalha et al. 2013), even though the density obtained by later RV campaign
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revealed GJ 9827 d is likely a mini-Neptune. The planets orbit at a distance of
0.020 + 0.002, 0.041 #+ 0.003 and 0.059 T500: AU corresponding to orbital peri-
ods of 1.20895710000012, 3.64802+0.00011, and 6.20141700002 days respectively.
The planetary system is tightly packed, and the periods are close to 1:3:5 com-
mensurability. In addition to the fact that GJ 9827 is a relatively bright star,
the planets occur on both sides of the rocky and gaseous threshold of ~1.5 Rg
(Weiss & Marcy| [2014; Rogers| 2015)). Hence the system is likely to be a great
asset in understanding the nature of this threshold. Also note that there were two
simultaneous discovery papers on GJ 9827 (Niraula et al. 2017; Rodriguez et al.
2018).

The GJ 9827 planets are great candidates for atmospheric studies. In the past,
ground based telescopes, along with the Hubble Space Telescope (HST) and Spitzer,
have been successfully used to characterize the atmospheres of hot Jupiters (Char-
bonneau et al.2002; Knutson et al.[[2008; |[Redfield et al.2008; Sing et al. 2015).
With the James Webb Space Telescope (JWST), this territory will be extended
into the super-Earth regime (Deming et al.|[2009). Bright, nearby planetary sys-
tems like GJ 9827, will provide excellent opportunities to probe the atmospheres

of super-Earth planets.

3.1 Stellar Parameters

Finding the size of the planets through transits requires estimating the actual
size of the star. In order to derive the stellar parameters, the co-added FIES
(Fibre-fed Echelle Spectrograph) spectrum was used. The spectrum has a SNR
ratio of ~150 per pixel at 5500 A. The analysis was performed by the experts in

KESPRINT following the procedures already that was used in other K2 related



3. GJ 9827 39

work (Fridlund et al|[2017; (Gandolfi et al.[2017). Our parameters were obtained
by using SpecMatch-Emp (Yee et al.[2017). This technique is established by look-
ing at the empirical data which takes into account effective temperature (Tugr),
radius (R,), and iron abundance ([Fe/H]), all of which has been accurately mea-
sured by interferometry, spectrophotometry, and spectral synthesis. Our team
used empirical relations from |Mann et al. (2015) to derive the stellar mass. Our
stellar parameters are presented in[Table 3.1} The values are consistent with those
reported by [Houdebine et al.| (2016), where stellar parameters for 612 late-K and

M dwarfs were derived.

Table 3.1: Stellar Parameters of GJ 9827

V mag - 10.39*

J mag - 7.984
Distance pc 30.3 + 1.6°
Spectral Type - K6Vd
Effective Temperature (Tyg) K 4255 + 1104
Surface gravity (log g) cgs 4.70 £ 0.15 ¢
Iron Abundance ([Fe/H]) dex -0.28+0.124
Radius (R.) R,  0.651 = 0.065
Mass (M) Mg 0.659 + 0.0604
vsini km s71 2 + 14

“ Adopted from Zacharias et al. (2013)
b Adopted from |Cutri et al.| (2003)

¢ Hipparcos from (van Leeuwen|2007)
4 Adopted from Niraula et al.| (2017)

3.2 Data Reduction

As discussed in we implement a data reduction pipeline to detrend
the systematic K2 noise. We follow the protocol to decorrelate the data against
its arclength (1D) using one of the three standard stars from the Campaign (e.g.,

Vanderburg & Johnson|2014; Vanderburg et al|2016). These standard pointing
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stars are chosen such that their centroid can be found with better precision than an
average star in the field. Among these three standards, the light curve is decorre-
lated with the star whose centroid variation over time is best fit with a fifth-degree
polynomial, in this case EPIC 246292491. Besides, we use a modified version of
Van Eylen et al.| (2016)) publicly available Codeﬂ which detrends the light curve by
a simultaneous second order fit for both the centroid coordinates and time, also
allowing for a cross term between two centroids. The k2photometry (also referred
at k2phot) pipeline yields a flattened light curve. In our implementation, the final
transit removed light curve from k2photometry has a standard deviation of 77
ppm compared to 106 ppm from Vanderburg’s method. Thus in we
show the detrended flux obtained from Vanderburg’s method and the normalized
light curve from k2photometry. These values are higher by a factor of ~2 than
the expected calculated rms values of 39.2 for a V = 10.5 magnitude star,ﬂ which
is likely a result of pointing induced errors for K2.

As for some of the unique aspects of our pipeline, we take the median value
in each frame as the background. In order to avoid the effect of the outliers, we
perform an iterative spline fitting, rejecting 3o outliers until convergence. Finally,
the background is subtracted from the photometric flux. We reject the data with
bad quality flags, which resulted in excluding around 15% of the data flagged for
thruster firing, Agrabrightening (a sudden brightening event lasting for a couple
of minutes), cosmic ray detection, and pipeline outlier detection. This has led to
two instances where the transits are completely missing (refer to . We
did a follow-up test with different aperture sizes from which a circular aperture

of ~ 20" radius is chosen as shown in |[Figure 3.1, Initially we define our aperture

Thttps://github.com /vincentvaneylen /k2photometry
Zhttps://keplergo.arc.nasa.gov/CalibrationSN.shtml


https://github.com/vincentvaneylen/k2photometry
https://keplergo.arc.nasa.gov/CalibrationSN.shtml

-1°17'00"

DEC (J2000)

351°46'15" 30" 45"
RA (J2000)

Figure 3.1: Aperture selected for K2 flux extraction and detrending for GJ 9827.
Different apertures were used for flux extraction.
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as the largest contiguous region above twice the median. From this we calculate
the centroid of the star. However, the calculated centroid of the star does not
coincide with the FITS coordinates probably because GJ 9827 is a high proper

motion star (Stephenson |1986)).

3.3 Light Curve

Clear stellar modulation, associated with stellar rotation, is evident in the
detrended light curve of [Figure 3.2l After we remove the first five days of data
which shows anomalies probably related to thermal settling, the auto correlation
function (ACF) (McQuillan et al.[2013) of the detrended light curve exhibits a
peak at 16.977 11 days, which is consistent with our reported vsini value of 2 +
1 km s™! assuming a stellar inclination of 90°. A Lomb-Scargle periodogram also
shows a stronger peak at around the same region as ACF as shown in [Figure 3.3
However, we also note an almost comparable secondary peak at 29 days, which is
congruous with the value of 1.3713 km s! reported in Houdebine et al. (2016).
But given the precision, the real period cannot be uncontestably established. A
longer baseline of observations would help to determine the true stellar rotation
period. Note it has been established in the field that the auto-correlation function
provides a better estimation of the stellar rotation in comparison to other methods
such as a Lomb-Scargle periodogram, which as shown in the figure, and has a peak
at around 24 days. This debate can be settled with the longitudinal magnetic field
data from Zeeman Doppler Imaging monitoring of GJ 9827 (e.g. Hébrard et al.
2016).
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1.2
— Auto-correlation Function
1.0 —— Lomb-Scargle

0.0
10 15 20 25 30 35 40
Days

Figure 3.3: Periodograms from auto-correlation function (ACF) method and Lomb-

Scargle method. ACF has the primary peak around 16.91%%‘11 days and the secondary

peak around 29.53:% days , while Lomb Scargle shows the primary peak at 15.9ﬂé
daysand a secondary peak at 23.8f§:2 days. Maxima of both methods has been normal-

ized to 1.

3.4 Transit Fitting

We perform a Box Least-Squared (BLS; |[Kovécs et al.2002) search on the
flattened light curve to detect the presence of any planetary signals. Once a transit
signal is identified, it is fitted and removed from the light curve. In this fashion,
we iteratively run the BLS algorithm on the light curve for further detection of
additional transit signals. In GJ 9827, this showed a presence of three transiting
planets. A simultaneous fit for all of the three identified transits is then performed
with the batman model supersampled by a factor of 15, and adjusted for K2’s
long cadence (Kreidberg 2015), which is shown in . We use the affine
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invariant MCMC method implemented in emcee (Foreman-Mackey et al.|2013)
with 100 walkers for 30000 steps; of this, the first 22500 steps were removed as
burn-in. The rest of the data is used to build the posterior distributions and
estimate the uncertainties in our transit parameters.

We use uniform priors for the period, time of conjunction, scaled planet radius
and impact parameter for all three planets. For limb darkening parameters, we
use triangular sampling suggested by |[Kipping (2013). We additionally use |Sing
(2010) to introduce Gaussian priors on limb darkening based on the stellar pa-
rameters. We use the mean value of 0.5782 for u;, and 0.1428 for us, both with
0.1 standard deviation. Since this is a short period multi-planetary system, we
assume tidal circularization of the orbits and adopt a fixed eccentricity of e = 0 for
all three planets (Van Eylen & Albrecht|2015)). As for the scaled semi-major axis
of GJ 9827 ¢ and d, we assume they are constrained by Kepler’s Third Law. As
a result, we fit 15 independent variables . We additionally introduce a
Gaussian prior based on the spectroscopically derived stellar density of 3.3740.51
g cm 3. MCMC runs without Gaussian priors sometimes converged to unrealistic
semi-major axis values. From the posterior distribution, most of the variables
are well constrained except for limb darkening parameters. Due to short transit
duration and long integration time for K2, limb darkening parameters are not ex-
pected to be well constrained (Kipping2010). The introduction of Gaussian prior
for limb darkening parameters does not noticeably affect the other fit parameters.
The corner plot showing posterior distribution from a different run is shown in
both of which converges to similar set of values.

It is interesting to note that the transit duration, as can be visually estimated
from [Figure 3.5| is longest for GJ 9827 ¢, and shortest for GJ 9827 d. This is

consistent with the fit’s prediction that GJ 9827 d has a higher impact parameter
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than either GJ 9827 b or ¢ . Additional independent MCMC runs were performed
by our team using pyaneti (Barragan et al.2017a)), with flattened light curves
from independent pipelines developed in our group, and the results are within
lo errors. Note that the high impact parameter of GJ 9827 d suggests addi-
tional planets, if present, are likely to be non-transiting. This possibility has been

explored in the follow-up RV campaign (see [Section 3.7]), however given the low

amplitude of the RV signals it has not been possible to identify additional planets.
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3.5 Validation

Lissauer et al. (2012) showed that the false positive probability for multi-
planetary system is less than 1%. However, further efforts were taken in validating
the signal. It is standard practice in the field to use vespa to validate the detection
using statistical method. Rodriguez et al.| (2018]) used this method and derived
giving false positive probability under 1 in 1075 for all three planets. As mentioned
earlier, vespa considers different population distribution of eclipsing binaries, and
calculates the false probability rate for them to masquerade as the planetary
transit (Morton et al.|[2016]).

Given its large proper motion (= 400 mas yr—!), we are able to rule out the
possibility of an unbound background contamination using archival data. Using
the STScl Digitized Sky SurveyE] we identify GJ 9827 images as early as 1953 (see
. By comparing the image to the latest epoch (2012), we determine
that there is no background object coincident with its K2 aperture visible in
the 1953 plate. In order to estimate the limiting magnitude of the 1953 image,
we considered an object near to our target which is faint, but clearly above the
detection threshold of the image. By reference to the SDSS catalog, we determined
that this object has r = 19.0 (cf. r = 10.1 for GJ 9827). We, therefore, conclude
that the 1953 plate is sensitive to objects about 9 magnitudes fainter than GJ 9827,
and we can rule out the presence of unbound contaminants brighter than this. An
equal mass eclipsing binary system with a combined magnitude of » = 19.0 would
produce at most a 125 ppm deep signal in the light curve of GJ 9827, which is
shallower than the observed transits.

Additionally, high contrast images were taken in order to look for near com-

3http://stdatu.stsci.edu/cgi-bin/dss_form


http://stdatu.stsci.edu/cgi-bin/dss_form
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panions by KESPRINT (see |Figure 3.6)), and also by previous surveys (Jodar et al.
2013)), which showed absence of any companion stars. Besides, the fitting of the

spectral energy distribution did not show the presence of any infrared excess. In

addition, an RV campaign covering a couple of weeks showed no strong variation

due to stellar companions as was reported in Niraula et al. (2017).
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Figure 3.6: Speckle image taken at 562 nm and 832 nm taken with WIYN/NESSI
speckle interferometry which shows an absence of companion. Adopted from
‘Arranz et al.| (2018).

3.6 Transit Timing Variation

No TTV greater than 3 minutes were found for the planets GJ 9827 b, ¢, and

d as shown in An order of magnitude calculation of the expected

TTV amplitude, based on work by |Agol et al.| (2005), indicates that the expected

amplitude of TTVs is smaller than 3 minutes. Occurring near commensurability
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of 1:3:5, GJ 9827 ¢ and b period ratio deviate from 3:1 ratio by +0.5%, whereas
period of GJ 9827 d and c¢ deviates 5:3 by +2.0%. Such small positive devia-
tion from the exact resonance has been reported in other Kepler multiple planet
systems (Fabrycky et al.|[2014). In fact, the period ratio of GJ 9827 ¢ and d is
1.69994 + 0.00003 (~1.7), where Steffen & Hwang (2015) reported the presence
of a modest peak in their sample of Kepler multiple planet systems. Examples of
second order resonances in our own solar system, as well as in exoplanetary archi-
tectures have motivated a dynamical explanation regarding their origin (Mustill
& Wyatt|2011; Xu & Lai|2017), and a dynamical study of GJ 9827 could be useful

in answering questions pertaining to such architecture.
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Figure 3.8: O-C Diagram for GJ 9827 b, ¢ and d. The O-C signal and errors are
estimated using MCMC fit using model created with transit parameters. No significant
TTVs greater than three minutes is detected.
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3.7 RV Data

An intense campaign was conducted using FIES, HARPS, and HARPS-N in-
struments by the KESPRINT team in order to determine the mass of the three
planets, the result of which has been reported in |Prieto-Arranz et al.| (2018).
While precision of RV data has improved over the years, the systematics such as
RV jitter, as well as correlated spot-RV modulation still makes it difficult when
looking for a comparatively weaker signals (e.g. 1-5 m s™!). Prior to our effort,
Teske et al.| (2018) published a paper using a longer RV campaign with data going
as far back as 2009. However, the values reported in this paper are discrepant
to those reported by KESPRINT (see , which additionally performed a
Gaussian process to model out spot related RV modulation (see . The
primary reason for this discrepancy is thought to be spot-modulated RV signals
which are particularly difficult to model for long time series data, typically longer
than a year. Additionally, [Prieto-Arranz et al. (2018) obtained higher precision

data, which lends greater credibility to the mass derived by KESPRINT. While a

statistically significant signal for GJ 9827 b planet was found (see [Figure 3.10)),
mass estimations for GJ 9827 ¢ (see [Figure 3.11)), and GJ 9827 d (see [Figure 3.12))

are still up for debate. More RV data are being taken on this system, which
will likely help to determine the planetary mass with greater confidence. In our
analysis, the RV drift due to stellar spot modulation was modeled using Gaussian
processes, which is sometimes known to overfit smaller RV signals. The best fit
result for three planets are reported in [lable 3.3] For a more detailed description
the method employed, please refer to Prieto-Arranz et al. (2018).

Using the mass measured from RV observation (Prieto-Arranz et al.|2018),

and the radius measured by K2 (Niraula et al.|2017)), the bulk density of the
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Table 3.3: Mass and density of GJ 9827 b, ¢, and d

Parameter Unit GJ 9827b GJ 9827 ¢ GJ 9827 d
|Teske et a1.| (]2018[)
Mass Mg 7.50£1.52 2.65 4.67
|Prieto—Arranz et a1.| (]2018[)
Mass Mg 3747930 1.47%03  2.38*0T1
Density gem™ 4817 387F2F 1 42707
7.5
T 5.0 ‘
E 25 “ "l'l Ml 'l! m i 8l ) !
z it ‘,1' I HHJilNh ] ] y[
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Figure 3.9: Combined RV data taken from different telescopes showing the fit on the
top of Gaussian Process adopted from [Prieto-Arranz et al.| (2018) for all three planets
in GJ 9827.

planets was calculated. This showed GJ 9827 b and GJ 9827 ¢ are likely to be
rocky planets and GJ 9827 d is likely to be a gaseous planet. Such bulk densities
further can be used to see what sort of possible composition the planets can have
by assuming a few component models as can be seen in and highlight

the composition and structure of the planetary interior. It will be possible to have
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Figure 3.13: Mass-radius relation of GJ 9827 planets against different compositional
lines adopted from Prieto-Arranz et al.| (2018). Planets are with masses between 1-5 Mg,
and radii between 1-2.5 Rg as registered in the TEPCat(Transiting Extrasolar Planet
Catalogue) database are also shown.

a more informed discussion about the system, as the atmosphere of such planets

are characterized.

3.8 Dynamical Studies

Dynamical studies in the past have helped to rule out the solution space where

multiple planetary systems are unstable (Wittenmyer et al. 2007)). I similarly

performed the dynamical stability test of the GJ 9827 system with the help of

rebound (Rein & Tamayo 2015), using orbital parameters from |Niraula et al.|

(2017), and mass from [Prieto-Arranz et al| (2018). A visualization of which is

presented in [Figure 3.14] which shows a very small mutual inclination of the plan-
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Figure 3.14: Orbital configuration of GJ 9827 made with the help of rebound. The
x — y plane represents the plane of zero inclination.

ets. Multiple simulations were run (100), and the system was found to be stable
for over 100,000 years in most of them (99 out of 100). Small librations (~107%)
of eccentricity were observed for all three planets (see . However, the
more interesting question in regards to dynamics of the system itself is how did
period ratio close of 1:3:5 originate, which is rare among the multiple planetary

systems discovered so far (Prieto-Arranz et al.[2018). Understanding the origins of
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Figure 3.15: The eccentricity libration of planets GJ 9827 b, ¢ and d.
the planetary architecture would also help in distinguishing if the planets formed

in-situ or migrated from outer disks. The current paradigm for answering ques-

tions pertaining to planetary architecture is to run simulations beginning from

the early proto-planetary disk (Tamayo et al.|2017). However, such research is

outside the scope of this work.

3.9 Atmospheric Signal

Atmospheric characterization provides an opportunity to not only measure the

current conditions in the planetary atmosphere, but also put constraints on for-

mation history and interior structure (Owen et al|1999), interactions with the

host star (Cauley et al|2017), atmospheric and planetary evolution (Oberg et al.

2011)), and biological processes (Meadows & Seager|[2010). The planets in the

GJ 9827 system offer excellent opportunities to characterize their atmospheres.
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displays a relative atmospheric detection S/N metric (normalized to
GJ 9827 b) for all well characterized exoplanets with R, < 3Rg. The sample of
small exoplanets, totaling 6()3E| is taken from the NASA Exoplanet Archiveﬁ The
atmospheric signal is calculated in a similar way to |Gillon et al. (2016]) with an
effective scale height (heg = 7H; Miller-Ricci et al.|2009) using the equilibrium
temperature, a Bond albedo of a = 0.3, and an atmospheric mean molecular
weight p© = 20. However, since we calculate the relative signal and assume iden-
tical properties for all atmospheres, these values do not affect our results but
are included for completeness. The atmospheric signal is dominated by the atmo-
spheric scale height, favoring hot, extended atmospheres, and the host star radius,
favoring small, cool stars. The relative S/N calculation scales the atmospheric sig-

nal with the properties that make it possible to detect and measure this signal,

S/N _ W V' 10-0-4(J—Jret) M (3_1a)

S/NRef B WRef PT].4Ref’
2R, heg
W= ]’%’—z. (3.1b)

We use the J-band flux (e.g., HoO measurements with JWST; |Beichman et al.
2014)), and scale by the duration of the transit and the frequency of transits. Given
that sensitive atmospheric observations will likely require many transits to build
sufficient signal (e.g., |Cowan et al.|2015|), we have used a metric that optimizes
the S/N over a period of time rather than a per-transit metric.

In our initial calculation, all three planets in the GJ 9827 system were among

the top 20 candidates in terms of the S/N for atmospheric characterization, which

4as of 30 December, 2017
Shttps:/ /exoplanetarchive.ipac.caltech.edu
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Figure 3.16: Figure adopted from Niraula et al. (2017) showing relative S/N ratio of
an atmospheric signal for all exoplanet candidates with R < 3Rg. The GJ 9827 planets
are the filled colored symbols with GJ 9827 b used as the S/N reference. Using this
metric, GJ 9827 b is ranked as the sixth most favorable super-Earth for atmospheric
characterization.

is mainly a consequence of the brightness of this nearby cool, small, star. This
highlights the powerful impact nearby stars have on exoplanet characterization
given the relative brightness of even small host stars, providing strong atmospheric
signals at high S/N. Using this metric, GJ 9827 b is ranked the 6th best target
for atmospheric characterization, after GJ 1214 b, 55 Cnc e, TRAPPIST-1 b,
HD 219134 b, and HD 3167 b. After the RV campaign, the planetary masses
could be independently estimated. In this improved estimation we found that
the planets are even better atmospheric targets than originally estimated. Based

on this more recent calculation, GJ 9827 d ranks as the fourth best candidate
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Figure 3.17: An updated version of GJ 9827 figure after the mass estimation which
is presented in Prieto-Arranz et al. (2018). With the new mass estimation, GJ 9827 d
is expected to have the best SNR among the three planets despite its temperature.

overall (behind GJ 1214 b, 55 Cnc e, and TRAPPIST-1 b), and GJ 9827 b and ¢
rank sixth and seventh, respectively, among the 603 transiting planets with radii
<3R4, as shown in |[Figure 3.17]

Given that all three of the GJ 9827 planets are near commensurability, there
are regular opportunities to observe two, or even all three transits at approxi-
mately the same time. For example, see the K2 signal at BJD 2457753, which
occurs on average every 150 days (assuming 6 hours of observation). The wait
is shorter for simultaneous transits of two planets. Transit overlap occurs for
GJ 9827 b and c over 6 hours of observation on average every 8.7 days; for
GJ 9827 ¢ and d around 53 days, and for GJ 9827 b and d around 15 days. This

allows to arrange for a strategic observation session to observe all of three transits.
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We, therefore, have submitted a Spitzer proposal to obtain IR observations. The

simulated data from this observation would look as in |[Figure 3.18|

| | | ‘ i [_] b \" i|| | !i‘ ‘
= ‘Ei‘luii!u IE LGN e R T 1 prl B LY
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BJD 2458577.51317

Figure 3.18: Modeled transit in Spitzer from one of the recently submitted proposals.
Such observations would to be helpful in constraining the atmospheric signal in Spitzer
band as well as determining the ephemerides of the planets with better precision. The
red, green, and blue error bars show the calculated uncertainties in ephemerides for GJ
9827 b, ¢ and d respectively.

Using exotransmit and using planetary parameters, I model what the spec-
tral signal of the transmission spectral for three planets would look like (see
lure 3.19). I consider the presence of molecules such as CHy, CO,, CO, H50, O,
O3, OH, TiO, VO, Na, and K, as well as turn on scattering and collision induced
absorption flags. Exotransmit has been adapted to take into account the mass,
temperature, atmospheric composition, surface gravity, and size of the exoplan-
ets, therefore can be used for a range of planetary sizes. For more details on how

exotransmit works please see [Kempton et al| (2017). In our upcoming Hubble
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Figure 3.19: Figure showing the atmospheric modeling for three planets using
exotransmit. Undergoing atmospheric characterization will constrain different com-
position models at various wavelength windows.
observations, we will be looking for absorption in the Lyman-a emission line from
the atmosphere of GJ 9827 b which will put constraints its the hydrogen content
of the atmosphere. Besides, we have also put an Spitzer observation at 3.6 um,
which would provide the first step towards infrared atmospheric characterization.
Thus, the discovery of GJ 9827 planetary system is exciting particularly be-
cause of the atmospheric characterization possibility it offered. With current
instrument such as Hubble, super-Earths’ atmosphere are still very hard to char-

acterize, and some of the promising candidates had worse than expected trans-

mission spectra (Kreidberg et al.|[2014). With the launch of JWST, a telescope

with larger gathering power, exoplaneteers will have a powerful tool to probe the
atmospheres of super-Earths. It will therefore mark the beginning of a new era in

the exoplanet atmospheric studies.



Chapter 4

Phase Curves

Phase curves are one of the most powerful tools in the hands of astronomers to
characterize an exoplanet, and are particularly useful in the case of hot Jupiters.
As the planet moves around the star, the amount of light coming off the system
(star and planet) shows characteristic modulation at the orbital period of the
planet. Harrington et al.| (2006) used Multiband Imaging Photometer for Spitzer
(MIPS) to first demonstrate phase curve variation in case of v Andromeda b by
taking photometric snapshots at different phases. A year later, |[Knutson et al.
(2007) studied the thermal phase curve in HD 189733 b with data covering the
complete phase of the planet. While thermal windows are ideal for observing the
phase curves of the planet as the planetary emission often peak in the infrared,
the limited number of infrared instruments, ideally placed outside the Earth’s
atmosphere, has been the primary bottleneck for such studies. This is where high
precision optical photometry has come in to fill the void.

With Kepler, we are able to obtain precise photometry for thousands of tar-
gets in its field of view. With precision approaching 10 ppm, sometimes better,
some of transiting Kepler hot-Jupiters exhibited optical phase curves (Mislis &
Hodgkin|[2012; /Angerhausen et al[[2015). The phase curves have also been used
as a tool of discovery for non-transiting systems (Millholland & Laughlin 2017)).
Future missions such as CHEOPS, PLATO, and TESS similarly will provide more
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opportunities for the characterization of planets with the help of the phase curves.

Phase curve analysis has already become a popular technique within the ex-
oplanet transit community. The observation of thermal emission has been used
to map the temperature distribution in the planetary atmosphere, which in turn
helps to constrain the atmospheric models. Such information can shed light on
some of the common features of atmosphere such as superrotating jets (Knutson
et al. 2007) or temperature inversions (Wong et al. 2016). Atmospheric circu-
lation models of hot Jupiters had predicted a phase offset for the peak of the
phase curve (Showman & Guillot|2002) even before they were detected by [Knut-
son et al.| (2007)) using Spitzer observations of HD 189733 b. Besides, looking
at the variation in the phase curve, information on the longitudinal variation of
the temperature can be obtained which in turn can be used to model in greater
detail the atmospheric patterns in such planets (Rauscher et al. 2008; Showman
et al.|2015). Phase curves also help to look into the energy budget of the planets
(Demory|2014)) providing the heat transport efficiency of the atmosphere and the
day-night temperature contrast. Meanwhile, the timing of the secondary eclipse
itself is a great way to characterize the orbital parameters such as eccentricity, and
longitude of periastron (Huber et al.|2017) which are poorly constrained when ob-
tained by fitting the primary transit alone.

Optical phase curves are often trickier than their thermal counterpart because
of the smaller contrast ratio between the planet and its host star. In addition,
there are more contributing components. While reflectivity (the stellar light re-
flected off the planet) is often the dominating factor, there are other contributors
such as ellipsoidal variation, thermal emission, and Doppler beaming. Ellipsoidal
variation is related to the shape distortion of the star (Esteves et al.2013), and

Doppler boosting is due to relativistic Doppler effects (Esteves et al.|2013). A
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more complete model would also add other heat sources on the planet such as
the effect of the tidal heating of the planet (Demory [2014). When starting the
project, I did not expect the photometric precision of K2 to distinguish between
different models, thus only a simplistic model with only reflective component has
been considered throughout this work, although later it was observed that more

some of the targets did show potential ellipsoidal variation.

4.1 Promising Candidates

There has not been a systematic search for secondary eclipses in K2, and only
a handful of candidates with phase curve have been reported (Malavolta et al.
2018). In looking for the phase curve, I first searched for the secondary transit,
as often the amplitude of the phase curve is comparable to the amplitude of
the secondary transit. For this, I consider all the planets detected so far by K2
as listed in the NASA Exoplanet Archivdl] and calculate the expected Signal to
Noise Ratio (SNR) for secondary eclipse using equation . Note this
includes planet hosting systems discovered using ground based telescopes such as
WASP-28, WASP-55, WASP-47, WASP-75, WASP-107, WASP-118, WASP-151,
QATAR-2, HAT-P-56, HATS-9 and HATS-11, which were specifically proposed
for K2 for refining their orbital parameters as well as potential observation of
their phase curves. Altogether, around 307 planets were considered most of which
are reported in |Crossfield et al.| (2016]); Dressing et al. (2017)); [Mayo et al.| (2018).
These were targets mostly through Campaign 10, as well as from later campaigns
if they have been registered in the NASA Exoplanet Archive. One of the targets

for which the paper still is under review has been added with the permission of the

Lexoplanetarchive.ipac.caltech.edu
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author. The expected SNR is calculated using [Equation 4.1, where an optimistic

geometric albedo estimate of A;=0.4 is used:

e = A, (R/L]f) | (1)

where dge. 18 the expected secondary eclipse depth. The SNR is also affected by

phase folding as follows:

556(: 80 %
NR = 4.2
SNR o ( P days) ’ (4.2)

where o is the expected photometric precision of the data is which calculated
based on its magnitude, and P is the orbital period. Both equations show how
short period planets are preferable for the detection of the secondary eclipse.

In estimating the depth of the secondary eclipse, I have largely ignored the
thermal emission of the planet primarily as they are usually negligible, and scales
proportionately with the reflected component. Based on this calculation, it is not
surprising that neither phase curve nor secondary eclipse was reported in WASP-
157b (Mocnik et al.|2016|), a planetary host which was observed with K2 with
such motivation, for which the calculation estimates the SNR to be below 1. All
the planetary candidates with SNR greater than 1 are considered for detailed
study during which different combinations of flattening process and detrending
algorithms were considered. All such planets are catalogued in and the
distribution of expected SNR are shown in The obtained light curves

and best attempts to obtain the phase curves are sequentially presented from

Figure 4.3 .14 .
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4.2 Modeling Phase Curve

In order to model the phase curves, it becomes necessary to model the planets
motion around its host star. Any motion of the planet around its host star can be
parameterized as in Murray & Dermott (1999)) using mean anomaly (M), eccentric
anomaly (F), and true anomaly (v). These three quantities are related to each

other as the following:

0= 22
E(t) = M(t) + esin E, (4.3)

v(t) = 2arctan (g/ 1 _T_ Z tan Eét)) .

where, M is the initial mean anomaly.
As for the flux from the system itself, it is the combination from the star and

planetary systems combined. Thus, it can be written as:

Fet Fermat F t FOt
_ Rf()_|_ th 1()+ Ell()+ Dp()‘

(4.4)

f(t)

The reflectivity, thermal phase variation and Doppler beaming due to planet mo-
tion around its host star has a characteristic period same as the orbital period,
whereas, the ellipsoidal variation has half the period of the orbital period. In
addition to these signals, there are modulations associated with stellar oscillation,
and stellar rotation. It, therefore, becomes a difficult task to disentangle the signal
when the orbital period is comparable with the stellar rotation period as is the
case with some of our targets. Each of the variations described in can
be mathematically characterized. However, as mentioned earlier we only consider

the model with the reflective component. Our model is based on |Esteves et al.
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(2013)), which has a comprehensive discussion on all of the different components.
For the reflective component, the planet is considered to be a Lambertian sphere,

following the cosine emission law. This can be mathematically expressed as:

[1+4 cosé(t)],

2
A (RR
=5 (d(t)/R*)2[1+ 0(t)],

(4.5)

where, the angle (6(t)) which is the sum of true anomaly (v(t)) and the argument
of periastron (w(t)) (ie. 0(t) = v(t) + w), R, is the radius of the planet, R,
is the stellar radius, and d(t) is the distance of the planet from the star. For a
circular orbit, this is quite easy to model, however for an eccentric orbit it requires
solving Kepler’s Equation (see before calculating how the reflective
component varies with the phase.

For a perfectly circular orbit the secondary eclipse is expected to occur at
phase=0.5 and the fact that the secondary eclipse depth is comparable to the
amplitude of the phase curve can be used to assess the fidelity of the signal.
Note that in modeling the phase curve, the deviation from sinusoidal variation
occurs only when the planetary orbital has some eccentricity. Thus, we have
reason to believe the orbit has been circularized for these close-in planets, the
more complicated models with an eccentric orbit will not be considered here.

Phase curves also demand a very thorough understanding and characterization
of the light curve. In fact, during a proper characterization of the light curve, one
can see the star spots disappearing behind the line of sight (Dai & Winn| 2017;
Mocnik et al.|2017). Such detailed analysis means that any outstanding anomalies
would be an indication of the phenomenon that is not previously reported. For

example, with this level of detail it might be possible to detect slight dips in the
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phase corresponding to .4 and L5 points, where Trojan objects can stay orbit in a
stable configuration. Usually, L4 or L5 in the planet-star system lead or trail the
planet by 60°, which will be discussed in greater detail later. Note this is also true
for the eccentric orbits, with a slight modification in the calculation (Todoran &

Roman||1992).

4.3 Data Pre-Processing

In the process of extracting the phase curve, it becomes necessary to remove
the variation in the light curve primarily associated with spot modulation and
other quasi-periodic phenomena. Various techniques are available for flattening
the light curve of the stars, but an important question when extracting phase
curve signal is what are the chances that it can overfit the phase curve or underfit
the stellar modulation signal. In fact, it becomes difficult to detect transit signals
around highly variable stars as the photometric variation of the host star can
drown the transit signals. For such targets, extracting a phase curve is even more
difficult. This bias is clearly observable as most of the planetary optical phase
curves are observed in systems where the host star shows smaller amplitude and
longer timescale (compared to the orbital period) spot modulation variation.

For this work, I consider three flattening processes: spline fitting, variance
fitting, and Gaussian process fitting . For spline fitting, implemented in scipy, the
knots are drawn at different planetary orbital period intervals, and the degree of
polynomial is either 2 or 3. No universal method was found to work. For instance,
for fast rotators the spline flattening would underfit the spot modulation. Variance
fitting, so called because it fits the data by looking at local variance, overall

tended to overfit the phase curve. While this could be remedied by increasing the
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number of iterations during outlier rejection iterative process, this was not always
the ideal solution. While Gaussian process theoretically is the most preferred way
(Serrano et al.2018)), the complexity and the computational expenses makes it less
desirable. Also as the spots evolve, the spot modulation deviates which although
can be modeled can make it difficult to disentangle the signal.

A complete test for fidelity of phase curve signal would require injecting a sig-
nal at the target pixels file, and see how each of the detrending algorithm perform.
There are different free parameters in every detrending algorithm, and understand-
ing how each one affects the final obtained light curve would be desirable. This is
currently outside the scope of my work. However, one of the candidates, K2-141,
has a reported phase curve, and it can be used as a benchmark to see how different
pipelines handle the phase curve signals. I have also done some preliminary tests,
as shown in on how different flattening procedures change the reported
secondary eclipse depth, and have found that they largely give consistent results.
However, note that the spline method is able to best reproduce the phase curve
signal that was presented in Malavolta et al. (2018)), thus has been primarily used

for flattening procedure in obtaining the phase curve.
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Figure 4.2: A comparison of different flattening methods: (a) spline fitting, (b) variance fitting,
and (c) Gaussian Process fitting with sine based exponential kernel (bottom) on the light curve of
K2-141. The phase curve is most obvious in the spline based flattening procedure.
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4.3.1 K2-141

K2-141 b is one of the ultra-short period planets with period of 0.28032 days

(6.7 hours) that was found in Campaign 12 of K2 (Barragan et al. 2017b; Mala-

volta et al.[|2018)). It clearly exhibited a phase curve as was reported in (Malavolta

et al.|2018]). We obtained data from the authors, and performed spline flattening

procedure, and detect the secondary eclipse at depth of 26 + 3 ppm , and ampli-

tude of reflective component at 11.3 £+ 1.3 ppm. The secondary depth signal is

higher than twice the amplitude. A similar case was observed in 55 Cnc e (Demory

et al.[2016), although why that can be the case is still under discussion.

Parameters Units |Malavolta et al.| (2018) This work

Table 4.2: Parameters for K2-141 b

Amplitude

5seconda7‘y

A

g

ppm 23 + 4
ppm 23 £4
- 0.30 £ 0.06

11.3 £ 1.3
26 £3
0.33 £ 0.04

4.3.2 K2-107

Table 4.3: Parameters for K2-107 b

Parameters Unit Value
Eccentricity - 0.04670079
W% Degrees 240+14
5secondary ppm ST+ 7
Ay - 0.34 +0.26

K2-107 was observed to have a secondary eclipse but not at 0.5 phase (see

Figure 4.12)). Based on the fit, the value of eccentricity is 0.046"

0.029
0.019>

which is
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consistent with the value reported for eccentricity for non-circular fit of 0.06+ 0.05
in [Eigmiiller et al|(2017). All other relevant values are reported in [Table 4.3] The
secondary eclipse was also found by using the methods ascribed in (Huber et al.
2017)), and were consistent to what was seen with spline flattening method. Also
like K2-141 b, the depth of secondary eclipse of K2-107 b is found to be deeper

than the amplitude of the phase curve.
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Figure 4.15: A secondary eclipse of 97 + 7 ppm is observed in everest detrended light curve of
hot jupiter EPIC 246911830 b.
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Figure 4.16: A secondary eclipse of 61 + 7 ppm is observed in K2SFF detrended light curve of hot
jupiter EPIC 246911830 b.
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4.3.3 EPIC 246911830

Johnson et al.| (2018) has submitted a paper on a new hot Jupiter reporting a
secondary eclipse of depth 71 4+ 15 ppm. Using the technique described in [Huber
et al. (2017), I obtain statistically significant secondary eclipse (see -
. The secondary eclipse of 61 £+ 7 ppm was obtained for K2SFF detrended light
curve corresponding to A, of 0.18 £ 0.02, whereas a secondary eclipse depth of
97 + 7 pm was obtained from everest detrended light curve which corresponds
to Ay of 0.29 £ 0.02. These two values are not consistent with one another,
and shows how different detrending procedures can affect the final light curves
obtained. Note that this planet is not catalogued in {Table 4.1, and a K2 number
has yet to be assigned as the paper is in the peer review process. Also, the stellar
rotational period is found comparable with the orbital period of the planet, which

makes it particularly difficult to disentangle the phase curve signal.

4.3.4 Other planets

For many of the planets catalogued in [Table 4.1, no phase curve was observed.
Since A, =0.4 for geometric albedo is an optimistic assumption, we did not expect
to see phase curves in many of the planetary candidates as the typical values for
super-Earths, mini-Neptunes and super-Neptunes are respectively 0.11 4+ 0.06,
0.05 + 0.04, and 0.11 + 0.08 (Sheets & Deming|2017). But for some, such as HAT-
P-56, the light curve was found to be particularly noisy (see , therefore
lacking the precision required for the phase curve detection. This potentially was
due to crowding near the source. In addition, my code has not been fully optimized
to work in multi-planetary system for systems to handle planetary systems such

as HD 3167 as well as WASP-47, which will be developed in the future. As for
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K2-31 b, it does show the distinctive signature of ellipsoidal variation, however
as this work began by considering only the reflective part, no further analysis is
presented. Such work will be conducted in the future. This has demonstrated
shown that even with K2 considering additional optical phase components is not

as a bad of an idea as originally thought.

4.4 Trojan Objects

Trojan objects are any celestial objects that have the same rotational period
as does the planets around its host star. Looking for Trojan objects is not a new
quest (see [Janson|2013; [Placek et al.|2015]), and various techniques have already
been proposed with photometry (Placek et al. 2015), RV (Ford & Gaudi 2006),
as well as TTVs (Ford & Holman 2007). However, no Trojan objects have been
discovered. In this work, I try to assess how feasible is the discovery of Trojan
objects with K2.

For the presence of the Trojan objects, I consider the gravitational potential
of two objects. In order to derive the points for 1.4 and L5 points consider a
two-body configuration, whose center is arranged such that the center of mass lies
in the origin. Let m; and my be the mass of the two celestial objects, then for
the co-rotation frame the Jacobi integral C' is defined as the following:

. M2
My + My’
m=V@tp?+y?), = -1+ p)? +y?

PVt (4.6)

1 1—
wole A=m n
2 1 T9

1

C =2W.
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where p is the reduced mass of two bodies, x and y are the positions in the grids.

7 N\

Figure 4.17: Lagrangian for two objects with mass ratio of 0.1. The center of mass is
shown by the green cross hair at the center of the figure. The two black cross hair shows
the exact location of Ly and Ls points. The contours represent the Jacobian integral

from

I present the contour map for C' in Note the phase by which

the Trojan objects lead or follow the planet is the function of the mass ratio of
the two bodies (see [Figure 4.18)). Even though, the objects can be stable over
the time scale of giga-years as has been the case in Trojan asteroids in the Sun-

Jupiter system, the stability can only be achieved when certain criteria are met.
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Figure 4.18: The L4 and L5 points in a two body system will occur 60° before or after
the transit when the mass of the primary is dominant. However, as the secondary body
has mass approaching the mass of the primary object, the L4 and L5 points occur at
90° as is shown in the figure. However, when the secondary body is around 0.04 times
the mass of the primary, the orbits of the Trojan objects become unstable.

For instance, in 1843 Gascheau showed that Trojans objects are linearly held in

equilibria until:
MpMp + My M, + MpM, _ 1
(Mr + Mp + M,)? 27

(4.7)

This shows that for M, > 0.04M,, the Trojans are not stable, which I was able

to numerically verify using simulations in rebound.

4.4.1 Libration

In our numerical simulation, I found that Trojan objects can be stably cap-
tured at L4 and L5 even while librating with a phase amplitude of 0.03. The

libration is caused by the interaction between the planetary object and the Tro-
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Figure 4.19: Libration of Trojan object around L4 points for 1 Mg star and 0.001
Mg planet.

jans, thus larger the mass of the primary object larger the libration. This further
complicates the detection of Trojan objects as any libration dilutes the transit
signals, which is already a challenge because the Trojan objects are expected to
be much smaller than the planets, and therefore generate much smaller signals.
Additionally, Trojan objects can librate with even larger amplitude depending on
how they were captured in the first place.

As demonstrated in this chapter, with proper detrending applied K2 is capable
of detecting the phase curves of the close-in hot Jupiters. However, finding Trojan
object poses an even bigger challenge as it requires precision of about 1-2 ppm
(Hippke & Angerhausen 2015). Such depth is shallower than the precision that
K2 is able to offer, but might be possible for planets in short orbital periods such
as HAT-P-7b system in the original Kepler mission after phase folding. Note
that the Trojan objects does not necessarily have to be small objects like in our
solar system, but anything with a substantial mass in a co-orbital radius will
induce transit timing variation, which is much readily detectable. Given all these
complications, looking for Trojan objects in the original Kepler is the best bet for

finding them, and if successful, only then should be tried with K2.



Chapter 5

Conclusion

In writing this thesis, I hope to have shown how precision photometry has
been a game changer in the field of exoplanets. With K2, the legacy of Kepler
as the discoverer of smaller planets continues. In fact, currently K2 is the only
operational facility that is capable of making discoveries of small planetary system
such as GJ 9827. At the same time by observing targets beyond its classical
regime, K2 has shown how precision photometry can be beneficial for different
divisions of astronomy such as asteroseismology, Active Galactic Nuclei or galactic
astronomy. While Kepler’s four yearlong photometric coverage will probably be
unmatched for its precision, length and coverage for some decades to come, K2
expansion of the scope of precision photometry has irreversibly changed the field

of astronomy.

5.1 Comparative Phase Curve

The launch of TESS, an instrument with comparable photometric capability to
Kepler but working in different bandpass, will provide an interesting opportunity
to re-observe many of the planets discovered and studied by Kepler. Since their
bandpasses are different, it will allow us to see how the radius of the planet changes
with wavelength, and therefore will provide some preliminary indication of the

presence of the atmosphere. For hot Jupiters, if the phase curves are observable,
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the reflective component and the thermal component can be disentangled from
these two different photometric time series as has been described in [Placek et al.
(2016)), thereby opening new avenues of research. However, TESS will not be
observing the ecliptic, which means only for targets observed by Kepler would
such study be possible. But there is a plethora of interesting targets such as
HAT-P-7b, and multiple Kepler discovered planets which will provide a broad

ground for such studies.

Kepler
14 —— TESS
KO Star (T=5250 K)
1.2 —— M2 Star (T=3500 K)
51.0
4
O
=
0.8
(]
(2]
c
20.6
w0
(O]
o
04
0.2
0.0

400 500 600 700 800 900 1000 1100
Wavelength (nm)

Figure 5.1: Function showing different along with spectral of different spectral type
star. The TESS response function was kindly provided by Prof. Ben Placek, Wentworth
Insititute of Technology.

Currently, atmospheric clouds pose a major challenge in characterizing the at-
mosphere of some of the most promising candidates such as GJ 1214 b (Kreidberg
et al.|2014). A comparative phase curve and photometry could be particularly

helpful in finding out if the targets are as good as expected for atmospheric char-
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acterization follow-up. And with JWST launch on the horizon, the field of exo-
planet characterization is likely to make progress in leaps and bounds, particularly
in making definitive progress towards studying the atmospheric composition, as

well as providing better quality data to test our models of the atmospheres.

5.2 Future Work

K2 will likely continue for a few more campaigns, and its gamble for observing
bright targets seems to be paying off. As recent as Campaign 16, there was a
super-Earth sized planetary candidate around a bright target HD 73344 with V'
= 6.9 (Yu et al.||2018). If confirmed, this would be among the brightest target
to have a planetary candidate, therefore great for atmospheric characterization
follow-up. Besides, more campaigns are planned, which will keep the stream of
discoveries of planets flowing. But, K2 will likely run out of fuel before or during
Campaign 19, which would conclude one of the most prolific missions for exoplanet
discovery. But this would mean we are still anticipating new data to analyze, and
continue our hunt for planets.

Besides, the K2 data set is likely to hold many interesting targets which will
be discovered as the data will be progressively combed with more optimized data
processing techniques. One such avenue would be to look for serendipitously
captured targets in the frame of the bright stars as was described in [Chapter 2]
I intend to carry on this work during this summer. So far, I have only looked
into a subset of serendipitously observed targets in a smaller subset, and looking
into a larger dataset is likely to yield some interesting targets. In fact, in the
smaller data set, I have already found a few interesting targets which I have not

reported in this work. And some of the major challenges for such a study include
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finding the suitable aperture to extract the photometric data, which ties into the
traditional data challenges.

Additionally, the phase curve for K3-31 (see was an unexpected
last minute find, and calculation using the planet-star parameters tells that the
observed ellipsoidal variation of about 50 ppm which is higher than from expected
ellipsoidal variation of amplitude 12 ppm (i.e. peak to peak value of 24 ppm),
the discrepancy can be explained away with reflective as well as Doppler beaming

effects. A similar phase curve was shown to be present for Qatar-2b in [Dai et al.

(2017) as shown in [Figure 5.2l In our future work, we will be looking to answer

§ 0.00000]  f; ||" ".' III”!'i"-| X ‘r-HJH hl ;L ,
E —0.00005} HT \ \W \

o oLt Mw Hoh W S
o I LU ML LU L

0.0 0.2 0.4 0.6 0.8 1.0
Orbital Phase

Figure 5.2: Combination of ellipsoidal variation (ELV) and Doppler beaming (DB)
seen in Qatar-2b in K2 light curve as reported in Dai et al. (2017).
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if any additional steps in detrending would allow to better preserve the fidelity
of the phase curve signal. Also, once the phase curve pipeline is ironed out, it
could potentially be used to validate some of the planetary candidates as has been
done in the past (Mislis & Hodgkin/[2012)). For this line of research, we will be
particularly looking for the ellipsoidal variation among the planetary candidates,
from which we intend get a rough estimate on the mass.

All of this effort in finding more planets ultimately ties into more fundamental
questions about the occurrence rates of the planets, and their size distribution,
which in turn helps to address even more fundamental questions about their ori-
gins. In fact, looking into the current data set already some of the interesting
patterns have emerged. For instance, a gap known as Fulton gap in the planet
size distribution as shown in is reported. This is already a major im-
provement on what was reported a few year ago (see . Similarly, the
relationship between the metallicity of the host star and the planet occurrence
rates that was discussed by [Fischer & Valenti (2005) are being revisited with
studies such as Petigura et al.| (2017)), which in turn has shown the relationship is
strongest for hot Jupiters, and not as much as was expected for other categories of
exoplanets. These are examples of how our findings of more planets will facilitate

answering some of the deeper questions in the field of exoplanets.
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Figure 5.3: An interesting gap (called Fulton’s gap) is seen in the planet’s occurrence
rate vs their size commonly around 1.8Rgq as seen in the figure above adopted from
Fulton as seen in Fulton et al.|(2017).
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5.3 Prospects of the field

We have seen rapid progress in different fronts of the planetary science. For
instance, in the solar system exploration, the recent visits to the moons of giant
planets as well as asteroids have garnered a wealth of information. The recent
Juno mission, which is mapping Jupiter with an unprecedented detail, has led into
interesting insights into Jupiter’s atmosphere. For instance, cyclonic activities at
the poles of Jupiter were seen (Kaspi et al.|2018; |Adriani et al.|2018) which showed
atmosphere of Jupiters are more complex than expected. We have been modeling
the atmosphere of hot-Jupiters for more than a decade now with some success,
and such new observations within our solar system will definitely assist modelers
to refine the atmospheric models of the hot Jupiters.

At the same time the field of planetary formation has taken a leap of its own
with the recent developments of new radio tools such as Atacama Large Mil-
limeter /submillimeter Array (ALMA) (ALMA Partnership et al.2015). ALMA
has been a game changer, as for the first time we are finding the gaps in the
proto-planetary disks (Andrews et al.|2016|) and learning in great detail about the
evolution of the disk into the planets (Hughes et al.|2018). Thus, there has been
progress in answering the puzzles of the planetary science at different stages. The
easier ones will act as a stepping stone towards finding solutions of the harder
ones.

Exoplanet research as a young field and growing at an accelerating pace. In
the next two to three decades, it will very likely have even bigger breakthroughs.
The majority of this will come as different tools are developed, or as technological
innovation will allow to probe things that previously were impossible or simply

not imagined about. As the saying goes, a rising tide raises all boats, the progress
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made in different branches in science as well as technology will impact the field
of exoplanets by facilitating more in-depth research. The universe is a big jigsaw
puzzle, and as more pieces fall in their right location, it will become easier to

narrate the story.
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