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Abstract

The discovery and characterization of extrasolar planets is a leading fron-
tier of science, which is limited by our ability to extract real astrophysical
signals masked by systematic noise. In this Thesis I develop techniques
for self-calibration in optical astronomy, in both imaging and photometry,
applicable both to observations from the ground and for space telescopes,

and apply these to searching for exoplanets.

Kernel phase interferometry is a method for improving high angular reso-
lution astronomical imaging by cancelling out the effects of the turbulent
atmosphere. I derive a generalization, kernel amplitude, to correct also
for the effects of scintillation, or twinkling. I go on to demonstrate kernel
phase for the first time from the ground using the Palomar Hale 200-
Inch Telescope, as a test case for the extreme adaptive optics instruments
SPHERE and GPI.

The Kepler satellite and its successor, the K2 mission, have been cru-
cial to our understanding both of exoplanets, and via asteroseismology, of
stellar physics. The success of K2 depends on correcting for its unstable
pointing. Using semi-parametric Bayesian statistical models to overcome
this issue, I report the discovery of 145 new transiting planet candidates in
data from Campaigns 5 and 6 of the K2 mission. Furthermore, with two
novel techniques, ‘smear’ and ‘halo’ photometry, which dramatically ex-
tend the dynamic range of Kepler and K2, I recover light curves of bright
stars that were previously too saturated to study, and definitively detect
variability in the seven naked-eye stars in the Pleiades cluster. These
new data analysis approaches enable the K2 and TESS space missions to
discover planets transiting the nearest and brightest stars, which will be

ideal targets for the coming era of exoplanet characterization.
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Chapter 1

Introduction

Me before all things may the Muses sweet,

Whose rites I bear with mighty passion pierced,
Receive, and show the paths and stars of heaven,
The sun’s eclipses and the labouring moons,

From whence the earthquake, by what power the seas
Swell from their depths, and, every barrier burst,
Sink back upon themselves, why winter-suns

So haste to dip ‘neath ocean, or what check

The lingering night retards.

Vergil, Georgics 2.475-8 (tr. |Greenough, (1900

Human beings of every culture have sought to understand their place in the cos-
mos. Their mythologies have exalted our species as the pinnacle of nature, of divine
origin and unique in the universe, and many traditional societies have based their
beliefs in the regularities of the motions of stars, the Sun, the Moon, and the planets
(Ruggles, 2015)). The modern science of astrophysics is on the cusp of answering some
of the profound questions previously left to religion: what is the origin of the Earth
and Solar System? Are there other worlds like it — and do they harbour life? In this
Thesis, I shall present a very modest collection of research towards helping answer
some of these questions, by developing and refining technology for finding extrasolar

planets and for learning about their characteristics and those of the stars they orbit.
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This technology will, I hope, contribute in some small way to the long-term goals of
understanding stellar physics, planet formation, and searching for habitable planets
and life in the universe.

I will focus on two methods for studying stars and their planets: direct imaging, in
particular using interferometry and adaptive optics to try and resolve a faint planet
from its parent star; and photometry, using measurements of the brightness of a star
to detect the presence of planets as they pass in front and block its light (the transit
method for exoplanet detection), and deduce the star’s internal structure (asteroseis-
mology). I am in particular interested in methods for obtaining measurements of
bright stars in the presence of systematic noise, and self-calibrating these in post-
processing. Since the first discovery in 1995 (Mayor & Queloz|, 1995), the number
of known exoplanets has doubled every 27.3 months (“Mamajek’s Law”: |Mamajek,
2016)), comparable to the rate of discovery of radio sources in the 1950s-1960s ‘golden
age’ of radio astronomy (Callingham) 2017). The next stage in this field will be to go
beyond surveying many faint stars to simply detect signals, as with the Kepler transit
survey. We now want to characterize planetary systems in great detail: for this, we
will want to be able to find the best possible targets, which are typically those planets
transiting stars bright enough to use the best spectrographs to obtain atmospheric
spectra, and to use the best adaptive optics to obtain direct images of the planets
and other circumstellar material. These are in general hard to find with instruments
optimized for large surveys of faint stars, but as I will show, with the right algorithms
it is possible to extend the dynamic range of existing survey instruments to be able
to observe even the very brightest targets.

The structure of this Thesis will be as follows. I will begin by presenting research
on the ‘kernel phase’ approach to correcting the effects of optical aberrations on high-
angular-resolution astronomical imaging, with a theoretical generalization of these

ideas to account for scintillation effects (Chapter , together with the results of an



experiment using the Palomar Hale 200-Inch Telescope to test kernel phase for ground-
based adaptive optics (Chapter [3). These ideas are applicable to other advanced
adaptive optics systems, and to current and future space telescopes, and will enable
better imaging of stellar systems for studying binarity, to resolving protoplanetary
disks, and directly imaging young planets.

In the remainder of this Thesis, I will describe work done with the Kepler Space
Telescope and its continuation as the K2 mission, which uses the transit method to
search for extrasolar planets. In Chapter [4 I will present a catalogue of transiting
planet candidates in K2 Campaigns 5 and 6, using Gaussian Process non-parametric
models to correct for systematics. I will then demonstrate two new techniques, ‘smear’
and ‘halo’ photometry, for extracting precise light curves of stars so bright they
could not ordinarily be observed due to detector saturation. Using smear photometry
(Chapter |5), we are able to recover light curves of stars in Kepler and K2 which were
not even downloaded to Earth, instead reconstructing these from collateral ‘smear’
data used for calibration. With the halo method (Chapter @, we use variations in the
wide halo of diffracted and scattered light around stars as bright as the third mag-
nitude, obtaining the first ever precise optical light curves of the naked-eye Pleiades,
detecting variability in some for the first time. These new methods open the door
to observing the nearest and brightest stars without imposing additional hardware
requirements on existing and near-future instruments.

In a concluding chapter (Chapter @, I will discuss the application of kernel phase
to future adaptive optics and space telescopes, and explore the possibility of finding
planets using the halo method around naked-eye stars using the upcoming Transiting

Exoplanet Survey Satellite (TESS) and other missions.
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1.1 Extrasolar Planets

To understand the formation, evolution, and composition of extrasolar planets re-
quires a discussion of many areas of astrophysics: consideration must be given to
star formation, to proto-stellar and proto-planetary disks, and stellar structure and
evolution, asteroseismology, and finally to the dynamics of planetary systems. Fur-
thermore, detecting and characterizing exoplanets is possible only at the limits of
modern astronomical technology, and is currently driving massive innovation in spec-
troscopy, photometry, and adaptive optics and image processing. This Thesis has
a broad scope, including technology development for imaging and photometry, and
applying this technology to real observations both to detect planets and to char-
acterize stars. As such, this Introduction must cover an uncommonly wide range of
topics. I have endeavoured in the following to refer to relevant review articles, keeping
discussion more concise than might be ideal for a review on any one topic.

Before we begin — we should define what we mean by a ‘planet’. In this Thesis,
I will use ‘exoplanets’ and ‘extrasolar planets’ interchangeably to refer to planets
orbiting stars other than the Sun, and also simply ‘planets’ to refer to such objects
when it is clear from context. The International Astronomical Union (IAU) defines a

solar-sysetem planet adl] ‘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 neighbourhood around its orbit.’

Multiple definitions for ‘planet’ are current in the context of exoplanets (Basri &

Brown, 2006)), for which we cannot yet test the criteria of the IAU definition for solar-

!Decided at the Prague General Assembly, 2006.
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system planets. I personally am sympathetic to a physics-based definition (Soter,

2000):
A planet is an end product of disk accretion around a primary star or substar.

This distinguishes planets from objects formed by gravitational instability in a pro-
toplanetary disk, which may be the origin of brown dwarfs, substellar objects which
fuse deuterium in their early life (see [Tarter, (1975, 2014, for the history of this term),
and of some planetary-mass objects (Kratter & Lodatol 2016). My personal view
is that the physics-based formation definition is the right way to view things in the
long run, and that objects formed by gravitational instability (i.e. as the extremely
low-mass tail of the binary star distribution) should not be called planets, but that
in the absence of evidence the 13M; deuterium fusion mass cutoff is a viable proxy.

With definitions clarified, we shall begin to think about planets themselves. We
shall begin by discussing the roots of this field of study, in the history of pre-modern

and early modern scientific ideas about extrasolar planets.

1.1.1 Early Ideas about the Plurality of Worlds

Pre-modern philosophical traditions have considered the possibility of other worlds
like our own; this idea in its pre-modern forms is generally referred to as the ‘plurality
of worlds’ (Dick, (1996). In the ancient Hellenic tradition, the pre-Socratic philosopher
Anaxagoras, who was the first extant source in the West to explain that the Moon
shines by the Sun’s reflected light, suggested that the Moon might also be inhab-
ited; Greek and Roman atomist philosophers subsequently espoused versions of the
plurality of worlds idea in the sense of parallel universes, including the early Greek
atomists Democritus and Epicurus, fourth-century Epicurean philosopher Metrodoros
of Chios, and the late Republican Roman poet Lucretius. On the other hand, the

plurality of worlds was rejected by Aristotle and his followers throughout antiquity
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and into the Christian and Islamic Middle Ages, with exceptions such as Cardinal
Nicholas of Cusa (1401-1464), or Muhammad al-Baqir (676-733) and Fakhr ad-Din
ar-Razi (1150-1210) in the Islamic world (Shklovskii & Sagan, [1966; Dick, |1996; Wein-
traub, 2014). The West was not the only tradition to consider this possibility. In
China, in the Xudn Ye (Z 1%, ‘empty space’) cosmological school of thought, philoso-
pher Déng M (A4, 1247-1302) asked “How unreasonable it would be to suppose
that besides the heaven and earth which we can see there are no other heavens and
no other earths?” (as quoted in |[Fu, [1965]).

The most prominent in the early modern Western scientific tradition to suggest
that not only are the stars of the night sky suns like ours, but that these might be
orbited by their own planetary systems, was the Italian Copernican astronomer and

occultist Giordano Bruno (1548-1600), who wrote:

There are countless suns and countless earths all rotating around their
suns in exactly the same way as the seven planets of our system... The
countless worlds in the universe are no worse and no less inhabited than

our Earth. (Bruno||1584b, as quoted in Kasting}, 2010)).

This was a subversive ideaﬁ, and Bruno’s adherence to the plurality of worlds was
the tenth heresy for which he would eventually be burned at the stake in Rome’s
Campo de’ Fiori in 1600 (Blum, 2012). Koyre (1957) argues that Bruno, by taking
the Western tradition ‘from a closed to an infinite universe’, was as revolutionary as

Copernicus to the future development of cosmology (Ayalal 2013)).

2T have given these names in the now-standard pinyin romanization of Mandarin. These are
sometimes transliterated as the Hslian-yeh cosmology, and philosopher Teng-mu, using the dated
Wade-Giles romanization.

3Bruno’s more general Copernican ideas found no favour here in Oxford. George Abbott, later
Master of University College then Archbishop of Canterbury, was a Fellow of Balliol when Bruno
visited in 1583, and wrote that ‘he vndertooke among very many other matters to set on foote the
opinion of Copernicus, that the earth did goe round, and the heavens did stand still; wheras in truth
it was his owne head which rather did run round, & his braines did not stand still’ (as quoted in
McNulty,, [1960). Conversely, |Bruno| (15844a)) held that Oxford was ‘a constellation of most obstinate
pedantry and conceit mixed with a rustic rudeness, which would try the patience of Job’ (author’s
translation).
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In the intervening four centuries, the study of exoplanets has moved (only gradu-
ally) from a subject for theology to a burgeoning field of modern astrophysics. More
influential than Bruno, by virtue of not being banned, was René Descartes’ ‘vortex
hypothesis’ of the universe, under which an “indeterminate” number of star systems
existed in a constant state of fluid motion (Ayala), [2013)), given early and influential
support by Fontenelle (1686)). Descartes’ vortex theory was strongly opposed by Isaac
Newton and his English followers, although Newton nevertheless accepts the possi-
bility of the plurality of worlds (Newton & Cotes, [1713)). Following Newton, early
modern English astronomer Thomas Wright (best known as the first to propose that
the Milky Way is a locally-planar collection of stars) wrote that “Round every Star
we may justly conjecture a similar system of bodies” (Wrightl, [1734)).

The doctrine of the plurality of worlds remained influential throughout the eigh-
teenth and nineteenth centuries (Dick| 1996). Alexander Pope referred to it in his
FEssay on Man (Pope, 1734), and Thomas Paine in his Age of Reason (Paine, [1794)).
In the scientific community, the idea retained widespread currency, referred to for in-
stance in pioneering work on stellar spectroscopy by Huggins & Miller| (1864)). In con-
temporary popular science, the plurality of inhabited worlds was a major topic of pub-
lic discourse: [Flammarion| (1862) and |Proctor| (1870) both published commercially-
successful popular books arguing in its favour, while [Whewell (1853)) and Wallace
(1903, co-originator of the theory of evolution by natural selection) argued against.

In the remainder of this Thesis, we will tend to cease to use the dated term
‘plurality of worlds’, in accordance with contemporary usage beginning roughly from
the start of the twentieth century where rigorous astrophysical investigations first
begin. While observational evidence was long lacking, theoreticians nevertheless made
substantial progress in understanding the processes of planetary formation as revealed

by our own Solar System.
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1.1.2 Planet Formation

It is remarkable to note that in the eighteenth century, the core ideas of the modern
understanding of planet formation were put forward, and that these were subsequently
rejected and re-adopted over the course of the nineteenth and twentieth centuries.
The modern ‘nebular hypothesis’ of planet formation has its roots in the the ideas
of Emanuel Swedenborg (1743), Immanuel Kant| (1755) and Pierre-Simon Laplace
(1796)), and is therefore often referred to as the Swedenborg-Kant-Laplace hypothesisﬂ
Of these the work of Laplace is the most rigorous, and was considered seriously into
the late nineteenth century, thoughit is not in detail correct and does not connect
planet formation to star formation. Woolfson (1993)) provides an excellent overview
of the relevant professional-astronomical literature, which we will draw upon in this
section.

Winn & Fabrycky| (2015) refer to theories in which planet formation is a part of
the star formation process as ‘monistic’ and those which require a secondary event as
‘dualistic’, and we shall adopt this useful terminology here. Monistic theories should
make planets common in the cosmos; dualistic theories generally predict them to be
rare. The most important aspect of the historical controversies has been whether
planet formation is a natural by-product of star formation (as is the case with the
nebular hypothesis), and planetary systems are very common in the universe, or
whether planetary systems are formed as a consequence of rare events. For the first
half of the twentieth century when secondary-body models were popular, it was widely
believed that the Solar System was special — and therefore that life in the universe
was rare. As we shall see, planets are now known to be very common, and we now
know planet formation to be a monistic process.

The nebular hypothesis was challenged from the mid-1800’s on for more than a

century, and the most severe criticism was that while the Sun contains the vast bulk

4The three subjects of a University Challenge bonus round, in which I missed Swedenborg.
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of the mass of the solar system, the angular momentum is dominated by the orbits

of the planets (Winn & Fabryckyl [2015)). Dualistic models were put forward propos-

ing planet formation by cataclysmic events, typically involving additional massive

bodies interacting gravitationally with the Sun, which may be a star (the ‘planetes-

imal hypothesis’; Chamberlin) [1901; Moulton| 1905; Jeffreys, [1929; Jeans, 1942); an

interstellar gas-cloud (Shmidt-Lyttleton accretion; Shmidt, 1958} Lyttleton) 1961);

or a low-density protostar (the ‘capture theory’; Woolfson| (1964, |1979; Dormand &|

Woolfson, [1989).

A monistic model of star and planet formation has resurged in the last half-

century and is now universally accepted. This has been the result of a synthesis of

lines of evidence (see reviews by |Armitage, 2011; Hartmann et al. [2016; [Williams &]

(Ciezal 2011; Nittler & Ciesla, 2016): a theoretical understanding of accretion disks

has shown that angular momentum can be effectively concentrated in planets rather

than the Sun (Hoyle, |1960; Balbus & Hawleyl, [1991)); protoplanetary disks have been

observed around young stars (e.g. HL Tau; ALMA Partnership et al. [2015); isotopic

evidence has shown the birth of our solar system’s planets to be coeval with the birth

of the Sun (Patterson, 1956; [Scottl [2007; Houdek & Gough, 2011); and planetary

systems have been shown to be common, vindicating monistic models of star and
planet formation.

It is now believed that most or all planets form by the accretion of dusty material

in a protoplanetary disk (e.g. reviews by Morbidelli et al., 2012; Kley & Nelson) 2012)),

which is gradually evaporating under stellar irradiation (Safronov, [1972; |Wetherill,

11980; |Lin & Papaloizou, 1985)). Planetesimals (~ 100 km size, of which asteroids are

the present remainder) are first formed in a protoplanetary disk by the agglomeration

of dust particles (Bodenheimer & Pollack, 1986)), and then accrete into a few planetary

embryos in an ‘olgarchic growth’ phase (Kokubo & Idal 1998, 2000; (Chambers, 2006)).

Embryos which reach a high mass (2 1Mg) early on, while the disk retains a large
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quantity of gas, are able to have runaway gas accretion directly from the disk and
become gas giants (Ida & Lin|, [2004)), tending to form beyond a ‘snow line’ or ‘ice line’
at which it is sufficiently cold for volatiles (e.g. COs, HyO) to condense out of the
disk and contribute to the stock of rocky materials to form a planetary core (Lewis,
1974}, Stevenson & Lunine, 1988; |Ida & Lin|, 2008]).

Protoplanetary disk hosts are observed as the optically-variable T Tauri stars (Joy),
1942, 1945; Ambartsumian, |1947; Herbig, 1962 Lynden-Bell & Pringle, [1974]). Most
relevant to this Thesis, Kraus & Ireland (2012) have observed a bright point-like
source of H, emission from the transition-disk-hosting T Tau star LkCa 15 (Lick-
Calcium-15) using aperture masking interferometry, interpreting the H, flux as evi-
dence of a directly accreting protoplanet. The Keplerian orbit of this source, together
with several other sources, has been confirmed by adaptive optics imaging (Sallum
et al.,2015b)). Detection and characterization of systems such as LkCa 15 using JWST
and other future telescopes is a major goal of the kernel phase method developed in
Chapters [2] and [3] of this Thesis.

It has also been proposed that planets could be formed from the direct gravita-
tional collapse of regions of a gravitationally-unstable disk (Cameron|, [1978). This
is now believed to be the formation mechanism of at least some brown dwarfs (Sta-
matellos et al., 2007)), and is a proposed origin for the four directly-imaged planets
orbiting HR 8799 (Dodson-Robinson et al., [2009; Boss, |2011]) and other long-period
planets. Kratter et al. (2010)) determine that such planetary-mass objects can only
have formed, at least as companions to A stars (including HR 8799, F0 class notwith-
standing), as the low-mass tail of the distribution of stellar companions. With direct
imaging, Vigan et al.| (2017)) have shown giants on wide orbits consistent with forming
by gravitational instability to be extremely rare. Further advances in direct imaging
technology will put much more stringent constraints on the prevalence of any planets

formed by this mechanism.
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1.1.2.1 Migration

A major feature in shaping the architecture of planetary systems is orbital migration
caused by the gravitational coupling of giant planets to the gas disk (D’Angelo &
Lubow, [2008; Kley & Nelson, 2012; Triaud) 2016). Disk-coupled migration mecha-
nisms are often classified into two types. Type I migration is a linear process whereby
planets embedded in disks with a temperature gradient increasing radially experience
differential torque from Lindblad resonances which causes them to spiral inwards
(Ward|, [1986)); outer and inner wakes are raised by the planet, and the outer wake
generally exerts a stronger torque under most circumstances. Type II migration is
a nonlinear process whereby sufficiently-massive (2 10 Mg) protoplanets open up
gaps in their disk, and migrate inwards coupled to disk, as its viscous evolution pulls
material to the star (Lin & Papaloizou, [1985). These processes acting on the largest
gas giant in a system can dominate the evolution of a multi-planet system’s archi-
tecture, as other planets are entrained to resonances with the giant planet and one
another (Kley & Nelson|, [2012)). Our understanding of planetary migration and the
orbital dynamics of early planetary systems is as-yet incomplete, models are not yet
well-constrained through evidence in observed planetary populations. Transit surveys
in the Kepler and K2 missions have been important for testing models of migration,
uncovering many compact systems (Hands et al. 2014; Hands & Alexander, [2016;
[zidoro et al., 2017) and a hot Jupiter in a system with two other planets (Becker

et al., 2015) that pose challenges to existing migration theories.

1.2 Habitability and Life

If life exists elsewhere in the Universe, its discovery would be the ultimate victory of
the Copernican revolution. After showing that the Earth was not the centre of the

Solar System, we know that the Sun is itself a not-very-special star in a not-very-
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special place in a Galaxy not atypical among its kind, one of billions. To show that
intelligent life exists elsewhere would remove the final support to traditional ideas
of humanity’s importance. Exoplanetary science offers the prospect of answering a
hierarchy of questions surrounding life in the cosmos, both in terms of the origin of
life, and illuminating possibilities for humanity’s future.

In observational terms with present technology, setting aside the search for ex-
traterrestrial intelligence through its communications (SETI, e.g. Cocconi & Morrison),
1959; Shklovskii & Saganl, [1966; Tarter, 2001)) or artefacts (Dyson) [1960; Kardashev,
1964; Bracewell, |1974; Wright et al., 2014), this means trying to find ‘habitable’ plan-
ets. Habitability is often discussed in terms of a ‘habitable zone’ (a term introduced by
Huang, [1959), as consisting of a range of planetary orbits in which a planet’s surface
temperature is suitable for life. This is generally construed to mean the zone in which
the planet could support liquid water at its surface, including potential greenhouse
effects, though many quantitatively different definitions have been put forward (see
Lineweaver & Chopral, 2012, for a review of these possibilities). The use of this term is
strongly disputed (e.g. [Tasker et al., 2017; Moore et al., 2017)) on the grounds that it
is misleading: for example, ignoring the greenhouse effect, by its equilibrium tempera-
ture Venus might be a habitable-zone planet, even though it is certainly inhospitable.
Planets orbiting M dwarfs in temperate orbits may be tidally-locked, and their atmo-
spheres may freeze out on the night side; such magnetically-active host stars also may
irradiate their planets and strip their atmospheres (Shields et al., |2016). Terrestrial
planets with atmospheres may not even be the only sort of habitable planet: |Sagan &
Salpeter| (1976) conjectured that Jupiter (or a planet like it) may be able to support
buoyant life in its atmosphere. In my view, there is not yet sufficient observational
evidence nor is there theoretical basis for defining a habitable zone or determining

exoplanets to be habitable, and we shall prefer the term ‘temperate’ instead.
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1.3 Methods for Exoplanet Detection

The modern methods for exoplanet detection were established theoretically decades
before they were implemented in practice. In a prescient paper, [Struve, (1952) pro-
posed campaigns of spectroscopic and photometric measurements to detect respec-
tively the reflex motion of a star as it orbits its common centre-of-mass with an
orbiting planet (detecting its radial velocity by the Doppler effect), and to detect
dips in stars’ brightness as a planet passes in front as seen by an observer’] These re-
main the two main methods (hereafter referred to as the radial velocity or RV method,
and the transit method) by which planets have been detected and characterized.
Early exoplanetary science proceeded from this more or less along the lines pro-
posed by Struve. This work was to bear fruit only after decades of research, with the
RV method leading to the first exoplanets. On the other hand, today the majority of
known planets have been discovered by the transit method, which is ideally suited to
deep surveys of hundreds of thousands of objects in a single field of the sky. There
is also the option of directly imaging the planet, which has been possible only very
recently. We shall begin by discussing the main points of the RV, transit, and direct
imaging methods. We shall also discuss three other methods that are only now be-
ginning to come into their own: astrometry, gravitational microlensing, and timing.
Perryman (2011)) provides an excellent overview of this topic, which we shall largely
follow in describing methods in this Section, but we note that since this book was
published, several missions, most notably Kepler, have revolutionized transits, timing

and microlensing as methods.

SPerryman| (2012)) notes that [Lardner| (1875 suggests that transits will be observable as the
dimming of stars, as the cause of what we know know to be eclipses in binary stars, and implies this
is suggested by other authors.
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1.3.1 Radial Velocity - Theory

The RV method relies on the Doppler effect (Doppler} [1842; Einstein, [1905]), where
an observer will detect a change in the wavelength of radiation emitted by a source
which is moving with respect to the observer’s rest frame. For light, in the regime
where relative velocities are much smaller than the speed of light (which in the case of
exoplanets around main sequence stars is generally true), the shift A\ in wavelength
A is simply proportional to the line-of-sight velocity: AM/A = w/c. This means
that light from a star receding from the observer is redshifted, while if the star is
approaching, its light is blueshifted. A star orbiting its centre of mass with a planet
in a circular orbit, viewed from within its plane of motion, has a radial velocity with

a semi-amplitude

1/3 o
- 271G\ " M, sin1 1 (1.1)
P (M, + M,)?/3 (1 — e2)1/2

We see therefore that the radial velocity signal is approximately proportional to
M, sini and inversely with the cube root of the orbital period, and RV is therefore
most sensitive to close-in massive planets, and least sensitive to planets with long
periods or low masses. The RV method cannot break the degeneracy between mass
and inclination, and other methods are required to uniquely determine the mass of a
planet. Crucially, for a planet to transit, its orbital inclination must be close to 90°,

and therefore for transiting planets, M, ~ (M, sini)gy.

1.3.2 The Transit Method - Theory

The idea proposed by Struve of a transit photometry survey was taken up by Rosen-
blatt| (1971), who suggested differential broadband photometry between blue and
red filters would be able to distinguish a planetary transit signal from other sources

of noisd’] While Borucki & Summers| (1984) showed this to be a very substantial

6Frank Rosenblatt was a polymath, who is best-known for the Perceptron (Rosenblatt} [1958)),
an early artificial neural network which can be regarded as the precursor of modern deep learning
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overstatement of the achievable signal-to-noise, and recommended simple broadband
photometry instead, it is nevertheless interesting that the work prefigured the use of
arrays of robotically-controlled small telescopes as transit survey instruments. Rosen-
blatt also calculated the probability of a planet transiting its star (radius R,) given

an orbital semi-major axis a and unknown orbital inclination as [

Given these occurrence rates, |Schneider et al.| (1990)) proposed searching ‘about
one hundred [M] dwarfs’, noting that for a given planetary radius these would show
the deepest transit depth and the possibility of habitability in closer orbits.

The discovery of the first transiting planets in 1999-2000 stimulated a range of
authors to consider computationally-efficient ways to search for and model transits
in stellar light curves. The most important of these was the Mandel & Agoll (2002)
set of analytic transit light curves, and a series expansion taking into account limb-
darkening coefficients (Giménez, 2006)). Analytic partial derivatives for these models
are found by Pal (2008), which are helpful for rapid optimization. A transit has a
fractional depth which is given by the planet-to-star radius ratio (Perryman, 2011),

s () w9

and the transit duration

M. —1/2 a 1/2 R,
~ 1 — ] h . 14
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techniques (Mackayl, |2003; [LeCun et al.| 2015).

"In|Rosenblatt| (1971) there is an extra factor of 3/2 which appears to be arise from a mistake in
the number of steradians in a sphere. Rosenblatt| (1971) also uses an arctan function which can be
expanded in a small angle approximation; as Koch et al.| (2010) notes, this small angle approximation
is not necessary and is exact by trigonometric identity.
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These parameters, together with the details of the transit shape, for a small planet
with a circular orbit of radius a encode the following independent parameters about
a planet-star system (Seager & Mallén-Ornelas, [2003): the planet-to-star radius ratio

as above; the impact parameter

(1 —VAF)? — (sin®(tpm/P)/sin®(tym/P))(1 + VAF)? 1/2 |
1 — sin®(tpn/P)/ sin®(tym/ P) ’

(1.5)

where tr is the duration of the flat part of a transitEL and t7 the total transit duration;

consequently the orbital inclination

and the stellar density

3/2
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where P is the orbital period, and G Newton’s gravitational constant. These results
were generalized to account for eccentric orbits by Kipping (2008).

As noted in Section because transit modelling enables a determination of the
orbital inclination (which for transiting planets is always close to 90°) and planetary
radius, by combining transit measurements with radial velocities we can determine a

planet’s mass and its density.

1.3.3 Direct Imaging and Adaptive Optics

Indirect methods of detecting and characterizing exoplanets by their influence on their

parent star’s light can only tell us so much: in detecting planets, indirect methods

8If a small planet passes completely in front of a star without limb darkening, the light curve
while the planet is crossing the disk is flat.
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are biased, as only edge-on systems transit, and RV and transits both preferentially
detect short-period planets. Furthermore, transmission spectroscopy, achievable only
for that fraction of planets which transit bright stars, is subject to stellar photon noise
but only a small planetary signal (Kawahara et al 2012)). It is therefore desirable to
try to directly detect light from an exoplanet, whether reflected starlight or thermal
emission from the planet. In this Thesis, we will be concerned with how we can
observe stars through the atmosphere at high angular resolution, accounting both
for blurring due to atmospheric turbulence introducing phase noise, and also for the
second-order effect of scintillation.

Unfortunately, stars are bright and planets are faint: there may be factors of
10° — 10" in contrast between the star and the planet (Perryman| 2011), such that
directly imaging a planet is like looking for a firefly next to a search-light. In addition
to this contrast problem, optical distortions due to the turbulent atmosphere impose
very strong limitations on the angular resolution and contrast that can be achieved
from the ground. As a result, to detect faint companions to stars it has long been
necessary either to observe with space telescopes, avoiding the atmosphere altogether,
or to actively (with hardware, i.e. adaptive optics or AO) or passively (with interfero-
metric calibration, or software in post-processing) compensate for atmospheric turbu-
lence. The turbulent atmosphere is responsible for a process called ‘seeing’, causing
a rapidly-changing PSF which averages out into a a smooth ~ arcsecond-width halo
(Texereaul, [1962)). In this case, all information at finer angular scales than the seeing
limit is washed out and irrecoverable. By ‘freezing the seeing’ - recording images
much faster than the ~ ms timescale of atmospheric changes - it is possible to beat
this limit and recover information from these speckles. AO continuously measures the
wavefront and controls a deformable mirror to compensate for this (Babcock, [1953}
Angel, |1994; Davies & Kasper, |2012), with the presence of non-common-path errors

between the sensor and the deformable mirror branches imposing a major sensitivity
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limitation (Ren et al., [2012).

There are two main methods of achieving the required resolution and contrast:
coronagraphy, in which starlight is blocked in a small region around the star (typically
requiring adaptive optics or a space telescope); and interferometry, in which starlight
is interfered with itself to enhance angular resolution or achieve other desirable optical
effects.

Coronagraphs are devices for suppressing starlight in order to observe planets oth-
erwise obsecured by the diffracted or scattered light of their host star (though they

were originally developed to observe the Sun’s corona without waiting for eclipses:

Lyot|, 1930} [1939). Technology for coronagraphy advances rapidly: the review by

\Oppenheimer & Hinkley| (2009) is a good introduction to early results, but for more
recent astronomical results I suggest the review of the field by (2016). Ma-

jor ground-based telescopes have recently received coronagraphs coupled to extreme

adaptive optics (ExAQ) systems, including Project 1640 at the Palomar Hale 200-Inch

Telescope (Hinkley et all 2008 2011b); Magellan AO (MagAO; [Close et al., [2012);

the Subaru Coronagraphic Extreme AO (SCExAO; Martinache & Guyon, |2009; Cur-|

rie et al) [2013); the Gemini Planet Imager (GPI; Macintosh et al.) 2008 2014));

and the Spectro-Polarimetric High-contrast Exoplanet REsearch (SPHERE) project

at the European Southern Observatory’s Very Large Telescope (Beuzit et al., [2008;

\Vigan et al.| [2016)). Following the HST coronagraphic instrument, space-based coro-

nagraphs are planned for JWST (Green et al., 2005; Krist et al., 2007, 2009) and

WFIRST-AFTA (Green et al., 2012; Shaklan et al., 2013; Zhao, 2014; Noecker et al.

2016).

Meanwhile optical interferometry permits measurement of visibilities and ‘closure

phases” which are resistant to atmospheric noise (Baldwin et al., [1986)), relying on the

properties of diffraction to permit self-calibration. Interferometry can be performed

combining light from well-separated telescopes, or on a single telescope with an aper-
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ture mask or without one (speckle interferometry). Interferometry is not necessarily
an alternative to adaptive optics, and the two can be combined together (Haniff &
Wilson, 1994; Rajagopal et al., 2004; Tuthill et al., |2006). In this Thesis, I will dis-
cuss the method of kernel phase interferometry, a generalization of the idea of closure
phase to arbitrary telescope pupils, using a linear model of phase errors. To achieve
the small-error approximation required, it is necessary to either use adaptive optics
or a space telescope to obtain the full advantage of kernel phase. In Section[1.7] T will
discuss some of these ideas at greater length. In Chapter 2] I will derive a generaliza-
tion of kernel phase to include amplitude errors (i.e. scintillation), and in Chapter ,
I will show that kernel phase interferometry can be used to enhance adaptive optics
imaging from the ground.

Before moving on, we shall review some of the other possibilities for planet detec-

tion.

1.3.4 Astrometry

The orbital reflex motion of a star due to its planetary companion is not only observ-
able as a Doppler shift: is is also directly observable as a spatial displacement of the
star’s position on the sky. A star traces out an ellipse on the sky with semi-major

axis (Perryman| 2011)

o () () (1) e us

where d is the distance to the star in parsecs and other symbols have their usual
meanings, as the star follows the same Keplerian orbit as the planet, scaled by its
mass. It is possible to directly determine the mass of the planet, given the mass of
the star and using Kepler’s laws to solve for the semi-major axis from the period

of the orbit. As we can see, the signal is of order ~ mas or less for typical planet
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masses (< 0.01 M) even around nearby stars, making this an exceedingly difficult
method for planet detection. As discussed in Section [I.5] this was the method by
which the first planet detection claims were made, though these are now considered
to be in error. While only a handful of claims have been made in more recent years
(Muterspaugh et al., 2010; Sahlmann et al.,|2014)), and none with very high precision,
the ESA Gaia astrometric mission is expected to discover ~ (2—7) x 10% such planets
in the next several years, biased towards giant planets on longer orbits (Perryman

et al., 2014)).

1.3.5 Microlensing

Gravitational lensing is a general-relativistic effect, whereby light is deflected by the
gravitational influence of matter between source and observer (Schwarzschild, 1916;
Eddingtonl [1919; Dyson et al., [1920; Chwolson, 1924; Einstein, 1936). The microlens-
ing regime is a form of strong lensing, in which lensed images of the source are not
resolved by the telescope, and instead we simply detect photometrically the total
magnification due to the lensing (Liebes, 1964; Paczynski, [1986)). This can occur if
by chance alignment a nearby star passes between an observer and a more distant
star, yielding a rise and fall in the brightness of the distant object by potentially
many magnitudes as the observer passes through a caustic (a region of intersecting
lensed rays).

While this typically occurs on a timescale of weeks, the presence of a planet
orbiting the lensing star adds a very short-timescale spike to this light curve, but with
similar amplitude, by modifying the shape of the pattern of caustics (Liebes, |1964).
This means that high precision, high-time-resolution photometry of such an event can
be used to detect extrasolar planets. Very short duration microlensing events have
been detected with no long-duration component. From the statistics of ten of these,

Sumi et al.| (2011) have inferred a large population of planets either very distant from
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or not bound to a stellar host, potentially outnumbering stars themselves, |Clanton &
Gaudi| (2017)) have shown using constraints from microlensing, RV and direct imaging
that there are approximately ~ 1.2 —1.4 free-floating planetary-mass objects per star,
which may have formed around stars as planets or brown dwarfs but ejected during
the dynamical evolution of the planetary system (e.g. Lissauer, 1987) or in close

encounters with other stars (Laughlin & Adams| 2000).

1.3.6 Timing: Transits, Eclipses, Pulsars and Pulsating Stars

It is also possible to detect planets by timing any periodic stellar process due to the
finite speed of light. As a star orbits the centre of mass with its unseen compan-
ion, it induces a light travel time effect (LTTE, also known as the Rgmer delayﬂ),
so that events when the source is further away seem delayed relative to when the
system is closer, causing deviations from a periodic ephemeris as seen by an observer.
This method was first used to detect the pulsar planets, whereby extremely precise
measurements of deviations in the timing of a millisecond pulsar were used to infer
the presence of several planetary-mass companions (the first confirmed exoplanets;
Wolszczan & Frail, [1992) see Section for a fuller discussion).

The Romer delay is typically the dominant effect in eclipsing binary (EB) systems,
where components of a binary system pass in front of one another as seen by an
observer. Eclipse timing variations (ETVs) relative to a periodic ephemeris (O — C
variations, observed minus calculated eclipse times) can reveal the presence of a
third body, from hierarchical triple systems (close binaries with a distant, lower-mass
companion, e.g. |Gies et al., |2012) down to planetary-mass bodies.

The mutual gravitational influence of planets on one another can also introduce

transit timing variations (TTVs). Holman & Murray| (2005) and |[Agol et al.| (2005)

9This was the method by which Danish astronomer Ole Rgmer (1644-1710) first discovered that
the speed of light is finite, by observing deviations from periodicity in the orbits of the moons of
Jupiter, which were late relative to a periodic ephemeris when Jupiter was at its maximum extent
from Earth, and early when it was at its closest approach.
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independently and contemporaneously determined that TTVs of giant planets could
be used to infer the presence of Earth-mass planets in the same system. As well as the
Rgmer delay, three-body perturbations from Keplerian orbits are particularly relevant
in this case, with TTV signals being especially strong if the planets’ orbits are in a
mean-motion resonance, i.e. when the ratio of their orbital periods is a ratio of small
integers. Modelling TTVs can also yield the mass, relative phase and eccentricity
of these objects (including proving that they are of planetary and not stellar mass),
which in cases where the host star is too faint for effective RV followup may be the
only effective method for this.

The TTV method has proven to be especially effective with the precise, long-
duration photometry available with Kepler, yielding one of the first multi-planet Ke-
pler systems (Holman et al., [2010), precise densities and eccentricities of multi-planet
system components (Hadden & Lithwick, [2014), non-transiting planets in systems
with transiting components (Nesvorny et al., 2012), and the improvement and sub-
sequent application of these methods to a wide variety of Kepler planetary systems
(e.g. the Transit Timing Observations from Kepler project: Ford et all 2011} 2012a;
Steften et al.| |2012a; |[Fabrycky et al., 2012; Ford et al., [2012b}; Steffen et al., 2012b,
2013; Mazeh et al., |2013).

Stellar oscillations offer another clock we can use to find exoplanets by timing.
Silvotti et al.| (2007) used the Rgmer delay method to detect a giant (M sini = 3M )
planet orbiting V391 Pegasi, a pulsating, core-helium-burning star, with the Rgmer
delay manifesting as periodic phase modulations of its pulsations. Moving to the
main sequence, Murphy et al. (2016 have discovered a planet in an 840-day orbit
around an A star, KIC 7917485, a 0 Scuti variable star whose oscillations show a

phase modulation consistent with the star having a planetary companion.
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1.4 Transmission Spectroscopy

Beyond simply discovering planets, we want to know about individual planets in de-
tail: how did they form? What is their composition? Are they rocky or gaseous?
Are they habitable — or indeed, inhabited? In general, these questions can only be
answered in the forseeable future by obtaining spectra of their atmospheres. While
direct imaging spectroscopy is an exciting prospect for the future,it is at present
applicable only to a handful of planets. On the other hand, it is also possible to
do exoplanet transmission spectroscopy, by taking a time series of spectra during a
planetary transit. At wavelengths where the atmosphere is more opaque, the plane-
tary radius will appear larger, and therefore precise differential measurements of the
transit depth encode a transmission spectrum of the planet’s atmosphere. Several re-
views of this nascent field are already available, for example |Seager & Deming (2010),
Tinetti et al. (2013), and Burrows (2014a), but with such a rapidly-changing field,
these are best used as reference for earlier work.

The first observation of an exoplanetary atmosphere was the detection of the
sodium doublet in transmission spectroscopy of HD 209458 (Charbonneau et al.
2002)), which had been predicted by |Seager & Sasselov| (2000, see Chapter .
Detecting near-infrared exoplanetary atmospheres has proven a much harder task.
HST and ground-based observations of exoplanet transits initially showed some fea-
tureless spectra (e.g. |Bean et al., [2010), while others appeared to show molecular fea-
tures (e.g., non-exhaustively, Tinetti et al.l 2007; |Swain et al., 2008, |2009a},b, 2010)).
In some of this early work, difficulties with systematic effects introduced correlated
noise which could mimic spurious spectral features (as shown for instance by |Gib-
son et al., 2011, [2012; |Gibson, [2014)), which can be ameliorated by using Gaussian
Processes or wavelets to model these systematics. This has led to more confident
detections of molecular and atomic features (Sing et al.l |2013], 2015; Wakeford et al.,

2016)), inferring the blue optical colour of HD 189733b from the Rayleigh scattering
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slope of its spectrum (Evans et al., 2013)), while also finding many planets to have
featureless spectra potentially indicative of clouds (e.g. (Gibson et al. 2013; Evans
et al., 2015). In the view of |Burrows (2014b)), this progression of refinements in ob-
servational technique has been valuable ‘to train a new generation of scientists who,
by rapid trial and error, are fast establishing a solid future foundation for a robust
science of exoplanets’.

It is likely to be possible with near-future instruments such as the James Webb
Space Telescope (JWST) and Extremely Large Telescopes (ELTSs) to detect spec-
troscopic features unique to planets actually hosting life (we shall refer to these as
‘biosignatures’ in the following). [Lovelock (1965) suggested that persistent chemi-
cal disequilibrium is a signature of life; this might be indicated by the simultaneous
spectroscopic detection of oxygen and reduced gases such as methane or molecular
hydrogen, or similar disequilibria between molecules that are not present in Earth’s
atmosphere but may be products of other biologies (Seager et al., |[2016). It may also
be possible to detect living organisms directly from the spectral effect of widespread
photosynthetic vegetation analogues (Wolstencroft & Raven| [2002). Photosynthetic
organisms on Earth display a ‘red edge’ spectroscopic feature, such that they are
much more transmissive and reflective to wavelengths longer than ~ 700 nm than to
shorter wavelengths, a feature which has been detected in narrowband imagery of the
Earth by the Galileo spacecraft (Sagan et al., |[1993)) and in reflected Earthshine from
the Moon (Seager et al.| |2005)).

The final years of the HST and the launch of JWST will dramatically expand this
field. With a re-analysis of HST and Spitzer data for 10 hot Jupiters, Sing et al.
(2016) and Barstow et al.| (2017) have determined that there exist a continuum of
atmospheric types, from featureless cloudy spectra to clear skies with detectable atmo-
spheric components. An HST survey of 20 more exoplanets is underway with a range

of masses and insolations, the Panchromatic Comparative Exoplanetary Treasury
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Program, aiming to complete a catalogue of optical and near-infrared atmospheric
spectra to compare to future NIR and longer-wavelength JWST observations of the
same targets. Other than JWST, there are plans for dedicated transmission spec-
troscopy missions: TWINKLE (Tessenyi et al.| |2016)), a small mission proposed with
a very short timeline and a spectral range from 0.5 to 5 pum, for launch in 2019; and
the ESA M4 (medium-class) mission proposal ARIEL (Atmospheric Remote sensing
Infrared Exoplanet Large survey; Puig et al., 2016} Tinetti et al., 2016).

It is in view of missions such as these that I am most excited about the work on
bright star photometry presented in Chapters[5]and [} The new methods used in this
thesis, smear photometry and halo photometry, will enable Kepler, and later TESS,
to explore naked-eye stars for ideal worlds for transmission spectroscopy, which has
not previously been possible with nearly the same precision or completeness with

existing surveys.

1.5 A Brief History of Exoplanet Discoveries

The credit for the discovery of the first exoplanet is difficult to uniquely assign. In the
following, we will summarize the early history of exoplanet detections; an interested
reader looking for a more detailed discussion than is available here will find |Perryman
(2012)) enlightening.

This area of study suffered from some false starts. Early claims were made for
invisible substellar companions to nearby stars from astrometric measurements, in
particular 61 Cygni (Strand, [1943) and 70 Oph (Jacob, |1855; [See, 1895)), rejected by
Heintz (1978); and a number of planets orbiting Barnard’s star, the next-closest star
to our Solar System after the o Centauri systemm (van de Kamp), 1963, (1969bja, (1975,

1982)), which are rejected on their own terms and on the basis of modern obsevations

0Discovered by Barnard (1916 and the subject of a Starter for Ten taken by an extremely
nervous Balliol Pope against Robinson College, Cambridge.
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(Bartlett, 2007; |Gatewood & Eichhorn, [1973; Benedict et al., [1999; (Choi et al., 2013)).

Despite the efforts of RV observers, the first extrasolar planetary-mass objects

to be discovered were exotica quite unlike the planets found in our Solar System:

the pulsar planets (Wolszczan, 2012)). Wolszczan & Frail (1992) found two Earth-

mass planets orbiting the millisecond pulsar PSR1257+12, and confirmed these by

measuring their resonant gravitational interaction, together with an additional, lunar-

mass object (Wolszczan, [1994). Other evidence for exoplanets has existed since as

early as 1917, in the form of heavy-element pollution of white dwarf atmospheres

(Zuckerman, [2015)), in particular van Maanen 2 (van Maanen| 1917, 1919)). This

is now recognized as evidence for the accretion of material from tidally disrupted

planets (Barstow et al) 2014)), such as the K2 disintegrating minor planet transiting

WD 114514017 (Vanderburg et al., |2015)).

Setting aside these planets around stellar remnants, evidence of planetary-mass
objects orbiting stars proper was still hotly contested until the late 1990’s. Some
we now believe to be bona fide exoplanets were discovered by the RV method and

published in 1988-9, but were not widely accepted as planets at the time (Walker,

2012)), including v Cephei b and € Eridani b (Campbell et al., |1988), and 5 Gem b

(HD 62509; Hatzes & Cochran, [1993; Hatzes et al., |2006; [Han et al., 2008). The

discovery of an unseen companion to HD 114762 by Latham et al. (1989), confirmed

by |Cochran et al.| (1991)), was the first planet found via the radial velocity method to

be explicitly put forward as such by the authors at the time (Latham) [2012)), though

its high Msini of ~ 11.2M; led Cochran et al| (1991 to state that ‘we cannot

rigorously conclude that the companion is either stellar or substellar in mass’. This

degeneracy still holds, as it does not transit its host star (Robinson et al.,|1990; Kane,

ot all 2011).
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1.5.1 The First Exoplanet Discoveries

The breakthrough for RV planet searches came with the discovery of 51 Pegasi b
by Mayor & Queloz (1995). With the ELODIE spectrograph at the Observatoire de
Haute Provence (Baranne et al.,|1996), Mayor & Queloz began a survey in April 1994
of 142 solar-type stars; an excellent review of this campaign and its consequences has
been written by Mayor et al. (2014). They found a planet in a 4.2 d orbit with a
minimum mass of ~ 0.5M;. Such a ‘hot Jupiter’ was widely unexpected, with giant
planets generally thought to form beyond the ‘ice line” where volatiles such as water
and COj freeze out. So surprising was this result that Mayor & Queloz waited a year
and took further observations in the next available season, and sought additional
data for confirmation from the Lick team led by Marcy. |Lin et al,| (1996), drawing
upon earlier work by (Goldreich & Tremaine| (1980)), showed that this hypothesis can
nevertheless be supported if 51 Peg b migrated from a formation zone much further
out to its present location, a paradigm for hot Jupiter formation which is still widely
adhered to (Triaud} 2016).

This was to be the first of many RV planet discoveries. Subsequently, RV surveys
spearheaded by the Lick Planet Search group (Fischer et al [2014) discovered com-
panions to 47 Ursae Majoris (Butler & Marcy, |1996)), the first planet in an eccentric
orbit 70 Virginis (Marcy & Butler, |1996), more hot Jupiters (Butler et al., [1997),
and the first multiple system, consisting of planets around v Andromedae (Butler
et al, 1999). It soon became apparent that hot Jupiters were comparatively rare
(only ~ 1.2% of stars appear to host a hot Jupiter: Wright et al. 2012)), and that
the majority of giant planets existed, as expected, on longer-period orbits (Marcy &

Butler, |2000; Butler et al., [2006]).
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1.5.2 First Transits

The next major leap forward in exoplanetary science was the discovery of the transits
of HD 209458, simultaneously made by Henry et al.| (1999} 2000)), and (Charbonneau
et al. (ZOOO)EL using an RV ephemeris to determine the expected time of transit.
Charbonneau et al.| (2002) subsequently detected the atmosphere of this planet, using
spectroscopy during transit to show a greater transit depth around the sodium D
doublet as predicted by [Seager & Sasselov| (2000)). This was soon followed up by the
detection of an extended upper atmosphere consisting of neutral hydrogen Lyman «
absorption (Vidal-Madjar et al. 2003).

It would not be until 2003 that the next transiting planet would be discovered:
OGLE-TR-56 was first found via OGLE (Udalski et al., [2002) as a by-product of its
microlensing survey (see Section . This would be followed shortly by OGLE-
TR-3 (Dreizler et al., [2003).

Several dedicated ground-based transit surveys were initiated in the early 2000’s,
including the Hungarian Automated Telescope Network (HATNet, Bakos et al., [2004)),
the Wide Angle Search for Planets (WASP, later SuperWASP; Pollacco et al.| |2006));
the University of New South Wales (UNSW) Planet Search (Hidas et al., 2005), EX-
PLORE (Mallén-Ornelas et all 2003); Transiting Planets and Planetesimals Small
Telescope-South (TRAPPIST, |Jehin et al. 2011); MEarth (Berta et all 2012); and
the Next Generation Transit Survey (NGTS, |Chazelas et al. [2012)). Due to atmo-
spheric conditions, ground-based photometry can typically achieve a photometric
precision of only ~ 1%, approaching 0.1% for more recent surveys such as NGTS
or SuperWASP. As a consequence, |Gillon et al.| (2005)) note that while ground-based
surveys are an efficient approach for detecting giant planets across the sky, due to
their low cost, deep exposures and wide accessible fields of view, ‘as far as telluric

planets in the Habitable Zone are concerned, space-based surveys are the only viable

" Remarkably, undertaken from a 10 cm telescope in a carpark!
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option.’

As a shortcut to finding habitable planets, MEarth and TRAPPIST have been
especially dedicated to looking for planets transiting nearby M dwarf stars. Ow-
ing to the small stellar diameters, transits of Earth-sized planets are especially deep
around these stars (up to ~ 10%) compared to around Solar-like stars. In addition
to this, their low temperature and luminosity mean that planets in easily-observable
short-period orbits (~ days) can nevertheless have Earth-like temperatures. Most
notably, the TRAPPIST-1 system (Gillon et al., [2016) has been shown to host seven
temperate super-Earths (Gillon et al., 2017). These are excellent targets for charac-
terization with transit spectroscopy, for example to detect ozone (Barstow & Irwin,
2016)). Nevertheless, I suggest that it is valuable to study planets across the whole
main sequence, as they may differ from M dwarf planets, and while the transit depths
are smaller, nearby FGK stars (for instance) are orders of magnitude brighter than
similarly close M dwarfs, and therefore permit very high signal to noise measurements

even though the signals themselves may be smaller.

1.6 Space Transit Surveys

The main topic of the latter half of this Thesis will be space-based transit photometry
with the Kepler Space Telescope, and subsequent planned space missions such as
TESS, CHEOPS and PLATO. I will both describe the results of a transit search in
K2 of a full two Campaigns (Chapter [4)), and then two methods for obtaining very
high precision photometry of saturated stars (Chapters [§| and [6). While we do not
detect planets in the smll pilot study of bright stars, we do detect stellar oscillations,
and achieve the precision required to detect planets in future larger studies. As such,
in this Section, we will discuss the heritage of the CoRoT mission, and introduce

Kepler, leaving ground-based missions to one side.
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The first major space instrument to seacrch for planetary transits was the Con-
vection, ROtation and Transits (CoRoT) mission, a 27 cm telescope launched in
December, 2006 (Baglin) [2003). Over five years, CoRoT observed 163,664 stars for
an average duration of 78 days each, discovering 530 transiting planet candidates
and with an inferred false positive rate of ~ 73% (Moutou et al., 2013). One early
discovery was the first brown dwarf companion to a star to have its mass and radius
measured, making CoRoT-Exo-3b the ‘first secure inhabitant of the brown-dwarf
desert’” (Deleuil et al., |2008). Most importantly, it was used to discover CoRoT-7b,
the first transiting super-Earth with a measured radius (Léger et al., 2009), shown to
be in a multi-planet system (Queloz et al., [2009; Faria et al., [2016)). Its density has
been shown to be consistent with a rocky composition over a decade of observations
(Pont et al.,[2011} [Haywood et al., 2014} |Barros et al., 2014). While on the timescales
of exoplanet transits (~ hours to days) CoRoT achieves photometric precision close
to its design specification (Aigrain et al.,|2009), nevertheless its performance was poor
compared to the subsequent Kepler mission (Hatzes, 2014)), and the discovery of large
numbers of transiting rocky planets, with longer periods, would wait until the launch
of Kepler in 2009.

Although the discovery of transits of HD 209458 was a major breakthrough, and
ground-based transit surveys achieved remarkable successes in the subsequent decade,
the Kepler mission is undoubtedly the most significant transit survey ever conducted.
It has discovered orders of magnitude more planets than any other survey (by the
transit method or any other), producing a deluge of publications both in exoplanets
and in astrophysics more broadly. Launched on 6 March 2009 with an 0.95 m diameter
aperture and a 1.4 m diameter f/1 primary mirror and 42 CCD detectors, this space
telescope surveyed a 115 square degree field in the constellations of Cygnus, Lyra and
Draco (Borucki et al., 2010). True to its original mission concept, ‘to Find Earth-

Sized Planets around Solar like Stars’ (Borucki et al., [1994), Kepler was built to
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satisfy three science requirements (as stated in [Koch et al., 2010):

1. A mission length of at least three years.

2. To observe at least one hundred thousand solar-like stars with ~ 5000

having V' > 12.

3. To reliably detect transits of 84 ppm in 6.5 hr (half of a central transit

duration for an Earth-Sun analog).

Kepler was the result of decades of planning, from before even the discovery of 51 Peg,
and it is worth stepping back to examine its history prior to launch, related by Borucki
et al.| (2009).

Studies by [Borucki & Summers| (1984) and Borucki et al| (1985) had built on
the work of Rosenblatt| (1971), suggesting that monitoring 10* stars with an optical
fibre bundle coupled to a photometric detector array might be possible. Borucki et al.
(1988, 11989)) conducted unsuccessful tests of such a photometer, although Borucki &
Koch| (1994) still went so far as to discuss fibre options and to suggest robotically
positioned detectors and multi-aperture spectrographs operated by actuator systems.
The final architecture that was to be used was an array of detectors onto which a
defocused image of the star field is projected.

Borucki and colleagues proposed the FRequency of Earth-Sized Inner Planets
(FRESIP) mission for NASA missions in 1992, where it was rejected due to lack of

confidence in its proposed silicon detectors, and again in 1994 (Borucki et al., [1994) as

121t is interesting to note that |Borucki et al.| (1985) suggested that

The observation of nonradial oscillations which will also be a by-product of precise
photometry promises to be an important method of probing the dynamics and structure
of stellar interiors... With a sufficiently large number of observations, it might be
possible to detect p-mode oscillations in some of the brighter stars, particularly those
stars that might have amplitudes higher than those observed on the Sun.

This prediction was to be spectacularly vindicated. Of papers using Kepler data, as of 4 January
2017, official classifications (Barclay et all [2016]) find 980 (47%) to be primarily about exoplan-
ets, and 1089 (53%) other areas of astrophysics, of which I determine 394 are primarily related to
asteroseismology, i.e. having titles containing any one of all or part of ‘oscillation’, ‘asteroseismol-
ogy’,‘pulsation’,‘Blazhko’,‘modes’ or ‘gravity’.
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a Discovery-class mission, with CCD photometers, where it was again rejected. The
FRESIP concept was again rejected in 1996, under the new name Kepler (Borucki
et all [1997), with the major change from 1994 being the proposal of an Earth-
trailing Solar orbit to reduce the cost of the propulsion system, where previously it
had been scheduled for a Lagrange point orbit where more regular station-keeping
is required (Borucki et al) [2009). Multiplex photometry on a single CCD array
had not previously been performed, and as such, a sufficient technology readiness
level had to be achieved before the Kepler mission could be reconsidered. Using
the Vulcan Photometer, Borucki et al. (1999, 2001) performed experiments at Lick
Observatory, monitoring first 6000 stars simultaneously in a Cygnus field for transits,
and achieving sufficient precision to detect many eclipsing binaries, and also the
then-recently discovered transiting planet HD 209458. The Kepler Test Bed at NASA
Ames (Koch et al.,[1999) similarly demonstrated key components of the planned space
mission, including a simulation of spacecraft jitter. Using this testbed, |Jenkins et al.
(2000) demonstrate algorithms for aperture photometry on a simulated starfield: in
work that would foreshadow the method of halo photometry (discussed in Chapter@of
this Thesis), Jenkins also considered on-board photometry methods using a weighted
linear combination of pixeld™|

Following these successful demonstrations of key Kepler technologies, it was again
proposed as a Discovery Mission at the NASA proposal round in 2000, and accepted

in 2001 as the tenth Discovery Mission.

13T was unaware of this work at the time of developing the halo method, and it was brought
to my attention in a very stimulating discussion with Jenkins at the TESS Asteroseismology Sci-
ence Consortium (TASC) Working Group Zero (Photometry) meeting in Birmingham, 31 October—
2 November 2016. Jenkins made the interesting comment that this method was demonstrated to
his satisfaction in the lab, but was left out of the final Kepler design on Borucki’s instructions over
concerns that a novel photometric technique would hurt a proposal already rejected several times. I
understand that elaborations beyond the static pixel scheme were also considered but not published.
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1.6.1 Kepler: Selected Scientific Results

Kepler has discovered the majority of known exoplanet candidates, with 7056 Kepler
Objects of Interest identified over its 47-month nominal mission, of which 1935 are
validated as likely true exoplanets (Morton et al., 2016). Kepler has a low false
positive rate of ~ 10% for small planets (Morton & Johnson| [2011)), and a very
low (of order 2%) false positive rate for multi-planet systems (Lissauer et al., 2012,
2014b). While the majority of Kepler planets are too faint to efficiently follow up
with spectroscopy, it is possible to photometrically validate them as likely planets
rather than as false positives by modelling the shapes and prior probabilities of the
transit light curve as opposed to eclipsing binary blends (Torres et al., 2011). Many
of Kepler’s planet discoveries were the first of their kind, exploring new parameter
space with Kepler’s exquisite precision: some of these are admirably reviewed by
Lissauer et al.| (2014a)), though Kepler results have come so quickly that there have
been numerous subsequent milestones. Kepler offered the first direct evidence of
a circumbinary planet (Kepler-16b, Doyle et al., 2011)); its first rocky planet was
the smallest transiting exoplanet discovered until that point (Kepler-10b, Batalha
et al., 2011)); it found the extremely-compact six-planet system Kepler-11 ([Lissauer
et al., [2011)); the first sub-Earth radius (Kepler-20e, [Fressin et all 2012; Gautier
et al., [2012) and sub-Mercury radius planets (e.g. Kepler-37b, Barclay et al., 2013);
the evaporating planet candidates KIC 12557548 (Rappaport et al., 2012)) and KOI-
2700b (Rappaport et all 2014)); the mysterious deep and irregular occultations of
“Boyajian’s Star” KIC 8462852 (Boyajian et al., 2016)); multiple planets transiting
a former red giant B subdwarf star, which would have been engulfed by the giant
(Charpinet et all [2011); and later in the mission, it detected the first rocky planet
in an Earth-like orbit around a Sun-like star (the 1.6 Rg super-Earth Kepler-452b,
Jenkins et al., 2015)), achieving the Kepler mission’s core science goal “to Find Earth-

Sized Planets around Solar like Stars” (Borucki et al., [1994)).
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The planets discovered by Kepler begin to constrain the prevalence of Earth-like
planets, most often described in terms of 7g or ng (eta-Earth), the mean number of
Earth-like planets per star. There are differing definitions of this, of which the most

natural is (Lissauer et al.| [2014al)

Ne = f(1Rg, 1 year) (1.9)

where f(R,, P)dIn R,dIn P is the probability for a star to host a planet in an in-
finitesimal range in In R, and In P at radius and period R, and P. Quantitatively
addressing this question is of interest to the general public, for formation theory, and
also helps us make decisions on future space missions, based on expected yields of
planets (e.g. [Léger et al., 2015)).

By modelling the pipeline (including detrending and planet search), with injection
tests to determine the associated false positive rate, several groups have estimated
Ne with wide variation in the results (background and early work on this issue is
well-summarized by |Batalhal 2014} but considerable methodological advances have
been made since that publication). [Fressin et al.| (2013) do not attempt to determine
Ne, but do determine frequencies of planets with a range of radii and periods, finding
that 16.5 4+ 3.6% of FGK stars host planets with radii between 0.8 and 1.25Rg, with
periods shorter than 85 d. After some attempts based on early data without char-
acterizing the false positive rate (Catanzarite & Shao, 2011} [Traubj, 2012} Dong &
Zhu, [2013), [Petigura et al.| (2013) obtain a high estimate of ng = 11 4+ 4% by fitting
occurrence rates in 23 bins in orbital period and planet size. [Silburt et al. (2015)
infer a 6.4} occurrence rate of 1 —2Rg, 0.99 — 1.7AU planets arond solar-like stars,
also reasonably high and as the authors note, consistent with the Petigura et al.
(2013) analysis. On the other hand, using Gaussian Process models to constrain the

distribution of occurrence rates in their grid of bins, [Foreman-Mackey et al.| (2014))
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report a much more conservative figure for 74, of about 2% with large uncertainties.
Similar population inference approaches have been taken by Dressing & Charbonneau
(2015)) to estimate the frequency of planets around M dwarfs, finding an occurrence
rate of 0.57100¢ planets with radii 1 — 1.5Rg and 0.51700% with radii 1.5 — 2R, per
M dwarf, of which a large fraction are temperate. While estimates differ by orders of
magnitude, it is nevertheless clear that planets are not at all uncommon among the

stellar populations so far surveyed.

1.6.2 K2

It is surprising to note that wheels are essential for changing and maintaining a space-
craft’s orientation. Firing thrusters costs fuel and can result in large excursions in
pointing, and it is usually preferable to reorient a spacecraft by spinning internal
flywheels up or down to change its main body’s angular momentum. Kepler was
launched with four such reaction wheels: one for each dimension of space, and a
spare in case of failure. This redundancy was important when on July 14, 2012, one
of the reaction wheels failed; the nominal Kepler mission was able to continue using
only three wheels until May 11, 2013, when another wheel failed. Ball Aerospace en-
gineer Doug Wiemer suggested observing in the ecliptic plane, where it was possible
to orient the spacecraft such that solar radiation pressure on its solar panels would
be balanced on both sides and minimally disturb its pointing (in Zastrow, 2014} we
see a contemporary account of this news story, which is unfortunately not described
in detail in the peer-reviewed literature). This proposal was accepted, and the Ke-
pler satellite now continues as the K2 Mission. (For clarity, Kepler observations in
its original configuration are usually referred to as the ‘nominal Kepler mission’ to
distinguish this from more general reference to the satellite and its operations).
Because this ingenious configuration is an unstable equilibrium, it is necessary

to fire thrusters every ~ 6 h to keep the telescope on-target, and to change fields
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frequently in order to stay pointed roughly perpendicular to the Sun where it is best-
balanced and where photometry is minimally contaminated by background sunlight.
Accordingly, K2’s observing sequence consists of a succession of ~ 70-80 day ‘Cam-
paigns’, each targeting a field in the Ecliptic plane (Howell et al 2014). As a result
of the short Campaigns, K2 is unable to detect planets with periods as long as were
accessible with Kepler. On the other hand, by covering many different fields it is
able to search for short-period planets around a larger number of bright stars and to
probe a wider range of environments.

A consequence of the 6 hr thruster firings is that the star field moves ~ 1 pixel
back-and-forth across the detector with the firing sequence, which introduces severe
systematics due to the stellar images moving out of the photometric aperture, and
due to inter- and intra-pixel sensitivity variations in the detector (Bryson et al.
2010; [Hogg et all 2013). Nevertheless, several teams have developed software to ‘de-
trend” K2 light curves and remove this saw-tooth-like systematic (e.g.|Vanderburg &
Johnson| 2014aj; Aigrain et al., [2015; |Armstrong et al., |2015; |Lund et al., |2015; |Luger
et al., [2016), including the package used in this Thesis (K2SC Aigrain, Parviainen &
Pope, [2016), which uses Gaussian Processes (GPs, developed originally for mining
surveys by Krigel |1951; Matheron, [1963)) to non-parametrically model systematics as
a function of spacecraft pointing, achieving photometric precision comparable to that
of the nominal Kepler Mission. In Chapter {4 I will discuss this model, and present
results of a planet search using the light curves obtained, finding 145 new planet
candidates in K2 Campaigns 5 and 6.

K2 has diverse science goals (see [Howell et al. 2014 for a more detailed discus-
sion). It vastly increases upon the number of bright Sun-like stars and nearby late-
type stars which were included in the Kepler prime mission. Short-period transiting
planets discovered around these stars will be particularly good targets for future at-

mosphere studies. K2 is also advancing stellar astrophysics through the study of
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pulsating stars, eclipsing binaries and transients, as well as observing extragalactic
and Solar System targets. By surveying fields located in or close to the Ecliptic plane,
K2 observations cover several nearby, young open clusters and associations, such as
p Ophiuchi (p Oph) and Upper Scorpius (Upper Sco) (Campaign 2), the Pleiades
(Campaign 4), Praesepe (or the Beehive Cluster) (Campaign 5), and Taurus and the
Hyades (Campaigns 4 & 13). K2 observations of these clusters are opening a new
window on young star variability, including accretion-related variability, stellar activ-
ity and rotation, and pulsations, but enable also the discovery and characterisation of
young eclipsing binaries and transiting planets. The latter are particularly important
systems for studying the early stages of planetary evolution.

K2 has already led to noteworthy planetary transit discoveries, some of the most
notable being: disintegrating rocky planetesimals transiting a white dwarf (Vander-
burg et al., 2015) and an M-dwarf (Sanchis-Ojeda et al., [2015); two unexpected ad-
ditional planets in the hot Jupiter-hosting system WASP-47 (Becker et al., [2015);
planetary companions to field M-dwarfs (Crossfield et al., 2015} |Schlieder et al., 2016;
Hirano et al., [2016a); transiting planets orbiting young stars in the Hyades and Up-
per Sco (Mann et al [2016a,b)); and many more individual planets. Several groups
have published catalogues of K2 planet candidates, including Foreman-Mackey et al.
(2015b) (Campaign 1); Vanderburg et al. (2016) (Campaigns 0 to 3); Crossfield et al.
(2016) (Campaigns 0 to 4); and |Adams et al. (2016) (Campaigns 0 to 5). In addition
to this, [Foreman-Mackey et al. (2015a)) and |Osborn et al,| (2016a) have presented
systematic searches for single-transit events in K2, identifying long-period planet
candidates.

A major component of this Thesis will be about the K2 mission, including a tran-
siting planet catalogue (Chapter ; a method to obtain precise photometry of stars
that were not conventionally observed due to saturation (Chapter |5); and another

method for photometry of very bright stars, using their scattered light halo, applied
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to the seven brightest members of the Pleiades (Chapter []).

1.7 Interferometry

Some of the most precise and accurate measurements in astronomy and other sciences
rely on interferometry, and I believe an interferometric perspective is the best way
to understand high-resolution astronomical imaging, whether with one telescope or
several. I take interferometry to mean any method explicitly using the wave nature
of light to perform a measurement; because diffraction through the turbulent atmo-
sphere imposes the main limitation on our ability to image astrophysical objects from
the ground, interferometry is the natural approach to take in pushing to high resolu-
tion and high signal to noise. In particular, a main topic of this thesis is kernel phase
interferometry, an approach to self-calibrating small optical aberrations to enhance
imaging at and beyond the diffraction limit, applicable to arbitrary telescope aper-
tures without any additional hardware. Kernel phase forms the subject of Chapters
and Chapter [2| in particular is a theoretical discussion of kernel phase interfer-
ometry, while in Chapter [3| we present the first demonstration of kernel phase with
ground-based adaptive optics. We will therefore introduce in the following Section
some of the key ideas of Fourier optics and adaptive optics and review the history of
interferometry. In general, Labeyrie et al.| (2006) offers an excellent introduction to
these ideas.

While light had been considered as a particle by the ancient Greeks and by |[New-
ton (1730), [Huygens| (1678) proposed a quantitative model of light as a wave, and a
principle for calculating its effects. Huygens’ Principleﬂ states that the diffraction of

light through an aperture can be thought of as the superposition of wavelets emitted

Kirchhoff] (1882)) shows that this model is satisfactory in a paraxial approximation, with an
additional factor (1 — cosy), where y = m —r -s, and r and s are respectively the vectors from
the source to wavefront, and the wavefront to the receiver. In practice, this is not relevant to
astronomical optics, where a star can be taken to be at infinity.
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from every point on the incident wavefront. From this and linearity, we can construct
all of the relevant optics we need for this Thesis. Consider Young’s double-slit exper-
iment (Young, |1804), where monochromatic light with wavelength A is shone through
a pair of narrow slits separated by a distance d. We want to calculate the far-field
intensity distribution from such a set-up, for example on a distant screen.

In angular coordinates, for a sufficiently far field, we see that the dominant path
difference between the waves emitted between the two slits is d sin 6, so that the phase
difference is dsin@/A. Let us assume that the light is coherent, i.e. that it every-
where has a well-defined and stable phase. In the coherent case, the superposition of
two waves is the sum of their phasors. If the apertures are equally transmissive so
that the transmitted waves have amplitude A, then by taking this phase difference

symmetrically between the two terms we have

A1+2 :Aoe—i27rdsin9/2)\+A06i27rdsin0/2)\
(1.10)

A3, = 4A% cos® (mdsin0/\) ~ 4AZ cos® (mdf/\)

We see that the far-field diffraction pattern of a pair of point-sources is a sinusoid,
with an angular frequency proportional to the ‘baseline’ d/A. If the input wavefront
is tilted by an angle 6, (i.e. changes in phase between the two input apertures), the

centre of this diffraction pattern is tilted similarly, i.e.

A? = Ajcos® (md(0 — 0y)/\)
= A2 cos® (rdf/ X — (6Bod/N\)) (1.11)
= AZcos® (mdf/\ — ¢)
so we see that information about the incoming direction of light is translated into a

phase offset in the far-field diffraction pattern.

A single baseline maps an input plane wave to a sinusoidally modulated intensity
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pattern; by linearity, an arbitrary number of slits generates an interference pattern
as a sum of sinusoidal patterns at the spatial frequencies determined by the baselines
between the slits. A continuous aperture likewise produces a difffraction pattern
which is the integral of the sinusoids generated by all baselines in the aperture: that
is, the aperture’s Fourier transform! We call this property Fraunhofer diffraction.

The angular coordinates of the far-field pattern can be mapped to linear spatial
coordinates by placing a screen in the path of the light; but it is more convenient to
use a lens or mirror to focus this light onto a a detector. We will therefore generally
refer to the aperture as the pupil plane, and the far-field pattern it generates as
the focal plane. The focal plane diffraction pattern induced by a pupil is called
the point spread function (PSF). Unlike in radio astronomy, it is not possible at
optical frequencies to measure the phase of incoming light directly; we therefore
merely measure the intensity, i.e. the squared modulus of the field amplitude. It is
therefore common in optical astronomy to refer to the diffraction pattern in field and
intensity interchangeably as the PSF.

One very important consequence of the Fourier complementarity of pupil and im-
age is that a smaller pupil has a proportionately larger PSF. For a circular aperture,
we find that the diffraction pattern consists of a circular disk surrounded by alter-
nating light and dark rings, as first shown by |Airy| (1834). The angular radius of the
first dark ring or ‘null’ in this Airy pattern is

A
0=122— 1.12
" (112

where D is the diameter of the telescope aperture. It is common to choose the
Rayleigh criterion for resolution, such that two objects are resolved if they are fur-
ther apart than the first null (Rayleigh, 1879). An instrument which achieves this
resolution is said to be diffraction-limited, which is typically only achieved from space

or with AO. This means that to achieve high angular resolution, we need to either
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go to shorter wavelengths or larger telescope apertures. As we shall show below,
it is possible to synthesise a very wide effective aperture from combining light from

multiple telescopes.

1.7.1 The van Cittert-Zernike Theorem

In a real astronomical situation, we are interested in observing more complex scenes
than a simple point source! This problem is nevertheless best expressed in terms of the
Fourier optics terms we have introduced. Let us consider a situation of monochromatic
light from multiple sources diffracting through an aperture. We do not expect a
definite phase relationship between the light from spatially well-separated emitters
such as separate stars, or from thermal emission at different points on the same star;
we say that sources such as this are spatially incoherent, and assume that light from
such sources adds in intensity rather than in the complex phasor space of coherent
light. Because the image of a point source appears at its angular position with its
total flux conserved, we see by linearity that the image of a complex scene (e.g. many
stars in a field of view) is then the convolution of the (intensity) PSF with the source
intensity distribution.

We can use interferometry to image such systems with great precision, even though
the light is not spatially coherent. There is a remarkable theorem, the van Cittert-
Zernike theorem (van Cittert, 1934; |Zernike| |1938) that relates the incoherent sum
of interference fringes in an image to the Fourier transform of the source intensity
distribution. We illustrate an outline of a derivation of this theorem in Figure [1.1}
for a more detailed proof, see Labeyrie et al.| (2006).

We see by the cross-correlation theorem/Wiener-Khinchin theorem (Wiener, |1930;
Khinchin), (1934)) that the autocorrelation of the pupil plane is the Fourier transform
of the PSF intensity pattern. We can call this function the ‘optical transfer function’

(OTF).



Chapter 1. Introduction 42

Because an astronomical image is the convolution of the source and PSF intensi-
ties, we see by the convolution theorem that the Fourier transform of such an image
is the product of the OTF and the Fourier transform of the source. This is the
van Cittert-Zernike theorem. We usually call this space the u, v plane; measurements
in this space are called visibilities, and are in general complex. If we can measure the
OTF, either with a forwards model or more often by measuring the visibilities on a
known point source, we can obtain S on its own by dividing the ‘science’ visibilities
by those measured on a known point source as a calibrator. From modelling S , which
is usually sparsely sampled, we can then try to infer the deconvolved image S.

We can measure these visibilities in two ways. In the Michelson configuration
(after Albert Michelson, for the |Michelson & Morley| (1887) experiment to detect the
luminiferous aether), we measure these directly in the w,v plane by combining light
from multiple telescopes without bringing it to a focus first: the interference measured
by light from two points in the system pupil plane samples the autocorrelation there
directly. Beams are combined on a detector, and fringes created either spatially (with
for instance a tilt between the two beams) or in time (by moving a mirror or detector
back and forth) and the intensity mapped out as a function of phase delay between

the two beams. The magnitude of the fringe visibility V' is given by

I — I
V = max min 1.13
| | [mar + ]mm ( )

where [ is the intensity pattern of the fringes, and the phase of the complex visibility
is given by the offset of the fringe from zero phase delay (as defined in |Michelson,
1891b)).

The second option for beam combination is the Fizeau configuration. |Fizeau
(1868) first proposed masking out the whole of a telescope aperture, except for two
holes of the telescope pupil; by changing the spacing of these holes it would be possible

to determine the angular diameter of a star. The fringe pattern here is simply the
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image of the sky with an unusual PSF, and visibilities are extracted either by first
performing a Fourier transform on the resulting image, or with a ‘pixel-to-visibility
matrix’ (P2VM) applied directly to pixel measurements.

Because of the Hermitian symmetry of the Fourier transform, visibility moduli
encode only information about the centrosymmetric component of an astronomical
source, while phases encode only the point-asymmetric component. This in practice
means that phase information is crucial to determining position information, espe-

cially in relation to faint companions to brighter stars.

1.7.2 A Brief History of Interferometry

In this Thesis we will deal almost exclusively with optical astronomy. Nevertheless,
as we shall discuss below, while interferometry first arose in the context of optical
astronomy, it led to only a small number of significant discoveries. These interferomet-
ric principles then surged to importance with the advent of modern radio astronomy
after the Second World War, in the course of which interferometric technology and
ideas were further developed and subsequently re-seeded into optical astronomy. In
this Section we will therefore begin with some of the early work on optical interfer-
ometry, lay out the key developments in radio interferometry, before moving back to

the optical domain.

1.7.2.1 Early Optical Interferometry

The first application of optical interferometry was aperture masking, and unto aper-
ture masking it would return a century later; a good account of the surprising his-
tory of its rise, decline and recent renaissance is given by Tuthill (2012). After
Fizeau (1868) first suggested determining the diameters of stars with interferome-
try, this measurement was first attempted by Stéphan| (1874)): using the 80 cm Grand

Téléscope Foucault in Marseille, with an aperture mask leaving two slits separated
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Figure 1.1: Schematic of the relationships of the various interferometric quantities and
domains. In the upper section, we have the coherent diffraction of light in the pupil
plane (p) to the focal plane PSF (f). These quantities are only directly measurable
in the context of radio astronomy. The intensity PSF (I) is the square modulus of f,
and the cross-correlation theorem implies that the autocorrelation of p, the Optical
Transfer Function (OTF) P, is the Fourier transform of /. The image recorded by
the telescope (if it does directly record an image) is the convolution of the source
intensity distribution S with the PSF I. The convolution theorem then implies that
the Fourier transform of this is the product of the OTF with the FT of S (which we
label S ): this is the van Cittert-Zernike Theorem.
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by 65 cm along their central axes, he observed all stars visible from Marseille down
to the 4™ magnitude, placing an upper limit on their angular diameters at 158 mas.
Michelson| (1891a) measured the angular diameters of the Galilean moons of Jupiter
using an aperture mask mounted on the Lick 12-Inch Telescope[ﬂ Schwarzschild
(1896)) used the 10-inch telescope at Munich Observatory to determine the angular
separations of thirteen bright binary stars, while Hamy| (1899), at the Observatoire
de Paris, determined the angular diameters of the moons of Jupiter, as well as that
of the minor planet Vesta. Michelson repeated his masking experiments with the
Hooker 100-Inch Reflector at Mount Wilson (as reported in [Hale, 1919) to measure
the angular separations of binary stars (Anderson, [1920aib; Merrill, 1922).

Michelson and Pease later mounted a purpose-built interferometer on the Hooker
100-Inch, consisting of two pick-off mirrors at moveable positions along a 20’ girder
in front of the telescope, and used this to measure the angular diameter of Betelgeuse
(the first direct measurement of a stellar angular diameter; Michelson & Pease, |1921))
and a handful of other stars (Michelson & Pease, |1922).

Remarkably, in each of the cases described above, fringe visibilities were estimated
by eye, with a human observer at an eyepiece determining the visibility based on their
judgement. This is because phase errors from atmospheric seeing cause random delays
between the interferometer subapertures, and the resulting fringes change in phase
accordingly, moving side to side in the focal plane faster than technology at the time
could record. After the 1920s there is therefore an extended hiatus from optical
interferometry: the bright objects with angular separations that could be measured
by eye had all been observed, and until new detector technology was available, no
further science was possible. In this time, however, interferometry was to become
more important to astronomy than ever: it would form the basis of the new field of

radio astronomy, and the advances made in this area would eventually return to the

15Given that he used Fizeau interferometry to do so, this makes naming pupil and focal plane
beam combination the Fizeau and Michelson configurations a historically unfortunate convention.
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optical domain and revive interferometry there.

1.7.2.2 Radio Interferometry

Jansky| (1933) first reported the detection of radio waves from the Milky Way, and in
so doing started the field of radio astronomy. Following the end of the Second World
War and the identification by Elizabeth Alexander of the ‘Norfolk Island Effect’ as
radar noise from the Sun (Orchiston, [2005)), Pawsey et al. (1946) determined that
the solar radio flux at 1.5 m correlated with apparent total sunspot area. This led
McCready, Pawsey & Payne-Scott| (1947) to make the first ever radio-astronomy
interferometric measurement, observing the Sun at dawn with the cliff-top antennae
at Dover Heights and Collaroy, both field stations near Sydney. In this research, the
radio wave received directly, and the wave reflected from the ocean, make a ‘sea-cliff
interferometer’ a radio analogue of the Lloyd’s mirror experiment in optics (Lloyd,
1834} in Titchmarsh|[1941). This is equivalent to a two-element interferometer, with
interference between the receiver and a virtual receiver at its position reflected in the
plane of the water. They constructed a 1 D profile of solar radio flux, and showed that
the flux was concentrated in the sections containing sunspot groups as determined by
Mt Stromlo astrophotography. Engaging and detailed accounts of this period can be
found in|Goss (2012), an overview of early radio interferometry; and in|Goss| (2013), a
biography of one of the key players in this early period, Ruby Payne-Scott. Soon Ryle
& Vonberg (1948) made the next major development in radio interferometry, which
would win Ryle the Nobel Prize in 1974, investigating the Sun with a two-element
interferometer (the first of its kind) with 80 and 175 MHz frequencies ‘separated by
about ten wave-lengths, and situated on a line running east-west’.

From this point on, an explosion of research was done on radio interferometry,
continuing to the present day. We shall focus on one development in particular which

would be important in the optical case. Phase noise due to the ionosphere is a severe
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problem in radio astronomy, and radio-domain innovations to correct for phase errors
have been crucial in the optical domain. Closure phase gave rise to the family of algo-
rithms referred to in radio astronomy as self-calibration (Pearson & Readhead, |1984),
in which phase closure is used as a constraint to fit a model to, and calibrate out,
phase and amplitude (i.e. complex gain) errors in a radio interferometer. Because it
is not possible to directly measure the phase at each subaperture in optical interfer-
ometry, the full generic family of self-calibration algorithms cannot be exploited, but
closure phase is nevertheless of vital importance in optical astronomy. A descendant
of closure phase, kernel phase interferometry, is the subject of Chapters [2] and [3] of
this Thesis, and as such we shall discuss in detail the history and principles of closure
phase in Chapter [2] Ideas such as closure phase from radio astronomy brought back
into optical astronomy, together with advanced detectors capable of recording short
exposures to ‘freeze the seeing’, contributed to a renaissance in optical interferometry

in the 1970’s.

1.7.2.3 Modern Optical Interferometry

After many years of hiatus, single-telescope and multi-telescope interferometers were
revived in a flurry of work beginning with the Narrabri intensity interferometer (Han-
bury Brown et al., |1967), but moving quickly to coherent beam combination. Clas-
sical long-baseline interferometry in the Michelson configuration was achieved first
by [Labeyrie| (1975), attaining fringes on Vega with a pair of small telescopes with a
12 m baseline between them at the Observatoire de Nice. This was followed by [Shao
& Staelin! (1980) recording the first fringes with phase tracking, observing white light
fringes from Polaris with a 1.5 m baseline. After decades of development, optical in-
terferometry is now supported by common-user facilities such as the Center for High
Angular Resolution Astronomy (CHARA; McAlister et al., 2005) and the Very Large

Telescope Interferometer (VLTT; |Glindemann et al.l [2001); in this Thesis, however,
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we will be mostly concerned with aperture masking and speckle interferometry.

Speckle interferometry was a breakthrough in high angular resolution imaging
that shaped the future direction of the field. Recall that fringe visibilities previously
had to be estimated by eye, as they danced around too much for photography and
averaged out into a smooth blur without visible fringes. The advent of modern fast
detectors permits this process to be done electronically for Fizeau interferometry. In
speckle interferometry, instead of trying to deconvolve the difficult PSF, we simply
Fourier-transform the images, which if they were added in the image plane would add
to a smooth halo, and measure average squared visibilities in the u, v plane (Labeyrie,
1970)).

This was generalized as speckle masking (Weigelt|, |1977), where three-point cor-
relations in the u,v plane (the bispectrum) are used instead of the raw visibilities;
this is equivalent to the closure phase method. This is limited by telescope redun-
dancy, however, and the closure phases are corrupted by phase noise. This is because
in general, many pairs of points in a telescope aperture generate the same baseline.
In the Fizeau configuration, we cannot separate out the contributions of redundant
copies of the same baseline to the final visibility: their phasor contributions add in
the complex plane, with the result that the phase of the final complex visibility is not
the sum of the phases of the component vectors. In this case, closure relations will
not hold exactly, and atmospheric noise will creep into closure phase measurements.
As a result, to obtain closure phases in optical astronomy, it is necessary to mask out
regions of the telescope leaving only a non-redundant pattern of holes, i.e. a pattern
in which each pair of holes uniquely corresponds to one u, v baseline. Visibilities and
closure phases are then used to constrain parametric models or non-parametric image
reconstructions (e.g. [Skilling & Bryan| [1984; Lawson et al., 2004). This can achieve
‘super-resolution’ by factors of ~ a few beyond the formal Rayleigh limit provided

sufficiently high signal-to-noise data are available, although with limitations on the
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complexity of images at that resolution (Mawet et al., 2014).

Rogstad| (1968) and Rhodes & Goodman| (1973)) separately proposed using the

Jennison| (1958) closure phase idea in optical astronomy, but it would be nearly two

decades before this was achieved by Baldwin, Haniff, Mackay & Warner (1986), us-

ing a three-hole aperture mask on the University of Hawai’i 88-Inch Telescope on

Mauna Kea. They narrowly beat Frater, Robertson, O’Sullivan & Norris| (1987)) to

publication, who used the 3.9 m Anglo-Australian Telescope with a plywood aper-

ture mask on the primary mirror, and Readhead et al| (1988)) using the Palomar

Hale 200-Inch Telescope. Using the Cambridge Optical Aperture Synthesis Telescope

(COAST; Mackay & Baldwin), [1988; [Baldwin et al., [1994), consisting of four elements

and permitting baselines up to 100 m, Baldwin et al. (1996) obtained the first ever

optical aperture synthesis images, of the star Capella.
Since then aperture masking has achieved some of the highest angular resolu-

tion complex optical images in astronomy. The Keck Aperture Masking Experiment

(Tuthill, Monnier, Danchi, Wishnow & Haniff, 2000b), using aperture masks over the

Keck T telescope primary, delivered some of the first complex optical images recov-

ered with closure phases: the famous pinwheel nebulae around colliding-wind binaries

(Monnier et al., 1999; Tuthill et al., 1999); observing the motion of hotspots in the

complex structure of IRC +10216 (carbon star CW Leonis, the brightest object in

the sky at mid-IR wavelengths; Tuthill et al., 2000a)); and resolving the circumstellar

disk around the young star LkHa 101 (Tuthill et al., 2002)).

Kernel phase interferometry is a generalization of the idea of closure phase, in

which sufficiently small phase errors can be corrected by closure-like relations even in

the case of a redundant telescope aperture (Martinache, 2010). While kernel phase has

been applied to HST observations to achieve super-resolution of brown dwarf binary

systems (Pope, Martinache & Tuthill, [2013), it has not previously been used from

ground-based telescopes, though extreme adaptive optics can achieve the required
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wavefront quality. In Chapter[2|I present a further generalization to include amplitude
errors (analogous to closure amplitudes first introduced by Twiss et al., [1960)), while
in Chapter [3] T will show that kernel phase achieves the same precision in imaging

from the ground with adaptive optics as with masking.

1.8 Asteroseismology

While this thesis is primarily about exoplanets, in Chapters[5]and [6] we shall also dis-
cuss asteroseismology, the study of stellar oscillations. Asteroseismology can be used
to precisely determine fundamental stellar parameters, given that different oscillation
modes probe density and temperature at different depths in the stellar interior. The
authoritative textbook by |Aerts, Christensen-Dalsgaard & Kurtz (2010)) provides a
good introduction to asteroseismology in the pre- Kepler era, including classical pul-
sators (coherent variable stars) and solar-like oscillators (those with stochastically
excited oscillations driven by the convective motion of material in the stellar enve-
lope). Meanwhile Chaplin & Miglio| (2013)) provide an excellent review of general and
subsequent work on red giants and solar-like stars.

The existence of classical pulsators has been known since the discovery of the red
giant radial pulsator Mira (Hevelius & Horrocks, |1662), which varies by five magni-
tudes in brightness with a 333 day period. These variations in brightness are due to
the expansion and contraction of the star’s photosphere. There are numerous classes
of classical pulsator, some of which have been very important in the history of as-
trophysics, for example the radially-pulsating Cepheid variables (Goodricke, |1786),
whose period-luminosity relation (Leavitt] |1908; Leavitt & Pickering, [1912)) formed a
key rung of the cosmic distance ladder and aided the discovery of the expanding uni-
verse (Hubble, 1929). Classical pulsations such as those of the Cepheid variables are

driven by the x-mechanism (Eddington| |[1917)), a heat engine effect where the temper-
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ature, pressure and composition of a layer in the star lie near the ionization edge of
a component element, so that opacity locally increases as a function of temperature,
which causes the star to become unstable to pulsation.

While the Mira and Cepheid variables have long-period radial modes, we are
primarily interested in nonradial stellar oscillations in this Thesis. The theory of
nonradial stellar oscillations was first put on a rigorous basis by (Cowling (1941)), who
found that polytropic stars support three kinds of oscillation: pressure or p-modes,
acoustic waves whose normal modes are asymptotically equally spaced in frequencys;
gravity or g-modes, whose restoring force is buoyancy and which asymptotically are
equally spaced in period; and ‘fundamental” surface f-modes. The asymptotic rela-
tions are especially important, in giving us the main p-mode observables the large
and small frequency separations Av and dv, and the g-mode observable the period
spacing AIl. These parameters can be used to constrain bulk stellar properties and
therefore a star’s evolutionary state. The frequency v,,; of the mode with radial order
n and degree [ in the asymptotic limit of high n can be shown to be to first order

(Vandakurov, [1967; [Tassoul, [1980; |Goughl, [1986))

ynl%Az/(n+l/2+e), (1.14)

where the ‘large separation” Av is given by

Av = (2/0R i—:)l (1.15)

where ¢, is the local sound speed, R the stellar radius, and € a number of order unity
depending on the boundary conditions of the star. This means that frequencies of
order and degree n,l and n — 1,[ + 2 are degenerate to first order. These degenerate
frequencies are split by higher-order terms. Usually the most important the ‘small

separation’ dv, which depends on the sound-speed gradient in the core and therefore
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measures stellar ages by constraining the core composition:

Av  [Fdedr
5 = U — Up_ 1140~ —(41 + 6 ——. 116
Vigt2(n) = Vng = Vno1g42 = —(41 4 6) i /0 ar r (1.16)

Modes of the same degree but different azimuthal order m are ordinarily degenerate,
but deviations from spherical symmetry such as rotation can cause these to split
(Cowling & Newing, (1949); modes that probe different regions of the star can be used
to determine differential rotation (e.g. Beck et al., 2012a)).

For g-mode pulsations, the periods are uniformly spaced

I, =v;' ~ AllL,(n +¢,) (1.17)

where ¢, is again a constant of order unity. The period spacing AII is the key

observable for g-modes, given by

ATl = %(/N¥>_l (1.18)

where N is the Brunt-Viisila frequency of buoyant oscillations,

N2:g(idlnp—dmp). (1.19)
Iy dr dr

The condition for convection is N2 < 0, such that a displaced pocket of gas continues
to rise or fall rather than to oscillate. As such, g-modes are always evanescent in
convective regions of a star, which is why they have not yet been observed in the Sun.
Gravity mode properties are accordingly a sensitive probe of the conditions of the
radiative core of solar-like and red giant stars. In red giants, these can be observed
via their coupling to pressure waves: as stars evolve off the main sequence, the core

contracts (bringing g-mode frequencies up) and the envelope expands (pulling p-mode

frequencies down), so that these become much closer in frequency. Modes with degree
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[ > 0 are mixed modes, with p-mode character in the convective outer region and g-
mode character in the core, the coupling being strongest when [ = 1. The frequencies
of these modes avoid crossing and are accordingly perturbed in frequency.

Meanwhile, in hot stars with radiative outer layers, g-modes can reach high ampli-
tudes, giving rise to the v Doradus variables (Kaye et al., [1999) and slowly-pulsating
B stars (SPB stars; Waelkens|, (1991)), the latter of which are most important to this
Thesis. In both types of star, g-modes are very sensitive to core properties (Miglio
et al,, 2008). Their ~ hour (y Dor) and ~ day (SPB) pulsation timescales are
amenable to very precise measurement with long photometric time series as pro-
vided by Kepler. In Chapter [0 we will see that several of the brightest Pleiades
members are SPB stars. This class of variable pulsates in high-order g-modes excited
by the k-mechanism in which the required opacity bump is provided by iron-group
elements (Dziembowski et al., [1993; (Gautschy & Saio), [1993)), and deviations from
uniform period spacings in SPB stars constrain core rotation and mixing (e.g. [Papics
et al., 2014} 2015, [2017; [Triana et al., [2015; [Moravveji et al., 2015, [2016)). Convective
overshooting, diffusive mixing, and internal differential rotation affect the mixing of
nuclear fuel into a stellar core, and SPB stars are accordingly excellent laboratories
for studying these processes as they affect massive stars.

Stochastically-excited oscillations are also important for astrophysics, as they tell
us both about the evolution of solar-like stars and red giants, which also have convec-
tive outer layers. Obtaining precise stellar masses and ages is valuable for character-
izing exoplanet host stars (Huber et al., 2013a; Silva Aguirre et al., [2015)), and large
samples of stellar ages (which can be classical or stochastic oscillators) also allow us
to unravel the process of the Milky Way’s formation and evolution through galactic
archaeology (Freeman & Bland-Hawthorn, 2002; Miglio et al., 2013)).

Our own Sun was the first star in which stochastically-excited oscillations were

detected, and remains by far the best-characterized, with thousands of individual p-
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mode frequencies identified (Reiter et al., 2015), though the detection of g-modes has

remained elusive (Garcfa et al., 2007; |Appourchaux et al.| 2010)). Solar oscillations are

driven by energy from the turbulence of the Sun’s convective outer region (Goldreich

& Keeleyl, 1977; [Samadi & Goupil, |2001). In general, frequencies are excited with a

Gaussian envelope centred at a frequency of maximum power vy,,,, which scales with

the acoustic cutoff frequency (Brown et al., [1991; Belkacem et al., [2011]). Meanwhile

the large frequency separation Av probes the mean stellar density (Ulrich, |1986]).

The main scaling relations are then (e.g. Huber et al. 2011)

_ M
Av < \/p x 75 (1.20)

and for solar-like oscillators,
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Solar-like oscillations were first detected on another star in Procyon (Brown et al.

and

1991) and have since then been discovered in many solar-like stars and red giants,

for example by CoRoT (Appourchaux et al), 2008; Mosser et al. |2010) and most

significantly, by Kepler. Beyond searching for planets, Kepler has revolutionized the

field of asteroseismology (Gilliland et al.,, [2010). It has yielded the first detection

of gravity-mode period spacings in a red giant (Beck et al., 2011)), enabling probes

of interior rotation of red giants (Beck et al., [2012b) and distinguishing between
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hydrogen- and helium-burning cores (Bedding et al.,, 2011)). It has also permitted

the determination of ages and fundamental parameters of main-sequence stars (Silva

Aguirre et al.; 2013; |Chaplin et al., 2014), including planet-hosting stars (Huber et al.,

2013b; [Silva Aguirre et al., 2015), revealing the most ancient known planetary system,

dating back to the earliest stages of the galaxy (Campante et al.,|[2015). By comparing

asteroseismic stellar ages to stellar rotation periods, |Angus et al. (2015 have shown

that gyrochronology models cannot fit the data with a single relation, leading

Saders et al. (2016) to suggest a qualitative change in dynamo mechanism as stars

age through the main sequence.

A legacy of the Kepler asteroseismology programme is a sample of benchmark

stars for future work (Lund et al. 2016; Silva Aguirre et al., 2016). As well as

asteroseismology, by also using optical interferometry, it has been possible to deter-

mine fundamental parameters of main-sequence and giant stars with unprecedented

precision (Huber et al) 2012; White et al. 2013 2015)). Likewise by combining

with spectroscopy, Hawkins et al.| (2016b]) produce a large sample of stars with pre-

cise elemental abundances by fitting spectroscopic data with log g and T.¢ fixed to
asteroseismically-determined values. It is necessary to calibrate such a study against
benchmark stars with very precisely-determined parameters, which in practice re-

quires nearby bright stars that are amenable to high resolution spectroscopy plus

asteroseismology (Creevey et al., [2013); the determination of parallaxes (Hawkins

et all [20164); diameters from interferometry (Casagrande et all, 2014} [Creevey et al.|

2015); or else stars which are in eclipsing binaries (Brogaard et al., 2016|) or which are

members of open clusters (Basu et al., 2011} [Stello et al., [2011bl [2016; (Corsaro et al.

2017). The methods for bright star photometry presented in Chapters |5 and |§| of
this Thesis will provide a valuable sample of additional benchmark stars as a legacy

of the Kepler and K2 missions, and has already been used for constraining detailed

individual stellar models (Hjorringgaard et al., 2017)).




Chapter 2

Kernel Phase and Kernel

Amplitude in Fizeau Imaging

Now I fourfold vision see

And a fourfold vision is given to me
Tis fourfold in my supreme delight
And three fold in soft Beulahs night
And twofold Always.

May God us keep From Single vision

& Newtons sleep.

William Blake

2.1 Introduction

In imaging stars and their environments from the ground, under most circumstances
the chief limitation on resolution and on sensitivity to faint structure is imposed by
the turbulence of the Earth’s atmosphere. This ‘seeing’ introduces random delays
in the phase of incoming light, so that when it arrives at a ground-based telescope,
the wavefront is distorted and generates blurry, speckled images. Furthermore, as

a higher-order effect, this wavefront distortion induces focussing and defocussing of

This Chapter has been published as [Pope] (2016)).
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the light in the Fresnel regime, so that there is also generally amplitude aberration,
or scintillation, which is the reason that stars appear to twinkle. This is a major
challenge in doing optical astronomy from the ground at high angular resolution, and
in this Chapter I will review the history of techniques for ameliorating the effects of
the atmosphere from speckle imaging; early hardware developments in non-redundant
masking, where the telescope aperture is selectively masked out to facilitate optical
calibration; and through to the more recent computer post-processing technique of
kernel phase, where such a masking procedure is simulated purely with software.
I will then present a generalization of the kernel phase idea, to kernel amplitudes,
and discuss its applicability to present and future adaptive optics systems and space
telescopes.

For mathematically modelling the atmospheric distortion of images, it is useful to
consider any telescope, even one with a conventional filled aperture, as an interfer-
ometer, where light incident at different parts of the telescope is optically combined
and caused to interfere. By measuring these interference fringes, the Van Cittert-
Zernike theorem (Zernike, |1938) states that we can map out the Fourier transform
of the intensity distribution of the source on the sky. This means that the Fourier
plane is a natural representation for understanding optical imaging under most cir-
cumstances. Pairs of points in the telescope aperture are considered to form baselines,
whose length and orientation determine the Fourier component to which the associ-
ated fringe is sensitive. Interferometers are classically considered to be either of the
Michelson configuration, where the light is combined in the pupil plane, or the Fizeau
configuration, where the light from all elements of the pupil is directly combined on
a detector.

In radio astronomy, it has long been possible to record the electric field received at
each detector, and combine these pupil-plane signals in postprocessing via a correla-

tor. In optical astronomy, because it is not possible to directly sample the waveform
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of the electric field as it is at radio frequencies, single-telescope filled-aperture imaging
typically occurs in the Fizeau configuration. As a result, fringes from every pair of
points in the pupil are superimposed to form the point spread function (PSF) of the
telescope. This is true both of discrete sets of apertures, for example the double slit
whose PSF is a sinusoidal fringe, and filled apertures, where the familiar circular tele-
scope aperture’s PSF is the Airy pattern. In the following, I will refer interchangeably
to pupil elements and subapertures, and stations and antennae, using the appropriate
terminology for specifically-optical applications and for historical radio applications
respectively.

Sophisticated techniques for analysing images degraded by atmospheric turbu-
lence have long been in use. By modelling the effects of the atmosphere on Fourier
components of the image, speckle interferometry (Labeyrie, |1970) and speckle mask-
ing (Weigelt, (1977) have been used to resolve systems at very high angular resolution
while ameliorating the effects of the atmosphere. These techniques rely on the fact
that, while the PSF is degraded in potentially complicated ways, the complex visibil-
ities in its Fourier transform can be represented simply. To achieve this, one must be
able to ‘freeze the seeing’, i.e. to take exposures with appropriate signal-to-noise at
timescales shorter than the characteristic timescale of the atmosphere’s variations.

A successful solution to the problem of seeing has been the technique of aperture
masking, first proposed by [Fizeau (1868]), where sections of the telescope aperture
are deliberately blocked out to leave a non-redundant pattern of holes, i.e. a pattern
of holes in which no two are separated by the same baseline, in order to make the
resulting fringe pattern more resilient to aberrations and easier to calibrate. In a
redundant aperture, on the other hand, multiple sets of subapertures generate the
same baseline, and it is not so easy to disentangle their contributions to the resulting
visibilities. Aperture masking has yielded some of the highest-resolution astronomical

images obtained with a single-mirror telescope (Tuthill et al., 1999; [Monnier et al.,
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1999), relying on the idea of closure phase (Jennison, |1958), an interferometric self-
calibration technique originating in radio astronomy. Often in interferometry, the
dominant source of uncertainty is from phase aberrations in the pupil plane (i.e. for
discrete interferometers, delay errors at individual stations), which are in general very
large, originating from the ionosphere in the context of radio astronomy, or from at-
mospheric turbulence in the optical regime. These are especially important because,
since the Fourier transform is Hermitian, the Fourier phases of a nonnegative real
source (i.e. any astronomical image) encode only information about the asymmetric
component of an image, and the moduli about its point-symmetric component (Mon-
nier}, |2007). Therefore in the absence of prior information it is crucial to have access
to both; regularly in astronomy, the issue is therefore to restore phase information
which is typically more-degraded by the atmosphere. In this Chapter, we will discuss
the context of methods for doing this, and then show that these can be generalized
to self-calibrating both phase and amplitude information.

The key idea in interferometric self-calibration is the closure phase or (bispectral
phase). These are sums of measured phases around closing triangles of baselines;
because errors occur locally to each station, while astrophysical signals are encoded in
correlations between stations, if you add the phases measured around such a triangle of
baselines, the local phase errors cancel but the astrophysical signal adds. As a result,
for a simple three-element interferometer, for the price of three phase observables
corrupted by aberrations, one very stable observable can be obtained, which is often a
significant advantage. This idea entered optical astronomy under the guise of ‘triple-
correlation” speckle imaging (Labeyrie, [1970; [Weigelt, |1977), which was shown by
Roddier| (1986)) to be the exact equivalent of the closure phase idea. While aperture
masking in general requires, as with speckle imaging, that exposures are taken fast
enough to freeze the seeing, adaptive optics can be used to dramatically increase the

timescale of phase variations and effectively remove this limitation (Tuthill et al.,
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2006)).

In radio astronomy, successive generations of calibration schemes have been able
to use closure information in conjunction with the phases and amplitudes recorded at
each antenna for self-calibration. [Smirnov| (2011)) classifies these into first-generation
schemes using closure phases but not using individual receiver phases directly, second-
generation schemes which iteratively self-calibrate the phase and gain at each receiver,
and third-generation schemes which use the radio interferometry measurement equa-
tion to include direction-dependent effects. Because the phases and amplitudes of
individual aperture elements cannot at present be easily and directly measured, opti-
cal imaging does not yet benefit from these second- and third-generation calibration
schemes. As a result, we are still limited to the classical closure relations in self-
calibration, and I therefore seek to obtain the fullest and most detailed understanding
of these quantities as is possible.

Kernel phase interferometry was proposed for this reason by Martinache| (2010)),
who also coined the term itself. The key idea was a generalization of closure phase,
using a matrix approach to show that a wider class of telescopes possess linearly
self-calibrating quantities that can be used to improve the imaging performance of
telescopes at resolutions close to the diffraction limit. Closure phases are shown to
be a special case of this formalism, which in general applies to any standard Fizeau
imaging system subject to only small aberrations. This technique has been used both
for space telescopes such as the Hubble Space Telescope (Pope et al., [2013)), and also
for ground-based adaptive optics systems (Pope et al., [2016a).

In this Chapter, I discuss the closure and kernel quantities associated with general
Fizeau interferometers and the relationship of previous methods to the more recent
development of kernel phase interferometry. I propose the extension of this to kernel
amplitudes, a natural generalization of the kernel phase theory which allows us to

calibrate not only phase errors but also scintillation.
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2.2 Matrix Theory of Phase Self-Calibration

The |Jennison| (1958)) idea of closure phase rests on the fact that if two antennae, 1
and 2, would in the absence of noise record between them a complex visibility Ci,
having phase ®15, when they experience phase errors ¢; and ¢, then the recorded

phase of the complex visibility between them is instead
12 = P12+ d1 — oo (2.1)
Therefore if we add the phases around a closing triangle of baselines,
Dio3 = Py + Py + P (2.2)

contains each error ¢; exactly once positively and once negatively, and so the errors
cancel out and the closure phase ®93 is invariant.

On the other hand, Lannes (1991)) derives this closure phase relation in terms of
a phase-transfer matrix, linearly mapping phase aberrations at discrete points in the
pupil plane onto phases on the measured visibilities. This is a useful framework in
which to consider generalizing the idea of closure phases to arbitrary pupils, which
have kernel phases that work in the same way.

As an example, consider a three-element array, with stations at the vertices of

some triangle. The matrix

encodes this linear relation between the three pupil samples and the three baselines
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Figure 2.1: Lower-case ¢; are phase errors local to receiver ¢, while upper-case ®;; are
the phases of the complex visibilities on baselines ij.

that they generate:

P, 1 -1 0 01 Dy
o, | = 0 1 =1 || ¢ | +| Pos (2.4)
oLy -1 0 1 O3 Dy

where @}, are the phases measured on the baseline i, j; ¢; is the phase aberration at
station j; and ®;; the true phase as would be seen on an ideal unaberrated interfer-
ometer on baseline ij. This is illustrated in Figure 2.1}

The sum of each column of this matrix is zero, so that the row-vector

G¢z(1 ! 1) (2.5)

must annihilate A, ie., C, - A, = 0. An operator C, satisfying this condition is
called a ‘left-kernel” operator for A4, whose rows span a ‘left null space’ or ‘cokernel
space’ for Ay, which motivates the use of the term ‘kernel phase’ for quantities of
the form Cl - <I>E], i.e. for linear combinations of baseline phases ® that ‘live in’ the
cokernel of A,. This will not in general be a row-vector for interferometric arrays
with more elements, but a matrix whose rows consist of vectors like in Equation

which encode closure relations. A diagram illustrating the relations of these spaces is

We need to choose a left-kernel as Ay and Ag map vectors between different spaces and
multiplication is not commutative.
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provided for clarity in Figure [2.2]

By summing phases around a closed triangle as above, phase aberrations do not
propagate to the new closure phase observable, which accordingly is much more re-
liable than raw phases and can be used to anchor image reconstruction and model-
fitting. In general, we will consider pupil phases as being relative to the phase at
an arbitrarily chosen point, and thereby eliminate this arbitrary degree of freedom,

so that pupil sample 1 is taken to have identically zero phase, and the matrix in

Equation [2.3] becomes

which is annihilated by Cj in the same way as before.

Closure phases do not necessarily have to be taken around a triangle: Lannes
(1991)) identifies this cokernel of A, as the definition of the closure operator, rather
than as an alternative derivation. This operator then generates all orders of closure
phase, not just the set of closing triangles, including for example loops containing
four or more elements. The kernel of Ay can be found numerically by singular value
decomposition (SVD), by arranging as a matrix the singular vectors whose singular
values are zero. For a non-redundant aperture, this left-kernel operator’s rows consist
of a basis of vectors spanning the space of closure (kernel) phases.

In order for this self-calibration to be exact, closure phases must be taken around
closing sets of baselines whose phases map linearly onto the measured baseline phases,
which is true for non-redundant baselines, where the two stations are not separated
by the same vector as any other pair of holes (or for completeness; also in the spe-
cial case of phasors which have identical amplitudes on doubly-redundant baselines).
The phase noise introduced to closure phases by aberrations in a circular redundant

aperture scale as ~ (D/r.), where D is the telescope diameter and 7.y, the atmo-
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spheric coherence scale (Readhead et al.l |1988). Avoiding this redundancy noise has
traditionally necessitated the use of a non-redundant mask, but the advent of mod-
ern adaptive optics means that phase-based interferometric techniques can now be
extended at high fidelity to filled apertures of high redundancy.

The idea of kernel phase interferometry is that, while these relations are no longer
exact for redundant arrays, they approximately hold true for small phase aberrations
(Martinache, [2010). This now requires that each baseline be weighted by a diagonal
matrix R, whose entries are the redundancies of each baseline (i.e. how many pairs

of subapertures correspond to that baseline), such that now

PR A, P+ D (2.7)

and the kernel matrix K, is found by SVD of R - A,. As in this general case Ay
never appears without R, it is standard to redefine the transfer matrix A, as the
originally-defined matrix of ones and zeros, rescaled by R™!. This is the redundant,
weighted equivalent of the phase aberration matrix in Lannes| (1991)), so that the
kernel phases are a generalization of the higher-order closure phases of a filled pupil.
We will use this rescaling in the remainder of this text.

Such a kernel space necessarily exists for any linear imaging system with more
baselines than pupil sample points, according to the fundamental theorem of linear
algebra: aberrations from p pupil sample points can map onto at most a space of
dimension p over the baselines, which will ordinarily have a much larger dimension
than the pupil samples. This implies that we should look for further generalizations

to other observables and imaging systems.
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Baseline Phases
Pupil Aberrations

Figure 2.2: Relations between spaces of phases on pupil and baselines. The operator
A4 injects phase aberrations ¢ into a subspace of baseline phases ®. There is another
subspace of baseline phases, K4-®, which are not affected by these phase aberrations,
and we call these kernel phases.

2.3 Kernel Amplitudes

In this Section, we will show that there is an analogous quantity to the kernel phase in
the case of amplitudes, which we will call the kernel amplitude. This allows us to self-
calibrate both phase and amplitude information in arbitrary Fizeau interferometers.

Twiss et al.| (1960) first introduced the concept of a four-element interferometer
closure amplitude, which was subsequently systematically studied and described by
Readhead et al.| (1980). This quantity is an extension of the idea of closure phase
to visibilities which are affected by uncertainties in the gain on individual antennae,
or equivalently the throughput and reflectivity of different optical paths in optical
interferometry. In the following, for ease of reference, ‘visibility’ is used to mean the
modulus of the complex visibility unless stated otherwise, and similarly, ‘gain’ for the
modulus of the complex gain. The derivation is similar to the |Jennison| (1958)) idea
described at the beginning of Section [2.2] except that for each visibility V;; between
telescopes 7 and j, there are gain errors g; and g; which multiply rather than add, so

that the measured visibility is

Vi=Vi- g9 (2.8)
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Therefore the quantity

v/ V/
Vigsa = e (2-9)

RV
13724

multiplies each gain error through once on the numerator and once on the denomi-
nator; these cancel out and the closure amplitude Vs34 is seen to be invariant with
respect to this type of error.

The same matrix approach as for closure phases can be used to derive closure
amplitudes. It is useful to deal with log-visibilities on each baseline, and log-gains on
antennae, so that these quantities add and subtract rather than multiply and divide.
Lannes| (1991) notes that while the phase error on a baseline is the difference in phase
between the stations, the measured log-visibility of a point source is the sum of the
log-gains on each telescope. Therefore the elements of the transfer matrix Ay are
just the absolute values of the corresponding elements of A .

The linear gain transfer operator Ay for a non-redundant four-element interfer-

ometer is therefore

1100
0110

Ay = (2.10)
0011
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with a transfer equation

log (Vi) 1100 log(g1)
log(VZ 01 10 lo
g( 23) _ g(92) (2‘11)
log(V3y) 0011 log(gs)
log(V};) 1001 log(g4)
log(V12)
log (V5
n 8(Vzo) (2.12)
log(Va4)
log(Vi1)
which we write in vector notation as
V' = Ay -log(g) + V (2.13)

and we see that the operator

Cy = < 1 -1 1 -1 ) (2.14)
annihilates Ay, so that

10g(V1234) = CV . V/ (215)

= log(V12) +log(Vs4) — log(Vi3) — log(Vas) (2.16)

which is the standard four-element closure amplitude relation from Equation [2.9]
Gains can be chosen to be relative to a fixed gain of unity as was done with phases
in Section without loss of generality, and are shown above in full unreduced form
above for clarity. In software implementations, I will follow the kernel phase example

and fix the gain of aperture 1 at unity.
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This formalism applies to only single baselines: the visibility of a redundant base-
line is the modulus of the sum of the individual phasors, so that we want to add the
visibilities and not the log-visibilities. As a result, the non-redundant calculation of
Lannes| (1991) does not hold in the redundant case, and we must consider differential

quantities in order to linearize the problem. First we note the Taylor expansion

log(g) ~ log(1 + Av) =~ Av (2.17)

which means that gain perturbations away from unity map approximately linearly
onto the corresponding, generally-redundant baselines. We are therefore able to con-

sider the linear gain transfer equation

AV =R Ay - Av+ AV (2.18)

which can be considered as the generalization of the [Martinache (2010)-style ap-
proximation to the Lannes (1991) matrix-based closure amplitudes. We therefore
analogously construct Ky by SVD such that Ky - (R™! - Ay) = 0, and take this to
be the kernel amplitude operator.

By the rank-nullity theorem, there will be at least n, —n, kernel amplitudes, where
ny is the number of baselines and n, the number of pupil samples. This is in general
large: in the non-redundant case, n;, is combinatorically larger than n,, and while
this is lower for redundant cases, depending on the detailed pupil geometry we may
recover as much as 90% of the amplitude information as is done with kernel phases
(Martinache, [2013a)).

The same transfer matrix formalism used to derive kernel phases can also be
inverted for wavefront sensing (Martinache, 2013b; Pope et al., [2014a)). In this frame-
work, a Moore-Penrose pseudoinverse (Moore, 1920; [Penrose, 1955) is generated by

SVD of the transfer matrix, and used to map measured u,v phases back onto the
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pupil sampling points. This requires not only that the kernel phase approximation
holds, but also that the pupil itself is not inversion-symmetric; otherwise, it is only
possible to sense aberration modes that are odd under inversion, and even modes are
unsensed. This generalizes to the kernel amplitude formalism, although as with the
case of phases, there are detailed issues surrounding matrix stability and convergence
that mean that a proper examination must be left to future studies.

As the quantities we are considering in the redundant case are differential am-
plitudes (i.e. AV relative to a standard visibility), it is necessary to have some
standard visibility model against which these differences can be taken. There are sev-
eral possible ways to do this: most simply, an image of a fiducial point source can be
used as a calibrator, such that the differential visibilities we choose when making the
kernel amplitudes are the differences between the science target and the calibrator.
In this approach, we calibrate pupil-dependent aberrations, but baseline-dependent
aberrations are not corrected, and we expect to have potentially substantial residual
systematic errors.

A sensible and self-consistent alternative to this is to use the redundancy informa-
tion already encoded in the matrix R. For a redundant pupil consisting of discrete
elements, the normalized visibility of a point source is given by the magnitude of the
optical transfer function (OTF) on any baseline, which is proportional to the redun-
dancy on that baseline and normalized to unity at the origin. Thus the pupil model
itself generates a starting point for calculating differential visibilities. In this case, we
can then use the kernel amplitudes measured on a known point source to calibrate
baseline-dependent systematics that would otherwise not be corrected.

A treatment of the full general case of phase and amplitude errors in arbitrary
linear imaging systems is beyond the scope of this Chapter, but we may start to

sketch out a roadmap to finding such a theory. If we write the total aberrations as a
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concatenation of phase and amplitude error vectors, i.e.
al = [¢7, AVT] (2.19)

then the full transfer matrix for a linear Fizeau interferometer is the block diagonal

matrix

A, 0
A= . (2.20)
0 Ay

The kernel operator for this matrix is also a block-diagonal matrix of the kernel
operators of each block separately, so that at linear order the full kernel phase and
amplitude problem is itself separable. For systems which mix phase and amplitude
errors, the above matrix will instead have non-zero off-diagonal elements, but will have

a set of kernel phase-amplitude quantities which nevertheless permit self-calibration.

2.4 Phase Noise and Kernel Amplitudes

In the above analysis, I have noted that the effects of phase errors on visibilities enter
at second order. Given that phase noise generally dominates over amplitude noise
in ground-based observations, it is therefore important to examine these effects at
higher order, and the possibilities of linear-order phase effects, which have not been
hitherto included in the kernel amplitude derivation.

The principal effect of phase aberrations on visibilities is to bias them downwards:
because of the triangle inequality, the length of the sum of N vectors with any orien-
tations is necessarily smaller than when they are all lined up. In Figure 2.3 T show
the results of a simple simulation to illustrate this. We add 1000 vectors (i.e., simulate
a redundancy-1000 baseline) with the same length, and phases drawn from a uniform
distribution of width s, which is displayed on the horizontal axis. We see that the

visibility bias is smooth, with a small uncertainty at each scale, growing stronger
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and more uncertain at higher phase noise levels. Importantly, near zero phase error,
the function is locally flat, and so the block-diagonal transfer matrix approximation
holds.

We see that at higher levels of phase noise (~ 0.5 rad), the bias increases, as
does its variance. We see this error plotted for a range of redundancies in Figure [2.4]
The error is much worse for lower redundancies than higher redundancies: as we add
more vectors, the central limit theorem constrains the variance of the outcome more
strongly.

In cases such as these, it seems likely that the moderate phase-to-amplitude off-
diagonal block may be numerically simulated for a given visibility bias, which must
be measured in practice from observations and cannot be determined a priori like
the standard phase and visibility transfer matrices. The singular vectors of this
matrix will generate a kernel phase and amplitude basis, though this added layer of

complexity may not be of practical utility.

2.5 Simulation

In the following, I present the results of a number of simulations to determine the
performance of kernel amplitudes relative to raw visibilities. As diffraction simula-
tions to generate PSFs are much more computationally expensive than subsequently
convolving these PSFs with binary or disk templates, I adopt the approach of using
a single ensemble of PSFs and introducing successively fainter versions of a binary or
disk, with all other parameters held fixed. As a result, the simulations in this section
are intended to display the relative performance of the two techniques under identical
conditions, rather than to forecast actual contrasts achievable in real observations. In
Section [2.5.1] we search for a single point-like companion; in Section [2.5.2, we do the

same as before, but testing for the effects of phase noise on kernel amplitudes; and in
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Figure 2.3: Visibility bias, with uncertainties (1¢), for a 1000-redundancy baseline,
with equal visibilities and phases drawn from a uniform distribution of width s on

the horizontal axis.
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Figure 2.4: Visibility bias error: standard deviations of visibilities across 5000 simu-
lations on a single baseline, for a range of baseline redundancies (listed in legend).
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Section [2.5.3] we illustrate how kernel amplitudes are sensitive to a symmetric target
(which kernel phases alone are necessarily insensitive to), in this case a circumstellar
debris disk. In many but not al cases the kernel amplitude approach produces a less
biased estimate, with more conservative errorbars, and typically extends comparable
sensitivity to fainter contrasts than using raw visibilities alone.

In Sections to [2.5.3 T have generated a sample of 100 amplitude screens,
calculated using the analytic Rufenach| (1975) power spectrum for Fresnel diffraction

from a single layer of turbulence,

Ps = 4P, sin®(xk? k%) (2.21)

where Py is drawn from a Kolmogorov spectrum with 7y = 1mm, &, is an isotropic
spatial frequency and kr the Fresnel wavenumber kp = \/(47‘(' /Az), and z is the height
of the turbulent layer, which we choose to be 30 km. This is simulated across a pupil
of the same dimensions as the Palomar Hale 200-Inch Telescope (outer diameter
5.093 m, secondary diameter 1.829 m), and then scaled so that the amplitude is
positive-definite with variations of a specified scale. These parameters are generous
but not unreasonable, but specifically chosen to guarantee sufficiently low spatial
frequency pupil plane speckles that these are computationally efficient to sample.
A more detailed simulation would require a much denser discrete pupil model and
correspondingly larger interferometric field of view. 1 also note that while these
speckles are rather large for the fiducial Hale 200-Inch telescope model used here, a
smaller telescope will more often experience scintillation speckles of a similar scale
relative to the telescope diameter. An example of such an amplitude screen is shown
in Figure 2.5

These screens then multiply the pupil binary mask function to generate the input

pupil plane. This is Fourier transformed to generate PSFs, which are then convolved
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with source functions to generate images. No shot or detector readout noise is added.
I then use MULTINEST (Feroz et al., [2009, 2013) to conduct a Bayesian fit of an
analytic parametric models to the ensemble mean of the squared visibilities or kernel

amplitudes extracted from these.

2.5.1 Binaries

To test the stability of kernel amplitudes, we first simulate binary systems without any
phase aberrations, from Kolmogorov spectrum scintillation screens of peak-to-trough
variation 10% relative to the unaberrated image, to explore the effect of scintillation
directly. (This is a high but not very high value, with typical scintillation ranging up
to ~ 1% in RMS photometric amplitude with a more complicated spatial distribu-
tion). In the following, PSF's generated as above are shifted and added to simulate a
binary at a varying contrast and a separation of 150 mas (~ 1.4)\/D). I then fit an an-
alytic binary model to the ensemble mean of kernel amplitudes or squared visibilities
from these, taking a uniform prior in contrast (the ratio of primary to secondary flux)
between ¢/2 and 2c¢ for each input contrast c¢. The results are displayed in Figure .

I note that the fits from mean kernel amplitudes have smaller errorbars than
those from raw visibilities, and that in all cases these overlap with the true value.
This is not the case for visibilities: these fits are perturbed by systematics that are
not well-accounted for and retrieve larger errorbars in position and a downward bias
in contrast increasing as we push to the fainter end.

I expect that this effect is more pronounced at lower contrasts for higher-amplitude
scintillations, and vice versa, and illustrates that while under good observing con-
ditions visibilities behave well, that kernel amplitudes allow us to push to greater

precision and sensitivity at a given level of scintillation.
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Figure 2.5: Example amplitude screen. Colourmap in dimensionless units of relative
amplitude.
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Figure 2.6: Kernel amplitude (dark teal) and raw visibility (bright orange) best fits to
the ensemble mean of 50 sets as a function of input binary contrast, under conditions
of 10% scintillation and no phase noise. Both methods obtain precise estimates at
low contrasts, but at higher contrasts the estimate from fitting to raw visibilities is
increasingly biased, while the kernel amplitudes maintain a close 1:1 correlation.
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2.5.2 Phase Noise

To determine the effect of phase noise on the practical use of kernel amplitudes, I
re-did the binary simulations in Section with the same parameters, except with
the pupil screen changed to a 1.5 rad peak-to-peak variation, where these are drawn
from the same Gaussian random fields as in Section scaled by a square root
factor for consistency (as atmospheric scintillation ordinarily enters at second and
higher order in the phase variation). These simulations include no amplitude noise.
Binary models are then fitted as above, using the same kernel amplitude operator.
As seen in Figure [2.7] posterior parameter uncertainties are successively degraded
to higher contrasts for both raw visibilities and kernel amplitudes, with no obvious
indication of severe failure on either part out to high contrast and with neither obvi-
ously performing better or worse than the other in either contrast or angle, although
visibilities perform better at reconstructing the separation. From these results, I take
that the kernel amplitude is not much more adversely affected than the raw visibility,
which is in line with our expectations that it should have no special self-calibrating

property in this regard.

2.5.3 Disks

In addition to simulating binaries, which are inherently point-asymmetric images, [
also simulate elliptical annuli as an example of centrosymmetric circumstellar disks.
PSFs are generated as in Section [2.5.1], and convolved with a top-hat-like model which
takes the value unity between two similar ellipses, and zero everywhere else. These
are scaled by the desired contrast (taken as the ratio of total unresolved flux to disk
flux) and added to the original PSF. An elliptical annulus has the analytic visibility
function of the normalized difference between two ellipses, with five parameters: semi-
major axis, eccentricity, position angle of the major axis, contrast ratio, and thickness

(ratio of the difference in semi-major axes of the inner and outer ellipse, normalized
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orange) best fits as a function of input binary contrast, under conditions of phase
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to the outer).

We fit these in the same way as with the binaries in Section[2.5.1] except that with
five parameters it is no longer feasible to fit each realization separately, so I only fit to
the mean signal at each contrast. As seen in Figure 2.8 both kernel amplitudes and
raw visibilities perform well at low contrasts, and then gradually lose effectiveness
at higher contrasts. We see that raw visibility fits are biased low in contrast, with
many-o systematic discrepancies from the true contrasts, while for kernel amplitudes,
error bars get larger but always include the true value. The two methods seem to
perform similarly well as a function of contrast for Aa/a, with visibilities biased a
little high and kernel amplitudes low, while for position angle 6, eccentricity e, and
semi-major axis a (except at high contrast), kernel amplitudes offer more precise and
accurate measurements out to high contrast.

As with the binary case in Section [2.5.1] the amplitude errors introduced are in
practice very large in an observational context, and have been chosen to illustrate
the difference between kernel amplitudes and visibilities. Higher contrasts will be
reachable with lower amplitude noise. It is not apparent from Figure that kernel
amplitudes reach a dramatically better performance than raw visibilities for disks,
but they nevertheless appear to be somewhat more accurate, and often more precise,

than using raw visibilities.

2.6 Discussion

Kernel amplitudes have promise for improving observations in optical regimes where
small-to-moderate amplitude aberrations are a limiting noise source. While phase
aberrations are under normal circumstances a much more severe problem, correcting

amplitudes is useful under several circumstances:
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a) Amplitude errors arising from plane-wave atmospheric scintillation impose lim-
itations on the performance of adaptive optics (Angel, [1994; |Lee et al.,[2006)). In cases
where these cannot be otherwise corrected, imaging performance may be enhanced

by anchoring models or image reconstructions with kernel phases and amplitudes.

b) In certain cases it is important to establish with great precision the optical
visibilities of an astrophysical object whose angular size is close to the diffraction
limit of available telescopes. For instance, in studying dusty circumstellar environ-
ments with aperture masking, it is useful to consider differential visibilities between
two polarization channels (Norris et al. 2012, [2015). In such situations, uncertain-
ties in the throughput of each optical channel contribute significantly to the error
budget. While future instruments may be able to directly measure this with pupil
remapping (Perrin et al., |2006), for the present and near-term a software solution
may be preferable. Differential (polarimetric) kernel amplitudes permit the extension
of the experiments described above to, for example, the SPHERE-ZIMPOL extreme-
AO polarimetric imager (Langlois et al.l 2014]). By using a filled pupil and extreme
adaptive optics, kernel phases already enable us to push towards fainter objects than
are accessible with the large throughput losses from aperture masking on comparable
instruments. We have shown kernel amplitudes have the potential to enhance this

effect in situations where scintillation is also a problem.

2.7 Conclusion

With kernel amplitudes and kernel phases, we now have a full formalism to describe
all self-calibrating observables in a direct Fizeau imaging system, such as most full-
aperture telescopes. This means that both even and odd symmetry components of

an image reconstruction can now be directly based upon self-calibrating observations.
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By including both even and odd image components, we will be able to improve ex-
isting methods of imaging stars, circumstellar and protoplanetary disks, and other
astrophysical sources with both extended symmetric structure and embedded inho-
mogeneities. This may be of limited use in standard imaging, but in specialist cases
where scintillation is the limiting factor (such as in Section this may be a step
forward. I hope that this will prove useful in forthcoming imaging campaigns with
adaptive optics and space telescopes.

The fundamental theorem of linear algebra also implies that similar self-calibrating
observables may be discoverable for other linear imaging systems, whenever the rele-
vant measurement basis (e.g. baselines) is of substantially higher dimension than the
pupil samples which generate it. It will be of compelling future interest to establish
the extent to which this is true of coronagraphic systems, whose sensitivity to small
phase and amplitude aberrations is a key limiting factor in the search for exoplanets.

In the interests of open science, IPYTHON Notebooks and PYTHON scripts imple-
menting the simulations used in this Chapter are available at https://github.com/

benjaminpope/pysco, under a GNU General Public License (v3).


https://github.com/benjaminpope/pysco
https://github.com/benjaminpope/pysco

Chapter 3

The Palomar Kernel Phase
Experiment: Testing Kernel Phase
Interferometry for Ground-based

Astronomical Observations

Light is the left hand of darkness
and darkness the right hand of light.

Ursula K. Le Guin
The Left Hand of Darkness

3.1 Introduction

Kernel phase interferometry has not previously been used to resolve a close system
with ground-based full-aperture extreme adaptive optics observations, and a detailed
discussion of kernel phase reduction compared to other competing techniques has not
been published. The method was first demonstrated for space-based observations:

Pope et al.| (2013) first applied kernel phase interferometry to a sample of brown

This Chapter has been published as [Pope et al.| (2016a)).
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dwarf systems imaged by [Reid et al.| (2006) and [Reid et al.| (2008)) using the HST-
NICMOS NIC1 camera, finding five additional binary systems. |Martinache (2011)
reported the extraction of kernel phases from a Keck II NIRC ground-based adap-
tive optics image, but did not report the detection of any companion, while [reland
& Kraus (2014) have presented a kernel-phase image reconstruction of the LkCalb
system in an M filter. In this Chapter, we discuss kernel phase and non-redundant
masking (NRM) observations of the close binary system a Ophiuchi (« Oph, or Rasal-
hague) under identical observing conditions on the same night, with a view to using
this as a benchmark for comparing the two methods. This is the first time such a
simultaneous comparison has been made. A preliminary analysis of these observa-
tions was presented in conference proceedings by Martinache| (2013al)); Hinkley et al.
(2015]).

Hinkley et al. (2011a)) carried out an adaptive optics NRM study of this system,
a nearby binary with an A5 III primary, in order to characterise its orbital param-
eters. Hinkley et al. (2011a) find a contrast ratio of 27.9 4+ 8.3 in the K band from
resolved Palomar-PHARO (Hayward et al., 2001) imaging. The primary is known
to be rotating at ~ 89% of its predicted breakup velocity (Zhao et al. [2009). It is
a 0 Scuti star, and asterosesimic analysis with MOST shows rotationally-modulated
g-modes that probe the conditions of the interior (Monnier et al. [2010). Establishing
its mass with precision is therefore valuable for constraining models of its rotational
dynamics. Hinkley et al.| (2011a)) predicted the companion would pass periastron at
~ 19 April 2012, and for this reason there was an observing campaign in 2012 to
track its orbit at its apparent closest point, which is particularly critical in deliver-
ing a fully-constrained dynamical orbit. While a Oph is ordinarily a well-separated

binary, at periastron the companion is buried within the PSF of the primary.
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3.1.1 Observations

Observations were made on 26 June 2012, two months after periastron, using the
PHARO camera on the 5.1 m Hale Telescope at Mt. Palomar Observatory. Data
were obtained using a 9-hole aperture mask, an 18-hole aperture mask and with the
full aperture (with no mask) in CH, and K bands, whose filters are centred at 1.57
pm and 2.145 pum respectively with bandpasses of 0.1 and 0.310 gm. The 9-hole
mask contained projected baselines ranging from 0.75 to 4.15 m with a projected hole
diameter of 0.5 m, while for the 18-hole mask the projected baselines ranged from
0.37 to 4.81 m with a projected hole diameter of 0.25 m.

In addition to o Oph, PSF reference stars ¢ Oph and ¢ Her were observed as
calibrators. These data were then reduced to a standard FITS cube form using ex-
isting masking code. Regrettably, the full aperture observations in the CH, band
suffered from poor AO performance and detector saturation and were excluded from
the present study. The seeing varied between 1.5 and 2 arcseconds during the observa-
tions. By modelling the PSF, we determined the median Strehl across the exposures
to have been ~ 0.51 in the K, band.

In the full-pupil imaging, a neutral-density filter was used to diminish the bright-
ness of the star, as is necessary to avoid saturating the science camera. This introduces
a ‘ghost’ (a reflection artefact), which severely limits the maximum size of the window
that can be used in kernel phase analysis, as discussed in Section [3.3 In future, it
would be beneficial to choose filters in such a way as to avoid ghosts wherever possi-
ble, or to avoid using such filters altogether, for example by using very short exposure
times or simply observing fainter targets.

Non-redundant 18-hole aperture masking observations with a Brv filter were pro-
cessed to obtain the arguments of the mean bispectrum, i.e. bispectral-amplitude-
weighted average closure phases. We used a Markov Chain Monte Carlo (MCMC)

method to fit a binary model to these closure phases, recovering a companion at
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Figure 3.1: Maximum Entropy model-independent image reconstruction using
BSMEM for K, band non-redundant masking data.

131.2 + 1.4 mas separation, position angle 82.8 +0.7° and 27.6 + 1.2 contrast. As we
were not able to obtain Bry observations with a filled aperture, these are useful only
for comparison with the kernel phase data. Non-redundant 9-hole observations with a
K filter found the same companion at 129.642.2 mas separation, 83.5+1.1° position
angle and 28.7+2.3 contrast. This contrast ratio is consistent with the 27.9+8.3 in the
K band reported in (Hayward et al., 2001). In addition to this, we performed a max-
imum entropy model-independent image reconstruction using BSMEM (Figure [3.1),
in which it is apparent that the parametric model accurately captures the information
about the source intensity distribution. These aperture masking observations set the

standard with which the kernel phase-based analyses must be compared.
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3.2 Processing and Results

In Sections|3.2.1] and [3.2.2| we discuss the methods used to analyse data in this Chap-

ter. In the interests of reproducibility and open science, we have made public our
code and data: .FITS files for our raw data are stored on Figshare [[] together with
the IPython notebook which was used to analyse these observations; and the PYsco
PYthon Self-Calibrating Observables package, a Python module for extracting and
analyse kernel phase data, is available in a public GitHub repository | All other
packages used in this analysis are publicly distributed elsewhere. We welcome efforts
by other researchers to apply this body of analysis software to these or other data,
with appropriate citation.

In all full-frame images, the peak of the PSF pushed the detector into its nonlinear
response regime. Kernel phase requires strict linearity, being a Fourier technique, and
so each frame therefore had to be calibrated with a nonlinear gain curve map in order
to restore linearity. The core of € Oph was fully saturated in K band, and therefore

€ Her was used as the sole calibrator.

3.2.1 Kernel Phase Extraction and Calibration

As discussed in Section [2.1], kernel phases are self-calibrating linear combinations of
phases, which are robust with respect to small residual wavefront errors. We calculate
a matrix to generate these a priori based on an assumed discrete model of the pupil.

We obtained direct images of the PHARO ‘medium cross’ pupil, and found the
ratio of the outer radius to the central obscuration, and of this radius to the thickness
of the spiders, to differ to a small extent from the nominal values reported in Hayward
et al.| (2001). This is very important to establish carefully, as information from longer

baselines than exist in the telescope consists purely of noise and will corrupt any

Ihttp://figshare.com/s/4e69f7b2b30411e4bf4a06ecdbbcf141
’https://github.com/benjaminpope/pysco
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kernel phases obtained. In order to establish a precise pupil model as is necessary
for kernel phase, we used the visibility amplitudes extracted from the point-source
calibrator, ¢ Her, to constrain the overall scale of the pupil. This may differ from
the published values because of an error in the measured projected pupil size, or an
offset in the effective filter bandpass, which we model as the nominal K, band centre
of 2.145 pm, but may differ from this nominal value due for example to a slope in the
stellar spectrum.

The absolute magnitude of the Fourier transform of the image of a point source,
in the case of a flat wavefront, is a map of the optical modulation transfer function.
This is itself found as the autocorrelation of the pupil, whose magnitude is approx-
imately given by the redundancy of each baseline in a discrete pupil model. We
therefore varied this overall outer scale in the vicinity of the value reported in Hay-
ward et al.| (2001), which lists a projected radius of 2.32 m. In order to be as sensitive
as possible to the outer radius, we perform a least-squares fit by brute force between
the logarithms of the redundancy matrix elements and the magnitude of the stacked
Fourier transforms of all 100 observed frames. The fit is best-conditioned by the low
visibilities, at the edge of the pupil, and there is some discrepancy at intermediate
visibilities (low spatial frequencies), where we are sensitive to the faint binary-like
signal of the ND filter ghost and residual low-order aberrations. Ideally, we would
model this pupil cojointly with the binary model, and marginalize over uncertain-
ties, which in the present circumstances we are unable to do due to the prohibitively
long computational times. The best fit is found with an outer projected radius of
2.392 m, which we therefore adopt as fixed in the following analysis. The discretized
pupil generated with this model is shown in Figure containing 1128 elements,
and generating 3256 baselines.

Using a singular value decomposition (SVD), we find this model to generate 2692

kernel phases. We centre each image in real space and recentre it to sub-pixel precision
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by subtracting a phase slope in its Fourier transform, and apply this matrix to phases
extracted from the corresponding 3256 baselines in this Fourier transform in order to
obtain the kernel phases.

There are several differences between the application of kernel phase to this dataset
and to the previously-published HST sample in [Pope et al. (2013)). In particular,
each observation consists of a datacube of 100 frames, yielding excellent experimental
diversity so that the statistics on each kernel phase can be readily recovered, as
opposed to the case with the HST snapshot data where an ensemble average over
many different targets was required. Kernel phases are therefore extracted separately
from each frame of data, and then combined such that in the following Sections we
take as our data the ensemble mean of each kernel phase over the set of frames, and
the statistical uncertainties are taken to be the standard errors of the mean (SEM).

As is standard practice in NRM interferometry, the PSF reference stars e Oph and
€ Her were processed in the same way. By subtracting the kernel phases measured
on these point sources, it is therefore possible to calibrate systematic offsets in the
instrumental kernel phase measurements. The uncertainties on each of the calibra-
tor’s kernel phases, again taken to be the standard error of the mean, are added in
quadrature to the uncertainties on the science target’s kernel phases.

In addition to this, we also add in quadrature a second error term of 1.35° to ac-
count for uncalibrated systematic errors. We fit a parametric binary model to the data
as described in Section [3.2.2] and iteratively adjust the magnitude of this additional
error term so that the reduced x? of the best-fitting parameters is approximately

unity.

3.2.2 Bayesian Parameter Estimation

The next step is to fit a parametric model to these kernel phase data, defined by the

binary parameters separation (mas), position angle (deg) and contrast, proceeding
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Hale 200-Inch Telescope Medium Cross Pupil Model

21

Figure 3.2: Hale Telescope medium-cross pupil model. Red dots represent pupil
sampling points; note that they avoid the spiders, which on the Hale Telescope are
vertical and horizontal with respect to the detector axes.

in a similar fashion to Pope et al| (2013). We estimate these parameters using two

Bayesian inference algorithms, namely MULTINEST (Feroz et al.,[2009), an implemen-

tation of multi-modal nested sampling, and EMCEE (Foreman-Mackey et al., 2013)),

an affine-invariant ensemble Markov Chain Monte Carlo sampler. We used both ap-

proaches firstly as a check for consistency, but also because they have complementary

strengths (Allison & Dunkley, [2014): on the one hand, MULTINEST efficiently and

reliably converges on the global peak of a posterior distribution without significant
sensitivity to an initial guess and avoids being trapped in local likelihood maxima. On
the other hand, EMCEE is more effective at exploring and characterizing potentially

non-Gaussian, curving degeneracies in the shape of the posterior mode; as noted in

Pope et al. (2013)), there is typically significant degeneracy between separation and

contrast in kernel phase fits to systems at close to the diffraction limit, and it is
important to explore the shape of this curve.

We began by running MULTINEST, obtaining the parameter estimates listed in
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Table The corresponding correlation diagram is displayed in Figure [3.3] After
our first attempt with no additional uncertainty added in quadrature, we iteratively
re-ran the MCMC adding an additional error term in quadrature until the fit of the
posterior mean achieved a reduced y? of approximately unity. This term was found
to be ~ 1.35° in the kernel phase case, and 7.0° in the case of the bispectral phases.

As discussed above, interferometric determinations of binary parameters at close
to the diffraction limit often suffer from degeneracy between contrast and separation.
As a result, we used the MULTINEST output to initialize an EMCEE run with 100
walkers and 200 burn-in steps and recorded 1000 subsequent steps to sample from
the posterior. From this, it is apparent that there is only a small degree of covariance
between these parameters, and we find good agreement between the MULTINEST and
EMCEE estimates of the posterior mean and standard deviation.

In order to test whether the kernel phase processing itself introduces a bias into the
contrast and separation estimates, we simulated binaries with the same parameters
each as the best fit to the kernel phase full aperture observations and to the non-
redundant 9 hole closure phase measurements. These simulations use no atmosphere,
but include a realistic Palomar ‘medium cross’ pupil model identical to that used to
derive the kernel phase relations. Model fitting is performed with MULTINEST as in
Section [3.2.2] with uncertainties on each kernel phase taken to be the same as from
the real observations. For an input model with the parameters of the kernel phase
model (129 mas, 83.6 degrees, 34.2 contrast) we retrieve 129.4 + 1.2 mas separation,
83.5 + 0.3 deg position angle and contrast 34.3 = 1.0; and for the aperture masking
parameters (129.6 mas, 83.5, 28.7 contrast), we retrieve 129.7 + 1.0 mas, 83.5 £ 0.3
deg and 28.8+ 0.8 contrast. It is evident from these fits that kernel phase fitting itself

introduces no bias towards lower contrasts.
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Table 3.1: Binary Parameter Estimates for o Ophiuchi at JD 2456104.847025.

Mode Separation  Position Angle Contrast
(mas) (deg) (K)
Kernel Phase 129.3 £ 1.2 83.6 £ 0.3 342+ 1.1
PSF Fitting 1319 £ 0.5 843+ 04 19+ 24
Aperture Masking 129.6 + 2.2 83.5 + 1.1 28.7 + 2.3
Bispectral Phase  140.9 & 1.0 86.7 4+ 0.7 154 £ 0.7

Kerpel Phase Correlai:,ion Diagm

10}

Kernel Phase Signal (deg)

2 5 0 1 2 3
Model Kernel Phases (deg)

Figure 3.3: Correlation diagram for av Ophiuchi kernel phases in K, band. We plot

model kernel phases on the x-axis and the observed signal on the y-axis, such that for

a good fit we expect the data to lie on a straight line of gradient unity (overplotted

green line).
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3.2.3 Comparison with Filled-Aperture Bispectral (Closure)

Phase Analysis

Using the same full-aperture observations analysed with kernel phase in Section [3.2.2]
we also performed an identical analysis using the arguments of the bispectrum, i.e.
closure phases. The closure phases are the arguments of the bispectrum or ‘triple
product’ of three complex visibilities around a closing triangle, and we therefore call
these closure phases or bispectral phases interchangeably. |Roddier (1986) recognized
bispectral analysis as being equivalent to the existing triple-correlation method of
speckle masking (Labeyrie, [1970; Weigelt,, |1977), and it provides a more robust ob-
servable than raw phases even on partially redundant pupils (Haniff & Buscher} (1992)).

For a redundant pupil, there are a combinatorically large number of baselines, and
for reasons of hardware memory we are not able to use a pupil model as dense as in the
above kernel phase analysis. We instead use a pupil model with the same dimensions
but only 508 pupil samples. Using this coarser model we conduct a kernel phase fit,
finding good agreement with the denser model, with a separation of 127 1.8 mas, a
position angle of 83.24+0.4 degrees, and a contrast ratio of 32.2+1.4. We see that this
is in reasonable agreement with the denser model and aperture masking observations.

We then find all possible combinations of triangles and test for closure, finding
378662 closing triangles in our redundant pupil model. As there are only 1456 inde-
pendent u, v baselines, the information in the raw bispectrum is extremely redundant,
and unless we model our data in a reduced-dimensionality representation, we will both
encounter unnecessary computational cost, and underestimate our uncertainties. We
therefore first construct the 378662 x 1456 matrix containing the full set of closure
relations, and find a rank-reduced operator with the same range using a sparse SVD.
Using this, we find that the space of closure phases is spanned by the expected
Npasetine — 2 = 1454 orthonormal vectors, and use these as our bispectral observables.

These are therefore linearly-independent closure phases (Sallum et al.| 2015a), but
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we do not have a sufficiently large number of observations to re-diagonalize these as
statistically-independent closure phases as in Kraus & Ireland| (2012)); Ireland| (2013)).
It is important to note that in the general non-redundant cases these orthonormal
closure phases do not span the same space as kernel phases, and that only in the
case of a non-redundant pupil are these two spaces of observables expected to be
the same. Ideally, we would for each triangle average the complex bispectrum across
all frames, extract the phase of the resulting mean complex bispectrum, and then
project these onto the minimal spanning set of orthonormal closure phases. Due to
the combinatorically large number of triangles this is not possible, and we instead
average the orthonormal closure phases themselves.

Data are processed as for the kernel phases in Section |3.2.1] except using this
orthonormalized matrix of closure phase relations instead of the kernel phase matrix.
We recover the binary at a separation of 140.9 + 1.0 mas, 86.7 £ 0.7 degree position
angle and a contrast of 15.4 + 0.7. The very small uncertainty quoted on this fit
is statistical, and clearly the dominant error here is systematic. The position angle
and separation are roughly similar to that determined in Section with kernel
phase, but offset by ~ 10 mas in separation, and the best-fitting contrast is much
lower, at 15.4 £ 0.7, which is ~ 2 times lower than the best kernel phase or masking
estimate and similar to that from PSF fitting. This is consistent with the effects of a
speckle introduced by a phase aberration perturbing all the full-frame images, while
kernel phase and aperture masking are by construction resilient against this form of
aberration.

While the difference in sampling density means that we do not compare the kernel
phase and bispectral methods on a level playing field, we note that finding the full
set of triangles generated by the denser model was not possible due to memory con-
straints, and therefore the bispectral method is inherently more limited than kernel

phase in its applicability to very dense, redundant pupils. We are therefore restricting
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Figure 3.4: Correlation diagram for bispectral phases for o Ophiuchi in K band. We
plot model phases on the z-axis and the observed signal on the y-axis, such that for
a good fit we expect the data to lie on a straight line of gradient unity.

our comparison to methods of equivalent computational resource usage.

3.2.4 Comparison with PSF Fitting

In this situation we lack the diversity of calibration images to use the most advanced
PSF analysis techniques, such as LOCI (Lafreniere et al., [2007) or KLIP (Soummer
et al., 2012)), but the 100 frames of our single calibrator are sufficiently diverse to
permit PSF fitting. We adopt a maximum-likelihood approach, finding the best-
fitting incoherent sum of two shifted calibrator PSFs that minimize a x? objective
function for each individual frame of o Oph. The offset and scaling between these
two calibrator PSF's is then taken to be the model parameters of the binary system.
In Table 3.1) we report the mean and standard error of the mean of all such fits with a
x? within a factor of 2 of the median x? across all frames, to allow for the possibility
of failing to retrieve the binary in some frames.

We note the low contrast found in the results of PSF fitting, not found in the kernel
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phase analysis. We suggest that a quasi-static speckle very close to the position of the
binary companion, or a variable incoherent second ghost at the same location, could
cause this effect, which is corrected in the kernel phase approach. This good kernel
phase correction is consistent with this being a phase-aberration induced speckle; in
the case of an amplitude-induced speckle, it would be desirable to find an equivalent
‘kernel amplitude’ which would be self-calibrating with respect to such an aberration,
but such a quantity is not presently known.

We note that this PSF fitting approach is enabled by the diversity over both many
calibrators and many frames on each calibrator, whereas in principle any single image
can be analysed with kernel phase given appropriate single images of calibrators. This
is an advantage for kernel phase in campaigns where many short exposures are not
feasible, or in space telescope snapshot campaigns, where PSF diversity may otherwise

be lacking.

3.3 Comparison between Masking and Kernel Phase

For our benchmark oo Oph dataset, the kernel phase analysis strongly favours a binary
model over a point source, and successfully obtains the same system configuration as
found with aperture masking. The results are displayed in Table [3.1 The spatial
astrometric components agree remarkably well, to much better than 1o, and in con-
trast the kernel phase is slightly higher, at 34.2 vs 28.7. As the uncertainties on
each are ~ 1.1 and ~ 2.3 respectively, we see these estimates do not entirely agree,
though the higher contrast value derived from kernel phase may represent a system-
atic error which may require further improvements to the method. As noted below,
the uncertainties on the kernel phase-derived contrast are probably underestimated
here, though with present software implementations and the limited number of frames

available in these observations, this cannot be resolved at present. Nevertheless, it is
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clear that kernel phase presents a realistic alternative to aperture masking for tele-
scopes with extreme AO, with the potential for significant advantages in throughput
and Fourier coverage.

The science target was observed in the middle of the detector, near the corner of
the four CMOS chips which tile the focal plane. This leads to lines of noise running
through the sides of the PSF. On the other hand, the calibrators were observed in
the middle of each chip (‘dithered’), as is standard practice. The subtraction of
systematic errors from the science data was therefore imperfect, and in future it will
be important to dither the science source and calibrators identically.

The binary astrometry from kernel phase is reasonably close (~ 1.5 —20,,45king) tO
that obtained by aperture masking; this is remarkably good agreement given that the
observations were performed under far from ideal conditions: as noted in Section|3.1.1],
on the night these observations were made, the seeing was 1.5 — 2 arcseconds, which
is substantially worse than median for Palomar. This translated to the relatively low
Strehl of 0.5 in K, somewhat low for extreme-AO and toward the lower end of the
kernel phase regime. We therefore note that we may expect improved performance
under better AO conditions in future.

The retrieved binary parameters are remarkably insensitive to the size of the super-
Gaussian window used in preprocessing. By the convolution theorem, windowing an
image is equivalent to convolving its Fourier transform with a kernel whose dimension
is inversely proportional to that of the window. A narrower window therefore has a
wider convolution kernel, which blurs Fourier phase information. This results in
both a blurring in the Fourier plane, which is especially significant at high spatial
frequencies where this mixes real signals from inside the support of the modulation
transfer function with noise from outside its support.

In addition to the above instrumental errors, we noted in Section [3.2.4] that system-

atic optical aberrations are likely to remain even after calibration. By using an ensem-
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ble of calibrators as described in Kraus & Ireland| (2012), it is possible to substantially
improve the correction of systematic errors. Residual uncalibrated systematics enter
at first order in phase, and third order in kernel phase, and can introduce statistical
correlations between kernel phase relations which are algebraically orthogonal. It is
possible to diagonalize kernel phases and closure phases in a Karhunen-Loeve basis
which properly takes into account their statistical covariance (Ireland, |2013); such a
calibration is improved significantly with greater calibrator diversity than is available
in this work. In future, it will be valuable to include more calibrator sources, and
observe these and the science target with a range of pupil orientations to maximize
the calibration diversity. We expect that this may reduce systematic effects, and also
increase the parameter uncertainties somewhat, given that presently we assume data
to be independent which are in fact correlated.

The issue of pupil modelling remains an outstanding problem for kernel phase,
in that at present it is not feasible to marginalize over uncertainties in pupil scale,
or to model the pupil as densely as may be preferred for high-performance applica-
tions. There are therefore systematic errors associated with any mismatch between
the discrete pupil model and the real effective model of the telescope, as well as any
amplitude aberrations or spatial variations in transmission. Resolving this difficulty

is beyond the scope of this Chapter, but will be important for future work.

3.4 Discussion

The recovery of the a Oph binary system illustrates both the potential of kernel phase
in conjunction with extreme AO, and the potential for improvements in future obser-
vations. It is clear that kernel phase recovers the binary parameters with remarkable
precision, and it will be a valuable tool in probing systems than cannot be observed

with aperture masking. In this test case, under ideal conditions for aperture masking
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and more challenging conditions for kernel phase, nevertheless kernel phase delivers
comparable results. The performance of kernel phase in this low to moderate Strehl,
single calibrator regime is not expected to be representative of higher Strehls and
multiple calibrators - an analysis of which would be important future work.

We have also demonstrated the benefits of using kernel phases over more standard
PSF fitting and bispectrum (closure phase) approaches in parameter estimation. De-
convolving structure from an AO-corrected PSF is significantly enhanced by the use
of kernel phase, and we expect this will enable new science to be done at and near
the diffraction limit.

As noted in [Pope et al.| (2013), wavelength diversity across several filters can help
alleviate the degeneracy between separation and contrast, by jointly fitting to kernel
phases extracted in several bands and enforcing the condition that the position of a
companion must be fixed, while its flux can vary. This is a promising option for future
kernel phase work, as the extreme AO systems SPHERE and GPI are equipped with
integral field spectrographs which can obtain images in many wavelength channels
simultaneously.

Given these encouraging results, we see that the best current adaptive optics sys-
tems are already able to make use of kernel phase for high contrast imaging. In
particular, we have shown that in the extreme-AO regime, kernel phase obtains com-
parable results to those using non-redundant masking. Where for hardware reasons
or due to throughput considerations it is not possible to use a mask, or where very
dense Fourier coverage is desired for imaging, the kernel phase approach may be much
more effective than standard alternatives, opening up new parameter space for high-
resolution imaging of faint companions and circumstellar environments. We have also
discussed observing strategies, and in particular the importance of calibrator sources
and wavelength diversity, which will be of use in planning future kernel phase work

from the ground.



Chapter 4

Transiting exoplanet candidates

from K2 Campaigns 5 and 6

He, who through vast immensity can pierce,
See worlds on worlds compose one universe,
Observe how system into system runs,
What other planets circle other suns,

What varied being peoples ev’ry star,

May tell why Heav’n has made us as we are.

Alexander Pope, Essay on Man

4.1 Introduction

In this Chapter we present a new pipeline to correct K2 light curves for instrumental
systematics and stellar variability, search them for planetary transit candidates, and
perform a series of diagnostic tests to weed out false positives. We apply this pipeline
to Campaigns 5 & 6 (hereafter C5 and C6), identifying 77 and 71 single-planet can-
didates among the 25139 and 28291 targets surveyed in each Campaign, as well as
5 systems showing multiple sets of transits. While our method is applicable to any

K2 light curve, and indeed readily adaptable to data from other instruments, a par-

The material in this Chapter has been published as [Pope et al.| (2016b).
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ticular focus of its design has been to ensure good performance for young, variable
stars, which represent a larger fraction of the most interesting targets for K2 than
for previous transit search missions.

The different pipelines used on K2 data to date differ in subtle ways from each
other, and from ours, at every stage of the light curve detrending, transit search and
vetting process, but particularly important differences are found in the light curve
extraction and detrending step. This is because of the importance of instrumental
systematics (and, to a lesser extent, stellar variability) in K2 data. In the K2 mission,
the Kepler satellite is balanced at an unstable equilibrium, using two reaction wheels
and with solar radiation pressure keeping the third axis approximately steady. The
third axis orientation must be maintained, however, by small thruster firings every
~ 6 hours, moving a typical star by of order ~ 1 pixel across the detector, with
the result that K2 data contain significant pointing-related systematic photometric
trends that make robust inference about the presence of planets more difficult than in
the nominal Kepler mission. Several data-reduction pipelines have been developed by
different groups to compensate for this effect (Vanderburg & Johnson, 2014a; |Aigrain
et al|, 2015} /Armstrong et al., 2015} [Foreman-Mackey et al., |2015b; [Lund et al., [2015;
Luger et al., 2016, 2017)), including our detrending pipeline (which we use in this
Chapter) (Aigrain et all 2016 hereafter APP16). A unique feature of our approach
is that systematics and stellar variability are modelled simultaneously rather than
sequentially, which significantly improves the results when both effects are significant,
especially on similar timescales. The methods used in the remainder of our pipeline
for transit search and vetting are relatively standard, but were implemented with
particular attention to scalability and computational efficiency, and in such a way as
to enable easy, uniform human vetting at the present time, as well as — in the future —
progression towards a fully probabilistic asssessment of the likelihood that individual

candidates are bona fide planets.
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The remainder of this Chapter is structured as follows. Sections [£.2] and
describe our light curve preparation, transit search and vetting methodology, re-
spectively. Our catalog of transiting planet candidates from C5 and C6 is given in
Section together with the results of preliminary spectroscopic reconnaissance.
Section [4.6) gives links to the code used in our pipeline, all of which is publicly
available, and we give our conclusions and discuss plans for future improvements

in Section

4.2 Light Curve Preparation

K2 photometric time series are typically affected by sawtooth-like variations in mea-
sured flux, due to the drift and subsequent thruster reset of the spacecraft boresight
roll angle. This effect, needed to maintain spacecraft pointing near the unstable equi-
librium induced by solar radiation pressure, causes each star to move by of order ~ 1
pixel over the course of each thruster-reset period of ~ 6 hours. This is translated
into variations in flux by the differential sensitivity between pixels (inter-pixel varia-
tions) and across the surface of each pixel (intra-pixel variations), and by the loss of
light outside the photometric aperture as it imperfectly matches and tracks the point
spread function (aperture losses). Other systematic effects are also present (as they
were in the light curves from the original Kepler mission), but the pointing-related
variations are by far the most prominent. In addition to these instrumental system-
atics, the light curves also contain intrinsic stellar variability, most commonly due to
the rotational modulation of star spots. Both systematics and variability can severely
hinder the detection of planetary transits, and must be filtered or modelled before
the transit search can proceed.

The standard approach until now has been to do this sequentially, first modelling

the systematics while ignoring the variability, then using some variation on a high-pass
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filter to remove most of the variability while preserving any planetary transits (the
latter step exploits the fact that transits occur on shorter timescales than most forms
of stellar variability). However, this approach breaks down when both systematics and
variability are of comparable amplitude, and occur on similar timescales. While the
typical rotation periods of K2 target stars (days to weeks) are significantly longer than
the ~ 6 hour characteristic timescale of the pointing variations, there is nonetheless
significant power in the variability of many stars on 6 to 12-hour timescales. This is
particularly problematic for K2, which observes a larger fraction of young, rapidly
rotating, active stars than earlier transit-search missions. In such cases, modelling
the systematics and variability simultaneously tends to be more effective, particularly
if — as in the case of K2 — the systematics can be constrained to depend primarily
on the star’s position on the detector, which should have no impact on its intrinsic
brightness. This is the approach implemented in the K2sC pipeline (APP16), which
uses a Gaussian process to model the systematics and variability simultaneously.
Gaussian Processes (GP) are a family of non-parametric models for data analysis
(pioneered in the context of mining by |Krige, [1951; Matheronl, 1963)), whose early
history is reviewed by |Cressie (1990) and whose recent applications in time-series
modelling are described by [Rasmussen & Williams| (2005)) and [Roberts et al.| (2012),
the notation of the latter of which we will use here. A GP defines a probability
distribution over functions, such that any finite set of discrete samples from these

functions are jointly Gaussian-distributed, with a likelihood function for data y(x)

ply(x)) = A (u(x), K(x)) (4.1)

1 1
—~y"K'y) (4.2)

NI AT

where p is a mean function, and K is a covariance matrix whose entries are K;; =

k(xi, z;), where z; is the i*" sample of a discrete vector. The covariance function
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k(x1,x9) is used to describe the overall structure of the the function for regression.
Ordinary least-squares fitting or x? minimization is a special case of a GP where the

covariance matrix is diagonal and with N data points:

PY00) o espl ) (1.3

The difference here is that the more general GP allows for correlated noise as opposed
to the white noise in standard least squares fitting, although white noise can be
included easily in K. While the input x may simply be time, it can represent arbitrary
quantities and include more than one dimension, for example in the K2sc pipeline
where it includes the 2D position on the detector. This is easily implemented, because
if multiple input variables such as time t and 2D position (x,y) are independent,
then the GP probabilities multiply and therefore their exponents add, so that the
sum of separate GP covariances depending on different variables is also a valid GP
covariance taking a multidimensional argument. Therefore in the following equations,
the argument written x of K is potentially multi-dimensional, e.g. (x,y,t), and we
use x and y as placeholders for the input and output for simplicity.

If we condition our GP on some observed data y(x), then we can predict the

distribution for observations y.(x,), which is also normally-distributed:

py«(x.)) = A (m(x,), C(x.)) (4.4)

From the standard Gaussian conditional and marginal identities, the posterior mean

m(x,) and covariance C(x,) are given by

m, = pu(x.) + K(x., x)K(x, %) (y(x) - u(x)) (45)

C. = K(x.,x,) — K(x,, x)K(x,x) 'K(x,,x)" (4.6)
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The prior mean g represents a deterministic component to the model, while the
covariance kernel k represents a stochastic component incorporating both astrophys-
ical variability and instrumental systematics. k& and p are in general parametrized
by hyperparameters. In the model used in K2SC we have a mean normalized flux
of unity with no free parameters, while the stochastic model contains two distinct
components: the first depends on time only, and represents the variability (plus any
residual systematics not related to position), and the second depends on position only
and represents the pointing-related systematics. We model the stellar variability one
of two ways, either with the quasi-periodic exponential sine squared kernel in time

(Rasmussen & Williams,, 2005])

k(ti,t;) = Arexp ( — I'sin® (%hﬁZ - tﬂ)) (4.7)

where I' is a correlation scale, P the period of oscillations. and A; is the amplitude

of the time variations, or with a squared exponential kernel
) —[ti — ¢
k(tz,tj) = Ay €XP 2—7_2 (48)

where 7 is a timescale for correlations. We decide between the two by calculating
a Lomb-Scargle periodogram (Lomb, (1976) of the input lightcurve; if this shows
a strong periodicity, we choose the quasi-periodic kernel. Otherwise, we represent
stellar variability with a slowly-varying squared exponential kernel. In either case,
the covariance kernel for position is squared-exponential with a separate length scale

for each dimension:

lm—%P_y%—Mw (4.9)

2 2 2 I

x

k(xhxj?yiayj) = Aﬁy exp ( -

Because the sum of two GPs is also a GP, we are free to use the sum of these models
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as a joint model for the systematics and stellar variability. We therefore have the
final covariance kernel

Kot = Ky + Ky + 0’1 (4.10)

incorporating a diagonal matrix with entries o2 to represent white noise.

A sophisticated outlier rejection scheme is used to ensure that flares, eclipses and
transits do not adversely affect the modelling, but are nonetheless preserved. We
optimize the hyperparameters of the covariance function k;,; (namely o, (I;,1;,1,) or
(I, P,1,,1,), Ay and A,,) in order to obtain the best fit to a given dataset, taking the
posterior means with optimized parameters as our final model. The corrected flux is
then the raw flux minus the predictive mean for the z,y component, with time held
constant, and the inferred astrophysical variability is the predictive mean for time
with x,y held constant. This systematics correction scheme is described in further
detail in APP16.

We begin with the K2 light curves available at the Mikulski Archive for Space
Telescopes (MAST), which we process with K2sC to remove both systematics and
variability. We exclude EPICs 200008644 — 200009280 in C5, which correspond to
cluster superstamps (large contiguous regions of active pixels that cover star clus-
ters) and to trans-Neptunian objects, and 200041889 — 200061149 in C6, which track
Trojan asteroids. While cluster science is a key science goal of K2, standard MAST-
pipeline aperture photometry is not reliable in the extremely crowded fields of the
cores of clusters, as are treated with superstamps. Many more widely distributed
cluster members and probable cluster members outside the superstamp have MAST
lightcurves; we exclude from the analysis presented here stars with very high cluster
membership probability, in particular Praesepe stars (C5), as the subject of a sepa-
rate study, in which we report a Neptune-sized planet transiting an M dwarf (Pepper
et al., 2017).

In APP16, we tested K2SC on both the Simple Aperture Photometry (SAP) light
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curves, and light curves corrected for common-mode systematic trends by the Kepler
Presearch Data Conditioning (PDC) pipeline (Twicken et al., 2010; Stumpe et al.,
2012; Smith et al., 2012)). We found that the latter typically result in slightly improved
photometric precision on transit timescales (as measured using our proxy estimate of
the 6.5-h combined differential photometric precision, or CDPP). This is most likely
due to the fact that some of the common-mode trends removed by the PDC pipeline
are related to variations in (e.g.) telescope focus and the temperature of various
components, and not directly to the pointing, and are thus not modelled by K2sc.
On the other hand, K2s¢ significantly improves the precision of PDC light curves, and
enhances our ability to detect planetary transits (as demonstrated by APP16 using
transit injection tests). We therefore use the K2sc-processed PDC light curves as our
starting point for the transit search. The interested reader is referred to APP16 for

more details on K2SC and its application to K2 light curves.

4.3 Transit Search

Candidates are initially identified by a Box-Least-Squares (BLS) algorithm (Kovécs
et al., 2002)) which evaluates a signal-to-noise statistic, the signal detection efficiency
(SDE), for a simple box-shaped transit for a grid of zero epochs spanning the Cam-
paign and for periods ranging from 0.7 d to 98% of the total duration of the Campaign,
using our own version of the algorithm (Parviainen| [2016). We apply this search to
a GP-detrended light curve, which has been prewhitened, where we subtract the GP
time component to model smooth out of transit variations (Carpano et al., 2003)). We
record the SDE, and best-fitting period, epoch and duration for each target.

Using this preliminary fit, we then fit a transit model using the PYTRANSIT pack-
age (Parviainen, [2015)), a fast implementation of the Mandel & Agol| (2002) analytic

transit light curves.
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Figure 4.1: Initial selection of transit candidates based on the BLS detection statistic
and period. We display SDE versus period for all objects in black, for C5 (top) and
C6 (bottom). EPICs selected for visual examination (as described in Section are
shown in blue, and targets which pass the vetting process (described in Section
in orange. Yellow triangles display the first detected planet for the multiple-planet
systems described in Section [4.5.1]
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We use the BLS SDE to identify promising candidates for more detailed study.
Using the injection test results from APP16 (Figure 10), we expect non-planet-hosts
to be distributed around a mean SDE of ~ 6, roughly uniformly in log-period. In
APP16 we therefore recommended a cut in SDE of ~ 8 as a simple and effective way
of selecting transit candidates. As is apparent in Fig. in our real data, there is in
fact some slope to this distribution, as well as a larger number of candidates at short
periods.

In order to deal with this, we define an SDE threshold as a function of period.
First, we discard single transit candidates as beyond the scope of this study, and
examine the remaining objects. In preliminary inspection, we note that ~ 65 long-
period candidates in C6 result from systematics associated with particular pairs of
bad epochs, leading to a pileup of candidates with poorly-corrected lightcurves with
zero epochs in two ~ 0.5 d windows. We therefore identify these from a histogram
of fitted BLS zero epochs, and remove these candidates before proceeding. We also
discard candidates for which the log-likelihood of a sinusoidal fit is greater than that
of a transit, as a way of removing the most obvious variable sources. We then split the
objects into 50 bins in period space, each containing an equal number of objects (469
for C5 and 457 for C6), thus using a variable bin size. In each bin we find the median
SDE, and the median absolute deviation-estimated standard deviation. Since there
is a trend in the median as a function of period, we fit a second-order polynomial to
the distribution of period as a function of median SDE, subtract this from each, and
find the standard deviation of the residuals. We then select for further analysis all
candidates that lie more than 3 o above this value in each bin. We illustrate this in
Figure [4.1], displaying a plot of SDE versus period for both Campaigns, including all

objects, selected objects, and vetted objects.
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4.4 Vetting

The procedure described in the previous section leads to a preliminary candidate list
for each Campaign, which still contains both false detections caused by light curve
artefacts or other abnormalities, and astrophysical false positives, i.e. transit-like
events which are not caused by a planet. To identify these and produce a cleaner
candidate list, we visually inspect the light curves, along with a set of diagnostic
plots based on transit model fits, broadly following the approach outlined in Batalha
et al. (2010).

Some light curves are affected by poorly-corrected systematics. These show resid-
ual ~ 6 hour variability which can lead to a spuriously large BLS detection statistic.
We therefore systematically discard detections at the characteristic thruster firing
period, and multiples thereof. Furthermore, the time component of the K2sc GP
model does not always model very short-period or high-amplitude stellar variability
well. This is especially true for classical pulsators such as RR Lyr and Cepheid vari-
ables: while the overall variability pattern is modelled adequately, the extrema are
not, leaving periodic dips in the residuals, which can lead to a high BLS statistic. Fi-
nally, while planetary transits and short-duration stellar eclipses are typically flagged
as outliers by the K2sC model (so that they are left unchanged by the detrending
process), the outlier flagging procedure is less successful for high-amplitude eclipsing
binaries (EBs) where the eclipse duration exceeds a few percent of the period. In
those cases, the time component of the GP model partially reproduces the eclipses,
leaving in the residuals shallow, periodic eclipse-like events which can superficially
resemble planetary transits. All of these categories of false positive are readily iden-
tified by visually comparing the raw light curve, the systematics and time-dependent
components of the K2s¢ GP model, and the detrended light curve.

Eclipsing binaries (EBs) are the major source of false positives remaining after

this step. The different types of EBs that can mimic a transit signal are discussed
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extensively in the literature (see e.g. |[Charbonneau et al.|[2004| for an overview); we
merely list them here: grazing EBs, EBs containing a large primary or small secondary
star, and blended EBs (EBs whose eclipses are diluted by the light of a third star
enclosed in the photometry aperture). To aid in the identification of such systems,
we systematically produce, for all our candidates, a single-page report displaying key
diagnostics in graphical and numerical form, as listed below. An example of such a
report is shown in Figure the reports for all the candidates listed in Section |4.5
are provided online as supplementary material. The report shows, from top left to

bottom right:

o Unfolded light curve plots showing the raw light curve, the systematics and time-
component of the K2s¢ GP model, and the detrended light curve used in the
BLS transit search. The location of the transits is indicated by vertical dashed

lines (if the light curve contains > 20 transits, only the first 20 are marked);

o Main BLS and transit fit parameters giving the BLS SDE detection statistic,
the K'p magnitude of the target (magnitude in the Kepler bandpass), and the

best-fitting parameters of a transit fit to the phase-folded detrended light curve;

e [olded transit plot showing the best-fit model overlaid on the phase-folded light

Curve;

e Fven and odd transit plots showing, in different colours, the binned phase-folded
light curves for even- and odd-numbered transits (helpful in identifying near-

equal mass EBs where the BLS-detected period is half the true orbital period);

e [ndividual transit plots showing each transit (or the first 20 if the total number
exceeds 20) separately (helpful in identifying false detections caused by light

curve artefacts);

e Secondary eclipse detection plots showing the log-likelihood of a secondary eclipse
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with the same parameters as the best-fit transit model, but variable depth, as a
function of phase from 0.3 to 0.7 (EBs with low to moderate eccentricities but

detectable secondary eclipses cause a clear peak in such a diagram);

e Per-orbit transit likelihood plot showing the log-likelihood of the best-fit transit
model for each transit event separately (strong variations from one transit to
the next indicate that the detection may be caused by or affected by light curve

artefacts);

e Full folded light curve plot: this can reveal secondary eclipses occurring outside

the 0.3-0.7 phase range, or additional transit events

e BLS periodogram providing an additional means of assessing the significance of
the detection (subsidiary peaks can also reveal additional sets of transits in the

light curve).

All the transit model fits are performed using the PYTRANSIT package, which
implements the analytic model of [Mandel & Agol (2002). The parameters of the
transit fits are epoch, period, planet-to-star radius ratio, impact parameter and stellar
density. We also report the transit depth and duration, which are computed from the
best-fit transit model. Note that the transit models are evaluated with 3 min time-
sampling and binned up by a factor of 10 to account for the smearing of the ingress
and egress caused by the relatively sparse sampling of K2 long cadence observations.
The vetting process for transit candidates identified during the Kepler prime mission
(see e.g. Batalha et al|[2010) also relies on the use of so-called “rain diagrams”:
plots of flux versus x- and y-position of the target centroid. Such diagrams are highly
effective at identifying blended EBs, where the target centroid can change significantly
during eclipses (except for hierarchical triple system where the EB and contaminant
are essentially co-located). In the case of K2, one must use the difference between

the star’s predicted position (based on the overall pointing variations of the satellite)
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and its measured centroid. We systematically produce such plots and use them in the
vetting process, but they have not yet been incorporated into the single-page reports.

Any candidates which show clear signs of being false detections, or being caused
by EBs, on the basis of the diagnostics described above, are discarded from the final
candidate lists. Rather than define quantitative criteria for rejecting or keeping a
candidate, at least two individuals vet all the candidates independently, and only
those considered passable by all the vetters are retained. This clearly leaves scope for
considerable improvement: ideally we would like to perform a systematic, quantitative
assessment of the probability that each candidate is indeed a planet, based on all the
available information. One way to do this automatically is to use machine learning
tools, such as the random forest algorithm recently implemented for Kepler (McCaulift
et al [2015), trained on transit candidate lists vetted by humans. However, this is

beyond the scope of the present Chapter.

4.5 Planet Candidates

In Tables and we list the planet candidates that pass the tests described
in Section [£.4], for C5 and C6, respectively. The last two columns give the number
of reconnaissance spectra obtained for each candidate, where applicable, and the
status of the candidate based on the spectra plus any other available information (see
Section for more details). The period and radius ratio of these candidates is
displayed in Figure .3} Out of 996 and 981 objects pre-selected for visual inspection
in C5 and C6 respectively, we select 87 & 77 as bona fide candidates after vetting. A
vetting diagnostic diagram similar to Figure [4.2]is provided for each candidate in the
supplementary online material.

Our C5 candidate list includes the hot Jupiter EPIC 212110888b, which has been

independently discovered (from its K2 light curve) and spectroscopically confirmed
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by |Lillo-Box et al.| (2016) and Hirano et al. (2016b). With an 0.8% transit around
an F9 star, the two publications agree on a mass of M, ~ 1.7+ 0.1 M; and a
radius of 1.4 + 0.1R, differing within uncertainty according to the different stellar
models. In addition to this, |Osborn et al.| (2016b) have obtained RV spectroscopy of
EPIC212521166 b, first reported by Aigrain et al.| (2016), finding it to be a massive
mini-Neptune with similar photometric parameters to those reported here.

Several long-period candidates were found around stars whose light curves display
stochastic oscillations on timescales of a few hours, and are hence likely to be red
giants (EPIC 212411479, 212438212, 211996053, and 212481820). Although they did
not explicitly fail any of the vetting tests, we did not include them in the final candi-
date lists, as it is difficult to distinguish a real transit from residuals from imperfectly
modelled, stochastic stellar variability on the same timescale. We note however that
these events are in principle detectable, and might warrant more detailed study.

Our target sample partly overlaps with that of Adams et al.| (2016), who searched
for ultra-short-period planets (up to 1 day only) in Campaigns 0-5. They report list
four candidates in C5: of these, we do not pre-select EPIC 211357309 or 211995325
for followup based on the BLS SDE, while we do preselect 211685045 and 212150006.
Both of the planets we miss have periods shorter than the 0.7 d cutoff we impose on
our initial search. We did not include shorter periods in our search because both very
short period pulsating stars and residual pointing systematics at 4c/d cause many
false positives in that regime. EPIC 212150006 is listed in Table as a bona fide
planet candidate. Our light curve for 211685045 appears to show residual variability
consistent with a false positive, so it was rejected at the vetting stage.

We have also compared our list candidate list for both Campaigns to those kindly
provided by A. Vanderburg (priv. comm.). As we were co-ordinating our spectroscopic
reconnaissance efforts, we shared our targets lists for magnitudes K, < 13. Within

that range, there is a very substantial overlap between our lists, with only a small
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number of objects found by one group but not by the other. In several cases, we have
rejected candidates found by Vanderburg as having evidence for a secondary eclipse;
in other cases, Vanderburg finds evidence of a secondary eclipse where we do not (see
Comments in Tables and . A few of our candidates were not detected by
Vanderburg, these correspond to active stars whose variability and systematics are
better-modelled by the K2sc¢ GP model than by piecewise polynomial detrending.
Finally, we failed to detect a few of Vanderburg’s candidates. In those cases, we see
no evidence for a transit in our light curve, but the signal is clear in the K2SFF light
curves. These are all bright stars, for which we suspect that the K2SFF photometric
apertures are better suited to the point spread function than those used by MAST
(Vanderburg & Johnson, [2014a).

This comparison shows that the different light curve detrending, transit search and
vetting processes are complementary, and that a more complete candidate list may
be obtained by combining the results of several pipelines than by any single pipeline.
We also note that the overall transit detection potential of K2 may be best exploited

by combining K2SFF aperture photometry (or similar) with K2sC detrending.

4.5.1 Multiple Planet Systems

We also checked for additional transiting planets in the systems identified in Sec-
tion [£.4] At the vetting stage, we made note of systems for which there was visual
evidence of more than one set of transits. For each such system, we then subtracted
the best-fit model for the first set of transits and repeated the transit search and
fitting on the residuals. The process was iterated until no further sets of transits were
found.

We detect two sets of transits around each of EPIC 212012119 (C5); and 212393193,
212703473, and 212779596 (C6), and three sets of transits around 212768333 (C6).

The parameters of these systems are presented in Table [A.3] For each of these sys-
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Figure 4.3: Radius ratio versus period for all vetted planet candidates from C5 (blue)
and C6 (orange). Multiple systems are shown as triangles, with planets in each
individual system sharing the same colour and joined by dotted lines. Objects which
were found to be binaries following reconnaissance spectroscopy (see Section
are displayed with red crosses superimposed.
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tems, we provide a vetting diagnostic diagram similar to Figure for each set of
transits separately in the supplementary online material.

EPIC 212651213 and 212651234 show two identical sets of transits which pass our
initial vetting procedure, indicating a photometric blend. EPIC 212651213 was later
found to be triple-lined (see Section , while 212651234 shows no RV variation
over 3 epochs. We therefore conclude that EPIC 212651213 is an eclipsing SB3 system,
and the apparent transits on 212651234 are the result of a photometric blend. These
two systems are therefore not included in Table [A.3]

In addition to these, we detect three transit-like events with ~ 3 to 5% depth
around EPIC 212656205, which do not have a periodic relation and have different
depths. These may represent a planar hierarchical multiple stellar system, or multiple

close-in giant planets.

4.5.2 Spectroscopic Reconnaissance

For most of the objects in the EPIC catalogue, spectra have not previously been
obtained and only photometric information is available. A single, moderate to high
resolution spectrum can be used to determine the host star’s spectral type and evo-
lutionary stage, and to check for obvious signs of binarity (double- or triple-lined
spectra). For single-lined, main-sequence cool stars, additional spectra can reveal
km/s radial velocity variations, indicative of a stellar or substellar companion. All
our candidates which passed the vetting stage and were bright enough for efficient
spectroscopic follow-up (Kp < 13) were observed at least once with the Tillinghast
Reflector Echelle Spectrograph (TRES), at the 1.5-meter Tillinghast Telescope on
Mt Hopkins, Arizona. TRES has three spectroscopic resolving power settings avail-
able: 41,000 (high), 30,000 (medium), and 20,000 (low); reconnaissance is typically
conducted in the medium resolution mode. In most cases, the radial velocity (RV)

precision achievable with TRES (~ 0.1km/s or somewhat better) is not sufficient to
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detect the signal of a planetary-mass companion to a main sequence star, except for
hot Jupiters under favourable conditions.

Where possible, the systems were observed at or near quadrature in order to
maximise the chances of resolving multiple sets of stellar lines. Any systems iden-
tified as giants, double- or triple-lined binaries based on the first observation were
not observed any further. These are noted as “GIANT”, “SB2” or “SB3” in the
final column of Tables and [A.2] Additional spectra were taken near the opposite
quadrature for some of the remaining single-lined candidates, if the planet-to-star
radius ratio indicated that an orbital solution might be feasible with TRES. If the
resulting radial velocity change was too large for a planetary companion, the sys-
tem was classified as a single-lined stellar binary (labelled “SB1” in the tables). In
the case of EPIC 212110888, which contains a hot Jupiter, further additional spec-
tra were obtained in order to obtain a full orbital solution, which is consistent with
the parameters published by |Lillo-Box et al. (2016) and Hirano et al. (2016b)), with
TRES spectra best fit by a 166 4= 21 ms~! RV semi-amplitude planet, with a mass of
1.187012 M;. One system (EPIC 212808289) may host a warm Jupiter, but additional
spectra, ideally with better radial velocity precision, are needed to confirm this. The
inner planet in EPIC 212703473 is also a likely hot Jupiter. For EPIC 212066407 and
212803289 we list RV semi-amplitude K as determined by TRES, while for 211733267
and 211818569, with 2 epochs showing little variation we list upper limits on K. The
remaining systems included in the TRES reconaissance spectroscopy program which
were not found to show any evidence of binarity are simply noted as “OK” in Ta-
bles and [A.2] For the brightest among them, a full orbital solution might be
feasible with dedicated high-precision radial velocity instrument, otherwise a sta-
tistical evaluation of the likelihood that the companion(s) is/are indeed planetary
("validation”) could be performed based on all the information available to date plus

high spatial resolution imaging.
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Overall, the TRES reconaissance program enabled us to rule out 8 out of the 86
single-planet candidates from C5, and 2 out of the 71 from C6, as giants or spectro-
scopic binaries, for a final total of surviving 147 single-planet candidates across both

Campaigns.

4.6 Source Code and Data Products

In the interests of open science, we have our code implementing the methods described
in Sections 4.2 and publicly available. It consists of several open source
packages distributed under a GPL license. We invite interested readers to use, modify
and contribute to this code as an evolving resource for the astronomical community.
The K2SC systematics correction code (Aigrain et al., 2016)) is available on GitHub

at
https://github.com/0xES/k2sc|

the transit modelling code PYTRANSIT (Parviainen, 2015) at
https://github.com/hpparvi/PyTransit,

and the code used to carry out the BLS transit search and produce the candidate

reports, K2pPS (Parviainen, Pope & Aigrain) 2016)), is available at
https://github.com/hpparvi/k2ps.

The data used and produced in the course of this Chapter are also publicly available.

The full set of K2sc-processed K2 lightcurves is available at MAST
https://archive.stsci.edu/prepds/k2sc/,

and the candidate reports used in the vetting process are provided with the published
version of the work in this Chapter (for surviving candidates only) as supplementary
online material (Pope, Parviainen & Aigrain) 2016b), and the TRES spectra of our

candidates have been uploaded to the ‘ExoFOP-K2’ website
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https://exofop.ipac.caltech.edu/k2/.

4.7 Conclusions

We have presented a new pipeline to search for transiting planet candidates in K2
data, and reported the results of applying this pipeline to Campaigns 5 & 6, together
with reconnaissance spectroscopy of the brightest of our candidates. We recover
known planets and identify false positives due to stellar-mass companions. We have
made our code, light curves, and diagnostic data products publicly available to facil-
itate confirmation and comparison, and look forward to comparing our results with
future work using other methods.

We have compared our results to those by |Adams et al.| (2016), the only published
catalog which covers one of the Campaigns we have analysed (C5), as well as with the
unpublished candidate list produced by A. Vanderburg for both C5 and C6. In both
cases, our results are generally consistent. The two candidates identified by Adams
et al. (2016) and not by ourselves lie outside our chosen period search range. In
several cases, we identified candidates found by Vanderburg, but discarded them at
the vetting stage. On the other hand, we also failed to detect a few of his candidates
altogether, and these correspond to cases where the photometric precision of our light
curves is not as good as that of the K2SFF light curves used by Vanderburg for the
same object.

We also identify a small number of candidates, which were not reported by other
teams. These are predominantly orbiting variable stars, which is consistent with
our stated intention to write a pipeline that is particularly robust to astrophysical
variability. More detailed comparison to other methods will become possible once
more groups have published candidate lists for C5 and C6, and once we have processed

earlier Campaigns, for which published candidate lists are already available.
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Our results are broadly compatible with the K2SC injection tests presented in
APP16, but a direct comparison is not feasible, as we have made some small but
significant changes to our transit search methodology since. We will repeat the injec-
tion tests at a later date, after processing more Campaigns, to provide a quantitative
assessment of the sensitivity of our final pipeline. There are a number of possible
modifications to our pipeline that may yield improvements in sensitivity or reliability
in the future. First, as noted above, for some bright stars our light curves are not as
precise as those used by some other teams. We use the PDC-MAP light curves as our
starting point; these are extracted using fixed, pixelized photometric aperture masks.
For some types of stars (particularly bright stars, as noted in |Vanderburg & Johnson
2014al and Lund et al.[2015), these apertures may not be optimal. Better sensitivity
to shallow transits might be achieved by applying K2SC to light curves extracted using
more optimized apertures. Another area where we hope to make progress in the near
future is in making the vetting process more automatic, perhaps by implementing
and training machine learning algorithms to distinguish between planetary transits
and false positives.

Beyond the discovery of individual interesting systems, a significant element of
the long-term legacy of the K2 mission will be improved estimates of short-period
planet incidence rates around types of stars which were relatively under-represented
in the Kepler prime mission (such as M-dwarfs), as well as the ability to check for if
the incidence of short-period planets depends in a measurable way on direction within
the Ecliptic plane. By making all our code publicly available, we hope to facilitate
the evaluation of such incidence rates, by providing all the tools needed for complete

end-to-end simulations of the detection process.



Chapter 5

Photometry of Very Bright Stars

with Kepler and K2 Smear Data

Consider first, that great

Or bright infers not excellence.

Milton, Paradise Lost, VIII 90-91.

5.1 Introduction

The Kepler and K2 missions have been used to discover thousands of new exoplanets,
in a statistical sample made possible by the telescope’s ability to observe many faint
stars simultaneously at high fidelity. Unfortunately, with some notable exceptions
(e.g. 0 Cyg, V = 4.48: |Guzik et al. 2016]), Kepler has not observed many bright
stars with the same precision. In this Chapter, we will demonstrate one method for
recovering light curves of such stars from new or archival data.

Because of limitations on communications bandwidth with the Kepler spacecraft,
not all targets ‘on silicon’ (i.e. in the spacecraft field of view) are downloaded. Instead,

‘postage stamps’ of active pixels are downloaded around predetermined targets of

This content of this Chapter has been published as [Pope et al.| (2016¢).
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interest, and data from other pixels are discarded. The situation is particularly
difficult for the brightest stars: when these sources saturate the detector, electrons
bleed along the saturated columns, with the result that very large apertures are
required to capture all of the stellar lux. Therefore these brightest stars are very
expensive in terms of the limited number of pixels that can be downloaded, and
many were omitted from the target lists. The situation is even more difficult in K2
because the ‘postage stamps’ must be larger in order to account for the apparent
motion of the sources as the roll angle varies, and also because the ecliptic target
fields contain a much higher density of nearby bright stars.

Beginning with the K2 Campaign 3 data release, engineering data were made
publicly available on the Mikulski Archive for Space Telescopes (MAST). These in-
cluded collateral data for both long and short cadence, which consist of measurements
of photometric ‘smear’ for each column in the CCD. Since the Kepler camera lacks
a shutter, light falling on the detector during the read-out stage causes photometric
smear that must be calibrated. The short cadences (SC) consist of the sum of nine
6.02 s exposures for a total integration of 54.2 s, and the long cadences (LC) are
the sum of 30 times these, for a total of 1626 s. The light landing during read-out
is added column-by-column and stored as ‘collateral’” smear data at each cadence of
both the Kepler and K2 Missions. Kolodziejczak & Caldwell (2011) suggested using
these smear pixels data to obtain photometry of otherwise unobserved Kepler stars.
They outlined a method for extracting light curves from these data and presented
several examples, but to our knowledge this has not been followed up in subsequent
work. The goal of this Chapter is to demonstrate that smear pixels can be used to
extract scientifically useful photometry for very bright stars in both Kepler and K2
fields.

The upcoming Transiting Exoplanet Survey Satellite (TESS) (Ricker et al., [2015)

aims to study such nearby, bright stars to identify promising candidates for further
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study, but many K2 targets will be out of its reach. TESS will observe polar regions
most frequently and devote significantly less time to equatorial fields, with the result
that the ecliptic objects studied by K2 are excluded from most of the nominal TESS
Mission. Therefore, for these targets, K2 smear data provide the only space-based

photometry likely to be available in the near future.

5.2 Method

The smear data consist of FITS tables containing ‘virtual’” and ‘masked’ smear flux.
These contain, respectively, smear information from 12 masked rows at the start of
each read-out and 12 over-clocked rows after each frame is read out. The 12 smear
rows are co-added for each region and stored as 1D arrays listing the sum for each
column of the CCD. An example for the case of HR 8500 is shown in Fig. [5.1] For
70 Aqr and HD 178875, we took the sum of the virtual and masked flux as our raw
smear observable. For a target star that falls near the upper or lower edge of the
detector, one of these smear arrays can be affected by saturated flux bleeding along
the column. As a result, for HR 8500, only the masked flux was suitable, as discussed
in Section [£.3.3l

Two factors restrict the usefulness of the smear data to the brightest stars. One
is the fact that the data are summed across all 1024 rows of the detector, so that
targets in the same column are confused. The other is that, as noted by Kolodziejczak
& Caldwell| (2011), the effective exposure time for smear data is much less than
for ordinary target pixels. This is because we have 12 rows each of masked and
virtual smear, which measure the incident flux during the 0.52 second readout, so
that the effective exposure time is only 12/1070 x 0.52/6.02 ~ 1/1034 of the true
pixel exposures for each of the virtual and masked smear, or ~ 1/517 if both can be

used. Hence, the photometric precision for bright stars is expected to be equivalent
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Figure 5.1: Smear data from K2 Campaign 3 for the bright star HR 8500. Left: Part
of the full-frame image, including HR 8500 as the saturated star with a long bleed
column extending above and below. Right: 1D masked smear profile, with HR 8500
clearly visible as the highest peak.

to that of a star ~ 6.7 mags fainter observed in the standard way, but for stars fainter
than a Kepler magnitude (Kp) of ~ 9 (as defined in |Koch et al., |2010)), detector read
noise dominates and the smear precision falls off faster than the square root of the
number of photons.

For a more detailed description of the smear data we recommend to the reader
Caldwell et al.| (2010), Quintana et al.| (2010)), the Kepler Data Processing Handbook
(KSCI-19081-001; |[Fanelli et al, [2011]), and the Kepler Instrument Handbook (KSCI-
19033; [Van Cleve & Caldwell, [2009)).

For each target star, we visually inspected the full-frame images (FFIs) taken at
the beginning of each Quarter (Kepler) (hereafter ) or Campaign (K2) and located
the relevant columns in the corresponding smear data. An example for K2 C3 is
shown in Fig. [5.1] We see that the columns containing the bright saturated star
HR 8500 (Section correspond to a very strong peak in the smear data. Having
identified the target in the smear data, we selected an appropriate range of columns,
taking care to avoid confusion with nearby sources, and extracted a time series for
each column. In the case of HD 178875 (Section in the original Kepler field,

we took the sum of these time series as the light curve for the star.
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For stars observed in K2, pointing corrections introduce potentially large system-
atics. The photometric precision of K2 is lower than in the nominal Mission because
the roll-axis equilibrium is unstable and must be corrected by thruster firings every
~ 6 hours, with momentum dumps on the other two axes every 2 days. We corrected
for these by tracking the 1D centroid of the smear peak, and extracting photome-
try using an aperture with a 3-pixel flat top and 2-pixel cosine bell (Hanning) taper
on either side of this. We then applied the method of Aigrain et al. (2015), using
a Gaussian process (GP) systematic model, using a 1D squared exponential kernel
for continuum variations as a function of time. We model the pointing variations
with a 2D squared exponential kernel taking as inputs the predicted x and y position
of a nearby star: for HR 8500, this was EPIC 206249807, and for 70 Aqr it was
EPIC 206164235.

While in Sections [5.3.3| and [5.3.2| we present an analysis of systematics-corrected

lightcurves, the corrections are minor and the raw lightcurves support the same qual-

itative conclusions. Other detrending methods may also achieve similar results.

5.3 Results

5.3.1 HD 178875

HD 178875 (KIC 3429637) is one of the brightest § Scuti stars in the original Kepler
field, with a Kp mag of 7.711. Over the first 2 yr of the Kepler Mission it showed a
growth in pulsation amplitude that was attributed to its advanced evolutionary state,
near the terminal-age main sequence (Murphy et al., 2012).

We have extracted the six strongest oscillation frequencies present in the smear
data of this star, and they agree with those published by Murphy et al.| (2012) to
within the 1-0 uncertainties. A light-curve segment with a six-frequency fit is shown

in Fig. The msMAP (Stumpe et al., 2014)) and smear light curves resemble each
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Figure 5.2: Light-curve segment from Q6 for HD 178875 from the msMAP data (blue
circles) and the smear data (red squares). The black line shows a six-frequency fit.

other closely, although the latter has a higher noise level because of the much lower
effective exposure time. The error bars drawn in Fig. are proportional to the
per-point residuals after the non-linear least-squares fit.

Stellar oscillation frequencies are the fundamental data of asteroseismology. Their
recovery to 1-o precision in smear data against published values that used aperture

photometry is a good demonstration of the utility of these data.

5.3.2 70 Aqr

Some stars are so bright on the Kepler CCD that it is impractical to assign sufficient
pixels to perform aperture photometry. An example in the K2 field for C3 is 70 Aqr
(HR 8676; HD 215874), which has a magnitude of V' = 6.2. It is in some ways a

typical § Scuti star — its effective temperature (7300 K; [Paunzen et al.[2002) puts it

in the middle of the § Scuti instability strip, its rotational velocity (100 km s™1; ibid.)

lies at the mode of the distribution for stars of its spectral type (Royer et al., [2007)),

and the Fourier transform of its Kepler smear light curve (Fig. [5.3)) is typical in that
it contains a few tens of statistically significant peaks. However, its Fourier transform

is unusual in other ways — its highest oscillation peak puts it in the top percentile of

Kepler 6 Scuti stars by peak amplitude (see, e.g. Murphy|2014)), and the frequency
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Figure 5.3: Amplitude spectrum of the K2 C3 smear data for the § Scuti star 70 Aqr.

distribution is rather narrow.

The K2 photometry provided here offer another epoch of observations for this
star. Literature data suggest 70 Aqr undergoes amplitude variability, as is common
in 0 Scuti stars (see Bowman & Kurtz|[2014|for a recent discussion). For instance, the
catalogue of § Scuti stars by [Rodriguez et al.| (2000) lists an amplitude of 20 mmag
in V, whereas the Kepler smear data for the two peaks at 11.2859 and 11.1298 d~!
have amplitudes of 6.1 and 2.9 mmag, respectively. The older literature has am-
plitudes ranging from 8.5 to 25 mmag, each for different oscillation periods (Weiss,
1977; Hildebrandt| 1992), suggesting the dominant mode is not always the same. In
all cases, these ground-based observations cannot match the excellent duty cycle of
Kepler.

One of the greatest problems in the study of § Scuti stars is mode identification.
This is usually performed with multi-colour photometry or time-series spectroscopy.
Kepler /K2 observes in white light only, and so ground-based observations are still
very valuable for mode identification. Although 70 Aqr is unremarkable as a § Scuti

star, it is bright enough for successful ground-based observing campaigns, and now
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thanks to the smear data we can produce a high-precision light curve despite the

gross saturation on the Kepler CCD.

5.3.3 HR 8500

Red giants exhibit radial and non-radial oscillations that are stochastically excited and
damped by convection (De Ridder et al., 2009)). The amplitudes of these oscillations
are significantly smaller than those in ¢ Scuti stars (Kjeldsen & Bedding, 1995)), so
detection of red giant oscillations provides a more stringent test of the precision of
smear data photometry.

HR 8500 (EPIC 206246606) is one the brightest red giants within the K2 C3 field
of view, with a visual magnitude of 5.8. As for 70 Aqr, HR 8500 was not targeted
due to the large number of pixels that would be required. As HR 8500 lies near
the edge of the detector, its bleed column intersects with the virtual smear rows, so
that the virtual smear data are affected strongly by the pointing cycle. Where the
charge piles up like this, the measured smear flux is not expected to be linear with the
incident flux. The associated systematics are, in the case of HR 8500’s virtual smear
column, of the same order as the raw flux and are not well-corrected with Gaussian
process systematics models. Under these circumstances, it is preferable to use only
the masked smear array. In doing so, we lose a factor of two in flux, but have a
substantially reduced contribution from pointing systematics.

Using B — V' = 1.165 from the EPIC catalog (Huber & Bryson, 2015) with the
colour-Tyg relations by Ramirez & Meléndez (2005)) we estimate Teg = 4570 K, which
combined with the Hipparcos parallax (van Leeuwen) 2007) and a bolometric correc-
tion BCy = —0.45 (Alonso et al., [1999) yields a radius of ~ 13.6Ry. Assuming a
typical mass range for red giants of 1 — 2Mg, we expect HR 8500 to oscillate with a
frequency of maximum power vy, ~ 20 — 40pHz.

The top panel of Fig. shows the power spectrum of HR 8500 obtained from
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Figure 5.4: Top panel: Power spectrum of HR 8500 K2 C3 smear data after outlier
rejection and high-pass filtering with a boxcar width of 10 days. Dashed lines indicate
the locations of radial oscillation modes. Bottom panel: Power spectrum of the red
giant star KIC 5694720, with frequencies scaled to match those measured in HR 8500
(the scaling factor was 0.98).
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the smear data. The spectrum shows a power excess around ~ 30uHz, consistent
with the expected vy, value from colours and the Hipparcos parallax. Using the
method of Huber et al.| (2009) we measured v, = 29.2 £ 2.5u4Hz and an amplitude
per radial mode of A = 99 + 20 ppm. To further test whether the detection is
compatible with solar-like oscillations, we compared our measurements to over 1000
red giants observed in the original Kepler Mission, which follow a well-established
relation between vy, and oscillation amplitudes (Hekker et al., [2009; Baudin et al.
2011; |Stello et al 2011al). As shown in Fig. the amplitude measured in HR 8500
is fully consistent with the Kepler sample.

For comparison, the power spectrum of a similar red giant, observed throughout
the Kepler Mission, is shown in the bottom panel of Fig.[5.4l The frequency axis has
been scaled by a factor of 0.98 in order to align peaks in both power spectra. From
this we are able to identify the radial oscillation modes in HR 8500, and determine
the characteristic frequency spacing, Av, between modes of consecutive radial orders
to be 3.25 £ 0.02 pHz.

Oscillating red giants are plentiful in the Kepler and K2 fields (e.g. Stello et al.,
2013). Through the use of asteroseismic scaling relations (Ulrich, [1986; Brown et al.,
1991; Kjeldsen & Bedding, (1995), stellar properties including mass and radius can be
determined from Av and vp,.,, which is invaluable for population studies of the Milky
Way galaxy (Miglio et al 2013). However, these scaling relations require calibration
to avoid systematic biases. Bright stars such as HR 8500 may be well characterised
through complementary methods such as long-baseline optical interferometry, pro-
viding the means to test and calibrate these relations (e.g. Huber et al.; 2012; [White
et al., 2013).
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Figure 5.5: Oscillation amplitude versus frequency of maximum power for over 1000
red giants observed by the Kepler Mission taken from (Huber et al., [2011). The red
square shows the measured values for HR 8500 from the K2 C3 smear data.
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5.4 Conclusions

As we have shown with the examples above, collateral smear data dramatically expand
the possibilities for bright star science with Kepler and K2. These ecliptic targets
will not be observed by TESS, or will only be observed briefly, and this is therefore
the only opportunity in the immediate future for space-based photometry of these
bright stars.

The collateral archive already contains observations of many stars which can now
be revisited. There are 29 stars with Kp< 7 mag that were not observed by the
nominal Kepler Mission, and a further 18 stars that were only observed in a few
quarters. There are 17 stars in each of K2 C3 and C4 brighter than Kp = 7 mag
that were not targeted. Furthermore, collateral data for s 0, 1, and 2 have not yet
been made available, but there are 142 unobserved targets with Kp< 7 mag. Given
the encouraging results of the analysis of C3 targets presented here, we believe they
will also present valuable opportunities for advancing stellar astrophysics.

In allocating active pixels for future K2 campaigns, it will be valuable to consider
allocating short cadence pixels to columns containing targets of interest, as the smear
data for these columns will then be available at short-cadence time resolution, a less-
bandwidth-intensive method to obtain information about these stars on short time
scales. We also note that custom apertures for bright stars, which are expensive in
terms of pixels, may be unnecessary in many cases, easing the overall competition
for bandwidth and permitting future Campaigns to observe a larger number of faint

targets.



Chapter 6

Halo Photometry

The sire and builder of the Trojan town

was Dardanus; but he, Electra’s child,

came over sea to Teucria; the sire

of fair Electra was great Atlas, he

whose shoulder carries the vast orb of heaven.
But thy progenitor was Mercury,

and him conceiving, Maia, that white maid,
on hoar Cyllene’s frosty summit bore.

But Maia’s sire, if aught of truth be told,

was Atlas also, Atlas who sustains

the weight of starry skies. Thus both our tribes

are one divided stem.

Aeneas to Evander, Vergil, Aeneid VIII.137-148
(tr. [Williams|, 1910)

6.1 Introduction

The Kepler mission (Borucki et al.,2010]), which had the primary purpose of detecting
Earth-like planets via the transit method, has also been a boon for stellar astrophysics
by providing precise photometric light curves for studying stellar variability across

the Hertzsprung-Russell (H-R) diagram.

This Chapter is an extract from a manuscript submitted to MNRAS, [White et al.| (submitted)).
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Row number

Figure 6.1: (a) Full frame image of Module 15 at the beginning of K2 Campaign 4.
The target pixel masks around the seven brightest stars in the Pleiades are indicated:
Alcyone (red), Atlas (orange), Electra (yellow), Maia (green), Merope (light blue),
Taygeta (dark blue), and Pleione (pink). (b) Target pixel mask and Kepler image
of Alcyone. Segments of the light curves of the four highlighted pixels are shown
in Fig. [6.2l (c) Optimal weights for the Alcyone light curve. Red pixels have been
up-weighted, while blue pixels have been down-weighted.

In particular, Kepler has advanced our understanding of B-type stars building on

earlier work with the MOST (e.g. Walker et al., 2005; |Aerts et al., |2006; [Saio et al.,

2006) and CoRoT (e.g. Huat et al., 2009; Neiner et al., [2009; Degroote et al., 2009,

2010) space telescopes. While Kepler has revealed variability in dozens of B stars

(Debosscher et al., 2011; Balona et al., 2011} McNamara et al. 2012)), the greatest

impact has stemmed not from the quantity of observed stars, but from the high
quality of the long, nearly-uninterrupted time series.

The brightest stars (V' < 6.0mag) in the K2 fields are particularly desirable
targets because these stars are the most amenable to complementary observations,

including polarimetry and interferometry. The combination of asteroseismology with
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other modes of observation places strong constraints on stellar properties, by lifting
degeneracies, and dependencies on stellar models (e.g. |Cunha et al., 2007). These
well-characterized stars therefore provide the most stringent tests of stellar models,
and can be used to examine internal processes (e.g. Hjgrringgaard et al.l 2017).

These bright stars also offer unique opportunities to not merely detect, but to
characterize, transiting exoplanets, as has been done with the well-studied 55 Cancri e
(discovered to transit by Winn et al., [2011; [Demory et al |2011]), which orbits a V' =
5.95 mag star. [Demory et al. (2016a) have shown the planet to have an extremely large
temperature gradient and Demory et al. (2016b|) have shown it displays variability
in thermal emission form its dayside atmosphere. Only two known planets transit a
brighter star, HD 219134 (V = 5.57; Motalebi et al., 2015} |Gillon et al., [2017)), and
adding even one new candidate to this list would be a significant breakthrough for
exoplanetary science.

However, observations of bright stars present unique challenges. Most significantly,
telemetric bandwidth limitations restrict the amount of data that can be downloaded
from the Kepler spacecraft. Pixels are only downloaded from ‘postage stamps’ around
pre-selected targets. The Kepler CCDs saturate for stars with Kp < 11-12mag,
with excess flux bleeding along CCD columns. To recover the entirety of the stellar
flux, the postage stamps for bright stars must include long bleed columns, thereby
requiring a very large number of pixels. Consequently, data from few of the brightest
stars are ordinarily selected to be downloaded. For the nominal Kepler mission,
the field was even chosen to avoid as many bright stars as possible to minimize the
impact they would have on the primary, planet-finding mission (Koch et al., [2010)).
Of the 14 stars on active silicon brighter than K'p=6mag, only 0 Cyg (Guzik et al.|
2016)), V380 Cyg (Tkachenko et al.| 2012), and 16 Cyg A (Metcalfe et al., [2012) were
targeted over multiple observing quarters, HD 185351 (Johnson et al., 2014)), and

HR 7322 (Stokholm et al. in preparation) were only observed for a single quarter in
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short cadence mode (58.85s sampling), and nine stars were completely unobserved.

The desire to observe the brightest possible targets therefore calls for novel meth-
ods to recover light curves from an economically feasible number of pixels. In Chap-
ter b, we have shown that light curves of bright stars can be recovered from Kepler
calibration ‘smear’ data, allowing for the observation of stars that were not specifi-
cally targeted. While a very valuable method and going a long way to solving this
problem, it has a few drawbacks that lead us to continue to pursue other methods.
One such drawback is the much shorter integration time and small number of pixels
used for smear measurements, which leads to lower photometric precision with a pho-
ton noise equivalent to a star ~ 6.7 mag fainter. Another is that smear measurements
are made along CCD columns, so targets falling on the same columns are confused.
This is a particular concern in clusters, such as the Pleiades, and in the crowded K2
fields in the galactic plane. Finally, the bleed columns of bright stars, particularly
those near the edge of the CCD, can also saturate the smear pixels in those columns,
rendering them useless.

Another method has been developed by Aerts et al.| (2017)) to observe the 09.5Iab
star HD 188209 with Kepler. This V =5.63 mag supergiant was intentionally placed
between CCDs during the nominal Kepler mission. Nevertheless, scattered light from
this bright star ‘contaminated’ two nearby targets on active silicon, allowing for the
variability in the supergiant to be successfully recovered.

We have developed this idea further with a new method that uses the flux recorded
by non-saturated pixels in the halo surrounding a bright star. In this Chapter, we
show that stellar variability may be successfully observed with this limited aperture,
despite losing much of the stellar flux. While this method is susceptible to aperture
losses, compounded by systematics inherent in the K2 mission, namely pointing drifts
and inter- and intra-pixel sensitivity variation, we show that appropriate weighting of

the contributions from each pixel can effectively neutralize these effects. To illustrate
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this method, we have applied it to the seven brightest stars in the Pleiades, all of

which are late B-type stars, and were observed during K2 Campaign 4.

6.2 Halo Photometry

6.2.1 Data

K2 Campaign 4 observed a field in the direction of the constellation Taurus from 2015
February 8 to 2015 April 20. Fig. [6.1(a) shows the full-frame image of the Pleiades
open cluster (M45) on the two CCDs of Module 15 of the Kepler spacecraft. The
seven brightest stars, ranging from Kp=2.99 to 5.19 mag, were each targeted with
a circular aperture with a radius of 20 pixels, and observed in long cadence mode
(29.4 min sampling). Each aperture consists of 1245 pixels, an allocation equivalent
to approximately six to twelve Kp=12mag stars. Electra and Merope were near the
edge of the CCD, and their target apertures were truncated along one side by several
columns. Fainter cluster members were targeted with regular apertures. A detailed
investigation of the rotation of these stars using K2 data has been recently reported
(Rebull et al., 2016aib; |Stauffer et al., [2016)).

Fig. (b) shows the image of Alcyone within the aperture. The central columns
are saturated. Additionally, pixels in column 668 are saturated by the bleed column
of the nearby star 24 Tau. We construct each light curve from the unsaturated pixels
in the halo. Three-day segments of the light curves of the four pixels highlighted in
Fig. [6.1[b) are shown in Fig. [6.2] The light curve of each pixel clearly shows the
change in flux caused by the pointing drift, with corrections made by thruster firings
at ~6 h intervals.

Several pipelines have been developed to process K2 data and remove these pointing-
drift systematics, such as K2SFF (Vanderburg & Johnson) [2014b), k2pP2 (Lund et al.

2015)), K2sc (Aigrain et al.| 2015, [2016), K2VARCAT (Armstrong et al., [2015) and
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EVEREST (Luger et al| 2016, |2017). While these methods have been highly-successful
for fainter stars, even approaching the photometric precision of the nominal Ke-
pler mission, they have substantial difficulties when dealing with the large aperture
loses that arise with these target pixel masks, necessitating an alternate photometric

method.

6.2.2 Method

Each circular aperture is dominated by the light of the bright central star it contains.
The first major feature is saturation, where each of the core pixels bleeds flux in
both directions along its column. FEven for very saturated targets, this process is
conservative, with the consequence that extremely elongated apertures have been
used to perform photometry at the cost of many pixels (Kolenberg et all [2011)).
Other than this, there is a complex, position-dependent point spread function (PSF),
resulting from both the usual diffraction through the limited telescope aperture and
from multiple orders of reflection in the telescope optics, which makes a significant
contribution for these bright stars. To first order, this resembles an image of the
telescope pupil; higher orders of reflection impose structure related to the focal plane
CCD array, and multiple distorted images of both the array and the pupil. It is
therefore not straightforward to model the PSF to perform photometry, as is common
in other contexts (Schechter et all 1993) and has been previously done with Kepler
(Libralato et al., 2016). Instead, we adopt a different approach to optimally extract
a light curve from this complex ‘halo’ of scattered light.

As seen in Fig. the pointing drift signal is anti-correlated on either side of
the roll motion, while the stellar signal will be correlated across the aperture. This
means we can separate the spatially-dependent pointing drift signal from the stellar
signal and other instrumental signals that may be correlated across the aperture, such

as focus drift. On this basis, we propose a new method to construct a light curve
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Figure 6.2: Three day segments of the four pixels highlighted in Fig.|6.1{(b). The pixel
coordinates are labelled. The drift signal clearly dominates, but is anti-correlated on
either side of the roll motion, which is primarily from left-to-right in this figure.
from a weighted sum of the non-saturated pixels, with the weights chosen to minimize
pointing systematics and aperture losses. This is therefore a simultaneous method
for aperture photometry and systematics correction, which are ordinarily done in
separate stages. We refer to this method as halo photometry.

The flux f; of the final light curve at each observation ¢ is chosen to be

M
fi= ijpz‘j7 (6.1)
j=1

where w; is the weight of pixel j, p;; is the flux in pixel j at observation ¢, and
M is the number of pixels. The weights w; are all defined to be positive and their
sum is constrained to be unity. If the weights were all constant, this would reduce
to simple aperture photometry. Instead, we have a soft aperture, and a suitable
objective function must then be defined in order to find the optimal weights, of which
several choices are possible. While a band-limited PSF would allow for negative

weights in principle, we constrain these to be strictly positive in order to avoid signal
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self-subtraction.

Noting that the jumps caused by the thruster firings in K2 are large and sudden,
whereas stellar variability is generally more gradual, we are inspired to consider min-
imizing the differences between consecutive observations across the time series, that

is, we minimize the normalized first-order total variation (TV) of fluxes given by

TV = Zi\il |{\; — f¢71|, (6.2)
ZZ‘:1 f %

where N is the total number of observations. Because the jumps occur in opposite
directions on either side of the roll motion, and the wide diversity in pixels can com-
pensate for inter- and intra-pixel sensitivity variation, the right combination of weights
can effectively remove jumps. Furthermore, because stellar variability is present in
all pixels and the weights are constrained to be positive, it is hard to spuriously sup-
press real stellar variability, even in cases where this variability is sudden such as a
flare or transit event. We also consider second-order TV, where centred second finite
differences replace first differences as above. Higher orders can likewise be defined,
but in practice, we find that first or second order differences are sufficient for our
present purpose. We note that TV need not be normalized by the mean flux term
we include in the denominator, but we introduce this normalization to avoid finding
the trivial solution where dark pixels are chosen to minimize total flux and therefore
spuriously minimize absolute TV. We apply a sequential least squares programming
algorithm implemented in SCIPY (Jones et al.,|2001)) to find the weights that minimize

equation , and the algorithm converges quickly on a modern laptop.
An alternative objective function would be to use the normalized quadratic vari-
ation (QV), that is, the sum of the square of differences between consecutive obser-

vations,
S (fi— fi)?

Zi]\i1 fz

QV = (6.3)
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We have investigated the use of QV for this application, and found it achieved visibly
poorer results on real and simulated data compared to TV.

To understand why TV may be preferable to QV, it is worth noting that TV has
been very widely applied as a regularizing term in many domains of signal processing,
especially for image data and for de-noising step-wise constant functions with high
frequency noise (Rudin et al., [1992; Strong & Chan, [2003). These signal processing
applications have their foundation in compressed sensing theory. For a continuous
function, the TV is the arc length between two points; in the discrete case, this
becomes the sum of absolute values of finite differences. In the language of Minkowski
metrics in linear algebra, the sum of absolute values of a vector’s elements is called the
/1 norm, also known as the taxicab or Manhattan metric: this is the distance between
two points subject to the restriction that you can only move parallel to the axes, as
on a grid of streets (Menger & Sutton, |1952). Other metrics include the sum of least
squares of the components of a vector, which is the £2 or Euclidean norm, while the
number the nonzero elements of a vector in some basis, a measure of sparsity, is called
the /0 norm. So TV is the /1 norm on the derivative of a function, whereas QV is
the /2 norm. From compressed sensing theory, it can be shown that by minimizing
(1 norms under certain general conditions (which is computationally easy) it is also
possible to minimize the /0 norm (which is otherwise computationally hard), and
therefore that TV is the appropriate objective function for enforcing sparsity in the
gradient of a time series or image (Candes et al., 2006)). Therefore, if we assume that
a true signal has a small gradient with respect to time nearly everywhere, it is often
effective to minimize TV to constrain a reconstruction from noisy data. We do not
see a clear reason why the gradient of stellar variability should be sparse, and employ
the method ad hoc, rather than explicitly as a case of compressed sensing.

Pixel-level decorrelation (PLD) in K2 has been explored by [Luger et al.| (2016)),

extending earlier work by Deming et al.| (2015), using least-squares (£2) methods to
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project light curve residuals onto principal components of normalized pixel time series.
In their approach, simple aperture photometry is first used to obtain a raw light curve,
which is then used to normalize the raw pixel time series. In Luger et al. (2016)), the
further step is taken of generating second- or third-order polynomials in these time
series, to obtain a large basis set spanning nonlinear components of the aperture
losses. We note that /2 approaches to weighted-pixel soft aperture photometry were
proposed by [Jenkins et al.| (2000), and independently investigated by Hogg, Foreman-
Mackey & Goodman (unpublished), but we do not know of any previous TV-based
method.

Fig.[6.1)(c) shows the final weights for the light curve of Alcyone, with up-weighted
pixels shown by red shades, while down-weighted pixels are indicated by blue shades.
Comparison with the image in Fig. [6.1[b) reveals that the diagonal halo features,
consisting of the diffraction spikes and the higher-order reflection artefacts of the
telescope spiders, are heavily up-weighted.

Halo light curves obtained as above typically contain small residual roll systematics
and more substantial long-term drifts. We correct residual roll systematics using
K2sC, a Gaussian Process-based K2 detrending pipeline which jointly models stellar
variations and instrumental systematics (Aigrain et al., [2016). For the longer-term
systematic drifts, we fit and subtract a polynomial of variable order, typically eight
or nine, to remove these trends. The trend removal affects frequencies lower than
0.2d~!. The lightcurve of Maia exhibits a long-period signal that is intrinsic to the
star, as well as the longer-term systematic drifts. To avoid overfitting in this case,
we use the polynomial fit of nearby Taygeta to set the high-order coefficients, while
allowing coefficients up to the quartic term to vary. While it would be preferable to fit
a linear combination of cotrending basis vectors (CBVs; |Smith et al., 2012; [Stumpe
et all |2012), those available for K2 unfortunately are dominated by thruster firing

systematics and are unsuitable to fit to otherwise-clean light curves possessing only
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Figure 6.3: Photometric precision as a function of Kepler magnitude. The solid sym-
bols indicate light curves prepared with the halo method alone, while open symbols
are for those with further corrections using K2sc; these two measurements are con-
nected by solid lines for each star. For comparison, the grey dots indicate CDPP for
K2 C4 dwarfs (log g > 4) using K2scC.
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long-timescale trends. Furthermore, the long-timescale common-mode systematics in
halo photometry are not yet well-quantified, and it is not clear whether the CBV
approach is well-suited to these light curves. We leave this as the subject for future
work.

With the large diversity of available pixels there is the potential for over-fitting.
Spurious signals might be introduced, or real astrophysical variability removed, ei-
ther by the TV objective function suppressing time variability, or by inappropriately
weighting noisy pixels. To account for the former, it would be ideal to divide up the
light curve into separate chunks, and use these separately for training and validation.
For instance, one might train weights on the first half of the light curve, and use these
to extract photometry from the second, and vice versa. This is a computationally-
expensive approach that we have not adopted.

We considered it important to address the problem of pixel-level abnormalities by
checking whether the same light curve could be reproduced from independent subsets
of pixels. To select independent sets of pixels with similar overall distribution, we
unravel the array coordinates, and select eight ensembles taking every eighth pixel
time series. We then applied the method on these subsampled pixel arrays and
produced light curves for each. We find that the long-term trend behaviour of all of
these light curves differs, but that after filtering, subsampled light curves reproduce
the same overall behaviour as the globally-optimized light curve. A consensus light
curve, consisting of the means of the subsampled light curves, is very similar to the
globally-optimized light curve, again except for an overall trend. Finding no reason
to prefer one or the other, we use globally-optimized light curves for the scientific

analysis in the remainder of this Chapter.
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6.3 Photometric Precision

The efficacy of K2 data processing pipelines has commonly been determined by mea-
suring the 6.5h Combined Differential Photometric Precision (CDPP; (Christiansen
et al., 2012). This measurement, however, is strongly influenced by the presence of
stellar variability in a time series, so a straight application of CDPP is not informative
in such a situation. When benchmarking K2 pipelines, CDPP values are therefore
usually reported for dwarf stars for which stellar variability is minimal.

We do not have any bright and photometrically-quiet dwarf stars to test the halo
photometry method on, so an alternative approach is required. We clean the light
curves of the stellar signal by iterative sine-wave fitting (also called prewhitening)
using the program PERIODO04 (Lenz & Breger, 2005)), and then measure the CDPP of
the residual light curves. We use the Aigrain et al. (2016) CDPP-equivalent, which
first removes long-term trends with a Savitzky-Golay filter, then takes the mean of
the standard deviations of all consecutive 13-sample (6.5 h) segments of the light
curve, ignoring outliers more than 50 away from the mean.

The CDPP for each star is shown in Fig[6.3] both for light curves processed using
our halo photometry method alone (solid symbols) and with further processing with
the K2sC pipeline to remove any remaining systematics results (open symbols). We
find that K2sc typically reduces the CDPP of halo light curves by ~ 10 per cent,
although in the cases of Atlas, Merope, and Pleione, the CDPP is reduced by K2sc
by 32, 65, and 42 per cent, respectively.

Comparison of the CDPP of the halo targets with the CDPP of fainter dwarf stars
processed with the K2sc pipeline (grey dots in Fig. shows that the precision from
halo photometry is generally as good as that obtained for regular targets. For three of
the halo targets, however, the CDPP is significantly higher than expected. We note
that these three stars — Atlas, Merope and Pleione — have the highest amplitude stellar

variability (see Section, and are significantly improved by further processing using
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K2sC. We attribute the increased CDPP to the halo photometry algorithm being less
effective at suppressing jumps in the light curve in the presence of high-amplitude
stellar variability.

The fact that the CDPP is comparable to that of fainter stars, and even as good
in some cases as the best CDPPs of the fainter stars, is indicative that this method
delivers photometry of the quality required in principle to detect exoplanet transits.
It is nevertheless important to establish in future work whether the TV minimization
removes planetary transit signals as sharp, short-duration events: we suspect that
because TV preserves ~ hour-scale stellar oscillations, as shown in Section [6.4], that
this is not likely to be a problem for transit events on this timescale.

As halo photometry is intended as a solution to the problem of pixel allocation for
very bright objects, it is important to determine how its precision varies with the size
of the allocated pixel mask. Furthermore, it may be important to avoid contamination
from other nearby bright sources to reduce the mask size beyond the requirements
imposed by bandwidth constraints. The raw K2 data were obtained with 20 pixel
radius circular masks; we run the algorithm separately on masks with radii from 6 to
the full 20 pixels and measure the 6.5 h CDPP as a function of mask radius. At 5 pixels
and below, almost all pixels are saturated. The results are shown for all seven stars in
Fig. The precision follows an L shaped curve: radii much less than 8 or 9 pixels
give very poor photometric precision, and there is some improvement, albeit limited,
for radii much larger than this. The bump around ~ 15 pixels for Atlas corresponds
to the position of the nearby background star 2MASS J03491192+2403507, and we
interpret this as the result of contamination. We note that, except for the columns
lost due to saturation, these curves resemble the photometric signal as a function of
radius for normal CCD images of a star (Howell, [1989)), supporting the conclusion that
we are seeing a true stellar profile in the PSF wings of these bright stars. From these

tests we conclude that further reductions in the required number of pixels are possible.
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A mask with a 12 pixel radius is generally sufficient to achieve good precision, which
is equivalent in terms of pixel allocation cost to the requirements for approximately

two to four Kp=12mag stars.

6.4 Variability in the Pleiades

The naked-eye Pleiades were the first collection of stars to be recognized as a cluster
(Michell, [1767), and together with many fainter members they remain one of the
most prominent and well-studied open clusters. While the cluster contains over 1000
members (e.g. Bouy et al., [2015), with an age of ~125Myr (Stauffer et al., 1998))
it is visually dominated by several hot, massive stars. The seven brightest stars in
the Pleiades, which we study here — Alcyone, Atlas, Electra, Maia, Merope, Taygeta,
and Pleione — are all late B-type stars. Their time series and amplitude spectra are
shown in Fig. [6.5] We search all seven halo light curves using the K2PS planet-search
package (Parviainen et al.; 2016} Pope et al., 2016b)), but do not find any evidence of
transiting planet candidates or eclipses.

It is remarkable to note that, although these stars are from the same cluster, and
therefore have a similar age and initial composition, and they span a narrow range
in mass and effective temperature, they display a diverse range of variability, both in
terms of amplitude and frequency content. Such diversity would not be able to be
seen from the ground; periods in the range 0.5-3 d are difficult enough, but amplitudes
below a mmag are impossible with single-site data (see e.g. De Cat & Aerts, 2002).
It has only been with the dawn of space-based photometric missions, such as MOST,
CoRoT and Kepler that such low amplitude variability could be detected reliably
(e.g. Aerts et al., |2006; Degroote et al., 2009; Balona et al., 2011)).

Variability may arise from a number of phenomena, including various pulsation

mechanisms and rotational modulation. These types of variability may appear similar,
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and further knowledge of the star’s properties can be useful to make the distinction.

Four of the stars are known Be stars (Alcyone, Electra, Merope, and Pleione),
meaning they have shown emission lines in their spectra associated with a circumstel-
lar ‘decretion’ disc (for a recent review of Be stars, see Rivinius et al., 2013). Pleione
is known to transition between a Be phase and a shell phase — the difference between
such phases is understood to be the orientation of the disc, with shells occurring
when it obscures the central star (Struve, [1931). Spectra contemporaneous with the
K2 observations available at the Be Star Spectra (BeSS) databasd| (Neiner et al
2011)) show all four stars presently show emission features, and Pleione is in a shell
phase. These circumstellar discs can also be a potential source of variability in the
time series. Many Be stars are known to pulsate (Baade, 1982; Bolton, [1982; Rivinius
et al., 2003; Walker et al., [2005; [Saio et al., [2007; |[Neiner et al., 2009)). |Aerts (2006)
concluded that the pulsating Be stars are not a separate class of variable stars, but
rapidly-rotating and complex examples of the SPB star class. There is evidence to
suggest that these pulsations are responsible for mass-loss episodes that launch stellar
material into the decretion disc (Rivinius et al., |1998; 2003; Huat et al., [2009; Baade
et al.l 2016), and a model has been developed to explain how pulsations, coupled to
rapid, sub-critical rotation can achieve this (Kee et al., 2014).

In the remainder of this Section, we discuss the variability of each star in turn, in
conjunction with observations recorded in the literature, to deduce the likely nature

of each target.

6.4.1 Alcyone

Alcyone (nTauri, 25 Tauri, HR 1165, HD 23630) is a blue giant of spectral type
BT7llle, and is the brightest star in the Pleiades (V =2.87 mag).

The K2 time series and amplitude spectrum of Alcyone are shown in the top row of

"http://basebe.obspm.fr
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Fig. The spectrum is dominated by a frequency at 0.43604:0.0004 d!, although
power is present at other frequencies as well, including at one-third of this primary
frequency. There are low amplitude groupings of frequencies around 0.8 and 1.6d~!.
Such frequency groupings have been seen before in Be and regular B stars (Walker
et al.l 2005; Cameron et al., 2008; |Diago et al.l 2009; Huat et al., 2009} Neiner et al.|
2009; Balona et all [2011; McNamara et al [2012). Balona et al.| (2011)) speculated
that these groupings were caused by rotational modulation, however |Kurtz et al.
(2015)), using the excellent frequency resolution of the full Kepler mission, were able
to show that all peaks could be explained as simple combinations of a few modes.
Such combination frequencies are indicative of non-linear coupling between pulsation
modes. We therefore conclude that these low-amplitude peaks are caused by SPB
oscillations.

The highest-amplitude frequency in the Alcyone amplitude spectrum may also be
due to SPB pulsations. It occurs at a frequency close to half that of the frequency
grouping at 0.8d ™!, and is somewhat broadened, suggesting that it is an unresolved
peak of several frequencies. The peak at 0.15d~! can also be explained as a combi-
nation frequency.

Another possibility is that the highest-amplitude frequency arises from rotational
modulation, or even from variability of the circumstellar disc. We can consider if this
frequency occurs at an appropriate timescale to be caused by rotation. We calculate
the critical velocity from the mass and radius given in |Frémat et al.| (2005), using
this radius as an estimate of the equatorial radius. Rotation at the critical velocity
would have a frequency of 0.6140.07d™!. The vsini was found to be 140kms™!
by |Abt et al. (2002); the minimum possible rotational frequency is 0.30d~!. The
peak at a frequency at 0.43624:0.0016 d™! is therefore consistent with being caused
by near-critical rotation.

If this is the rotational frequency, then with an estimate of the stellar radii and the
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known v sin ¢, the inclination of the star can be estimated. In order to account properly
for the prior distribution of ¢ and propagate uncertainties correctly, we implement a
Markov Chain Monte Carlo (MCMC) model in PYSTANP} We choose an isotropic
prior for the inclination such that cosi ~ Uniform(0, 1), ¢ € [0°,90°]. The rotational
frequency f and radius R are taken to be normally distributed. Finally, we model
our projected velocities as vsini ~ Normal(2rRf - sini, 0, i), and we assume a 10
per cent uncertainty on vsinid in the value given by Abt et al. (2002). We burn-in
this model for 5000 MCMC steps, discard these, and generate a further 5000 samples
from the posterior distribution. We find an inclination angle of 48 + 6° and display a
normalized histogram of these samples in Fig. as a marginal posterior probability
density function, together with those of the other stars we shall discuss in turn. The
inclination found is consistent with the orientations implied by the interferometric
measurements of the circumstellar disc (Quirrenbach et al., |1997; Tycner et al., [2005).

The highest-amplitude frequency can therefore be explained as either an unre-
solved group of frequencies arising from SPB pulsation, or as the rotation frequency.
We favour the pulsation explanation due to its ability to account for all the variability
in the time series at all frequencies. Nevertheless, it is possible that the fundamental

pulsation time scale is commensurate with the rotational time scale.

Zhttp://mc-stan.org/interfaces/pystan
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Figure 6.6: Posterior probability density functions for the possible inclinations of
Alcyone, Maia, and Pleione calculated from their radii, projected rotational velocity,
and possible rotation periods.
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6.4.2 Atlas

Atlas (27 Tauri, HR 1178, HD 23850) is the second-brightest member of the Pleiades
(V =3.63mag). Atlas is a binary system (McGraw et al., |1974; Bartholdi, [1975;
de Vegt & Gehlich| |1976), whose primary component, identified as Atlas Aal in
the Washington Double Star Catalog (Mason et al., 2001), is a B8III star, and has
been used as the standard star for its spectral type (Morgan et al. 1943; |Johnson
& Morgan, [1953). It has a mass of 4.7440.25 M, (Zwahlen et al.; 2004). The sec-
ondary component, Atlas Aa2, orbits the primary in an eccentric (e=0.2384+0.0063),
290.984+0.079 d orbit with an inclination of ¢ = 107.8740.49°. It is a B8V star, with
a mass of 3.42+0.25 M, (Zwahlen et al., |2004).

The K2 light curve and amplitude spectrum of Atlas are shown in the second row
of Fig. [6.5} we clearly detect variability. The presence of the 13th mag star 2MASS
J03491192+2403507, around 15 pixels from Atlas, dilutes the signal of Atlas in the
halo light curve. We therefore use a 12 pixel radius mask to mitigate this effect.

Three prominent peaks are seen in the amplitude spectrum. The peak at 0.8236 d !
is the second harmonic of the lowest peak at 0.4121d~!. This lowest frequency co-
incides with the suspected period observed with STEREO (Wraight et al., 2012). A
third prominent peak occurs at 1.341d~!. Several other low-amplitude peaks are also
present in the amplitude spectra. Most of these frequencies are harmonics of the two
principal frequencies, but there is also a third independent frequency at 0.7627 d 1
and its harmonic, and a combination frequency of the two high-amplitude principal
frequencies at 0.5092 and 0.8236 d~!. The presence of this combination frequency re-
veals that this variability is caused by pulsations; such frequencies cannot be caused
by rotation (e.g. [Kurtz et al., 2015).

It is not immediately clear whether these pulsations are present in Atlas Aal or
Aa2, although we note that the amplitudes are diluted by the presence of the other

star. Atlas Aal is approximately five times brighter than Atlas Aa2, so the pulsations
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will be diluted by a factor of 1.2 if they are present in the primary, and by a factor
of 6 if they are present in the secondary. The large amplitude of two of the principal
frequencies would seem to favour that they occur in the primary component, but

further investigation including modelling the stars may provide greater clarity.

6.4.3 Electra

Electra (17 Tauri, HR 1142, HD23302) is the third-brightest star in the Pleiades
(V' =3.70mag), and is a blue giant of spectral type B6Ille. While some lunar oc-
cultation measurements of Electra have been found to be consistent with a single star
(McGraw et al| 1974; |[Eitter & Beavers, 1974)), others suggest it has a companion
(Bartholdi, 1975; de Vegt & Gehlich, [1976; Richichi et al.l [1996)). |Abt et al.| (1965)
found evidence that Electra was a spectroscopic binary with a period of ~100d. How-
ever, while finding Electra may have a variable radial velocity, Pearce & Hill (1971)
were unable to confirm the period claimed by |Abt et al.| (1965)). Jarad et al.| (1989)
also claim Electra may be a spectroscopic binary, although with a period of only ~4d.

Previous photometric observations of Electra have found it to be constant within
the precision of the measurements. Subsequently, [McNamara (1985, [1987) used
Electra as the reference star for differential photometry with other members of the
Pleiades.

The time series and amplitude spectrum of Electra are shown in the third row of
Fig.[6.5] Electra has the lowest amplitude variability of any of the stars considered in
this Chapter. Low-amplitude frequency groupings are present in the ranges 0.8-1d !
and 1.8-2d7!. These are SPB pulsations showing the same type of structure that
was previously discussed for Alcyone, with several base frequencies and combination

frequencies (Kurtz et al., 2015).
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6.4.4 Maia

Maia (20 Tauri, HR 1149, HD 23408), a BT7III star, is the fourth-brightest member of
the Pleiades (V' =3.87mag). The uniqueness of its relatively narrow-lined spectrum
amongst the B stars in the Pleiades spurred early interest in detecting variability,
although a clear detection proved elusive. After initial claims of variability (Adams,
1904}, [Henroteau, (1920)), [Struve| (1955)) hypothesised a class of variable stars with 1-
4 h timescale pulsations, lying in the HR diagram between the g Cephei and § Scuti
pulsators, which he called the Maia variables.

Further searches for variability in Maia (Breger, 1972; |Percy, |1978; McNamaral,
1985|, 11987 [Percy & Wilson, 2000; [Paunzen et al. 2013) and Maia variables (e.g.
Lehmann et al., 1995 Scholz et al., [1998; Weiss et al., [1998; [Kallinger et al., 2002,
2004; |De Cat et al., 2007) have been negative, leading |Aerts & Kolenberg (2005)) to
suggest that the Maia variable class was unnecessary.

Despite the ongoing debate over the existence of Maia variables, we can at least
now settle the question of Maia’s variability. The K2 time series and amplitude
spectrum of Maia are shown in the fourth row of Fig. For the first time, we
have unambiguously detected variability in Maia. One clear frequency is found in the
amplitude spectrum at 0.096740.0008 d~!; the variability has a 10d period. Other
low-amplitude peaks are present at similar periods, including at the harmonic of
the primary frequency, but because these time-scales are similar to the instrumental
long-term trends that were removed, we are cautious to not treat these low-amplitude
modes as necessarily being intrinsic to the star. Nevertheless, this much is clear: Maia
is variable, but Maia is not a Maia variable.

Maia is known to be chemically peculiar; Renson & Manfroid| (2009) list Maia as
a He-weak Mn star in their catalogue. Many HgMn stars show evidence of line-profile
variations caused by the rotation of chemical surface spots (e.g. [Ryabchikova et al.

1999; Adelman et al., 2002)). Rotational modulation has also been observed in the
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light curves of other HgMn stars (e.g. |Balona et al., 2011). We suggest that the
photometric variability of Maia is similarly caused by rotational modulation resulting
from a large chemical spot. White et al.| (submitted)) using spectra from SONG (the
Stellar Observations Network Group at Observatorio del Teide) show variability in an
isolated Mn 11 line is consistent in phase and period with the broadband photometric
variability determined by K2, supporting the chemical spot hypothesis.

White et al| (submitted) find using CHARA interferometry a limb-darkened an-
gular diameter for Maia of #;,p = 0.451 + 0.006 mas. Adopting the distance to the
Pleiades as determined from VLBI parallax measurements (136.2+1.2 pc; | Melis et al.|
2014)), we find a radius for Maia of 6.61 4+ 0.11R. Combining this angular diameter
with the estimate of bolometric flux by van Belle et al.| (2008), for which we adopt a
5 per cent uncertainty, we find an effective temperature of T, = 12550 4+ 150 K.

Calculation of the inclination angle from the radius, projected rotational velocity,
and rotation period reveals that Maia is seen close to equator-on. Using the same
MCMC model that we previously used to determine the possible inclination of Alcyone
in Section to properly account for the prior distribution of ¢ and propagate
uncertainties correctly. The resulting posterior distribution is shown in Fig. [6.6, We
find a range of possible inclinations, with a 99 per cent probability of it being above

42°.

6.4.5 Merope

Merope (23 Tauri, HR 1156, HD 23480) is the fifth-brightest member of the Pleiades
(V =4.18 mag) and is of spectral type B6IVe. Merope appears single in lunar occul-
tation (McGraw et al., |1974; [Eitter & Beavers, 1974; |de Vegt & Gehlich, |1976]) and
speckle interferometry measurements (Mason et al., 1993).

Previous photometric observations of Merope have revealed high-amplitude vari-

ability. McNamaral (1985} |1987) found a consistent frequency of 2.04 d~* across several
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years. This frequency is, coincidentally, half the thruster-firing frequency for the K2
mission. The K2 time series and amplitude spectrum of Merope are shown in the fifth
row of Fig[6.5] The previously-known frequency at 2.04d~! is clearly recovered. The
halo photometry method works remarkably well in this situation, preserving the stel-
lar variability despite the unfortunate similarity to the thruster firing period, whereas
other methods that attempt to detrend the telescope pointing drift signal would likely
overfit and remove part of the stellar signal as well. While there are small peaks at
4.08 and 6.13d~! in the amplitude spectrum, it is unclear if these are harmonics of
the primary frequency, or a residual of the pointing drift.

The width of the peak in the amplitude spectrum and the beating visible in
the time series are indicative of there being several closely spaced periods or a non-
coherent signal, resulting in the beating apparent in the time series. There are several
possible explanations for the variability. Merope is a Be star so it has a circumstellar
disc that may exhibit variability. Alternatively, the variability may have a stellar ori-
gin, either as rotation, with differential rotation accounting for incoherent variability,
or from SPB pulsations, with several closely spaced g-mode frequencies.

Rotation may be ruled out as the cause of variability by considering the ro-
tational velocity this would require. Using the radius we previously determined
(4.794£0.17 R) with the mass determined by [Zorec & Royer| (2012) of 4.254+0.08 Mg,
we find that the critical rotation frequency of Merope is 1.394:0.07 d~!. The observed
variability occurs well above this frequency, and therefore we can be confident that

rotation is not the cause.

6.4.6 Taygeta

Taygeta (19 Tauri, HR 1145, HD 23338) is the sixth-brightest star in the Pleiades
(V' =4.30mag), and is of spectral type B6IV. A faint companion was unambiguously

detected in lunar occultation measurements by Richichi et al.| (1994). McNamara
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(1985) found no evidence of photometric variability in Taygeta, and |Adelman| (2001))
found it to be amongst the least variable stars observed by Hipparcos.

The K2 time series and amplitude spectrum of Taygeta are shown in the sixth
row of Fig.[6.5] The light curve shows low-amplitude variability, consisting of several
frequencies. The amplitude spectrum bears a striking resemblance to that of Electra,
albeit scaled to a lower frequency, with a frequency grouping in the range 0.4-0.7d 71,
and another group in the range 1.2-1.4d~!. We attribute this variability to SPB

pulsations, with combination frequencies.

6.4.7 Pleione

Pleione (28 Tauri, HR 1180, HD 23862), the seventh-brightest member of the Pleiades
(V' =5.19mag), has spectral type B8Vne. Since first being identified as a Be star
(A. C. Maury, reported by [Pickering, |1889)), Pleione has attracted a lot of attention
due to its regular transitions between Be and shell star phases (e.g. [Frost, 1906;
Gulliver] (1977, |Goraya et al., [1990). Pleione cycles between its Be and shell phases
with a period of 34.5yr. The most recent transitions have been from shell to Be in
1988 (Sharov & Lyutyj, [1988), and Be to shell in 2006 (Tanaka et al., [2007)). [Hummel
(1998) suggested that such transitions are due to the precession of the disc, likely
under the influence of a misaligned binary orbit. Polarimetric observations of Pleione
by Hiratal (2007)) found the intrinsic polarization angle varied from 60° to 130° between
1974 and 2003, providing evidence of changes in the disc axis.

The transition between Be and shell phases is accompanied by photometric vari-
ability (Calder} 1937; Binnendijkl 1949; Sharov & Lyuty, |1976; [Tanaka et al., [2007)).
Shorter time-scale variability was detected by |McNamara (1987), who identified a
primary frequency at either 1.21 or 2.21d™!, with a second frequency at 1.18d~!.

We consider it most likely that the cause of the variability is the same as what

we have determined for Merope, namely SPB pulsations with several closely-spaced
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modes. Beating between these modes may provide the additional angular momentum
to eject material into the circumstellar decretion disc, as was proposed as the origin
of the Be phenomenon by Rivinius et al.| (1998)).

We are, however, unable to entirely rule out rotation as the cause of Pleione’s
variability through consideration of the critical velocity. Using literature estimates of
mass and radius (Frémat et al., [2005; Zorec et al.| |2005), we find a critical rotational
frequency of 1.6240.10d!, which is commensurate with detected frequencies. If the
variability is caused by rotation, then Pleione is rotating very close to its critical
velocity. We have calculated the inclination angle this would imply, as we have done

for Alcyone and Maia, finding ¢ = 53 4 5°; the posterior probability distribution is
shown in Fig. [6.6]

6.5 Source Code

We are committed to open science, and have made the software presented in this
Chapter available open-source. The main halo algorithm, HALOPHOT, is available at
https://github.com/hvidy/halophot. We invite interested users to apply this to
other data and contribute to its ongoing development. The JUPYTER notebook used
for estimating rotational inclinations with PYSTAN MCMC is available at https:
//github.com/benjaminpope/inclinations. Finally, the K28C algorithm used for
finer corrections (Aigrain et al. 2016), is also available at https://github.com/
0xES/k2sc. All code is provided under a GPL v3 license.

All original light curves discussed in this Chapter will be made available on the
Mikulski Archive for Space Telescopes (MAST) as High-Level Science Products, and

through the Kepler Asteroseismic Science Operations Centre (KASOC) database ﬂ

3http://kaosc.phys.au.dk
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6.6 Discussion and Conclusions

We have presented a new method for simultaneous photometry and systematics cor-
rection of saturated stars with K2, and used this method to obtain the first high-
precision space-based light curves of the seven brightest stars in the Pleiades. Halo
photometry extends the dynamic range of K2 to include naked-eye stars, allowing
for the combined use of photometric time series with other astronomical tools, in-
cluding high-resolution spectroscopy, interferometry and polarimetry, to form a more
complete understanding of these stars and stellar systems.

The light curves of the bright Pleiades stars show a wide range of variability.
Low amplitude SPB pulsations and combination frequencies have been detected in
Alcyone, Electra and Taygeta. Pleione and Merope have high amplitude oscillations
that may also be due to SPB pulsations, however longer time series are necessary
to resolve individual modes; this may be achieved with the BRITE-Constellation of
nanosatellites (Weiss et al., |2014). In contrast, the high amplitude oscillations of
Atlas, which we believe are most likely to originate from the primary component, are
well-resolved.

For Maia we have combined the photometric time series with high-resolution spec-
troscopy and interferometry to determine that Maia is viewed equator-on, with vari-
ability due to large chemical spots in the photosphere. With a 10d period, we have
conclusively determined that Maia is not a so-called Maia variable.

The halo photometry method is very general in its formulation and applicability,
and will therefore be also of interest in planning for the Transiting Exoplanet Survey
Satellite (TESS), which will cover nearly the whole sky in a succession of 27 d point-
ings to search for exoplanets transiting bright stars. TESS will provide full-frame
images at a 30min cadence, and postage stamps of individual targets at 2min or
20s cadence. As with Kepler and K2, competition for this pixel allocation will place

pressure on bright targets with long bleed columns. In addition to this, detector
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nonlinearity is expected to set in at ~ 30 times the single-well depth. With minimal
saturation for V' <6.2-6.7 mag depending on how the PSF lands on the pixels, this
would suggest that simple aperture photometry of stars much brighter than V' ~ 3—
4mag will not be possible even with apertures that capture the entire bleed column
(Jon Jenkins & Roland Vanderspek, priv. comm.). It will therefore be necessary to
use halo photometry for any TESS targets brighter than this magnitude, or targets
unfavourably close to the edge of the detector, and to economize on pixel allocation.
A valuable future step will be to simulate the TESS PSF, saturation, and scattered
light, to determine the required halo masks both for asteroseismology and for transit-
ing exoplanet searches. The ability to observe very bright stars with TESS raises the
prospect of searching for planets transiting some of the nearest main-sequence stars
to the Solar System, which being so bright, are the most suitable systems for transit
spectroscopy.

Because halo photometry needs many fewer pixels than the full bleed column
would require, it is friendly for both TESS short-cadence proposals and future K2
proposals. Not only that, charge conservation for TESS is expected to fail at ~ 30
times the marginal saturation V magnitude of ~ 7, meaning halo is required for
anything brighter than magnitudes of ~ 4. Applying halo photometry to TESS, it
will be possible to recover from saturation light curves of a unique sample of stars
unavailable with any other instrument or processing.

It may also be important to consider the halo method in the context of other up-
coming ground-based and space-based photometry missions, such as PLATO (PLAne-
tary Transits and Oscillations of stars; Rauer et al.|, 2014), JWST (James Webb Space
Telescope; (Gardner et al., |2006; Beichman et al., |2014), NGTS (the Next Genera-
tion Transit Survey; Chazelas et al., 2012), or CHEOPS (CHaracterising ExOPlanets
Satellite; Fortier et al., |2014). In each of these cases, it may be possible to enhance

the photometry of a defocused PSF with or without saturation, for asteroseismology
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or exoplanetary science. In this regime, TV minimization, or a similar algorithm,
may improve the performance of any such instrument spreading astrophysical signal
over many different pixel realizations. We note that we do not yet have a consistent
explanation of why TV, as opposed to relatives such as QV, is so much more effec-
tive, and that there may be new insights to be gained from theoretical studies, that
may expose limitations on the method or reveal improvements. We encourage other
groups to refine the halo method and consider the applicability of Total Variation

more generally in time-series analysis.



Chapter 7

Conclusions and Future Work

I am a part of all that I have met;
Yet all experience is an arch wherethro’

Gleams that untravell’d world, whose margin fades

For ever and forever when I mowve.

Tennyson, Ulysses, 11.18-21. (Tennyson) 1842

7.1 Conclusions

In this thesis we have advanced several methods for self-calibration in optical as-
tronomy, which permit newly-precise observations with ground-based and space tele-
scopes. These methods rely on statistical and optical understanding of the instrument
to remove systematics from astronomical data, revealing signals hidden in noise that
would otherwise completely mask them. While the low-hanging fruit in exoplanet
surveys such as Kepler have already been taken, I have shown here that with a de-
tailed understanding of the telescope, image formation, and systematic noise, we can
still pull out remarkable science — indeed, we can push the dynamic range of Kepler
to entirely unprecedented levels, and do with ordinary adaptive optics and a little
post-processing what was previously only possible with dedicated aperture masking

instruments. Continued innovation in data analysis techniques will be vital for getting
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the most out of upcoming missions.

While the kernel phase method permits calibration of phase errors in speckle
interferometry with arbitrary telescopes as a generalization of the idea of closure
phase (Martinache, 2010)), the formalism did not previously include amplitude errors,
such as from scintillation: in Chapter [2, I have introduced kernel amplitudes as
a generalization of kernel phase to account for these errors as well, and conduct
simulations to show that this is advantageous for imaging systems at high angular
resolution under conditions of aberration in both phase and amplitude.

Likewise while I have already demonstrated the technique’s applicability from
space using the Hubble Space Telescope (Pope et al., 2013), kernel phase interferom-
etry had not previously been used from the ground. In Chapter [3| I for the first time
compare kernel phase and aperture masking side-by-side, achieving identical results
on the close, bright binary a Ophiuchi. Similar results should be achievable with
SPHERE, GPI, MagAO and future extreme AO instruments.

The failure of Kepler’s second reaction wheel could have been a disaster for exo-
planetary science and stellar physics, if not for the ingenious K2 configuration that
gave the mission a second life. Although its 6 hr pattern of thruster firings intro-
duces difficult pointing systematics, several groups have been able to correct these in
post-processing, and during my DPhil I contributed to the K2sC pipeline (Aigrain,
Parviainen & Pope, 2016). Using this, in Chapter , I have presented 145 new planet
candidates, including 5 multiple systems, from Campaigns 5 and 6 of the K2 Mission.
Several of these have been confirmed with radial velocity observations, while others
remain promising targets.

Kepler and K2 were designed to look for planets around fainter stars (around the
~ 12th magnitude), as indeed I have done in Chapter 4l Planets transiting brighter
stars are, however, the most valuable - only these stars can be studied with the best

adaptive optics, for instance, or transmission spectroscopy. These are also useful as
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benchmarks for calibrating large surveys of faint stars, for example with machine
learning methods. In Chapter [5 I have presented a pilot study for pushing Kepler
and K2 to much brighter targets, taking advantage of previously-unused archival
calibration data to recover light curves of stars that were never even observed in the
normal sense. I demonstrate the smear photometry technique for a small sample of
stars, showing that we can attain sufficient precision with these collateral data to do
useful science.

Although smear photometry is shown to be effective for bright stars that were
never previously observed, it relies on the details of the readout process of the Ke-
pler detector and is not necessarily generally-applicable, or indeed optimal for the
brightest stars in Kepler, where even the smear pixels are saturated. In Chapter [0] I
have investigated a much more general approach, in which the halo of diffracted and
scattered light around bright stars can be used for photometry, with a weighted pho-
tometric aperture performing light curve extraction and detrending simultaneously.
The halo algorithm attains the same precision as for other stars observed ordinarily
by K2, even for stars as bright as the third magnitude. Using the seven brightest stars
of the Pleiades as a test case, the brightest sources yet observed by Kepler or K2, we
settle long-standing questions about their variability, detecting rotational modulation

and slowly-pulsating B star-type pulsations.

7.2 Future Work

In this thesis, to borrow the words of Leonard Cohen, we have been “guided by the
beauty of our weapons” — developing new techniques for astronomical data analysis,
we have applied them to such instruments and datasets as have been available, aiming
to establish their validity, with the refinement of technology the proximate goal. The

next several years promise the launches of a succession of space missions which will
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benefit from this new technology, in fact for which this technology will allow us to
achieve significant scientific goals that would not otherwise be possible. I am very
excited by these possibilities.

The most important of these is the James Webb Space Telescope, a mission whose
budget and scale dwarf all previous astronomical instruments, including the HST.
Provided launch and deployment go to plan, this will be the first space telescope for
which we can plan kernel phase observations, given that the HST-NICMOS camera is
no longer available and this was the only other high-performance, diffraction-limited
optical instrument in orbit. An immediately valuable prospect will be developing an
image deconvolution tool, using kernel phase and amplitude to attain super-resolution
with JWST. The most compelling case for this is LkCa 15, the putative accreting
protoplanet system resolved from the ground by aperture masking: kernel phase on
JWST should significantly enhance the precision we can attain here and give us
the best ever view of the process of planet formation. While JWST is the most
promising prospect for kernel phase imaging, we should not neglect SPHERE, GPI,
MagAO and other future extreme AO instruments, with which we will be able to
observe circumstellar material with unprecedented detail.

Beyond imaging, unfolding and then correctly phasing JWST is an extremely
difficult and time-consuming part of the commissioning process, and I believe kernel
phase may help. The kernel phase wavefront sensing method (Martinache, 2013b;
Pope et al., 2014a/b) can provide fine wavefront sensing without any additional hard-
ware, and will potentially assist both in the commissioning process, and also in sub-
sequent monitoring and maintenance of the mirror alignment and wavefront quality.
The Gerchberg-Saxton (GS) phase retrieval algorithm (Gerchberg & Saxton, [1972)
can be used to measure optical aberrations using only focal-plane images (famously
used to characterize the Hubble Space Telescope mirror error; Fienup et al, [1993), but

requires a diversity of images through focus in order to determine asymmetric modes.
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For JWST, which will have a non-redundant aperture masking mode, Cheetham et al.
(2014) have proposed a closure phase algorithm for phase retrieval, and Greenbaum
& Sivaramakrishnan| (2016]) have proposed using such an algorithm to initialize a GS
optimization and perform this measurement with only one exposure. I have discussed
with Cheetham and Greenbaum the possibility of using kernel phase based wave-
front sensing to replace the aperture masking stage in this hybrid GS approach, and
hope that this may obviate the need for any dedicated hardware or special observing
procedures to measure JWST mirror phases.

Finally, with kernel phase, I hope I can be permitted to speculate on the theory
itself. Kernel phase and amplitude work by linearity: essentially, the fundamental
theorem of linear algebra assures us that given that there are more baselines than
pupil samples, we will generically have a subspace of observables which are resistant
(to linear order) to error. An argument of this form should apply to arbitrary optical
systems. If an analogous description of error propagation applies to coronagraphs,
or nulling interferometers (Bracewell, 1978), it may be possible to apply this self-
calibration method where it matters most, to directly image exoplanets where phase
noise is currently the dominant source of noise both on the ground and in space. I
therefore hope that a general theory of optical self-calibration can be found, just as
already exists for radio-frequency interferometry.

JWST will be an enormous improvement in both precision and spectral range
on existing instruments for exoplanet transmission spectroscopy, and the methods
developed in this Thesis will help us make best use of the telescope’s brief five-year
lifetime. First, with the launch of TESS planned in 2018, Gaussian Process and
Total Variation detrending will enhance the precision of light curves we can expect,
and therefore the yield of planets suitable for JWST characterization. But we are
interested in bright stars, and bright stars are the perfect targets for transmission

spectroscopy. As well as this, one wild possibility with such bright stars is to directly
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image the planet as it transits the star using long-baseline interferometry (van Belle,
2008)).

Applying TV to TESS is especially exciting, because covering the whole sky, there
are 906 FGK stars brighter than V' = 6.5. Using the planet occurrence rates from
Fressin et al.| (2013)), we can crudely calculate that of these, we expect to find one or
so (~ 0.6 = 0.8) short-period giant planet, ~ 6.6 & 2.5 Neptunes and ~ 8 £ 3 super-
Earths. Only two transiting systems brighter than magnitude 6.5 are known at the
time of writing: HD 219134 and 55 Cancri. Even one addition to this list of planets
transiting very bright stars will be significant for JWST and future instruments.
With such a small number of planets predicted around these few bright stars, we
might reasonably expect to discover all of the short period transiting planets down
to super-Earth size and to this magnitude, making these by necessity the classic
systems for future exoplanetary science. I very much hope that the TV method, or
developments from it, can contribute towards finding these. The TV method may
even help in processing JWST observations targets which might be bright enough to
saturate its instruments. TV may likewise be useful for improving the precision and
dynamic range of other space-based photometric missions such as CHEOPS, whose
large defocused PSF is ideal for attaining the pixel diversity on which TV thrives.

More broadly, it will be valuable to extend the K2sC and K2PS planet search to
all K2 Campaigns, in order to better constrain overall exoplanet populations and to
find particularly promising targets for follow-up. In doing this, it will be important
to run rigorous and self-consistent injection tests to obtain a better statistical under-
standing of the sample and of the methods’ effectiveness. We have already processed
Campaigns 3 to 8, and intend to make our light curves and classifications public as a
resource to the community. This code-base will also be useful for TESS photometry
and planet-searches.

As with kernel phase, I also do not believe that the theory of halo photometry is
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sufficiently worked-out, and I am not convinced that TV is the only objective func-
tion appropriate for high-precision photometry. We do not even know properly why
it works! In the immediate future, establishing a sound mathematical basis for this
algorithm will be important, as it may tell us whether (or not) it will generalize from
photometry resistant to pointing errors to other scenarios. If we can beat the scintil-
lation limit with ground-based photometry, we will open up realms of observational
astronomy hitherto accessible only from space, and the ramifications for time-domain
astronomy could be far-reaching. On the other hand, it may turn out that the method
is not suited to such lofty goals! I hope that the halo method may have such valuable
generalizations in astronomy, and I suspect it may have otherwise unforseen implica-
tions in other fields, or indeed that it may already be in use elsewhere under another
guise.

Setting aside exoplanets — the combined smear and halo samples from Kepler
and K2 will cover nearly all sources in the respective fields which were too bright
to observe conventionally, amounting to several hundred stars, including some yet
to be released from Campaign 2 smear in the Upper Scorpius association. Even in
the absence of planet discoveries, these will be a valuable resource for stellar physics,
with this being the only opportunity in the near future to characterize so many bright
stars with asteroseismology. With interferometry to obtain diameters, Gaia and
Hipparcos parallaxes, and high-resolution spectroscopy, these will be ideal benchmark
stars for large spectroscopic and asteroseismic surveys of fainter stars, which will need
precisely-known calibrators to be most effective. This is doubly true in the context
of extremely large surveys such as APOGEE, where machine learning software such
as The Cannon (Ness et al 2015; (Casey et al 2016|) is dependent on the quality of
training data available. Such surveys will tell us about the archaeology of our Galaxy,
the history of its assembly, and the formation of its stellar populations.

The approach taken in this thesis has been of developing and testing new obser-
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vational techniques and applying these to pathfinder observations. With the next
generation of telescopes it will be important to match this new hardware investment
with new approaches to data analysis that will deliver the best possible science. The
ideas in this thesis will be, I hope, the seeds of ever-more-accurate ways of under-

standing observations in optical astronomy.
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Appendix A

Tables

Table A.1:

semi-amplitude K (or limits) listed in Comments where applicable.

Full list of our 86 vetted single planet candidates in K2 Campaign 5. RV

EPIC RA Dec v J-K Period Epoch Depth Tp/Tx Duration Impact Density TRES Comments
(mag) (mag) (days) (BJD) (%) (%) (hours) Parameter gcm—3 (n)

211308899 08:53:18.006 +10:01:46.97 14.57 0.56 6.423 2457143.316 0.0395 1.9868 4.885 0.151 0.45

211314705 08:36:31.182 +10:08:50.21 15.39 0.81 3.794 2457140.224 0.1007 3.1731 1.39 0 11.933 1 Ha emission
211319617 08:25:51.344 +10:14:49.08 12.6 0.47 8.866 2457143.397 0.1028 3.2056 2.679 0 3.893 1

211328748 08:40:56.495 +10:25:20.56 9.96 0.3 17.178 2457139.95 0.0219 1.4808 2.452 0 9.833

211331236 08:55:25.364 +10:28:08.87 14.65 0.86 1.292 2457140.193 0.1317 3.6291 1.153 0 7.162

211333233 08:27:35.557 +10:30:23.62 9.95 1.04 5.409 2457142.885 0.0172 1.3096 2.344 0.028 3.544 1 Giant
211335816 08:26:29.764 +10:33:19.44 12.2 0.4 4.99 2457140.02 0.1907 4.3667 0.862 0.487 43.754 3 SB2
211336616 08:49:42.413 +10:34:13.95 13.1 0.62 44.13 2457149.28 0.0427 2.0655 4.635 0.037 3.731

211342524 08:32:23.687 +10:40:38.06 12.42 0.35 14.449 2457149.367 9.1939 30.3214 0.595 0.991 1.38

211351816 08:31:03.081 +10:50:51.31 12.61 0.66 8.406 2457142.05 0.0556 2.3577 5.668 0.205 0.367 1 Giant
211355342 08:30:12.968 +10:54:37.06 12.75 0.41 6.893 2457143.799 0.0585 2.4185 2.468 3.872 1 OK
211359660 08:40:43.278 +10:58:58.59 12 0.49 4.737 2457141.205 0.0977 3.1257 2.41 0.042 2.852 1 OK
211365543 08:29:48.825 +11:05:08.36 12.12 0.25 5.264 2457143.676 0.0096 0.9804 4.185 0.148 0.59

211375488 08:43:20.828 +11:14:53.23 1.37 2.084 2457141.721 0.2385 4.8839 1.955 0.109 2.328

211383821 08:44:09.925 +11:23:07.81 14.52 0.78 1.567 2457140.162 0.0326 1.8044 1.748 0.093 2.469

211391664 08:25:57.189 +11:30:40.12 12.17 0.26 10.136 2457145.985 0.0869 2.9486 4.945 0.171 0.678 1 OK
211399359 08:32:16.114 +11:37:50.62 14.64 0.58 3.115 2457141.418 2.3415 15.3019 1.992 0.049 3.322

211401787 08:27:35.269 +11:40:02.91 9.61 0.26 13.773 2457151.069 0.0245 1.5638 4.311 0.146 1.406 1 OK
211413752 08:54:50.291 +11:50:53.75 13.85 0.52 9.325 2457140.855 0.0923 3.0376 2.877 0 3.305

211418729 08:31:31.911 +11:55:20.15 14.56 0.53 11.391 2457140.324 1.3265 11.5172 3.384 0.108 2.438

211424769 08:35:24.644 +12:00:41.94 9.39 0.33 5.176 2457144.498 0.3485 5.9037 1.049 0.157 36.494 2 SB1
211428897 08:35:25.812 +12:04:33.04 14.09 0.79 1.611 2457140.661 0.0517 2.2748 1.059 0 11.471

211439059 08:47:53.647 +12:13:54.85 13.29 0.51 18.641 2457146.51 0.0285 1.6896 5.22 0.173 1.057

211442297 08:26:12.827 +12:16:54.97 13.36 0.38 20.272 2457157.159 1.4508 12.0449 3.141 0.101 5.435

211490999 08:43:11.723 +13:00:34.53 13.6 0.43 9.844 2457146.33 0.0809 2.8435 3.425 0.118 2.026

211491383 08:40:37.240 +13:00:52.83 11.78 0.33 4.144 2457141.601 0.0078 0.8845 2.717 0.101 1.722 1 OK



EPIC RA Dec v J-K Period Epoch Depth rp/Tx Duration Impact Density TRES Comments
(mag) (mag) (days) (BJD) (%) (%) (hours) Parameter gem—3 (n)

211509553 09:00:04.744 +13:16:25.94 16.58 0.8 20.359 2457151.414 3.3123 18.1997 2.938 0.131 6.602
211525389 08:21:40.866 +13:29:51.11 11.75 0.45 8.267 2457139.723 0.1053 3.2454 3.216 0.139 2.038 1 OK
211529065 08:45:03.983 +13:32:59.40 13.78 0.6 4.4 2457142.979 0.1297 3.6012 1.456 0 12.033
211562654 08:20:01.718 +14:01:10.06 12.85 0.46 10.792 2457147.782 0.0523 2.2862 3.581 0.151 1.916 1 OK
211569704 08:28:01.122 +14:07:10.62 12.36 0.72 34.023 2457156.994 0.0308 1.7559 3 0 10.625
211579112 09:03:32.001 +14:15:01.90 0.86 17.703 2457156.427 0.6508 8.0674 1.872 0 22.768 1 OK
211586387 09:07:12.268 +14:21:19.71 14.64 0.65 35.383 2457142.906 0.0945 3.0738 3.094 0 10.078
211594205 08:36:33.626 +14:27:42.97 10.35 0.54 16.994 2457148.501 0.0315 1.7749 2.285 0 12.012 1 OK
211645912 08:19:59.301 +15:10:40.42 12.62 0.37 10.673 2457140.54 0.0274 1.6562 3.436 0.104 2.185 1 OK
211713099 08:20:53.731 +16:05:27.41 13.83 0.4 8.562 2457141.15 0.4581 6.768 2.975 0.109 2.696
211733267 08:40:02.259 +16:22:20.66 12.4 0.55 8.658 2457144.931 0.5656 7.5206 1.098 0.261 49.683 2 OK, K < IOOm/ﬂ
211736671 08:13:31.650 +16:25:10.59 12.33 0.43 4.734 2457140.365 0.0778 2.7891 3.407 0.197 0.956 1 Giamn
211743874 08:37:33.528 +16:31:19.57 12.57 0.3 12.281 2457148.217 0.0233 1.5248 3.876 0.151 1.72 1 OK
211763214 08:55:21.136 +16:47:39.05 12.73 0.5 21.199 2457146.569 0.0182 1.3507 4.283 0.123 2.224 1 OK
211770696 08:31:02.684 +16:54:02.04 12.41 0.38 16.271 2457145.973 0.0312 1.7668 7.534 0.223 0.298 1 OK
211770795 08:48:02.336 +16:54:06.67 14.88 0.67 7.728 2457141.099 0.0791 2.8133 2.83 2.88
211770867 08:12:05.436 +16:54:10.82 12.28 0.3 27.693 2457147.872 1.8421 13.5722 6.343 0.465 0.636
211779390 08:17:26.659 +17:01:27.68 13.45 0.72 3.85 2457141.528 0.0282 1.6802 1.627 0 7.553
211783206 08:40:34.995 +17:04:40.57 14.6 0.65 7.134 2457146.467 0.045 2.1212 1.839 0 9.687
211800191 08:51:32.348 +17:19:11.40 12.62 0.37 1.106 2457140.749 0.0975 3.1229 0.994 0 9.572 1 OK
211804579 08:36:16.266 +17:22:53.98 11.36 0.39 1.523 2457141.205 0.0605 2.4602 2.397 0.156 0.92 Edﬂ
211808055 08:36:08.271 +17:25:48.30 0.4 3.383 2457142.603 0.1641 4.0506 3.721 0.353 0.46
211814733 08:50:40.178 +17:31:29.61 11.21 0.57 14.71 2457145.892 0.4414 6.6437 2.382 0.079 9.096
211816003 08:50:29.069 +17:32:32.80 13.84 0.49 14.452 2457144.86 0.1035 3.2178 3.32 0.228 3.077
211818569 08:27:44.813 +17:34:45.83 13.32 0.69 5.186 2457143.561 1.0779 10.3821 1.778 0.133 7.584 2 OK, K < 350 m/g
211834065 08:50:11.526 +17:47:57.57 11.81 0.29 10.545 2457142.426 0.0143 1.1974 3.259 0.164 2.469 E
211886472 09:08:31.807 +18:31:42.75 11.28 0.26 19.64 2457152.378 0.5501 7.4167 1.43 0.699 20.712
211897691 08:40:19.814 +18:41:34.51 14.66 0.62 5.75 2457142.497 0.0945 3.0749 1.255 0 24.529
211906259 08:45:14.646 +18:49:09.69 12.82 0.35 2.52 2457140.559 0.0105 1.0236 12.355 0.174 0.013
211919004 08:39:06.491 +19:00:36.08 13.37 0.51 11.72 2457149.097 0.1051 3.2422 4.406 0 1.157
211923431 08:31:44.965 +19:04:28.71 14.3 0.49 29.729 2457143.824 0.067 2.5878 4.998 0.196 1.895
211924657 08:40:06.426 +19:05:34.36 16.25 0.81 2.645 2457141.999 0.2365 4.8634 1.404 0 8.086
211929937 08:36:42.829 +19:10:25.72 14.43 0.52 3.477 2457142.412 1.7941 13.3945 2.205 0.016 2.743
211941472 08:41:47.658 +19:20:50.99 11.95 0.39 5.78 2457143.635 0.0101 1.0064 3.138 0.154 1.525 1 OK
211945201 09:06:17.754 +19:24:08.11 10.15 0.31 19.491 2457158.827 0.1381 3.7166 3.369 0.035 4.29
211965883 09:04:37.728 +19:42:52.51 14.63 0.82 10.555 2457146.496 0.1249 3.56337 1.307 0.3 34.611
211969807 08:38:32.821 +19:46:25.78 0.86 1.974 2457140.376 0.1325 3.6401 1.407 0 6
211990866 08:38:24.300 +20:06:21.83 10.65 0.28 1.674 2457140.72 0.0589 2.4261 1.398 0.218 4.832 1 OK
211993818 08:24:49.181 +20:09:10.78 7.34 0.47 8.986 2457140.043 4.8646 22.0558 0.002 1 0.24 3 SB2
211995398 08:14:37.512 +20:10:44.93 32.576 2457169.858 3.8336 19.5795 4.253 0 3.572
212006318 08:42:00.319 +20:21:33.50 13.04 0.34 14.443 2457147.342 0.0245 1.5651 6.035 0.178 0.529 1 OK
212006344 08:25:54.315 +20:21:34.45 13.15 0.83 2.219 2457141.831 0.038 1.9484 1.118 0 13.438 1 Very Cool
212008766 08:37:07.785 +20:23:57.74 13.09 0.52 14.129 2457145.122 0.0854 2.9218 3.399 0 3.035 1 OK
212009427 08:31:29.870 +20:24:37.52 0.91 0.778 2457140.262 0.5428 7.3676 0.5 0.236 48.518
212066407 08:39:21.244 +21:23:26.98 12.34 0.38 0.822 2457140.365 0.0437 2.0904 0.814 0.056 12.911 11 K ~ 32.8+25m/s
212069861 08:57:46.605 +21:27:12.72 14.78 0.85 30.953 2457147.496 0.1646 4.0566 3.236 0.152 7.442
212088059 08:50:49.887 +21:47:20.84 15.61 0.88 10.366 2457141.715 0.124 3.5211 1.892 0 12.915
212099230 08:32:17.657 +22:00:21.64 10.79 0.47 7.112 2457141.963 0.0585 2.418 2.651 0.009 3.222 1 OK
212110888  08:30:18.905  +22:14:09.27 11.45 0.34 2.996  2457141.351  0.6237  7.8978 1.971 0.068 3.292 5 a1
212130773  08:23:48.660  +22:38:02.48 14.63 0.61 18711  2457151.886  0.1305  3.6132 5.972 0.162 0.713
212132195  08:23:56.896  +22:39:46.96 12.03 0.63  26.198  2457164.39  0.0861  2.9347 3.173 0 6.919 1 OK
212136123  08:36:50.878  +22:44:28.04 15.09 0.5 2.226  2457140.262  0.0676  2.6003 1.679 0 3.986
212138198  08:24:05.654  +22:46:59.84 13.21 0.58 3.209  2457142.373  0.2016  4.4905 0.725 0.131 69.121 1 OK
212141021  08i31:41.083  422:50:30.01 13.55 0.57 2.918  2457140.099  0.0246  1.5674 1.914 0.066 3.499
212150006 08:32:40.691 +23:01:55.20 14.77 0.51 0.898 2457139.982 0.1878 4.3334 0.958 0.122 8.524 5 E
212152341 08:51:00.966 +23:05:02.25 6.676 2457141.311 3.9424 19.8555 2.273 0.087 4.747
212154564 08:54:33.884 +23:07:58.40 0.86 6.414 2457142.181 0.4643 6.8141 1.521 0.102 15.136

'RV measurements were 22.554 and 22.551 km/s, without uncertainties so assuming standard error.
2Vanderburg, private communication.
3RV uncertainties added in quadrature

4Lillo-Box et a1.|(|2016} and |Hiran0 et a1.|(]2016bb

9Adams et al.| (]2()16p
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EPIC RA Dec v J-K Period Epoch Depth rp/Tx Duration Impact Density TRES Comments
(mag) (mag) (days) (BJD) (%) (%) (hours) Parameter gecm—3 (n)
212157262 08:50:05.666 +23:11:33.36 13.08 0.49 7.15 2457146.322 0.1068 3.2683 2.803 0.03 2.739 1 OK
212161956 08:25:29.502 +23:17:50.56 15.21 0.75 7.187 2457140.698 0.1195 3.4576 2.391 0 4.437
212164470 08:39:15.271 +23:21:26.93 12.65 0.35 7.809 2457144.86 0.042 2.0497 3.403 0.204 1.572 1 OK
Table A.2: Full list of our 71 vetted single planet candidates in K2 C6. RV semi-amplitude
K (or limits) listed in Comments where applicable.
EPIC RA Dec A% J-K Period Epoch Depth Tp/Tx Duration Impact Density TRES Comments
(mag) (mag) (days) (BJD) (%) (%) (hours) Parameter gcm—3 (n)
212270970 13:51:09.957 -18:27:42.22 13.48 0.42 1.717 2457218.134 0.0086 0.9286 6.192 0.185 0.065
212278644 -18:11:47.77 14.15 0.37 12.426 2457227.549 0.0431 2.077 4.923 0.213 0.821
212297394 -17:36:35.66 14.42 0.55 5.213 2457222.483 0.0709 2.6618 2.422 0.07 3.078
212300977 -17:30:12.78 11.75 0.38 4.466 2457220.529 1.5619 12.4977 3.095 0.203 1.198 WASP-55
212301649 -17:28:59.27 14.33 0.56 1.225 2457217.565 0.0224 1.4962 9.016 0.554 0.019
212310244 -17:13:31.61 14.27 0.55 6.669 2457220.874 0.0213 1.4607 4.984 0.166 0.438
212321305 -16:54:36.35 14.08 0.41 34.144 2457228.926 0.2836 5.3257 7.923 0.196 0.546
212330265 -16:39:34.92 0.9 4.174 2457220.427 0.1013 3.1828 1.863 0.019 5.453
212351026 -16:06:18.54 15.51 0.81 2.548 2457218.171 0.2483 4.9828 4.903 0.423 0.143
212351405 -16:05:42.00 14.32 0.57 2.549 2457218.158 0.1961 4.4285 3.833 0.407 0.3
212357477 -15:56:16.15 10.36 0.39 6.327 2457221.228 0.0322 1.7952 1.675 0.083 11.238 1 OK
212370106 -15:37:30.26 14.71 0.83 22.446 2457225.441 0.1546 3.9319 3.48 0.011 4.491
212380207 -15:22:37.99 13.37 0.44 26.147 2457241.871 0.0568 2.3842 4.341 0.094 2.66
212394689 -15:02:10.89 12.4 0.45 6.679 2457223.42 0.0655 2.5593 2.427 0.123 3.854 1 OK
212398508 -14:56:49.78 13.87 0.47 46.423 2457237.276 0.0681 2.6102 6.591 0.211 1.277
212418133 -14:30:14.60 13.41 0.4 3.333 2457219.846 0.0268 1.6372 3.792 0.118 0.511
212420823 -14:26:40.67 14.4 0.54 9.029 2457219.139 0.0682 2.6107 3.009 0.078 2.772
212424622 -14:21:34.07 13.35 0.33 12.012 2457219.497 0.0315 1.7745 5.162 0.153 0.712
212425103 -14:20:56.00 14.73 0.52 0.946 2457218.175 0.0301 1.7346 1.324 0.077 3.467
212432685 -14:10:50.12 13.28 0.33 1.063 2457217.992 0.0231 1.5188 1.316 0.072 3.958
212435047 -14:07:34.65 12.5 0.33 1.115 2457218.451 0.0151 1.2269 1.562 0.099 2.475 1 OK
212440430 -14:00:33.18 13.46 0.42 19.991 2457228.16 0.0542 2.3276 4.266 0.122 2.125
212443973 -13:55:55.34 16.03 0.79 0.779 2457217.748 0.0369 1.9207 0.66 0 23.004
212451091 -13:46:45.80 14.46 0.52 12.666 2457226.371 0.1876 4.3318 3.51 0.053 2.462
212454160 -13:42:45.42 12.88 0.42 0.876 2457218.236 0.0146 1.2103 7.372 0.526 0.032
212454422 -13:42:24.76 0.91 3.269 2457220.227 1.2473 11.1682 0.966 0 30.571
212460519 -13:34:36.94 12.92 0.8 7.387 2457223.798 0.0858 2.9294 2.422 0.064 4.362 1 OK
212480208 -13:09:39.23 11.14 0.42 10.099 2457224.771 0.0179 1.3385 3.71 0.141 1.62 1 OK
212495601 -12:49:37.35 13.96 0.41 21.677 2457229.646 0.0605 2.4596 4.534 0.13 1.913
212496592 -12:48:23.65 13.26 0.53 2.858 2457219.561 0.0275 1.6582 2.043 0.188 2.69 1 OK
212499835 -12:44:17.29 16.45 0.58 6.883 2457221.015 0.4417 6.6463 5.531 0.232 0.318
212499991 -12:44:05.00 13.55 0.51 15.381 2457225.459 0.0542 2.3288 2.187 0 12.41
212521166 -12:17:04.17 11.91 0.58 13.864  2457219.875  0.1147  3.3865 3.007 0.043 4.292 1 OKf]
212529560 -12:06:26.34 14.09 0.3 8.121 2457219.08 0.0406 2.014 3.398 0.164 1.678
212534729 -11:59:39.30 13.29 0.49 13.479 2457223.541 0.0222 1.4904 2.84 0.01 4.966 1 OK
212543933 -11:48:17.80 14.15 0.37 7.806 2457223.497 0.0477 2.1838 2.75 0.042 3.159
212554013 -11:35:20.32 15.04 0.58 3.588 2457220.338 1.2649 11.2466 1.868 0.073 4.618
212555594 -11:33:22.51 12.7 0.46 4.163 2457220.44 0.0245 1.5661 1.441 11.741 1 OK
212562715 -11:23:57.59 13.28 0.42 13.524 2457220.467 0.0533 2.3085 2.314 0.191 8.706 1 OK
212563850 -11:22:29.11 13.71 0.77 14.311 2457222.751 0.0689 2.6248 1.96 16.029
212570977 -11:13:24.85 14.08 0.42 8.853 2457223.894 2.4303 15.5895 3.534 0.536 1.022
212572439  13:37:45.619  -11:11:33.26 13.18 0.53 2.581  2457217.866  0.3992  6.3185 1.51 0.052 6.319 1 58 21)
212572452 13:37:46.022 -11:11:32.00 0.81 2.581 2457217.865 3.029 17.404 1.509 0.153 6.14 Blen(ﬂ
212575828 :40:3 -11:07:01.53 15.79 0.57 2.06 2457217.849 0.1344 3.6658 1.378 0 6.668
212577658 -11:04:47.35 11.8 0.45 14.069 2457221.323 0.0302 1.738 3.023 0.056 4.277 1 OK
212579424 -11:02:33.19 6.373 2457221.769 1.7919 13.3861 1.902 0 7.816
212580872 -11:00:33.47 13.25 0.46 14.786 2457224.262 0.1334 3.6518 4.117 0 1.788 1 OK

6Mini-Neptune (Osborn et al.| 2016b).

Dressing et al.| (2017)
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EPIC RA Dec A\ J-K Period Epoch Depth Tp/Tx Duration Impact Density TRES Comments
(mag) (mag) (days) (BJD) (%) (%) (hours) Parameter gem—3 (n)
212586030 -10:53:48.92 12.02 0.65 7.785 2457220.882 0.0541 2.3269 1.568 17.048 1 OK
212587672 -10:51:44.75 12.49 0.32 23.226 2457237.044 0.0469 2.1656 3.038 0.399 5.382 1 OK
212592101 -10:46:06.70 0.86 4.545 2457217.55 0.6354 7.9711 1.047 0.221 30.975 1 Giant
212639319 -09:41:30.69 12.62 0.48 13.843 2457222.438 0.0781 2.7945 1.55 0.275 27.844 1 OK
212645891 -09:32:24.40 12.73 0.4 0.984 2457218.042 0.1628 4.0344 0.682 0.24 24.06
212646483 -09:31:35.42 14.09 0.49 8.253 2457219.873 0.0845 2.9071 1.04 0.663 25.972 1 OK
212661144 -09:11:15.46 13.85 0.49 2.459 2457218.91 0.0739 2.7192 1.092 0.327 13.479 E@
212672300 -08:55:37.74 12.91 0.31 39.699 2457243.008 0.0614 2.4786 7.367 0.273 0.746 1 OK
212679181 -08:45:46.85 12.99 0.86 1.055 2457217.551 0.0458 2.1401 0.517 0.243 58.735
212688920 -08:31:53.33 14.18 0.5 62.841 2457220.233 5.3463 23.1222 2.023 0.818 12.203 1 Cool
212689874 -08:30:34.13 12.5 0.37 15.854 2457225.044 0.0902 3.0041 4.502 0.112 1.439
212697709 -08:19:03.22 12.91 0.35 3.952 2457218.287 0.6205 7.8771 1.416 0.159 11.309 1 OK
212705192 -08:07:48.94 12.2 0.43 2.268 2457219.619 0.4633 6.8064 1.515 0.073 5.478 1 OK
212712473 -07:57:07.67 1.34 7.264 2457217.793 0.3232 5.6852 3.068 0.101 2.093
212735333 -07:22:26.41 12.16 0.4 8.358 2457218.187 0.0515 2.2698 3.214 0.241 1.943 1 OK
212737443 -07:19:05.32 0.66 13.603 2457221.355 0.1212 3.481 2.76 5.457
212756297 -06:48:14.42 13.42 0.73 1.337 2457218.11 3.1165 17.6536 1.507 0.641 1.538 Quatar-2b
212757601 -06:46:09.78 0.58 1.018 2457218.013 0.9794 9.8964 1.322 0 3.774
212772113 -06:21:24.67 14.02 0.58 8.953 2457223.806 0.1178 3.4324 0.812 0.124 137.771
212782836 -06:02:29.74 11.49 0.44 7.125 2457222.12 0.0153 1.2382 2.814 0.092 2.667
212796016 -05:39:48.11 14.85 0.81 3.216 2457217.935 0.0308 1.754 1.343 0 11.218
212803289 -05:26:32.88 11.15 0.3 18.25 2457233.823 0.1776 4.2143 10.868 0.343 0.1 3 K ~ 50 £ 28m/s
212813907 -05:06:21.87 14.3 0.56 6.725 2457221.836 0.2425 4.9246 0.921 0.156 69.908
212828909 -04:36:36.82 12.46 0.5 2.85 2457218.558 0.025 1.5815 1.33 0.132 9.965 1 OK
Table A.3: Full list of our vetted multiple system candidates. EPIC 212012119 is in C5,
while the remaining objects are all from C6.
EPIC RA Dec v J-K Period Epoch Depth rp/Tx Duration Impact Density TRES Comments
(mag) (mag) (days) (BJD) (%) (%) (hours) Parameter (gcm—3) (n)
212012119 b 08:48:40.775 +20:27:18.27 12.063 0.615 3.281 2457142.135 0.077 2.78 1.790 0 4.835 1
c 8.438 2457142.495 0.084 2.90 2.029 0.266 7.643
212393193 b 14:02:11.279 -15:04:10.34 11.92 0.32 14.452 2457219.472 0.0331 1.82 2.958 0 4.711 1
c 36.152 2457236.741 0.0331 1.83 5.317 0.001 2.029
212703473 b 13:24:56.770 -08:10:18.26 10.97 0.39 6.788 2457222.73 0.0204 1.4299 2.784 0.097 2.622 1 HJ Candidate
c 18.516 2457221.169 0.03 1.73 2.62 0.323 7.362
212768333 b 13:15:22.515 -06:27:53.59 10.97 0.51 3.359 2457218.397 0.018 1.33 1.420 0.054 9.866 1 Low SNR
c 7.450 2457221.023 0.0681 2.61 2.610 0.003 3.539 Clear
d 17.043 2457221.61 0.1737 4.1673 2.581 0.066 8.305 Clear
212779596 b 13:55:36.409 -06:08:10.12 12.29 0.65 3.225 2457218.739 0.058 2.41 1.827 0.020 4.469 1
c 7.374 2457222.93 0.1431 3.7832 2.316 0.13 4.887
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