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Abstract

The transit method of detecting extrasolar planets relies on the small periodic
changes in the brightness of the planet’s host star as the planet orbits between
the observer and the star. Transiting planets are extremely useful discoveries due to
the significant gain in information that can be obtained on the planet and its host
star than extrasolar planets discovered with other methods. The field of transiting
planets has matured rapidly in the last 5 years, particularly in the area of wide-field
surveys. This thesis describes the results of two such surveys.

The Vulcan South Antarctic Planet Finder was designed to exploit the conditions
at the South Pole, which are ideal for a transit survey. Several hardware failures
resulted in the acquisition of only a small amount of corrupted data on a single field.

The University of New South Wales Extrasolar Planet Search is an ongoing transit
survey using the 0.5-m Automated Patrol Telescope at Siding Spring Observatory,
Australia. 25 fields were observed for 1-4 months each between 2004 October and
2007 May. Light curves were constructed for ~ 87,000 stars down to I = 14" mag-
nitude, and from these 23 planet candidates were identified. Ten candidates were
eliminated using higher spatial resolution archived images and online catalogue data.
Eight were followed up with higher spatial resolution imaging and/or medium res- -
olution spectroscopy and were determined to be eclipsing binaries. Five candidates
remain that require additional observation to determine their nature. No planets
have been confirmed in this data set thus far.

The large sets of high precision light curves generated by transit surveys hold
significant potential for additional data-mining. To demonstrate this, a variable star
catalogue was compiled from the full data set. A total of 850 variable stars were
identified, with 659 new discoveries. In the course of compiling this catalogue, the
first example of a high-amplitude § Scuti star in an eclipsing binary was identified.
This represented the first opportunity for a dynamical mass measurement of a high-

amplitude & Scuti star, and the system was studied comprehensively.
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Preface

This thesis contains the standard use of the first person plural. However, besides
the major contributions from my collaborators listed below and additional minor
contributions acknowledged throughout the thesis, the work presented herein is my
own. Where the results of this work have been published is also detailed below.

Section 2-1 of Chapter 2 is based on the Christiansen et al. (2006) conference
proceedings.

Chapter 3 describes the University of New South Wales Extrasolar Planet Search,
as conducted from 2004 October to 2007 May. The survey proper was initiated in
2001 and Marton Hidas has written a comprehensive thesis on the establishment
of the survey procedures, including a thorough investigation of the many factors
contributing to the photometric precision, and the experimentation which led to
the adoption of aperture photometry. By late 2004, most of the survey structure
described in Chapter 3, including the complete data reduction pipeline, was already
in place and the candidate wishes to acknowledge Marton’s contribution and refer
the interested reader to his thesis.

Chapter 6 is comprised of a paper submitted to the Monthly Notices of the Royal
Astronomical Society in 2007 December. The paper is included in its entirety, ex-
cept where text and tables presented elsewhere in the thesis are removed where
indicated to avoid repetition. The catalogue of variable stars was extracted from
the full data set of light curves, cross-identified with existing catalogues, and as-
signed preliminary periods and classifications by the candidate. The periods were
refined and classifications confirmed by Aliz Derekas. The subset of binaries poten-
tially containing low-mass components was defined by the candidate, and the three
subsets of potential low mass-ratio binaries, binaries containing pre-main-sequence
components and RR Lyrae stars exhibiting the Blazhko-effect were defined by Aliz
Derekas and Laszlo Kiss. Martin Thompson and the candidate worked together to
convert the data to a Virtual Observatory-compliant format.

The first part of Chapter 7 is comprised of a paper in its entirety published in
the Monthly Notices of the Royal Astronomical Society (Christiansen et al. 2007).
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The direction of this paper was developed in close collaboration with Aliz Derekas
and Laszlo Kiss. Michael Ashley and John Webb contributed valuable suggestions
during the analysis and writing stages. All of the observing, data reduction and
analysis in this paper was performed by the candidate except in the following cases:
(1) The original observations over 29 nights on the Automated Patrol Telescope were
performed by the five rostered observers—the candidate, Michael Ashley, Marton
Hidas, John Webb and Duane Hamacher—as part of the University of New South
Wales Extrasolar Planet Search.

(2) The data obtained from the 40-inch telescope as part of the follow up were
observed by Duane Hamacher and reduced by the candidate.

The second part of Chapter 7 is comprised of supplementary data and additional

explanations of the techniques and programs used in the paper.



Chapter 1

Introduction

1-1 Extrasolar planets

There are countless suns and countless earths all rotating around their suns
in exactly the same way as the seven planets of our system. We see only
the suns because they are the largest bodies and are luminous, but their
planets remain invisible to us because they are smaller and non-luminous.
The countless worlds in the universe are no worse and no less inhabited than

our Earth. —Gliordano Bruno, 158/

Prior to 1992, the possibility of planets orbiting around other stars was merely
conjecture. In the four hundred years since the time of Italian philosopher Giordano
Bruno, the idea had at least evolved from heretical speculation to a well-accepted
hypothesis, but there remained no proof, no confirmed detections of such a phe-
nomenon. It was not known whether the formation of the planets in our Solar
System was a rare occurrence, or in fact quite common. However, the search for
these extrasolar planets motivated the development of new observing techniques and
algorithms to overcome the difficulties inherent in their detection, succinctly stated
by Bruno. As a result, since the first extrasolar planetary system was confirmed in
1992, discoveries have been accumulating at an increasing rate for the last 15 years;

the total now stands at over 260 extrasolar planets'. These discoveries have painted

1968 as of 14 December, 2007. This total is increasing daily and the numbers presented in this
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a picture quite different to expectations, and progress in the field has been rapid

and exciting.

1-1.1 Definition

The International Astronomical Union formed a Working Group on Extrasolar Plan-
ets in 1999. Part of their charge was establishing the following definition of extrasolar

planets (Boss et al. 2007):

1. Objects with true masses below the limiting mass for thermonuclear
fusion of deuterium (currently calculated to be 13 Jupiter masses for objects
of solar metallicity) that orbit stars or stellar remnants are “planets” (no
matter how they formed). The minimum mass/size required for an extrasolar
object to be considered a planet should be the same as that used in the Solar
System?.

2. Sub-stellar objects with true masses above the limiting mass for ther-
monuclear fusion of deuterium are “brown dwarfs”, no matter how they
formed nor where they are located.

3. Free-floating objects in young star clusters with masses below the
limiting mass for thermonuclear fusion of deuterium are not “planets”, but

are “sub-brown dwarfs” (or whatever name is most appropriate).

This definition explicitly ignores the formation process for the bodies under
consideration—objects that are found orbiting at distances that would preclude
them from having formed in the protostellar disk are named planets, but objects
that were formed in a protostellar disk and later ejected are not. It also results in
the scenario of two identical objects in different locations having different titles, as

in the case of the free-floating “sub-brown dwarfs” that were originally “planets”.
g y

thesis will become rapidly out of date; the most recent totals are available on-line at The Extrasolar

Planets Encyclopedia: http://exoplanet.eu
2This minimum mass was determined at the 2006 International Astronomical Union General

Assembly in Prague to be the smallest mass for which self-gravity could overcome the rigid body

forces and force the body into hydrostatic equilibrium, having a nearly round shape.
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A thorough discussion of the formation and evolution of planetary systems is be-
yond the scope of this work, however the interested reader is directed to Klahr et al.
(2006) for a comprehensive recent volume summarising our current understanding

of the fundamental processes.

1-1.2 Motivation for study

The original groundwork for theories describing planetary formation and evolution
was established with a sample size of one—our Solar System. These theories were
inevitably geared to replicate what we knew: the formation of small, rocky inner
planets and large, gaseous outer planets, existing in nearly circular, coplanar orbits.
However well these theories worked for reproducing the Solar System, their applica-
bility to other systems could not be assessed until these systems could be found and
characterised. Indeed, the first 268 extrasolar planets demonstrate distributions in
mass, orbital distance and eccentricity that were not predicted by previous theories

(see Section 1-3). This in turn has raised new questions regarding:

e formation scenarios for the surprising variety of system configurations dissimilar

to our Solar System,

e evolution and migration processes for systems where the observed configuration

is evidently not the original configuration, and
e distribution of extrasolar planets with stellar metallicity and mass.

In order to address these issues, we need to continue to characterise the population
of extrasolar planets that is accessible to discovery. The dependence of extrasolar
planets on the stellar parameters of mass and metallicity needs to be more fully
explored and explained. The variety of environments in which a planetary system
can form, such as in multiple star systems or in clusters, must be examined, and the
effect of the environment on the system parameters determined, if any. New regimes
of planetary size, mass and orbital distance will have to be explored to provide
more comprehensive tests of theoretical predictions, requiring further development

of detection techniques to continue probing the lower limits of detection.
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From a purely anthropic point of view, there is an additional area of interest
pertaining to the existence of Earth-like planets, particularly in habitable zones
around stars, i.e. where the surface temperature of the planet would sustain liquid
water. By characterising the population of extrasolar planets as comprehensively
as possible, we can better understand the frequency of Earth-like planets and the

orbits they might typically inhabit.

1-2 Methods for detection

The majority of the methods that are used to detect extrasolar planets rely on indi-
rect means, typically by measuring the effect the planet has on different properties
of its host star. The history, implementation, discoveries and myriad opportuni-
ties for further study offered by each method are fascinating, but would require
significant space to recount; for the methods that were not employed in this work,
only a summary is included here and readers are referred to a detailed review by

Perryman et al. (2005) and the sources cited below for additional information.

1-2.1 Pulsar timing variations

The first discovery of an extrasolar planetary system in 1992 was entirely serendip-
itous; the team was not searching for planets, but studying the millisecond radio
pulsar PSR1257+12. They found periodic departures in the pulse times-of-arrival
which could be fit by two periods of 66.6 and 98.2 days, and determined these to
have been caused by the reflex motion of the pulsar due to the orbital motion of
two planet-sized bodies with minimum masses of 3.4 Mg and 2.8 M3, orbiting at
0.47 AU and 0.36 AU respectively (Wolszczan & Frail 1992). This method can be
used to derive the planet’s orbital period, orbital distance, eccentricity, inclination
and mass (Konacki et al. 2003).

Due to the precision of the pulse times-of-arrival, this technique could poten-

tially be used to detect objects with masses smaller than the Moon (< 0.01 Mg)

31 Mg = 1 Earth mass = 0.0031 Mjyp
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(Wolszczan & Frail 1992; Perryman 2000). However, it has a limited applicability,
being restricted to a small number of objects. Additionally, these objects are in a
quite evolved phase, and thus the information that can be gleaned about the plane-
tary formation and distribution scenarios will be significantly different than for the
majority of planets that are found around main sequence stars. There are, however,
further studies being performed (Bryden et al. 2006), including the exotic possibility
of discovering quark planets around pulsars (Liu et al. 2007). The total number of
planets detected around pulsars currently stands at five, in three separate planetary

systems.

1-2.2 Radial velocity variations

The radial velocity method of detection relies on the Doppler effect on the spectral
lines of a star, produced by the reflex motion of the star due to orbiting planet/s. The
first success with this method was the discovery by Latham et al. (1989) of a large
(~ 10 Mjyp,) planet around a “normal” solar-type star (as compared to a pulsar),
which was later revealed to be a member of a wide binary system (Patience et al.
2002). The radial velocity method also led to the discovery of the first sub-Jupiter
mass planet by Mayor & Queloz (1995). It has been the most successful method
of detection by a considerable margin, having discovered ~ 95% of the extrasolar
planets known to date (O’Toole et al. 2007). This method returns the planet’s
orbital period, orbital distance, and eccentricity, but only a lower limit on the mass
(msini), due to a degeneracy with the inclination.

The radial velocity method requires very high precision spectroscopic measure-
ments in order to measure the small shifts in stellar spectral lines due to the presence
of orbiting planets. For example, the reflex motion of the Sun due to the orbit of

Jupiter is only 13 ms™.

When this accuracy was initially achieved, the obvious
selection bias that the largest planets in the closest orbits would create the largest,
and most easily detectable, radial velocity variations, uncovered an unexpected new
population of extrasolar planets—Jupiter-sized gas giants orbiting their host stars

at distances closer than Mercury’s orbit in our own Solar System (< 0.1 AU). These
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have been coined “hot Jupiters” due to their inferred surface temperature and size.

As the achievable spectroscopic precision of teams dedicated to radial velocity
surveys (for instance the HARPS planet search (Bonfils et al. 2007) and the Carnegie
& California Planet Search (O’Toole et al. 2007; Wright et al. 2007)) has continued
to improve down to a level of ~ 1 — 3 m s7!, the lower mass limit on detectable
planets has decreased to the point that the latest discoveries are now being coined
“super-Earths”, with masses down to 5 Mg (Udry et al. 2007). A total of nearly
2500 solar-type stars (FGKM dwarfs) have been observed by the various teams and

thus far over 250 planets have been detected, including 25 multiple-planet systems.

1-2.3 Gravitational lensing detections

Gravitational microlensing occurs when a foreground object, or “lens”, passes close
to or across the line of sight to a background illumination source. This gravitational
lens acts in the same way as an optical lens, bending the light from the background
source and creating a well-known symmetric light curve profile in time series pho-
tometry. If the foreground object is in fact a double lens, composed of a star and
a planet, the light curve profile will display characteristic differences. This method
can be used to detect planets in the mass range of gas giants (with profile devi-
ations on the order of a few days) down to terrestrial-mass planets (a few hours)
(Bennett & Rhie 1996) and possibly below (Beaulieu et al. 2006). From the light
curve profile, the mass ratio and separation of the two objects in the lens can be
determined. Assuming a main sequence primary, the mass of the planetary com-
panion and the orbital period can be inferred. The first detection was made in 2004

(Bond et al. 2004), and a total of four planets have been detected with this method.

1-2.4 Direct imaging

Direct imaging is, as the name suggests, a direct method for detecting extrasolar
planets. Imaging is made very difficult by the large dynamic range between the
planet and its substantially brighter host star. However, by targeting fainter stars

(K dwarfs to brown dwarfs) with adaptive optics in the infrared, where gas giant
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planets emit a significant fraction of their radiation, this contrast can be reduced
to the point where large planets (> 5 Mj,,) at wide separations (>5 AU) have
been detected. The mass of the planet can be inferred from its infrared colours.
The projected separation between the planet and host star is directly measured.
The first detection was obtained by Chauvin et al. (2004), who imaged a small red
object ~ 55 AU from a ~ 25 Mj,, brown dwarf, deriving a mass of 5 + 2 Mjyp.
Four planets have been detected via direct imaging in total, although the three more
recent discoveries are borderline planet/brown dwarf candidates (Neuh#user et al.
2005; Chauvin et al. 2005; Biller et al. 2006).

Direct imaging is also the focus of several planned space missions, using two dif-
ferent approaches to reduce the contrast between the planet and host star. NASA’s
Terrestrial Planet Finder Coronagraph will mask out the light from the host star and
the diffracted light from the edges of the telescope (Traub et al. 2006). The second
instrument in NASA’s complementary suite of space observatories, the Terrestrial
Planet Finder Interferometer, will combine light from multiple telescopes to null the
light from the host star (Beichman et al. 2006). The European Space Agency has a
similar interferometry space mission for direct imaging of extrasolar planets called
Darwin (Kaltenegger & Fridlund 2005). All three missions are expected to be able

to obtain images of Earth-like planets.

1-2.5 Astrometric variations

Astrometry involves precise determinations of stellar positions on the sky. The as-
trometry method of planet detection involves detecting the periodic movements or
“wobbles” in a star’s position on the sky due to the orbital motion of planet/s
orbiting in or near the plane perpendicular to the line of sight. Radio astrome-
try can achieve better than 100 microarcsecond accuracy in positioning, which is
sufficient to detect planets of mass ~ 1 Mj,, at 1 AU in orbit around low-mass
stars (Bower et al. 2007). In conjunction with spectroscopic measurements to de-
termine the parameters of the host star, this method can be used to determine the

planet’s orbital period, orbital distance, and eccentricity. As for the radial velocity
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method, only a lower limit on the mass (msini) can be obtained, due to a degeneracy
with the inclination. However, if radial velocity and astrometric variations can be
fitted simultaneously, the inclination and thus the mass of the companion can be
determined (Benedict et al. 2002; Bean et al. 2007), making the measurement of as-
trometric variations extremely useful for extrasolar planets detected with the radial
velocity method. Detection of astrometric variations has not produced confirmed
discoveries of any extrasolar planets as yet, however, several groups are concentrat-
ing their efforts on overcoming the current challenges and improving the achievable

astrometric accuracy (Bower et al. 2007; Lanza et al. 2008).

1-2.6 Transit detections

The transit detection method is the technique employed by the two surveys that
are the subject of this work. For extrasolar planets in randomly inclined orbits, the
probability that they will transit in front of their host stars is governed by the ratio
of the stellar radius to the semi-major axis of the orbit of the planet. In our solar
system, this probability on the order of 1% for Jupiter; for hot Jupiters with much
shorter periods and therefore smaller orbits, this probability can be as high as 17%
(Bouchy et al. 2004). For gas giants, the transits cause a periodic dimming in the
total brightness of the star of up to a few per cent, depending on the relative sizes of
the host star and transiting body. The resultant characteristic light curve shape is
shown in Figure 1.1, and high precision time series photometry is required to detect

these shallow transits.

The transit method was first suggested by Rosenblatt (1971), and later refined by
Borucki & Summers (1984) and Borucki et al. (1995). The first transiting planet,
HD 209458 b, was discovered in 1999 (Henry et al. 2000; Charbonneau et al. 2000),
and there are currently 34 known transiting planets, with no multiple-planet systems

detected to date.



1-2. Methods for detection 9
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Figure 1.1. A simplified characteristic light curve of a transiting extrasolar planet.
The numbers 1-4 indicate the points of first, second, third and fourth contact between
the projected surfaces of the planet and the host star. Limb darkening effects have been

neglected; these produce a slightly more rounded bottom to the transit that is deepest in

the centre.
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1-2.6.1 Advantages of the transit technique

As a result of the dual requirements of the planetary orbit having a favourable geo-
metric alignment requirement, and of observing the planet during the small fraction
of time in each orbit when it is transiting its host star, there is a lower probability of
detecting any given planet with the transit method than the radial velocity method.
However, one can use large-format CCDs and telescopes with a wide field of view
to monitor tens of thousands of stars simultaneously, which swings the probability
back in favour of the transit method. Moreover, these instruments can be quite
small (~ 10-20 cm) and constructed from relatively inexpensive commercially avail-
able hardware (Alonso et al. 2004; Pollacco et al. 2006). The telescopes can also be
dedicated solely to planet detection, in contrast to the methods previously described
which must typically compete for time allocation on facilities at the national or in-
ternational level. The motivation for performing transit surveys is the significant
gain in information about extrasolar planets that can be gained by identifying and

investigating transiting planets.

The transit method can be used to find the planet’s orbital period, orbital dis-
tance, inclination and radius, and in conjunction with radial velocity measurements
can be used to break the msini degeneracy to return the true mass and a measure
of the mean density of the planet. Transiting planets are the only planets for which
the values for mass, radius and mean density can be accurately derived. These
are extremely important constraints for testing models of planetary composition
and structure. Analysing the density of known transiting planets reveals a large
range of possibilities, from values considerably less dense than can be theoretically
reproduced, to planets with large dense cores and possible icy mantles (see Sec-
tion 1-3.2.4). For ground-based transit surveys, the current lower limit on size is
~ 0.4 Ryyp, however with the launch of the COROT satellite (Costes et al. 2004;
Aigrain et al. 2007) and the planned space mission Kepler (Jenkins et al. 2007) the

aim is to observe Earth-sized rocky planets in transit in the near future.

Transiting planets also offer extensive scope for further investigations. These

include:
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e examining the composition of the atmosphere of the planet, using high pre-
cision transmission spectroscopy during the transit (Charbonneau et al. 2002),

including the evaporating atmospheres of hot Jupiters (Vidal-Madjar et al. 2003,
2004),

e directly measuring the infrared emission from the planets with the infrared space

telescope Spitzer, by detecting secondary eclipses (Charbonneau et al. 2005),

e obtaining higher precision light curves of the planet during the transit to search

for signs of moons (Doyle & Deeg 2004) or rings (Barnes & Fortney 2004),

e monitoring the host star for transits of additional planets, as there is a significant
probability that if there are multiple planets in the system their orbits will be
coplanar; this can be extended to search for terrestrial planets that may be found

in the habitable zones outwards in orbit of hot Jupiters (Raymond et al. 2004),

e using long-term observations to infer the presence of additional planets in the
system down to Earth-mass planets due to transit timing variations (Agol et al.

2005; Holman & Murray 2005),

e observing the Rossiter-McLaughlin effect (described in Section 7-8) to examine
the alignment of the orbital and spin axes of the planet, which can in turn

constrain the possible formation and evolution scenarios (Winn et al. 2007), and

e amassing a large data set of high precision light curves, which can be explored
for a wealth of secondary science, including microlensing events, variable stars

and eclipsing binary systems with low-mass components.

Transit surveys can also be tailored to investigate specific environments, including
open clusters (von Braun et al. 2005; Mochejska et al. 2005; Hartman et al. 2007),
globular clusters (Weldrake et al. 2005, 2007) and the Galactic bulge (Sahu et al.
2006; Gould et al. 2006). By constraining the survey target parameters, such as

age and metallicty, to within a certain range, more rigorous investigations of the
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dependence of the frequency of extrasolar planets on these parameters can be un-
dertaken. In contrast, radial velocity surveys are presently volume-limited to the

solar neighbourhood (~ 200 pc).

1-2.6.2 Disadvantages of the transit technique

The primary disadvantage of transit surveys is the variety and frequency of astro-
physical and instrumental signals that can mimic a planetary transit event. The
instrumental false positives are discussed further in Section 1-2.6.5; here we concen-
trate on the astrophysical false positives. The wide range of stellar systems that
most commonly display periodic, shallow transits were classified by Brown (2003)

as:

e MPU: a transiting planet system, composed of a main sequence primary star

and a planetary companion, observed with an unblended light curve,

e MSU: an eclipsing binary, composed of a main sequence primary star and a main

sequence secondary star, observed with an unblended light curve,

e MSDF: a blended eclipsing binary, composed of a main sequence primary star
and a main sequence secondary star, observed with the light curve diluted by a

foreground object,

e MSDT: a blended eclipsing binary, as for MSDF, but observed with the light

curve diluted by a bound triple star, and

e GSU: an eclipsing binary, composed of a giant primary star and a main sequence

secondary star, with an unblended light curve.

With simulations, Brown (2003) showed that ratio of astrophysical false positives
to real planets was about 10 to 1, with MSU systems being the primary source of
imposters. This was confirmed observationally by Pont et al. (2005), who found
that transits by planet-sized dwarfs at the bottom of the main sequence formed the

majority of the false positives.
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Although several techniques for rejecting the false positives have been developed
(Seager & Mallén-Ornelas 2003; Tingley 2004; Hoekstra et al. 2005), the precision
with which transit surveys can typically parametrize transit light curves is insuffi-
cient for a rigorous analysis, and even with careful pre-selection the lowest ratio of
false positives to real planets that has been achieved is 5 to 1 (Collier Cameron et al.
2007b).

The implication of this high false positive rate is that many good quality transit
candidates must be obtained for the return of a few real transiting planets. Elim-
inating the false positives typically requires follow up observations on much larger
facilities (described further in Chapter 5), and the cost is expensive in terms of
instrument time and data analysis. However, the scientific return when a transit-
ing planet is identified is sufficient to justify weeding through the plethora of false
positives, and as the achievable precision of transit surveys increases, our ability to

reduce this number will also improve.

1-2.6.3 The different strategies employed for transit searches

Horne (2003) showed that the predicted planet catch from a transit survey scales
with the survey volume 62d%/2, where 62 is the solid angle (or field of view of the
telescope) out to a distance of d. The implication of this dependence is that 10-cm
telescopes with wide fields of view can compete with 4-m telescopes with narrow
fields of view, albeit observing different targets. Horne (2003) also provided a sum-
mary of the transit surveys that were operational or in planning stages at the time*
which fall into two general categories: surveys that used dedicated small aperture
telescopes or networks of telescopes (< 50-cm) and had wide fields of view (> 1
square degree); or surveys that were awarded blocks of time on larger aperture tele-
scopes (> 1-m) and had significantly smaller fields of view (typically < 0.6 square
degrees). |

The Optical Gravitational Lensing Experiment (OGLE) is the survey from the

4An updated version of this table can be found at

http://star-www.st-and.ac.uk/ kdhi/transits/table.html
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latter category that has achieved significant success, having discovered 6 transiting
planets. The survey uses a 1.3-m telescope imaging a 0.59 deg® field of view and
probing a depth of ~ 3500 pc, significantly further than the 300-700 pc reached by
the smaller aperture surveys (Pont & Bouchy 2006). However, the disadvantage of
such a deep survey is that the faintness of the targets (V ~ 15 — 18) restricts the
possibilities for follow-up investigations with other instruments (see Section 1-2.6.1).
For example, atmospheric spectroscopy requires brighter targets than this.

The two surveys that are the focus of this work have smaller apertures and larger
fields of view, targeting the brighter stars that offer the largest scope for further
investigations. The remainder of this section will focus on the expectations, issues

and discoveries pertaining to wide-field surveys.

1-2.6.4 Predictions and initial results for wide-field surveys

The first planet that was identified as transiting its host star, HD 209458 b, had been
previously identified with radial velocity measurements. The transits were detected
with a 10-cm telescope as part of the STARE wide-field survey for transiting planets
(Charbonneau et al. 2000). The transits of HD 209458 b were 1.6% deep, and the
relative ease with which they were detected led to a optimistic wave of wide-field
transit surveys being established, without due consideration for the difficulties in-
herent in producing high precision photometry over wide fields of view (Bakos et al.
2004).

After the success of HD 209458 b, the initial results were disappointing. Brown
(2003) used the abundance of hot Jupiters derived from radial velocity surveys to
calculate an expected frequency of 0.4 transiting planets for every 10,000 stars, with
realistic stellar population models and distributions to take into account the blending
and dilution of the transit signal by additional sources close to the line of sight. This
analysis demonstrated that part of the difficulty arose in acquiring photometry on
a sufficient number of solar- and late-type main sequence stars, found in largest
numbers towards the Galactic plane, without introducing a prohibitive degree of

blending with background sources.
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However, although the ingredients for the predictions seemed well-constrained,
wide-field surveys were not producing confirmed detections of extrasolar planets
(Latham 2003; Bakos et al. 2004; Kane et al. 2005), and by 2003 HD 209458 b re-
mained the only transiting planet to have been detected. Finally the first discovery
of a transiting extrasolar planet in a wide field survey was made in 2004 by the Trans-
Atlantic Exoplanet Survey (TrES) Network of 10-cm telescopes (Alonso et al. 2004),
but this discovery stood anomalously alone. Eventually attention turned to the final
ingredient in the predictions—the detection threshold above which transiting plan-
ets were expected to be detected—and the next significant burst of progress in the

field was made.

1-2.6.5 Recognising systematics and subsequent success

The initial predictions for transit survey yields (Horne 2003; Brown 2003) were based
on the premise that sky noise. a predominately white noise source (having approx-
imately equal power across all frequencies), was the noise limit. When calculating
the strength of a signal (such as a transit signal) in the presence of white noise, the
errors on each data point are assumed to be uncorrelated. For a transit depth d,

the significance Sy of a detection can be expressed as:

d
—n

]

N

Sy = (1.1)

where ¢y is the individual measurement uncertainty, which is assumed to be the
same for all measurements, and n is the number of in-transit data points (Pont et al.
2006). In order to generate the planet catch predictions, transiting light curves with
detection statistics above some level of significance (typically Sy > 10) were assumed
to be detected.

However, in practice, the noise in high precision time series photometry was found
to have a significant low frequency component, known as red noise. The resulting
noise in the light curve is therefore a superposition of white noise and red noise (also
known as pink noise). These three colours of noise are demonstrated in Figure 1.2,

reproduced from Pont et al. (2006). The top panel shows purely white noise, the
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Figure 1.2. Comparison of white, red and pink noise, from Pont et al. (2006), fig. 2.
The top panel is purely white noise, the middle panel is purely red noise, and the bottom

panel shows pink noise, a combination of the two. The dispersion is the same in each case.

middle panel shows purely red noise, and the bottom panel shows a combination
of the two. Each panel has the same dispersion (the average distance of each data
point from the mean of all data points is the same in each case) ; only the frequency
of the noise is changed. The implication of this is that errors on each data point are
not uncorrelated and in fact are covariant. In the literature, this additional source
of noise has been referred to as red noise, covariant noise, and due to the fact that
it effects many stars across wide fields of view in a similar manner, systematic noise

or just systematics. In this work we will use the latter terminology.

There have been many sources suggested to explain the presence of systemat-

ics in the light curves, including: colour-dependent airmass variations, changing
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atmospheric conditions on scales smaller than the field of view, telescope tracking
errors, flat-field errors, and focus changes. These can often vary on timescales of
a few hours, similar to the duration of a typical transit signal. Several of these
possibilities are discussed further in Section 4-3.

Pont et al. (2005) showed that systematics were the dominant obstacle to detect-
ing transits in brighter stars, and that there was a minimum, or “floor”, level of
noise that could be reached in the presence of systematics, regardless of the individ-
ual photometric errors. This minimum noise level, in conjunction with correlated
errors, affects the detection threshold above which transiting planets can be found.
If adjacent data points are correlated, increasing the number of points observed in-
transit will obviously not increase the detection statistic S; to the same extent as if
the data points were uncorrelated. The real detection threshold may be up to twice
as high in the presence of systematics (Pont et al. 2005).

In order to compensate for the effects of systematics on the detection thresh-
old, the number of in-transit data points must be increased, requiring a signif-
icantly longer observing baseline than was originally deemed necessary. Brown
(2003) used 38 nights for their simulations, which contained no systematics, and
Mallén-Ornelas et al. (2003) found that merely 20 nights of observations on each field
would be the optimum length of time for maximising the planet catch. Smith et al.
(2006) re-calculated the predictions of Brown (2003), this time including the effects
of systematics, and found that in order to reproduce the detection rate of 0.4 plan-
ets in 10,000 stars, the observing baseline needed to be increased from 38 nights to
80-130 nights.

Another response to the presence of systematics was the development of several
algorithms for post-processing of the light curves, to remove the systematics as much
as possible after the fact. These algorithms are discussed in detail in Sections 4-3.3

and 8-2.1; in brief they are:

e the trend-filtering algorithm of Kovécs et al. (2005): each light curve is recon-
structed from linear combinations of a randomly selected template set of light

curves, and the reconstruction subtracted from the original light curve; any sys-
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Table 1.1. A summary of the characteristics of successful wide-field surveys. For each
survey, the number and diameter of the telescopes used, the size of the fields of view,
the spatial resolution, the faint magnitude limit and the number of planets detected is
given. %Pollacco et al. (2006); *Bakos et al. (2004); “Alonso et al. (2004); “McCullough
et al. (2005). TThese experiments have instruments spaced longitudinally to increase the

continuous phase coverage.

Survey No. Size Field Resolution Magnitude limit Planets

(cm) (square deg) (" pixel™!)

SuperWASP? 8 20 482 13.7 V <115 5
HATnet?f 6 11 67 14 I<12 6
TrES®! 3 10 36 11 V <12 4
X04 2 20 49 25 V<12 3

tematics that are common to the target light curve and the template subset
are removed, and any signals unique to the target light curve that cannot be

reproduced with the template subset remain behind, and

e the systematic removal algorithm (SYSREM) of Tamuz et al. (2005): the residu-
als in each light curve are solved for ensemble linear trends that are subsequently

removed; the process is repeated for a user-specific number of iterations.

With the evolution in observing strategies to compensate for the systematics,
and the implementation of algorithms to reduce their effects in the post-processing
stage, wide-field surveys finally began to produce discoveries of transiting planets;
5 discoveries were made in 2006, and a further 12 discoveries thus far in 2007. The
parameters of the surveys that have successfully detected planets are given in Table
1.1. The gross physical characteristics of the transiting planets and host stars are

discussed in the next section.

1-3 The emerging picture of extrasolar planets

Now that the number of known extrasolar planets has reached over 260, inferences

about the statistical properties of the planets and planet host stars can begin to
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take shape. Although the selection effects of the different detection methods will
remain a significant influence on the results, the parameter space for both planet and
host star properties is rapidly expanding. The majority of the conclusions drawn
below are based on the ~ 2500 or so FGKM dwarfs that have been studied by
radial velocity surveys, around which over 250 planets have been found, including

34 transiting planets.

1-3.1 Planet frequency

For the subset of FGKM dwarfs observed by the California & Carnegie Planet
Search, Marcy et al. (2005b) found that 1.2% harboured hot Jupiters in close orbits
(< 0.1 AU) and that 6.6% were orbited by gas giants within 5 AU. Using a flat
extrapolation beyond 5 AU, they predicted that 12% of solar-type stars would host
gas giants out to 20 AU, beyond which the protostellar disc density is thought to
be too low to support the formation of Jupiter-mass planets. Patel et al. (2007)
found for the same sample that an additional 6% of stars displayed long-period
(> 10 years) curvature in their radial velocity signatures that was indicative of
low-mass companion/s orbiting at wider separations.

Using Monte Carlo simulations to account for survey completeness, Naef et al.
(2005) estimated from the ELODIE radial velocity search results that 0.740.5% of
stars would be orbited by planets > 0.5 M}, in close orbits and 7.3+1.5% by planets
within 5 AU, in good agreement with the Marcy et al. (2005b) findings.

Of the planetary systems that have been detected, 25 (~ 10%) are multi-planetary
systems, with well-defined masses and orbits. Nine of these systems show mean-
motion resonances between the orbiting planets, typically a 2:1 resonance, (e.g.
Gliese 876 (Laughlin et al. 2005), HD 128311 (Sandor & Kley 2006)). This indicates
that the planets have migrated into their current traps from their original orbits,
further constraining migration theory and models. The observed fraction of multi-
planet systems represents a lower limit on the true fraction, and is a function of the
current sensitivity of the detection methods.

Extrasolar planets have also been found orbiting in multiple-star systems. In
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fact, over 30 of the 268 known planets are orbiting one of the members of a double-
or multiple-star system (Udry & Santos 2007). Although gravitational collapse and
core accretion theories predicted that planet formation would be unlikely in binaries
separated by less than 50 AU (Nelson 2000), several planets have been found in close
binary systems separated by < 20 AU (Udry & Santos 2007).

1-3.2 Planet properties
1-3.2.1 Orbits and periods

Figure 1.3 shows the distribution of extrasolar planet semi-major axes out to 10 AU
(updated from Butler et al. (2006), fig. 7). Beyond 3 AU the coverage by radial
velocity surveys is incomplete, however from 0.3-3.0 AU there is a marked increase
in the distribution of orbital distances.

There is a pile-up of planets around 0.05 AU, where for FGKM dwarfs hot Jupiters
are typically orbiting with periods of ~ 3 days. As previously mentioned, the pres-
ence of gas giant planets in such short-period orbits was unexpected, and caused
significant upheaval in planetary formation and migration theories. The previous
assumption was that these planets, which would have to form at significantly larger
distances from the host star in order to acquire such a significant mass, would con-
tinue to orbit at the distance at which they were formed. The excess of planets
in 3 day orbits indicates that either the processes mediating the planetary migra-
tion cease at this proximity to the host star, or the braking mechanism slowing the
planet’s descent into the star stops at this point (Butler et al. 2006).

One of the outcomes of the eventual success of the transit surveys was the discov-
ery of another population of hot Jupiters in even shorter (~ 1 day) orbits, coined
“very hot Jupiters”. This is undoubtedly due to the selection bias of the partic-
ular detection method—shorter periods mean smaller semi-major axes, increasing
the probability that a planet will transit, and will also result in a higher number of
transits being observed. This result was still surprising, however, as radial velocity
surveys are also more sensitive to shorter periods, and had placed a lower limit of

~ 2.5 d on hot Jupiter orbital periods (Udry et al. 2007). As radial velocity survey
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completeness has increased, planets with periods from 2-3 days have been detected
and it appears there is no underlying discrepancy between the distribution of peri-
ods in this range detected by transit and radial velocity surveys (O’Donovan et al.
2007). Taking the relative selection biases of the detection methods into account,
Gaudi et al. (2005) determined that very hot Jupiters are 10-20% as frequent as hot
Jupiters.

There is, however, an apparent real dearth of orbits in the range ~ 0.02—0.03 AU,
which has remained consistent as the total numbers of detected planets have in-

creased.

1-3.2.2 Eccentricities

Another unexpected result from radial velocity surveys is the large range in eccen-
tricities that has emerged. Prior to 1995, the paradigm for gas giant planets was that
they would be found in predominately circular orbits. For planets within 0.1 AU
this is nearly always true, due to tidal circularisation, however beyond 0.3 AU there
is an even distribution between 0 < e < 0.8 (see, for example, fig. 10 of Butler et al.
(2006)). With non-circular orbits comprising the majority of eccentricities out to
3 AU, planetary evolution theories typically invoke perturbative processes such as
the gravitational interaction of planet/esimals (Chatterjee et al. 2007; Ford & Rasio
2007) or the mean-motion resonance of bodies with periods that are integer multiples
of each other (Thommes et al. 2007) to explain the distribution. The implications of
gas giants in close-in eccentric orbits for terrestrial planets in habitable zones include
the possibility of induced eccentricities (Adams & Laughlin 2006), jeopardising the

annual stability of liquid water.

1-3.2.3 Planet mass distribution

The majority of the extrasolar planets found to date are gas giants, with masses
of the order of Jupiter’s mass. However, in the last few years lighter, potentially
rocky, planets have been found (Udry et al. 2006, 2007), and there are now over 20
planets detected with Neptune-range (~ 0.05-0.1 Mj,,) masses. Figure 1.4 shows
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the distribution of minimum masses. updated from Butler et al. (2006). fig. 6. The
distribution can be fit approximately with the power law d\/dM x M~118 with
the number of planets > 3 1, falling off rapidly with increasing mass. Since the
observational selection bias is towards heavier planets. this effect will be magni-
fied as the radial velocity survevs continue to probe lower planetary mass regimes
(Butler et al. 2006).

This bias also provides evidence for the “brown dwarf desert™. a paucity of sub-
stellar companions with masses from 13-80 Mjy,,. where the bimodal distributions
of planet and stellar masses meet (Grether & Lineweaver 2006). This suggests the
possibility that the planetary and stellar svstems are formed via different physical
mechanisms.

A naive extrapolation of the historical rate at which the lower limit on planet
masses (see fig. 1 of Udry & Santos (2007)). leads us to expect detections of Earth-

mass planets by 2010.

1-3.2.4 Density and composition

Due to the increase in the number of known transiting planets. the mean densities
and inferred compositions of extrasolar planets can begin to be explored. These re-
sults have also challenged theoretical predictions. with several planets having larger
radii. and correspondingly lower densities. than could be accounted for in earlier
models (e.g. HD 209458 b (Charbonneau et al. 2000) and TrES-4 (Mandushev et al.
2007)). At the other extreme. high density planets with larger cores (such as
HD 149026 b (Sato et al. 2005) and the example of Gliese 436 b. detailed below)
have begun to broach the gas giant/icy planet divide (Gillon et al. 2007).

The Neptune-mass planet Gliese 436 b was recently discovered to be transiting.
and was found to have a density of 1.7 gcm~3 (Gillon et al. 2007). This suggests a
iron/silicate core, a water ice envelope. and a significant atmosphere of H and He
(Gillon et al. 2007), although the relative radii of each component is not well con-
strained (Adams et al. 2007). Determining densities and compositions of extrasolar

planets also helps to constrain models of migration and evolution: using the same
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Figure 1.4. Distribution of extrasolar planet minimum, updated from Butler et al.

(2006), fig. 6.
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example, the presence of a substantial amount of water ice in Gliese 436 b, which
1s orbiting at a distance of 0.03 AU, indicates that this planet must have formed
beyond the “snow line” of the protoplanetary disc, where water can condense, and

then migrated to its current location (Gillon et al. 2007b).

1-3.3 Stellar host properties
1-3.3.1 Stellar mass

As radial velocity surveys widen the stellar mass range of their target stars, the
emerging trend is for hot Jupiters to be more common around heavier stars, with a
frequency of ~ 8% for 1.5-2.5 M stars (Johnson et al. 2007), ~ 6% for solar-type
stars ~ 1 M (Marcy et al. 2005b), and < 2% for 0.1-0.6 M M dwarfs (Bonfils et al.
2007). Additionally. the planets that have been found orbiting low-mass stars are
of significantly lower mass on average (Bonfils et al. 2007), as predicted by core

accretion theory (e.g. Ida & Lin (2005)).

1-3.3.2 Stellar metallicity

The metallicity of the host star strongly influences the probability of the star host-
ing a gas giant planet: the more metal-rich the star, the higher the chances of
harbouring a Jupiter-mass planet (see for example fig. 9 of Udry & Santos (2007)).
An analysis by Fischer & Valenti (2005) showed that while only 3% of stars with
—0.5 < [Fe/H] < 0.0 host gas giants. they are found orbiting 25% of stars with
[Fe/H] > 0.3. This dependence has not been found for lower mass planets, where
the stellar metallicity distribution appears to be flat (Udry et al. 2006).

Although the numbers are small, there is a trend for planets with cores of higher

mass to be found orbiting more metal-rich stars (Burrows et al. 2007).

1-4 The Vulcan South Antarctic Planet Finder

Part I of this thesis focuses on the Vulcan South Antarctic Planet Finder. This

project was a wide-field transit survey based at the South Pole. It was a collabora-



26 Chapter 1. Introduction

tion between the NASA Ames Research Center, the SETI Institute, the Center for
Imaging Science at the Rochester Institute of Technology, and the University of New
South Wales, and represented the next step for the Vulcan wide-field transit survey
undertaken at the Lick Observatory in California (Borucki et al. 2001). Chapter
2 presents a justification of the choice of the South Pole, an ideal site for transit
surveys. The instrument design is described, and the proposed data handling pro-
cedures outlined. Several hardware problems curtailed the scientific output of the

Vulcan South project; these are discussed and several possible solutions proposed.

1-5 The University of New South Wales Extraso-

lar Planet Search

The University of New South Wales Extrasolar Planet Search is a wide-field tran-
sit survey that has been undertaken by the University of New South Wales since
2001. The survey uses the 0.5-m Automated Patrol Telescope (APT) owned by the
university and installed at Siding Spring Observatory, Australia, with a wide-field
CCD camera covering 2°x3°. A large-scale observing project was required to take
advantage of the robotic nature of the telescope, the southern observing site and
the large field of view. A number of wide-field transit surveys had been established
by 2001 (see table 3 of Horne (2003)) with small aperture telescopes (< 20 cm),
to complement the deeper surveys being undertaken with larger aperture telescopes
(> 1 m), and there was an obvious niche for a telescope of the order of size of the
APT. The advantage of being the largest clear aperture telescope in the wide-field
transit survey category could be exploited in one of two ways: either the same mag-
nitude range could be explored as the smaller aperture projects, with an increased
time sampling due to the increased collecting area; or a deeper magnitude limit could
be reached, allowing us to open up a new window in parameter space between the

shallow, wide-field surveys (V > 12) and the deep, narrow surveys (14 > V > 18).
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1-5.1 2001-2004

The commissioning, testing and initial results of the survey are comprehensively
described by Marton Hidas in his thesis entitled “A Search for Transiting Extraso-
lar Planets with the Automated Patrol Telescope”. The primary goal of this period
was to establish that the photometric precision required for detecting shallow planet
transits could be consistently achieved using the available hardware. This entailed
a complete characterisation of the potential sources of photometric noise, discussed
further in Section 3-2. A comparison of the two common techniques for produc-
ing high precision time series photometry—aperture photometry and point-spread
function (PSF) fitting—was performed on a subset of the initial data, and aperture
photometry was found to give the best results. As a result, a robust data reduction
pipeline based on aperture photometry was constructed, described in Section 3-3.

In order to verify that the required photometric precision was being achieved, the
known transiting planet host HD 209458 was observed during two predicted transit
times. The data were reduced using the aperture photometry pipeline and, with a
photometric precision of 3 mmag, clearly showed the two transit events. The data
are shown in Figure 1.5, reproduced from fig. 3.1 of the thesis described above. It
has been fit with the best model of Brown et al. (2001), with two additional models
indicating fits with + 10% of the planetary radius.

After this confirmation of the performance of the instrument and data reduction
pipeline, observations began on the first sets of target fields for the transit survey.
The initial observing strategy was to observe adjacent fields in sets of four, observing
each field once in every cycle of four images, in order to maximise the number of
observed stars. During this early observing phase, several hardware problems were
identified and mitigated, including issues with the shutter and the CCD mounting,
and much of the automation of the observing procedure was put into place (see
Section 3-1).

Two sets of four target fields were observed with sufficient precision down to
V = 13 and adequate phase coverage to allow analysis for transit candidates. These

fields included one centred on the open cluster NGC6633, and one on the open
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Figure 1.5. Early APT observations of two transits of HD 209458 b, reproduced from
fig. 3.1 of Marton Hidas' thesis. It has been fit with the model of Brown et al. (2001)

(solid line), with two additional models indicating fits with the planetary radius zb 10%
(dashed lines).
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cluster NGC3532. Seven candidates were identified across the 8 fields: these were
subsequently identified as eclipsing binary systems. One candidate was found to
be a detached eclipsing binary system of two K7V dwarfs, which was investigated
more thoroughly due to the scientific interest in deriving the absolute parameters
(e.g. radii) of low-mass stars (Young et al. 2006). Additionally. the field centred
on NGC6633 was searched for variable stars and 49 light curves were identified.

The majority of the results from the period 2001-2004 are presented in Hidas et al.
(2005).

1-5.2 Simulations

In order to improve the observing strategy. a series of Monte Carlo simulations of po-
tential transit detection rates was performed. described in full detail in Hidas et al.
(2005). In the simulations. fake star fields were realistically recreated using the lu-
minosity function for the Solar neighbourhood. allowing for an exponential decrease
with scale height above the Galactic plane: these fields were then sampled using
the spatial resolution of the APT. Planets were randomly distributed in period and
inclination around the stars. and for a particular set of observational parameters,
the probability of detecting at least two transits for each planet was assessed.

The parameters that were varied included observation bandpass (V or I), Galac-
tic latitude. time-sampling of the fields. number of nights of observations obtained.
and the number of hours of observations obtained each night. The results of these
simulations defined our initial observing strategy. outlined in Section 3-4; in brief,
the highest planet detection rate would be achieved by observing two fields in paral-
lel in the I-band. for a minimum of 15-20 nights and 8-10 hours per night. between
Galactic latitudes of 15°—45°. Figure 1.6 is reproduced from fig. 6.7 of the aforemen-
tioned thesis, and shows the turnover in the expected planetary yield at 20 nights
for the observing strategy outlined above.

Based on this observing strategy and the assumption that 10 fields per year
would be observed, the University of New South Wales Extrasolar Planet Search

was predicted to yield 2-3 planet discoveries per year.
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Figure 1.6. The length of an observing run resulting in the most efficient planet detection
rate can be measured by < Fobs > /*m (Malien-Ornelas et al. 2003), where Fobs is, in this
case, the probability of observing at least two complete transits averaged over the period
range 1-9 d (sampled logarithmically), and for each night of observations covering ~ 8
hours. The top panel shows the average Fobs » ” function of the total number of nights
in an observing run. The bottom panel shows the turnover in efficiency beyond 20 nights,

after which point the planet detection rate is increased by moving on to a new field.
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1-5.3 This work

Part II of this thesis describes the University of New South Wales Extrasolar Planet
Search in the period 2004 October to 2007 May. The aims of the project during this

period were four-fold:

1. To build on the platform of the previous work and perform an efficient and
sustained transit survey. compiling a large data set of time series photometry

on tens of thousands of stars.

2. To extract the highest quality transit candidates from the data and to perform
the further analysis required to determine the true nature of the observed sys-

tems.

3. To continually monitor the performance of the survey. identifying areas of im-
provement from the instrument design to the post-processing of the data, and

to explore and implement solutions where possible.

4. To explore the additional science that could be performed with the final data
set of high precision light curves, thereby increasing the scientific output of the

survey.

Chapter 3 outlines the survey design, including the telescope, CCD camera and
observing procedures. The photometric precision required for detecting transiting
hot Jupiters is assessed with respect to the limiting noise factors inherent in the
instrument design and observing site. The data reduction pipeline is described, and
the survey strategy based on the simulations described previously is outlined.

Chapter 4 summarises the data that were collected during this period. and demon-
strates the initial photometric precision that was achieved. The effect of systematics
on the data, introduced in Section 1-2.6.5, is discussed. Several methods for allevi-
ating the systematics are introduced and tested, and the final photometric precision
is presented. The procedures and criteria for selecting transit candidates from the

final data set are described, and a summary of the results given.
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The results of the primary science driver for this project—analysis of transiting
hot Jupiter candidates—are presented in Chapter 5. Initially, the candidates are
assessed using available on-line catalogue information and higher spatial resolution
archive images. The candidates that are not eliminated at this stage require addi-
tional follow up observations to be performed; the instruments and procedures used
for these observations are described. The results for each candidate followed up are
presented and discussed. Finally a list of the remaining candidates that have not
had their status confirmed thus far is given.

One of the obvious byproducts of a transit survey that is of high scientific interest
are well-sampled variable star light curves. Using the full data set, a variable star
catalogue of 850 light curves was compiled, and is presented in Chapter 6. The
procedures for extracting the variable light curves from the data set and calculating
periods where appropriate are described. Several potentially interesting subsets of
light curves from the catalogue are identified.

In the course of compiling the variable star catalogue, we discovered the first
high-amplitude § Scuti star to be found in an eclipsing binary system. This system
was explored in significant detail, and the results are presented in Chapter 7. Radial
velocity data were obtained, and fit simultaneously with the original light curve to
give the absolute parameters of the two components of the system. This is the first
time these parameters have been derived for a high-amplitude .

Finally, the conclusions of the survey with respect to the potential for detecting
transiting extrasolar planets are discussed in Chapter 8. Solutions for some of the
main issues identified during the period covered in this work are proposed. These
include both software and hardware upgrades, to be performed before the next stage

of the University of New South Wales Extrasolar Planet Search begins.
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Chapter 2

Project summary

The Vulcan South—Antarctic Planet Finder project was a collaborative effort be-
tween several teams to conduct a wide-field transit survey at the South Pole. The
principal collaborators were the NASA Ames Research Center, the SETI Institute,
the Center for Imaging Science at the Rochester Institute of Technology, the Univer-
sity of New South Wales and the Australian National University. The initial funding
for this project was granted by the National Science Foundation for the three years

2003-2005.

This project represented the next phase of the Vulcan Camera Project, a wide-
field transit survey undertaken at the Lick Observatory in California from 1998
to 2002. This survey used a small 10-cm telescope with a 4k x4k CCD camera
to observe a field of view of 49 square degrees (Borucki et al. 2001). Given the
increasingly large number of groups undertaking transit searches at various loca-
tions, including space and multi-site campaigns, and the emergence of the Antarctic
plateau as a prime astronomical observing site (see Section 2-1), the decision was
made to propose Vulcan South—a reincarnation of the original project, with the
same CCD camera housed in a new 20-cm photometer, to be based at the South

Pole.

This chapter describes the short history of the Vulcan South project at the South
Pole, from the installation of the hardware in 2004 January to its dismantling in

2005 December. A justification of the choice of the South Pole observing site is
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presented. The instrument design is described, and the data handling procedures
that were designed to ensure maximum reliability and recovery of data outlined.
The project was unfortunately afflicted by several hardware failures; one failure, in
the analog-to-digital unit converter of the CCD camera, resulted in corruption of

most of the images. Possible mitigation and correction strategies are discussed.

2-1 Advantages of the South Pole

The various motivations for choosing the South Pole as the site for this project can
be loosely divided into two categories: astronomical and logistical.

The US Amundsen-Scott South Pole Station is a permanent base at the geo-
graphic South Pole, shown in Figure 2.1, at an altitude of 2850 m. It is occupied
year round, and the personnel include science and technical staff who monitor and
run the scientific experiments at the base. Prior to Vulcan South, astrophysics was
already well established at the South Pole, with several large projects operating suc-
cessfully, including millimetre (VIPER, Peterson et al. (2000)), infrared (SPIREX,
Fowler et al. (1998)) and high energy astrophysics (AMANDA, Halzen (1998)) ex-
periments.

The University of New South Wales had previously completed a rigorous op-
tical /IR site-testing campaign at the South Pole (Ashley et al. 1996; Storey 1998;
Phillips et al. 1999). After the success of the various experiments to characterise the
site (several results are discussed in Sections 2-1.1 and 2-1.2) and the installation
of key infrastructure (described in Section 2-1.5), the momentum and interest had
gathered, and the time was ripe for an optical science experiment, as opposed to

site testing.

The advantages for astronomical observations provided by a site on the Antarctic
plateau are explained in detail in a number of places (Burton et al. 1994; Ashley et al.
2004). In comparison to many other sites, including those on the Antarctic plateau,
the South Pole is in fact the ideal site for a wide-field extrasolar planet transit sur-

vey. The advantages of the site are summarised below, and compared with two of
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Figure 2.1. Antarctic plateau observing sites. (Australian Antarctic Data Centre)

the best representative mid-latitude sites, Mauna Kea (Hawaiil) and Cerro Tololo

(Chile), and also Dome C (Antarctica), an exceptional Antarctic plateau site.

2-1.1 Seeing

The possibihty of exceptional seeing conditions on the Antarctic plateau has been
postulated for well over a decade (Gilhngham 1991; Burton et al. 1994). Seeing is
a measure of the resolution we can obtain when observing a point source of light
through the refractive index perturbations of the Earth's atmosphere. The extremely

cold and dry atmosphere located above the Antarctic plateau is noted for producing
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Table 2.1. Comparison of site characteristics. o5 is the scintillation error calculated

from equation 2.1.

Site Altitude (m) Median total seeing () o5 (mmag)
South Pole 2850 1.6 <1.3
Dome C 3250 0.27 0.4
Mauna Kea 4200 0.51 ~1.3
Cerro Tololo 2200 0.95 1.5

the stable, low turbulence conditions required to achieve the best seeing.

The median seeing value for each of the four sites is given in Table 2.1. In the
course of the University of New South Wales Antarctic site-testing campaign, the
average seeing measurements were measured for the South Pole and also for Dome C
(shown in Figure 2.1), at an altitude of 3260 m. Lawrence et al. (2004) reported that
the seeing measurements at Dome C were significantly better than those at the best
mid-latitude sites in Mauna Kea (Hawaii) and Cerro Tololo (Chile). The median
seeing at Dome C was measured at 0.27” above an altitude of 30 m, compared
to Mauna Kea and Cerro Tololo where the median seeing has been measured as
0.51” (Tokovinin et al. 2003) and 0.95” (Tokovinin et al. 2005) respectively. However
the median seeing at the South Pole is 1.6” (Marks et al. 1999), which is substantially
worse than the mid-latitude sites. This is due to the presence of a significantly
turbulent boundary layer from 0-220m—above this height the median seeing drops

to 0.32” (Marks et al. 1999).

Although the seeing measurements at the South Pole are high, Vulcan South was a
wide-field project, with corresponding large pixels of ~ 9” that are not sampling the
seeing. Hence, improvement in the mean seeing would not translate into improved
photometry. In fact, having the broader point spread function (PSF) provided by
the relatively poor seeing would decrease the noise contribution from intra-pixel

variations (Toyozumi & Ashley 2005).

Finally, it is variations in the seeing which contribute most significantly to photo-
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metric noise for time series photometry. One of the foremost causes of seeing varia-
tions at mid-latitude sites are the diurnal temperature variations—the sun rises and
injects energy into the atmosphere. creating turbulence and increasing the seeing,
and then sets. Over the night as the atmosphere cools, the seeing decreases again.
Although this effect can be largely corrected for. the systematics introduced to the
data in the process are non-negligible. However, during winter. the season for optical
astronomy at the South Pole, this variation is largely removed as the sun sets for 6
months at a time. This creates an extremely stable atmosphere for long periods of

time.

2-1.2 Scintillation

Scintillation can also contribute to the photometric noise. As the light from the
stars is distorted by the atmosphere, the intensity of the light can fluctuate rapidly.
Again, a stable atmosphere is the best way to decrease this source of noise.

Using the method described by Kenyon et al. (2006), one can use the vertical
refractive index profile (C2(h), where h is the height above the site) to calculate the
scintillation error, o,. The contribution to the photometric noise from scintillation at
Dome C and Cerro Tololo can be derived using the Vulcan South survey parameters.
The turbulence profile information required for the calculation is incomplete for the
Mauna Kea and South Pole sites, however educated guesses can be made as to their
values relative to Dome C and Cerro Tololo.

For Vulcan South, the exposure time (60 seconds) was much larger than the
scintillation timescale, and therefore the scintillation error o, at the zenith is given

by:

05 = S3D72/371/2 (2.1)

where D is the telescope aperture and t is the exposure time. The speed of the

turbulence layer is V (h), and S3 is given by

00 (72 2 1/2
Sy = [10.7/0 C—{/‘,Y(%)j;—dh} (2.2)
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Using the values for S5 measured at Dome C and Cerro Tololo, the scintillation
noise can be derived as 0.4 mmag and 1.5 mmag respectively, for D = 0.2 m and ¢
= 60 seconds.

Mauna Kea is reported to have similar optical turbulence profiles to the Chilean
site Cerro Pachon, nearby to Cerro Tololo (Tokovinin et al. 2005). The scintilla-
tion error at Cerro Pachon can be derived in the same manner described above as
1.3 mmag.

At the South Pole, as described in the previous section, the turbulence in the
atmosphere is largely confined to a boundary layer up to 220m. Above this height,
the atmosphere is exceptionally clear and stable. Since the scintillation error in-
creases with h? (equation 2.1), it is dominated by the contributions from the higher
levels in the atmosphere (4-16 km). Therefore we can assume that the scintillation
error at the South Pole will be significantly better than the mid-latitude sites, given
the stability of the upper atmosphere. Table 2.1 summarises the scintillation error
contributions from the four sites.

For stars brighter than R = 10, the 1.5 mmag scintillation at Cerro Tololo is above
the Poisson noise level expected for Vulcan South exposure times, and scintillation
would therefore contribute to the total noise, and decrease the chances of detecting
low amplitude transits. However, the 0.4 mmag value at Dome C is below the
Poisson noise level, and therefore is a negligible source of error. As a measure of the
level of significance, 1.5 mmag is the depth of a Neptune-sized object transiting a
solar-type star. In order to detect these objects at the temperate sites, more transits
would have to be observed in order to increase the S/N of the signal. Increasing the
times spent on each field decreases the total number of observable fields, and as a

result decreases the overall potential planet yield of the telescope.

2-1.3 Airmass variations

As indicated in Section 1-2.6.5, removing systematics from transit survey data has
been recognised as a significant issue. One source of systematic noise is airmass

variations—atmospheric extinction affecting the photometry of the stars as they rise
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and set. Variations in the airmass will cause variations in the noise contributions
from seeing and scintillation, discussed in the previous sections, introducing an
additional source of noise.

At the geographic South Pole, the celestial South Pole (CSP) is at a constant
declination of —90°. The airmass through which the stars are seen remains constant
throughout the year for each star, as they maintain a constant distance from the
CSP at the zenith.

Although this constancy removes airmass variations as a source of photometric
noise, it does reduce the total amount of sky accessible from the South Pole. How-
ever, the Galactic plane is high in the sky at all times, providing a large scope
for target fields with large numbers of stars. Additionally, the constant airmass
eliminates differential refraction and field rotation as potential sources of error. The
constancy of the declination of the stars at the South Pole also alleviated a hardware

failure described in Section 2-5.1.

2-1.4 Phase coverage

The amount of time required to observe a given field and maximise the number
of planets found will depend on the achievable phase coverage: the most efficient
phase coverage will result in the most efficient field coverage. Given a desired level
of phase coverage, the number of fields observable per year at each of the four sites
can be calculated.

Using the number of dark hours (defined as when the sun is more than 18° below
the horizon) at each site, and the published ficures for numbers of photometric
nights, we can derive the final number of usable hours. These data are given in
Table 2.2. Photometric nights at the mid-latitude sites are defined as completely
cloudless nights. Although the mid-latitude sites have more true dark time, the
exceptionally cloudless skies above Dome C puts the number of usable hours at this
site between Cerro Tololo and Mauna Kea. Although the bright phases of the Moon
were not included in this calculation, they will be less significant at the Antarctic

sites as the maximum elevation of the Moon is far below the zenith for both sites.
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Table 2.2. Usable dark time at potential transit survey sites. ?Ortolani, S. (2003).
®Osmer & Wood (1984). Lawrence et al. (2007). Travouillon et al. (2003).

Site Dark hours Photometric nights Usable Hours
South Pole 1959 45%° 882
Dome C 1792 96%" 1720
Mauna Kea 3390 45%° 1526
Cerro Tololo 3312 60%4 1987

To simulate the cloud-affected dark time, an appropriate number of randomly
selected 24-hour periods were removed from the dark time. At the South Pole, this
would translate to 24 continuous hours being removed. At the mid-latitude sites,
this could translate to three continuous eight-hour nights. The phase coverage of
transit periods from 1-4 days is then calculated using the remaining dark time.
Figure 2.2 shows the number of fields that could be surveyed at each of the four
sites given a specified detection rate of 75% (hollow) and 90% (solid). A detection
is defined as having observed at least two transits, partial or full.

The surprising result from this calculation is that although the South Pole has a
lower number of usable dark hours by a factor of almost 2, the fact that they come
in much longer continuous blocks than at the mid-latitude sites means the required
phase coverage can be achieved rapidly, with 9 fields covered at the 90% detection
level, compared to 7 fields at Dome C, 6 at Cerro Tololo and 5 at Mauna Kea.
Dome C is also assisted by longer periods of dark time, with as good as or better

field coverage as Cerro Tololo, and significantly better field coverage than Mauna

Kea.

2-1.5 Infrastructure

Once the advantages of excellent astronomical conditions and phase coverage offered
by an Antarctic plateau site became apparent, the South Pole had the clear advan-

tage over other possible locations due to the significant level of infrastructure and
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Figure 2.2. The number of fields observable at each of the four sites. Sufficient phase
coverage must be achieved for each field such that there is a 75% (solid) to 90% (hollow)

detection rate of at least three transit events, with periods of 1-4 days.
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logistical support that was already in place.

The US Amundsen-Scott South Pole Station is manned year round by science,
technical and support staff. This includes an ever-increasing number of winterover
personnel who can perform limited on-site repairs as required during the months
when the site is effectively sealed off from additional support. The station has suf-
ficient power and network capabilities to execute, monitor and maintain a remotely
operated project like Vulcan South.

Many of the hardware and software requirements for a project of this scale had al-
ready been put into place over the previous six years during the extensive site-testing
campaign completed by the University of New South Wales and the Australian Na-
tional University. These included a fully functioning autonomous site-testing labo-
ratory, the tower and mount for the telescope, the computers and software required
to run these components, and an Iridium communications link for data transfer,

which are described in more detail in Sections 2-3 and 2-4.

2-2 Proposed observing strategy

In order to maximise the chances of detecting planetary transits, the following ob-
serving strategy was proposed. The Besancon Observatory Galactic stellar popu-
lation models (Robin et al. 2003) would be used to select appropriate fields in or
near the Galactic plane with a significant number of later-type spectral stars (FO-
M5 dwarfs). The coordinates of the first five proposed fields and the numbers of
dwarfs in each are given in Table 2-2. Each field would be observed continuously
until sufficient phase coverage between periods of 1-4 days had been achieved for
a ~ 90% detection rate (see Section 2-1.4). Flat field frames were to be obtained
during the long evening and morning twilight periods, and bias and dark frames to
be obtained at regular intervals during the scheduled observing.

The filter chosen was a single custom filter with a central wavelength of A =

675 nm and a FWHM of 30 nm. There were several motivations for this choice: to

avoid the bright 630.0 and 636.4 nm OI auroral lines and the night sky lines longward
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Table 2.3. Proposed Vulcan South target fields. Each field is 7°x7°. The numbers of

FO0-M5 dwarfs are taken from the Besancon Observatory Galactic models down to R = 13.

Field l b Constellation F0-M5 dwarfs

1 285 -20 Carina 7100
2 285 -10 Carina 9300
3 285 0 Carina 10700
4 300 -10 Musca 9400

[9)]
w
[«
(=]
o

Crux 10700

of 720 nm (Dempsey et al. 2005); to increase the contribution to the photometry of
the smaller late spectral type targets relative to larger stars; and to balance these
requirements with the quantum efficiency of the CCD, which is 0.35 in the red. The
throughput of this filter is shown in Figure 2.3.

The eventual aim was for automated observing, with daily status reports con-
taining the pertinent system status information to be emailed to the team members.

However, due to various setbacks this was never fully implemented.

2-3 Instrument design

The basic Vulcan South system consisted of a small optical photometer contained
within an hermetically sealed shell and controlled via an external equipment shel-
ter (EES), both of which were constructed by our collaborators at NASA Ames.
The photometer and shell were mounted on the two-axis Generic Mount (GMount),
which sits with the EES atop the 7.5 m Gtower. They were powered and con-
trolled externally by the nearby Automated Astrophysical Site Testing Observatory
(AASTO). The photometer was installed at the South Pole with the pre-existing
GMount and AASTO facilities in 2004 January.

2-3.1 Photometer

The Vulcan South photometer was based around a fast (f/1.5) 20-cm refractor illu-
minating a large format CCD camera. The fast lens was chosen to obtain the large

focal plane of 50 mm, producing the wide field of view onto the CCD of 49 square
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Figure 2.3. Vulcan South optical filter throughput.

degrees. Thermal testing was undertaken at NASA Ames and the lens was found
to operate well down to a temperature of —30°C.

The CCD camera was supphed by the Rochester Institute of Technology, and
consists of a Roper PXL Camera and a front-side illuminated Kodak 16800 CCD.
The CCD has 4096x4096 pixels of 9 /xm, which can be read out in 16 seconds. With
the field of view, this results in a relatively low spatial resolution of *.7" pixel"”
Previously this camera served in the Vulcan Camera Project at Lick Observatory
(Borucki et al. 2001).

The photometer, CCD camera and filter are mounted on a temperature-controlled
optical bench to maintain focus. The bench is mounted inside a reinforced, cylindri-
cal, insulated shell, to provide temperature control and protection from the weather.
At the front of the shell is a coated 25 cm diameter optical window, which is heated
to keep it clear of ice. The presence of ice is detected through scattering of light
from an LED. The photometer is shown without the exterior shell in Figure 2.4,

with the CCD camera visible at the right of the figure.
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Figure 2.4. The Vulcan South hardware. The top image shows the photometer, without
its hermetically sealed shell, with the CCD camera to the right. The bottom image shows
the AASTO on the right and the Gtower on the left. In the centre are our summer and
winterover technicians, Brenda Everitt (left) and Dana Hrubes (right). The tent has been

installed on the Gtower for re-installation of the repaired camera.

2-3.2 AASTO

The Automated Astrophysical Site-Testing Observatory (AASTO) is a small, self-
contained, portable laboratory. It was commissioned from Lockheed by the Univer-

sity of New South Wales and the Australian National University for the purposes
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of remote astrophysical site-testing on the Antarctic plateau in 1996 (Storey et al.
1996) and was officially opened in January 1997. The design is based on the Au-
tomated Geophysical Observatory, half of dozen of which were already operating
successfully on the Antarctic plateau at the time. It was built as part of the first
phase of the extensive site-testing campaign being undertaken by the University of
New South Wales (Storey 1998), and is shown installed at the South Pole in Figure
2.4.

The primary considerations in the design and implementation of the AASTO and
its suite of site-testing instruments were that they be reliable, operate autonomously,
require very little power, and have negligible impact on the surrounding environ-
ment. For Vulcan South the power restrictions were relaxed as the AASTO was
drawing from station power, in contrast to previous years when it was self-powered

by thermoelectric generators (Storey 1998)

The AASTO supported several successful site-testing instruments, operating for
nearly nine years until it was decommissioned in 2005 December. Prior to Vulcan
South, these included an automated weather station, near- and mid-infrared sky
monitors (NISM and MISM) (Storey et al. 1999), a sonic radar (SODAR) experi-
ment (Travouillon et al. 2003), a fibre-fed spectrometer (AFOS) for detecting aurora
and sky lines (Dempsey et al. 2004), a submillimetre sky monitor (SUMMIT), and
a differential image-motion monitor (ADIMM) (Dopita et al. 1996).

For the Vulcan South project, the AASTO served the primary purpose of pro-
viding a benign environment in which to house and supply power for the control
computers, uninterrupted power supply (UPS) systems, hard drive arrays, Iridium
phone, and various monitoring systems. However, the hard limit on the length of
the cables from the CCD camera housed at the rear of the photometer on the tower
meant that not all control computers could be housed in the AASTO, necessitat-
ing the development of the External Equipment Shelter (EES), installed atop the
Gtower with the photometer.
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2-3.3 External Equipment Shelter

The External Equipment Shelter (EES) was a large, insulated Zarges K470 case,
which was mounted beside the GMount. It contained most of the CCD camera
electronics, including the control and power box and a focus control unit. Also
included were an additional computer for control, a network switch and a KVM
(Keyboard, Video, Mouse) over IP unit for convenient control of the computer, and
various instruments for monitoring the conditions of the EES and of the photometer

(D. Caldwell et al., in preparation).

2-3.4 GMount and Gtower

The photometer is mounted at the top of the 7.5 m Gtower, which is adjacent to the
AASTO (on the left in Figure 2.4). The pointing of the photometer is controlled
and driven by the Generic Mount (GMount), an altitude-azimuth mount with a
single counterbalanced strut. The alt-az design was chosen due to its low power
requirements, since it can be approximated by an equatorial mount so close to the
South Pole, and therefore the amount of power required to drive the altitude axis
is very low. Additional reasons were the ease of deployment, and the lower wind
resistance compared to other designs that were considered, including gimbal and
self-adjusting polar (Dopita et al. 1996). The mount is designed to be as insensitive
to temperature variations as possible, and as such the axis encoding is through an
inductosyn transducer mounted on each of the two axes. The failure of one of these
transducers and the resulting impact on the project is described further in Section

2-5.

2-4 Proposed data acquisition and handling pro-
cedures

The software development was designed with the eventual goal of autonomous oper-

ations for several months at a time, with minimal onsite intervention. A LabVIEW
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platform was constructed by a private contractor to perform the following tasks:

e to control the camera operations and auxiliary hardware, with immediate report-
ing of errors to team members via email; this included monitoring the tempera-
ture controllers inside the photometer, at the photometer window and inside the
EES and maintaining a specified set-point temperature with appropriate volt-
ages; pointing control of the GMount through the separate GMount computer,
and frost detection via a short feedback test with an LED illuminating the front

window before each exposure,

e to implement observing scripts facilitating autonomous acquisition and storage
of star field images and calibration frames; the images were to be stored in the
standard FITS format, compressed, and archived in round-robin fashion in a set
of external hard drives, so that the failure in any one drive would merely results

in a small loss in time sampling,

e to provide an interface through which remote observers could change the ob-
serving scripts, modify the system configuration, issue immediate commands in

place of scripts, and update the source code,

e to deliver daily status reports via email to team members, including: hourly
temperature readings from inside the photometer and the EES; image data for
any acquired images, with the image name, time of acquisition, exposure time,
size, CCD temperature, and possibly rudimentary pixel statistics; a log of the
GMount pointing commands; a record of the frost detection results and voltages;
and any additional out-of-routine commands such as focus runs or power cycling

occurrences, and

e to provide diagnostic tools for testing various aspects of the instrument and

software systems.

The two computers that controlled the photometer and data storage were con-
nected to each other and the South Pole intranet via an ethernet connection. The

connectivity beyond the South Pole network is limited to a few hours per day when
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the satellites are above the horizon, and there is a strict bandwidth limitation.
Therefore, given the expected rate of data collation (1-2 images every five minutes)
and the size of each image (32 MB), it would not have been feasible to return the
data for analysis in real time over the internet connection. It was determined that at
the end of each winter observing season, the hard drives would be physically shipped

out to the team members for analysis and replaced with new drives.

The data were to have nominally been reduced with the pre-existing Vulcan
Camera Project data processing pipeline. This customised pipeline is described in
Borucki et al. (2001) and relies on differential relative photometry; in brief the steps

were as follows:

e correction of each individual image with calibration frames (dark and flat frames)

and for CCD non-linearity,

e registration of each image with respect to a chosen reference frame via point-
spread function (PSF) fitting of the brightest stars for centroiding, then a second-

order coordinate transformation,

e PSF-fitting for each star in the transformed frame, including correction for en-

ergetic particle hits (“cosmic rays”),

e extinction correction via ensemble fitting of the brightest non-variable stars, and

e dividing the extinction-corrected flux by the average of the extinction-corrected

comparison stars.

This pipeline was demonstrated to achieve better than 1% hourly precision in
the magnitude range V ~ 9 — 12 with the data obtained at the Lick Observatory
(Borucki et al. 2001).
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2-5 Instrument performance

2-5.1 GMount

When the hardware was initially installed at the South Pole in 2004 January, an
attempt was made to fix an intermittent fault in the GMount that had been noticed
previously. The fault was that the altitude axis would lose knowledge of its position,
slewing into the limit switch, and several pre-amplifiers were replaced in the hopes
of solving the problem, which could thereafter not be reproduced. The system was
left operating but inactive until twilight and observations began in 2004 April. The
fault returned almost immediately and soon after became permanent—the altitude
axis could not be used.

The winterover technician performed a slew of diagnostic tests, and the fault was
eventually isolated to the rotor in the inductosyn transducer encoder on the altitude
axis. This was a custom-made part and no spares were available; additionally it was
not feasible to perform the repair on top of the 7.5 m tower in the winter months, and
the temperature was below that at which the machinery required to lift the mount off
the tower and into a warm laboratory could run. Therefore a repair was not deemed
possible. A software patch was devised by the team which allowed the system to
operate in azimuth-only mode, with the altitude axis left in a fixed position. The
repeatability of setting this position after any movement of the altitude axis was

found to be ~ 0.1° using either a mechanical post or a digital level.

2-5.2 CCD camera problems

When observations recommenced in 2004 June, it was discovered that the the CCD
camera had failed. Another series of diagnostic tests tracked the source to a serial
clock board on the camera head. The manufacturer indicated that the problem could
be a known fault with a double Schottky diode on the board, however a replacement
diode was not available on the station. Again, the repairs were deemed too risky
for the personnel and equipment to be undertaken during the winter. Observations

were halted for the remainder of the observing season. The camera was subsequently
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removed and shipped back to the US for repair in 2004 November.

In 2005 January, a team of four people comprised of the candidate and Colin
Bonner from the University of New South Wales, and Doug Caldwell and Fred
Witteborn from the NASA Ames Research Centre were deployed to the South Pole
for two weeks. During this time the camera was reinstalled in the photometer, the
software systems were upgraded and reconfigured, and the GMount was aligned and
tested in the new azimuth-only mode.

Calibration frames were obtained during twilight in 2005 April, however by the
time scheduled observations of the star fields began in 2005 May, a new camera fault
had occurred: the 14-bit analogue-to-digital unit (ADU) converter had acquired
“stuck” bits. When reading out an image, each pixel can have a value between 0
(all bits set to 0) and 16383 (all bits set to 1). However, bits 0 (pixel value of 1), 1
(pixel value of 2), 2 (pixel value of 4), 6 (pixel value of 64) and 10 (pixel value of
1024) were all stuck at either 0 (bits 0 and 2) or 1 (bits 1, 6 and 10). The data that
resulted were of the quality shown in Figure 2.5; this is a 100x 100 pixel cut-out of
the centre of a raw image. The problem was thought to be in the ADU converter
daughter board, and despite considerable effort it was not possible to repair.

Bits 0, 1 and 2 contributed pixel values that were below the level of Poisson
noise expected for even the faintest stars, and so could be ignored; bits 6 and 10 on
the other hand were a significant problem. Several ideas were explored to try and

correct the data.l

2-5.2.1 Varying the exposure time

The flux in each pixel can be approximated by fi =i *t; + b, where f; is the total
flux measured by the ADU converter, ¢ is the incident flux per second on the pixel,
t; is the exposure time in seconds and b is the bias level. If you increase the exposure
time by some factor, for example by doubling it to t; = 2 x ¢;, the new flux in the

same pixel should be fy = ¢ * to + b. It should therefore be possible to determine

IMuch of the discussion and initial testing of the possible solutions took place during the

candidate’s one week visit to the NASA Ames Research Center in 2005 October.
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Figure 2.5. 100x100 pixel cut-out sample of corrupted data. The image contrast has
been stretched to highlight the differences caused by the stuck bits; only the centres of a

few stars are actually saturated.

the true values of the stuck bits and solve for the correct fluxes by using the ratio

of the exposure times. Regarding bit 10, there are four possible resulting scenarios:

the bits should be turned on in both exposures, therefore = (/12— (h—

* the bit should only be turned on in the second exposure, therefore j2/*1 =

* the bit should only be turned on in the first exposure, therefore t2/ti = (/2 —

6- 1024)/(/i-6), and

the bits should be turned off in both exposures, therefore (2/°2 = {f2 —b —

1024)/(/1-6- 1024).

However, in the presence of Poisson noise, especially in the brightest stars, the
additional stuck bit 6, and the absence of accurate pointing to keep the incident flux
on the same position on the CCD, simulations indicated that this method would not

reach the level of reliabihty for the extraction of precision photometry.
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2-5.2.2 PSF-fitting

One possibility was that if enough corrupted images were registered into the same
frame and stacked together, it might be possible to extract the stellar PSF, which
could then be used on the individual images to identify pixels that were incorrect.
Unfortunately stacking the images typically exacerbated the problem rather than
alleviating it, and additionally the PSF varied considerably across the wide field of

view, adding another layer of complexity to the problem.

2-5.2.3 Local pixel cleaning

By taking each pixel on a case-by-case basis, it is possible to compare the pixel
value to its surrounding 8 neighbour pixels, and determine to some extent which
pixels should have bit 10 set to zero. For instance, if in a set of 9 pixels. the values
are 4154, 4195, 4282, 4239, 5301, 5366, 5256, 5392 and 5409. the latter 5 pixels
most likely need to have bit 10 set to zero, since they are all ~ 1024 greater than
the first four. By completing multiple passes of the image and taking into account
the flat-field pixel-to-pixel variations. a relatively “clean” image can be produced; if
several of these cleaned images are stacked together, one can form a master image
which reliably identifies the state of bit 10. An example of a stack of 9 cleaned
image is shown in Figure 2.6, which is an obvious improvement on Figure 2.5. The
degradation in quality around the edges is due to the smaller number of neighbour
pixels with which each pixel can be compared. However, this method is far less
effective for cleaning bit 6, which is a problem for the fainter stars in the field.
Ideally, a master image of the entire field would be generated. Then the master
image would be inverse-flat-fielded and scaled to each individual image, which could
then be corrected on a pixel-by-pixel basis. How this would effect transit detection
is an important question. If each pixel is being corrected back to some “ideal” value,
but in reality the pixel value is varying, variability above some threshold will be lost.
If we take the upper limit on a potential planetary transit detection as a 5% change
in flux, then for the brightest unsaturated pixels this is ~ 800 counts. This is less

than the unit correction level of 1024, but approaching the line between an obvious
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Figure 2.6. 100x100 pixel cut-out sample of cleaned data.

correction and a more complex situation. For the majority of stars, which are below

the level of saturation, variations due to transit-like events should be preserved.

2-6 Data analysis

Approximately 2 months of the corrupted data were obtained from 2005 June to
2005 August on Field 2 (see Table 2-2). These data were shipped back to the US
in 2005 December for analysis. Funding for the project was not renewed, and the
instrument was removed from the site at the same time. It was suspected that even
with the local pixel cleaning method, the problem of bit 6, the errors introduced by
the lack of accurate pointing, and the relatively short duration and sporadic nature
of the final data set, any photometry extraction would fail to meet the precision
required for the detection of transiting planets. Combined with the lack of funded
personnel time on this project, the data are currently stored with no immediate

plans for further analysis.
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2-7 Conclusion

The Vulcan South—Antarctic Planet Finder project represented the next technical
phase in optical astronomy at the South Pole after the site-testing campaign was
completed. The challenge of installing, testing and repairing a new system designed
to run virtually autonomously for the next nine months in under two weeks each
summer proved daunting. The failure of three separate components was critical to
the outcome of the project. Although all possible means of resurrecting the project
were explored, and much appreciation in this respect must go to our winterover
technician for both seasons, Dana Hrubes, for the considerable effort that he put into
diagnosing the problems in difficult conditions and investigating every possibility for
on-site repair, a lack of science results from the first two years’ observing resulted in a
lack of additional funding to repair the mount and the camera. However, the quality
of the South Pole as a site for transit surveys, or indeed other surveys requiring high
precision time series photometry, is undiminished, and we hope to see this potential

exploited in the near future.
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Chapter 3

Survey design

The University of New South Wales Extrasolar Planet Transit Search is a wide-field
optical imaging survey, with the primary science driver of detecting transiting hot
Jupiters. Given the technical difficulty that this poses, it is critical to optimise the
survey design and strategy, and to be able to fold in modifications and improvements
as they are identified.

This chapter describes the survey design during the period 2004 October to 2007
May, following on from the period 2001-2004 discussed in Section 1-5.1. Section 3-1
describes the telescope set-up and observation procedures. Section 3-2 details the
photometric precision required of the survey in order to detect the low-amplitude
transit signals. The factors limiting our ability to achieve this precision are discussed,
drawing on the results of the 2001-2004 period. Section 3-3 details our customised
data reduction pipeline, and Section 3-4 describes the survey strategy we developed

to maximise our transit detection rate.

3-1 The Automated Patrol Telescope

The Automated Patrol Telescope (APT) is a fully robotic telescope situated at
Siding Spring Observatory, Australia. The telescope is owned and operated by the
University of New South Wales and is dedicated to this transit survey. It was

originally a Baker-Nunn satellite tracking camera, based in Woomera, Australia in
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the 1960’s, then moved to a site near Canberra, and finally donated to the University
of New South Wales by the Smithsonian Institute in 1987. It was then modified and
shipped to the present site at Siding Spring Observatory. It is housed in a small
detached building on-site, shown in the top panel of Figure 3.1. The roll-off roof
provides access to most of the sky, with software limits of -70°S and +30°N, and
a hardware limit 46 hours either side of the meridian. The telescope has a clear
aperture of 0.5-m, which is the largest of the wide-field transit surveys (see Table

1.1).

Modifications to the telescope continue to be made as the survey highlights po-
tential improvements. One of the recommendations of the 2001-2004 findings was
to increase the hour angle software limit from 44 hours to allow for up to 10 hours
per night on a target field at an airmass of < 2, as this was predicted to increase
the transit detection rate by 50%. This modification was made in 2005 November,
by introducing a zenith distance limit, which allowed the hour angle limit to be

increased to =6 hours.

Another change was the addition of a hood surrounding the lens cap at the top
of the telescope in 2006 November. This was designed to decrease the amount of
moonlight making its way into the telescope: analysis had shown that the times of
moon-rise and moon-set were correlated with significant undesirable signals in our

measured photometry. The lens hood is shown in the bottom panel of Figure 3.1.

3-1.1 Optical design

The telescope has an f/1 focal ratio and a 0.78-m spherical primary mirror. The
original Baker-Nunn optical design utilised a curved focal plane, and did not allow
the insertion of a filter. As described in Carter et al. (1992), the original three-
element lens was modified to give a flat focal plane of 5° diameter with the use of a

filter. There are five filters available, including Johnson BV RI and a clear filter.
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Figure 3.1. The Automated Patrol Telescope. The top panel shows the telescope with
the roof retracted (Photo: Michael Ashley). The bottom panel shows the hood that was

added to reduce scattered moonhght, taken with the colour web-camera.



64 Chapter 3.

3-1.2 CCD

The charge-coupled device (CCD) camera used for this survey is a Wright Instru-
ments EEV (English electric valve) CCD05-20 chip. The layout of the chip is 770
columns x 1152 rows of pixels, and the data are typically read out with an addi-
tional 30 columns of overscan region. The pixels are 22.5 um on each side, providing
a spatial resolution of 9.43 arcsec pixel™!. This gives a field of view of 3° E-W X
2° N-S.

A new CCD camera giving a 7 x 7° field of view has been built for this project
and we expect it to be installed in 2008. This camera and the implications for the

project are discussed further in Section 8-2.2

3-1.3 Remote operation

The survey is designed to be carried out remotely—i.e. without a dedicated observer
on-site. There is a single PC running Linux that controls the telescope operations—
the telescope itself, the CCD camera, the shutter, and the building status (for ex-
ample lights on or off, roof open or closed). Observing is generally performed via
remote log-in to this PC and the execution of various shell scripts, unless an avail-
able observer is on-site for other reasons. Observations are scheduled for each night
when the weather is clear and the moon is not full.

On a typical night, there will be two rostered observers—one to observe from dusk
to midnight, and one from midnight to dawn. Initially, the weather is assessed using
the all-sky camera installed near the APT building for this purpose, and also data
downloaded from the weather stations installed on the nearby Australian National
University 2.3-m telescope and 3.9-m Anglo Australian Telescope. If the weather is
clear, the first observer will log in to the PC, open the roof, start the telescope and
run the script for obtaining evening twilight flat frames. Once the sky is dark enough
this script automatically stops, and the observer will start the script to observe
the scheduled field/s. After this point the observing itself is almost completely
automated and the primary role of the rostered observer is to monitor the small

amount of status information that is returned and also the weather and humidity
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conditions. The telescope can continue operations up to 95% humidity due to a small
amount of dry air that is injected after each exposure between the lens and the large
air-tight pneumatic lens cap. The second observer will take over the monitoring at
midnight and, if the weather permits, allow the scripts to automatically switch over
to morning twilight scripts at dawn. The scripts automatically stop when the sky
becomes too bright, at which point the observer shuts down the telescope, closes the
roof, and runs a few housekeeping scripts. A log is kept each night of the rostered
observers, the fields that were observed, the general weather conditions, and any
problems that were encountered.

It is extremely important with remote observing to ensure that fail-safes are in
place for different scenarios. As a result, while the telescope is operational a crontab
safety script monitors various pieces of information, and if for example the internet
connection to the control PC is disconnected, and therefore the remote observer has
no access to the telescope, the script will automatically close the roof. This will also
occur if the control PC loses connection with the 2.3-m weather station, or indeed
if either of the 2.3-m or 3.9-m domes close, although in these latter cases the script
can be overridden by the observer. There are also two web-cameras located within
the telescope enclosure, one pannable colour camera and one fixed infrared camera,
associated with incandescent and infrared lamps respectively, giving the observer
the means to visually ascertain the status of the roof and of the telescope. Finally,
there is generally an on-site technician who is on-call to close the roof and shut-down

the telescope as a last resort.

3-2 Photometric precision requirements and lim-
itations

As described in Section 1-2.6.2, transit surveys are a numbers game. Hot Jupiters
have a low (~ 10%) geometric probability of transiting their host stars, and observ-
ing windows dictated by diurnal and seasonal constraints decrease the opportunities

to detect these transits in the numbers required for a concrete detection. In order
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to maximise the detection statistics, surveys must aim to observe tens of thousands
of stars with an extremely high photometric precision. For clarity, we are using
photometric precision to describe the repeatability of the magnitude measured for
a single star, and we use the root-mean-square (rms) of the residuals of a star’s

magnitude to its mean magnitude as a measure of this:

N

o = J w17 (1)

here N is the number of observations, I; is the magnitude of the ¢th observation and
I is the mean I-band magnitude over all observations.

Recalling that the depth of a Jupiter-sized planet around a solar-type star is ~ 10
mmag, we need to achieve an rms magnitude variation smaller than this. Given this
basic requirement and our desire to utilise our large aperture advantage over other
wide-field surveys, we are aiming to achieve a photometric precision of less than 10
mmag for stars with magnitudes 8 > I > 12, and less than 50 mmag for stars with
magnitudes 12 > I > 14.

The photometric precision we can realistically achieve is limited by a number of
sources of noise. In his thesis describing the establishment and initial phases of this
survey in the period 2001-2004, Marton Hidas performed a rigorous characterisation
of these sources using simulated APT images and the interested reader is referred
to his thesis for a full discussion.! The calculations for the Poisson noise and scin-
tillation contributions are updated here to reflect the change of filter from Johnson

V to Johnson I, and the results are summarised below.

3-2.1 Poisson noise

Poisson noise is the statistical noise inherent in the fact that the flux impinging on a
CCD is composed of a discrete number of photons. For simple aperture photometry

the rms magnitude variation is given by:

'http://www.library.unsw.edu.au/~thesis/adt-NUN/public/adt-NUN20060118.110819/

index.html
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where f is the flux and s is the sky in the photometry aperture in analogue-to-digital

unit (ADU) counts, g is the gain in electrons per ADU, and a = 2.5/In10. To assess
the contribution to our error budget of 10 mmag, we can use a typical 60-s frame in
the I-band. This corresponds to a zero-point of I ~ 22 (the apparent magnitude of
a star that would cause 1 ADU of flux to be detected at zero airmass), a gain of 8 e-
/ADU, a dark time sky count of ~ 2000 ADU and the relation m = z—2.5log f. For
stars of 8" magnitude we find op = 0.6 mmag, and for stars of 14™ magnitude we
find op = 4.2 mmag, compared to op = 0.5 mmag and op = 3.1 mmag respectively
in the V-band. The increase is due to the sky background which is considerably
higher in the I-band.

3-2.2 Atmospheric effects

e Scintillation: As described in Section 2-1.2, this is the noise due to the fluc-
tuations in intensity caused by atmospheric distortion. There is inadequate
atmospheric turbulence profile data available for Siding Spring Observatory for
a rigorous analysis of the scintillation error such as the type undertaken in Sec-
tion 2-1.2, however we can use the rough approximation of Kjeldsen & Frandsen

(1992) as follows:

Oscint = 0.09D_2/3X3/2At_1/26—h/8 (33)

where D is the telescope aperture in centimetres, X is the average airmass,
At is the exposure time in seconds and h is the altitude of the observatory
in kilometres. For typical 60-s I-band exposures and the telescope parameters
described above (D = 50-cm, x = 1.5, h = 1.15-km) we find a magnitude-
independent error of oy, = 1.4 mmag (compared to Ogeine = 0.9 mmag in the

V-band with longer exposures of 150-s).
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e Seeing: The seeing at Siding Spring Observatory has a median of 1.2"” (Wood et al.
1995), but can vary from 174" over a night. Given the size of our pixels is 9.43
arcsec pixel™! and the effective point-spread function of our stellar profiles is
~ 1.5 pixels (see Section 3-2.3), or ~ 15", the noise contribution due to this

variation was assumed to be significantly less than the Poisson noise limit.

e Differential extinction and transparency: Another atmospheric effect is differen-
tial extinction across the wide field of view with changing airmass, and changing
transparency in the presence of thin cloud. Although we can correct for this ef-
fect on large scales by comparing measurements of a large number of stars across
the field, on smaller scales (both spatially and temporally) this effect becomes
more difficult to remove due to a smaller number of comparison observations.
On poor quality nights this effect can be as large as 5-10 mmag. Differential
extinction also contains a colour-dependent term, whereby stars of different tem-
peratures are affected to a slightly different extent by the extinction. Since we
are using a filter, it is only the slope of the stellar spectrum across the bandpass
that causes the residual colour effect, and it has been measured as being no

larger than 2 mmag for the colour variation expected in our fields.

e Image distortion: As the airmass of an image changes through the night, the rel-
ative position of a star on the chip in will change due to atmospheric refraction—
the higher the airmass, the higher in the sky the star appears to be relative to
its true position. Additionally, the image is found to rotate slightly over the
night, by ~ 4 arcmin in 8 hours, which may be due to polar misalignment. As
a result of these effects it is not possible to put every star in exactly the same

place on the CCD chip for every observation, which increases the errors due to

the CCD effects listed below.

3-2.3 CCD effects

e Undersampled pixels: The wide-field nature of the survey results in low spa-

tial resolution imaging—the image scale of our CCD is 9.43 arcsec pixel™},
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considerably larger than the median seeing of Siding Spring Observatory of
~ 1.2". Toyozumi & Ashley (2005) measured the instrumental point-spread
function (iPSF) of our CCD as ~ 0.7 pixels—this is the full-width half max-
imum (FWHM) of a single star focussed onto the CCD. The effective point-
spread function (ePSF) produced by the convolution of the CCD sampling and
the iPSF is ~ 1.1 pixels. For a star centred on a pixel, 52% of the flux from
the star falls within that pixel; single stars are therefore sampled by very few
pixels. The lack of detailed spatial information on the distribution of the flux
increases the difficulty of accurate centroiding and also of fitting a stellar point-
spread function (PSF), one of the more commonly used methods of extracting
high precision photometry. Another disadvantage is that the undersampled pix-
els cover a larger area on the sky, and the Poisson noise in the sky background
increases the total noise in each pixel. We have found that due to the crowding
effects of multiple stars in nearby pixels and a background of faint stars the
sky background can change quite rapidly over small scales, which increases the
significance of the error introduced by undersampled pixels. The problem of sky
background subtraction is discussed in more detail in Sections 3-3.4 and 4-3.1.
Finally, due to the narrow PSF concentrating most of flux from a star onto a
small number of pixels, the pixels will saturate faster than if the same flux were
spread over many more pixels. This limits the achievable signal to noise (S/N)
ratio of a star relative to additive noise sources in the pixels, such as readout

noise.

e Intra-pixel sensitivity variations: Another result of undersampled pixels is the
increased significance of intra-pixel sensitivity variations—changes in the flux
registered by a pixel given the position within the pixel on which the light falls.
This effect was measured by Toyozumi & Ashley (2005) for our CCD chip as
causing a +£2.5% flux variation the I-band across a single pixel. In order to
overcome this, a new observing technique was developed and tested during the
period 2001-2004, which involved rapidly rastering the telescope back and forth

over the area of a single pixel during each exposure. While this has the effect of
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broadening the ePSF to ~ 1.5 pixels, it also significantly decreases the intra-pixel
sensitivity variations to 0.5 mmag. Note that simply defocussing the telescope
is not sufficient to achieve the same effect, since a defocussed image does not

have a smooth profile.

e Flat-fielding: Flat-fielding for wide fields of view is a critical challenge. Vi-
gnetting, both geometrical and optical, can be corrected for, but the residual
errors will be proportional to the amount of correction which is necessary. Due
to the fast focal ratio, it is usually not feasible to perform dome flats. However,
sky flats will show significant intrinsic gradients over the several degrees in the
field of view, and median combining of the time-dependent gradients becomes
problematic, tending to select out a single slope. Our procedure to deal with
these problems is outlined in Section 3-3.3. Importantly, flat fields derived from
twilight or dome flats are not truly representative of the real performance of the
telescope, since each pixel includes scattered light from all possible sources on

the sky.

e Blending: Blending of stellar profiles is typical for wide-field surveys where mul-
tiple stars are imaged by a small number of pixels. For time-series photometry,
if this blending is constant in time it will not reduce the measurable photomet-
ric precision, however any transit signals that are present will be diluted due to
the flux contribution from the surrounding stars. It also affects centroiding and
astrometry, and increases the errors in the local sky background calculations. If
the blending is not constant in time due to FWHM variations over the night,
then this can introduce correlated errors in the data. This concept is explored

further in Section 4-3.

The possible sources of error that were considered and found to contribute a neg-
ligible amount to the photometric precision were: cosmic ray noise; small variations
in the PSF across the field of view; tracking errors; and charge transfer inefficiency,

readout noise, dark current and non-linearity in the CCD.
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3-3 Data reduction pipeline

3-3.1 Aperture photometry vs. PSF-fitting

Many projects have been achieving high precision photometry through the use of
point-spread function (PSF) fitting—finding an accurate count of the flux by fitting
either analytical or semi-empirical profiles to the sources in the image. This is
especially useful in images with blended sources. since each individual source can be
reconstructed with its own PSF and the blend is thus disentangled. However, with
significant undersampling. where each stellar profile is only sampled by a few pixels,
there is not enough information about the profile for a precise fit to be made; the
errors introduced by a mismatch between the observed and modeled PSF in this case
are not negligible, especially for the brightest stars (Kjeldsen & Frandsen 1992).

One alternative is aperture photometry—placing an aperture of some size and
shape over sources in the image and counting up the flux contained within. occa-
sionally with some weighting scheme based on the flux in each pixel. This method
has its own disadvantages—in order to measure at least a representative amount of
flux from a source, the apertures typically need to have a large size on the sky. es-
pecially for undersampled pixels. This increases the contribution of sky background
noise to the total noise level. Another problem is blended sources; aperture pho-
tometry does not offer a simple way of disentangling which flux is from the source
being measured and which is not.

However, for bright sources above the sky, it can be shown that aperture pho-
tometry converges to the equivalent result that would be obtained with well-defined
PSF-fitting (Kjeldsen & Frandsen 1992; Irwin 1997). In practice, given the addi-
tional error introduced by a mismatch in the PSF-fitting, aperture photometry can
out-perform PSF-fitting (Hartman et al. 2005).

Given these arguments, and the results of some preliminary testing in the 2001
2004 period, a simple and robust automated pipeline based on aperture photometry

was constructed for this survey.? Two of the more successful wide-field transit

2The pipeline was designed and implemented primarily by Marton Hidas, Mike Irwin and
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surveys (SuperWASP and HAT) also use aperture photometry.

A third method, image subtraction, is becoming increasingly common and has
recently been shown to out-perform both aperture photometry and PSF-fitting
(Montalto et al. 2007), although the pixels were not undersampled in this case. This

possibility is discussed further in Section 8-2.3.

3-3.2 On-site processing and data handling

After each image is obtained by the telescope, a small astrometry program is run
on the hundred or so Tycho-2 stars (Hgg et al. 2000) that are typically present, and
a world coordinate system (WCS) transformation between pixel and celestial coor-
dinates accurate to within ~ 0.2 pixel is written to the image header. During the
observing this is used to correct the telescope pointing. At the end of each night the
data are stored locally on the telescope control PC, including an automatically gen-
erated log file containing the metadata for each file, and the observer’s log described
previously.

Data are generally downloaded to the main processing computer in blocks of
several nights using a fast internet connection. Backup data are couriered from

Siding Spring Observatory to Sydney on hard disk drives.

3-3.3 Initial processing stages

The initial stages of the pipeline were adapted from the Isaac Newton Telescope
Wide Field Survey data processing toolkit, developed by Irwin & Lewis (2001).
These steps include: de-biassing, using a single number taken from the overscan
region; trimming; non-linearity corrections taken from an empirical look-up table;
flat-fielding; and gain correction.

As mentioned earlier, flat-field correction can be a significant source of error and
therefore must be handled correctly. We typically generate a master flat-field from
the best quality twilight and morning sky flats taken during an observing run, some

50-100 frames. Instead of median combining, we take the average of the central

Michael Ashley.
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70% of values for each pixel. Generating the master flat-field is the first of only two
interactive steps in this otherwise entirely automated pipeline, and needs to be done

only once for each observing run.

3-3.4 Sky background calculation

After the initial processing, the sky background is calculated on the first pass through
the image. The typical process of defining the sky value by using an annulus around
each object is not practical in this situation due to the level of blending in our fields.

As an alternative, the entire field is divided into blocks of size 64 x 64 pixels, which
seems to be the optimal size for following real variations while still giving a robust
error estimate. For each block, a histogram of the pixel intensities is generated and
a Gaussian fit to the core of the histogram (+1o of the peak) is performed. Only
the core is used for the fit because the pixels containing additional flux from stars
will skew the histogram to higher values. An array of sky values is thus created, one
for each block, which can then be interpolated to any point in the original field to
give the local sky background value.

During the course of the survey we noticed that this method of calculating the
sky background did not seem to cope well if there were residual slopes in the field
after flat-fielding due, for example, to changing moonlight illumination. This could
be because the presence of a slope in a single block of pixels will broaden the pixel
intensity histogram and reduce the accuracy of the Gaussian fit (M. Irwin, private
communication). A simple way to address this may be to fit and remove a slope

from each image after flat-fielding; this is explored further in Section 4-3.1.

3-3.5 Catalogue generation

On the second pass through the image, the object catalogue is generated. This
step is also taken from the Irwin & Lewis (2001) toolkit. Pixels are flagged if they
are brighter than a certain level above the sky background (in our case 40, where
o is the sky background noise), and when four or more such pixels are connected

they are recorded as an object. Individual peaks within groups of flagged pixels are
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recorded as isolated sources in an attempt to deal with the blending, however given

the degree of the undersampling in our images this has not been of much use.

A master catalogue is generated from a combined master frame. Approximately
10 consecutive low-airmass images with very small image-to-image shifts from a clear
night are stacked together to create a master frame. This frame is deeper than a
typical image and should also have more accurate centroiding of the sources, which
was a potential problem for undersampled pixels. This is the second of the two

interactive steps and needs to be performed once per field per observing run.

Once the catalogues have been generated for each image, the linear transforma-

tions between the image catalogues and the master catalogue are calculated using:

r=ar+by+cy =dyter+f (3.4)

where a, ..., f are constants for each image catalogue.

Using these transformations the master catalogue is then transformed into each
of the individual image reference frames, resulting in a final identical catalogue co-
located onto each image. Using the thousands of objects in each frame for this

process gives us a placement accuracy of within ~ 0.01 of a pixel.

3-3.6 Aperture photometry

Simple unweighted aperture photometry is then performed, with fluxes summed
over a fixed circular aperture of radius three pixels (i.e., a diameter of nearly 1
arcminute). Intensity contributions from pixels on the boundary of the aperture are
calculated exactly using analytical integration over the area of the pixel contained
within the aperture. Any pixels on the boundary with counts higher than 20,000
ADU are generally due to blending or bleeding from saturated pixels and therefore
the total sum in the aperture is set to zero and that data point is discarded. Values

are also automatically calculated for apertures of radius 1.5, 3v/2, 6 and 6+/2 pixels.
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3-3.7 Image-to-image correction

Temporally- and spatially-dependent effects such as extinction cause variations in
the measured fluxes from image-to-image over a single night. We calibrate the images
to correct for this using a subset of the brightest stars (roughly magnitudes 9-11).
For each of the reference stars, the mean magnitude over the night is calculated.
Then for each image, the difference between each star and its mean magnitude is
calculated. The set of residuals Am; g, for the ith image and the sth star, are then

fit with the following function:

Am; s = a; + bz + ¢y + dixy + e;y? (3.5)

where a;, ..., e; are the constants for the ith image. The second order term along
the longer y axis is necessary as the airmass varies most along this axis. The fit
is subtracted from individual stars, and any stars which vary wildly from this fit
(i.e., which still have high rms magnitude variations after the fit is subtracted)
are rejected, and the fit is performed again. In this way we can exclude variable
and poorly-measured stars from the calibration. The process is iterated until the
fit converges, typically after 4-7 iterations. After this point the fit is applied to
all stars, and the individual images are then reassessed. If the median rms of the
magnitude residuals for the reference stars is > 12 mmag, the image is removed from

the calibration, and the process is repeated without it.

As a final step, the magnitude zero-point is set by using the hundred or so Tycho-2
stars present in each field. The Tycho-2 magnitudes are converted to I-band mag-
nitudes using an approximate (V — I) to (B — V) correlation for main-sequence
stars (Cox 2000); we expect the accuracy of the zero-point to be < 0.1 mag. How-
ever since we are interested in precise relative photometry, as compared to absolute

photometry, this does not decrease our photometric precision.
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3-4 Survey strategy

After the simulations of the 2001-2004 period, we initially started with the following

strategy:

e Time spent on each field: From simulations, the optimal length of time to observe
each field was determined to be a minimum of 20 nights with 8 hours of obser-
vations per night, or a minimum of 15 nights if 10 hours per night was achieved.
Therefore we used 20 nights as our minimum achievable target—taking into con-
sideration time lost to inclement weather and moon phase (several days are lost
around the full moon due to intolerably high sky background), we expected to

spend up to two months on each field.

e Field selection: We chose to alternate between two neighbouring fields—with
60-s exposures and time lost to slewing and readout time this would give us a
cadence of ~ 15 images hour™! for each field. In order to balance the opposing
requirements of maximising the number of stars, particularly main sequence
dwarfs, in the fields and minimising the crowding we aimed for fields lying
within the Galactic latitudes of 15° < b < 25° when this region was reachable.
We additionally tried to choose the most southerly fields (above the limit of

—70°S), in order to keep the airmass as constant as possible over the night.

e Filter selection: As described in Section 1-5.2, the recommendation was to ob-
serve in the Johnson I filter. This had the advantages of increasing the contri-
bution of the smaller, redder stars around which a planet transit will be deeper,
while allowing for shorter exposures due to the higher quantum efficiency of
the CCD in the I-band. This change was implemented in 2004 October. Note
that our CCD, being front-illuminated, is not affected by fringing, which would

otherwise be a problem in the I-band.
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3-4.1 The impact of systematics

After using this strategy for 23 months. we determined that it was not ideal for
transit detection. The presence of strong correlated noise signals in our data (ex-
plained in further detail in Section 4-3) reduced the efficiency with which we could
detect low-signal transits. Therefore from 2006 September we updated the strategy
to require observing a single field for as long as it was possible to obtain a minimum
of ~ 3 — 4 hours per night on the field. typically 3 months. continuing with the
initial placement criteria of Galactic latitude and southerly declination.

Using the predictions from the 2001-2004 period. and the hardware, software
and strategy described above. we expected to detect 2-3 transiting planets per year.
The data we obtained and the transit candidates we identified are described in the

following chapters.



Chapter 4

Data and preliminary analysis

Given the daunting statistics implicit in the detection of transiting hot Jupiters, it is
inevitable that the teams searching for them will amass equally daunting amounts
of data. Section 4-1 describes the observations that were obtained in the course
of the University of New South Wales Extrasolar Planet Search in the period 2004
October and 2007 May. In Section 4-2 our initial level of precision is assessed. The
problem of systematics is explored in Section 4-3, and an improved level of precision
for the light curves is presented in Section 4-4. The procedures for selecting transit

candidates from these light curves are described in Sections 4-5.

4-1 Observations

The raw survey data were obtained with the Automated Patrol Telescope (APT)
between 2004 October and 2007 May, using the survey design and observing strategy
laid out in Chapter 3.! Fields were selected using the guiding criteria outlined in
Section 3-4. In brief these were: ideally within the Galactic latitude range 15° <
b < 25°; aiming for as southerly a declination as possible to maximise observing
time per night and minimise airmass variations; and avoiding stars brighter than 6%

magnitude.

1During this time the rostered observers included the candidate, Michael Ashley, John Webb,
Marton Hidas, Aliz Derekas, Steven Crothers, George Georgevits, Duane Hamacher, Steven Curran

and Tom Young.
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In total, 25 fields were observing during this time, and the results are summarised
in Table 4.1. The right ascension and declinations of the centre of the each field
is given, as is the Galactic latitude. Prior to 2006 September, the strategy was to
obtain at least 20 nights of observations on each field; after this point as many nights
as possible were obtained. The range of dates within which the fields were observed
is also listed. The first 22 fields were observed in pairs and the last 3 observed singly;
this modification is explained further in Section 4-3. For each field the observations
spanned 2-4 months and between 1600 and 4400 data points were obtained. Fields
typically contained from 1300 to 8000 stars brighter than 14" magnitude, depending
on the Galactic latitude. Finally the cadence, the number of images obtained on
each field per hour, is shown; this is a function of the chosen exposure time and
the number of fields being observed in each run. From 2006 September the range of
cadences is due to an additional script?, implemented to automatically adjust the
exposure time to the sky background. Deeper exposures could then be taken during

the darkest hours each night.

4-2 Initial precision

Using the initial observing strategy and the data reduction pipeline described in
Section 3-3, with no additional post-processing of the light curves, we reached the
photometric precision shown in the left panels of Figure 4.1. The black circles show
the rms magnitude variation in the light curves down to 14" magnitude for the
complete data sets on a sparse field (upper panel, field R1) and a crowded field
(lower panel, field Q1). The solid line in each panel is the theoretical Poisson noise
limit (see Section 3-2.1), and the dashed lines are the individual contributions to the
Poisson noise from the star flux (long dashed) and sky flux (short dashed). Although
we are already lying quite close to the theoretical limit in the sparse field, the bulk of
the stars in the crowded field are lying above this limit. This is largely because the

systematic noise, as introduced in Section 1-2.6.5, is considerably more significant

2Written by Marton Hidas and Michael Ashley.
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Table 4.1. Details of the target fields observed with the Automated Patrol Telescope
from 2004 October to 2007 May. The field name and the centres of each field are given.
b° is the Galactic latitude. The number of observations obtained on each field and the
number of stars brighter than I = 14" magnitude are shown. The cadence is the number
of images observed each hour and reflects changes in exposure time and number of fields

being observed at a time.

Field name ayj2000 472000 b° Dates observed  Obs Stars  Cadence
(mm/yy) (hr=1)
L1 04h 56’ 24”7  —30° 00’ 00" —36.8 10/04-12/04° 1791 2195 7.5
L2 04b 45’ 00"  —26° 18’ 00" —38.3 10/04-12/04 1692 1943 7.5
N1 o9k 05’ 00" —14° 30’ 00  21.1  12/04-02/05 1824 3271 15
N2 09k 25’ 00"  —13° 30’ 00"  25.5  12/04-02/05 1619 2495 15
03 122 00’ 007 —36° 00’ 00  25.7  02/05-05/05 2441 3066 15
04 12k 00’ 007 —38° 10’ 00”  23.6  02/05-05/05 2420 2008 15
Q1 172 06’ 00”7 —60° 00’ 00” —11.4 05/05-09/05 2083 8096 15
Q2 172 09’ 00”7  —57° 55’ 007 —10.5 05/05-09/05 1853 7559 15
R1 00 00’ 00” —59° 00’ 00" —56.9 07/05-11/05° 3708 1401 15
R2 00k 00’ 00"  —57° 00’ 00" —58.8 07/05-11/05 3446 1496 15
S5 04k 03/ 00"  —02° 55’ 00" —38.3 10/05-01/06 1980 1327 15
S6 04k 06’ 00"  —04° 55’ 00" —38.7 10/05-01/06 1944 1284 15
Jan06_1 09k 20’ 00"  —24° 30’ 00  17.5  01/06-02/06¢ 1713 3261 15
Jan06_2 o9® 15’ 00"  —22° 30’ 00"  17.9  01/06-02/06 1773 3520 15
Feb06_1 12k 55’ 00”7  —45° 15’ 00”7  17.6  02/06-04/06 2732 4734 15
Feb06_2 132 15’ 00”7  —45° 10/ 00”  17.5  02/06-04/06 2631 4975 15
Apr06_1 14h 48 00”7 —39° 00’ 00”  18.5  04/06-06/06 1840 5176 15
Apr06_2 14b 48’ 00  —41° 00’ 00”  16.7  04/06-06/06 1840 3996 15

May06_1 180 27/ 00"  —65° 00’ 00" —21.9 05/06-06/06 2579 4421 15
May06_2 180 27 00  —67° 00’ 00" —22.5 05/06-06/06 2731 4269 15

Julo6_1 21* 09’ 00” —66° 30’ 00” —38.2 07/06-08/06 2065 2246 15
Jul06_2 21 09’ 00” —68° 30’ 00” —37.5 07/06-08/06 2034 2303 15
Sep06 23h 42/ 00”  —69° 24’ 00” —46.5 09/06-12/06 3497 1630 1040
Dec06 08h 03/ 00"  —67° 24’ 00” —18.4 12/06-04/07 3007 3387  10-40
Mar07 14h 15’ 00  —69° 00’ 00" -7.3  03/07-05/07 4450 6714 10-40

23 additional nights were obtained on field L1 in 02/05 for candidates UNSW-TR-9 and UNSW-

TR-10
b8 additional nights were obtained on field R1 in 08/05 and 09/05 for candidate UNSW-TR-29
¢1 additional night was obtained on field Jan06_1 in 12/06 for candidate UNSW-TR-46
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in the crowded fields.

4-3 The effect of systematics

The majority of our light curves were affected by systematics to some extent. There
are many potential astronomical, instrumental and data reduction-related sources

giving rise to these systematics, including:

e 'WHM variations: These may be caused by temperature and/or focus changes
during the night, and possibly large seeing variations. The effects of these vari-
ations will be much larger in crowded fields due to the proximity of the pho-
tometry apertures, which are often overlapping. As the FWHM varies, more or
less flux from each star will spill into the nearby photometry apertures. Since
the number and distribution of neighbouring stars is typically unique to each
aperture, the additional flux in each case will not be uniform and will not be

adequately removed in the image-to-image calibration process.

e Transparency variations: If small unseen patches of thin cloud drift through the
large field of view, they may cause transparency variations on a smaller spatial

scale than can be corrected for during the image-to-image calibration.

e Sky background variations: As the moon rises and sets, the sky background in
the I-band can rise and fall dramatically in a short space of time. Additionally
the overall slope in the sky background is noticeably time-dependent. This has
highlighted a problem with our sky background subtraction routine which is

discussed further in Section 4-3.1.

Stars may be affected by one or all of the above, plus almost certainly additional
sources of correlated noise that we have not identified. This gives rise to a wide
variety in the morphologies of the observed systematics, although they can be loosely

grouped into the following categories:

e Regular signals (peaks, troughs, or more complex patterns arising from a jux-

taposition of different systematics) repeating on a timescale of ~ 1 sidereal day.
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Figure 4.1. Photometric precision of our light curves. The left panels show a sparse
field (upper panel) and a crowded field (lower panel), observing with the original observing
strategy. The right panels show a different sparse field (upper panel) and a different
crowded field (lower panel) using the modified observing strategy. The black circles are
the initial photometric precision, and the red triangles are the final precision after filtering
of the systematics. In all cases the line is the theoretical Poisson noise limit, with the long

dashed and short dashed lines representing the star and sky fiux respectively.
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See, for example, the top panel of Figure 4.2, a light curve from the Q1 field.
These are potentially correlated with hour angle, airmass and/or sky background

variations.

e Sudden peaks or troughs that are not repetitive, possibly due to transparency

variations.

e Linear slopes over the course of the night. An example light curve, also from
field Q1, is shown in the middle panel of Figure 4.2. These may be due to
image distortion due to differential refraction and rotation of the image during
the night (as described in Section 3-2.2), since the slopes were previously found
during investigations in the period 2001-2004 to be correlated somewhat with

star’s location along the y axis.

e Step functions/sudden jumps brighter or fainter in magnitude, as demonstrated
in the bottom panel of Figure 4.2. This feature was well correlated with the
rising and setting of the moon, and this problem was addressed and significantly
reduced with the addition of a baffle around the telescope lens in 2006 November
to reduce the moonlight impinging on the front of the lens and scattering into

the telescope.

As detailed in Section 1-2.6.5, in two light curves with the same photometric
precision, one with purely white noise and one with a combination of white noise and
systematics, it is harder to recover transit signals to the same level of significance in
the light curve with systematics as without. One solution is to increase the number of
transits detected and the number of in-transit points observed—when phase folded,
this then increases the S/N of the transit signal to a significant level. This led to the
modification of our observing strategy in 2006 September from alternating between
fields and acquiring only 20 nights of data, to observing a single field continuously
for as long as possible. The photometric precision obtained using the new strategy
is shown in the right hand panels of Figure 4.1 as the black circles, again with the
sparse field in the top panel and the crowded field in the bottom panel. We do not

expect an improvement in the initial photometric precision with the newer observing
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Figure 4.2. Some examples of the different systematics present in our data. The top
panel shows a simple repetitive signal, with a period of ~ 1 sidereal day. The middle panel
shows a linear gradient over the night. The bottom panel shows a jump in magnitude in

the panel coincident with the rising moon.
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strategy, the purpose was simply to increase in the number of data points with which
to reconstruct the transit signals. Besides modifying the observing strategy. we also
attempted to correct for the systematics at both the pre- and post-processing stages.

as detailed below.

4-3.1 Variable sky background

One area that was identified as a possible source of systematics was the variation
in the sky background and how it is handled by the data reduction pipeline. We
noticed that in the data we were obtaining the overall slope of the sky background
could vary significantly over the course of the night, and even from image to image.
most likely due to the relatively milky lens of the APT scattering moonlight inside
the telescope. The lens is made of hygroscopic glass. and the transparency has been
steadily reducing after years of exposure to humidity. An example of this variation is
shown in Figure 4.3. These are processed (up to and including flat-field correction)
images of the Sep06 field, from a single night in 2006 September. They are evenly
spaced over the night, separated by ~ 35 minutes. The variation in the background
slope is more pronounced towards the end of the night as dawn approaches.

The current sky background subtraction procedure is described in Section 3-3.4:
an array of median values of boxes of size 64 x64 pixels is created and interpolated
onto the original image to give the local sky background at any point. In order to
assess if the current method was correctly removing the observed background vari-
ation, we decided to introduce a simple linear slope to the data. A single processed
image was chosen from a sparse field (Sep06). Twenty copies of this image were

made, each with a different background slope added of the form:

fl(z,y) = flz,y) +ay (4.1)

where f(z,y) and f’(z,y) are the original and new fluxes in ADU at the pixel
coordinate z, ¥, a is a constant, varying from —0.1b, —0.09b, ..., +0.09b, +0.1b, and
b is some factor to modify the maximum added slope to be ~ 1% of the existing

sky background level. The observation times were modified to allow light curves to
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Figure 4.3. Examples of the varying sky background over the course of a night. The

Images are spaced by approximately 35 minutes, and the field is the SepOG field.
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be produced in the normal manner, with the images being spaced in time by ~ 2
minutes from most negative slope to most positive slope. The images were then run
through the remainder of the reduction pipeline and light curves produced. This

process was then repeated for an image from a more crowded field (Dec06).

Figure 4.4 shows the rms magnitude variations present in the light curves of the
two fields solely as a result of the addition of the linear slopes (tests with the same
set of images without the added slopes showed no rms magnitude variations). The
set of light curves from the more crowded field extends deeper in magnitude due to
the brighter sky background in the original sparse field image swamping the faintest

stars.

The varying slope is, as suspected, not exactly removed by the data reduction
pipeline, and in fact leaves considerable residual errors. The level of crowding does
not seem to affect the level of additional noise to any great extent, the same scatter
is seen in both sets of rms and magnitude. For stars brighter than 10*" magnitude,
the additional rms due to the varying background is less than 1 mmag. For stars
from 10*"-13* magnitude, this rises to 1-10 mmag, and for the faintest stars we are
considering, 13'*"-14'"" magnitude, it reaches an unacceptable 10-50 mmag. Some
example light curves from the less crowded Sep06 data set produced by adding the

linear slopes are shown in Figure 4.5, in decreasing magnitude from top to bottom.

A possible solution to this is to fit and remove a slope from the real images after
.they have been flat-fielded, but before the sky background calculation stage, hope-
fully removing a large element of the time-varying nature of the background. This
step was implemented using the routine imsurfit in IRAF, fitting a 2-dimensional
surface with 224 order polynomials in both dimensions to each image. This surface

was removed and the median value of the surface added back in, to avoid negative

pixel values.

To test the improvement, if any, with this additional step, two copies of a full
night of data from the Sep06 field (the same night as shown in Figure 4.3) were
reduced in parallel; one had the slopes fitted and removed, and one did not. Light

curves were then generated and the rms magnitude variations assessed. The results
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Figure 4.4. The rms noise introduced to the light curves by the addition of Hnear slopes
to the sky background on the order of +1%. The black circles are the results for the more
crowded field (Dec06) and the red triangles are the sparse field (Sep06). The quantisation

at the lowest rms is an artefact of the floating-point precision used.
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Figure 4.5. Some sample light curves from the less crowded Sep06 artificial data set.

The variations are due to the residual error from the sky background subtraction process.

The y pixel coordinate and mean /-band magnitude are shown for each light curve.
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are shown in Figure 4.6.

There is only a slight overall improvement in the rms noise in the light curves
with the additional slope correction. Similar fractions of stars have an rms of better
than 10 mmag (15% for the uncorrected light curves and 17% for the corrected light
curves). This process was repeated for a night of data from the more crowded Dec06
field with the same results.

This step is currently in the process of being added to the data reduction pipeline,
but has not been used for the final results presented here. Another possible solution
slated for future testing is to mask out the stars and fit a much higher order surface
to the background, directly interpolating the local sky background value from this
topographical map.

4-3.2 Aperture positioning

The more crowded the field, the shorter the typical distance from the centre of
a star to its nearest neighbour. Eventually, the light from the nearest neighbour
will begin to contribute to the star’s photometry aperture. The current method
of aperture placement is via centroiding of the deeper master reference image—
the centre of the circular aperture is placed over the derived centre of the source.
However, it is possible that some precision could be gained if the position of the
aperture was not centred on the star, but was allowed to be shifted slightly away from
the nearest neighbour. This would reduce the amount of additional light from the
nearest neighbour, which we expect to be time-dependent and a source of systematic
noise, whilst not significantly decreasing the amount of light in the aperture from
the target star.

We tested this possibility with a night of data from the Feb06_2 field. Using the
master reference image, we found the brightest pixel on the boundary of a 3-pixel
radius aperture centred on each source, and recorded the direction from the centre
of the aperture to the centre of that pixel. The data were then processed to the
point of image transformation with the original master catalogue. The aperture

photometry step was then performed on the transformed images 11 times: once
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Figure 4.6. The rms noise for a single night of data on the Sep06 field. The black circles
are the light curves with no slope correction, and the red triangles are light curves with

slope correction.
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with no shifts applied, then once each for shifts of 0.1, 0.2,..., 0.9, 1.0 pixels for
each aperture in the opposite direction to the direction recorded for the brightest

pixel on the boundary.

As a result, 11 light curves were generated for each source. Only those sources
where a reliable measurement was made at all 11 aperture positions were considered,
which decreased the total number by ~ 30%. The remaining light curves were
assessed to determine which shift resulted in the lowest rms magnitude variation over
the night. Sources were rejected from the analysis if the measured magnitude at the
position returning the lowest rms differed by more than 1 magnitude from the initial
magnitude measured for that source with no shift. This limit was selected because
when there was a disparity in the measurements, it was typically significantly higher

than this (3-4 magnitudes); otherwise the difference was <1 magnitude.

The results are shown in Figure 4.7. The upper panel shows the rms magnitude
variations for the light curves at the original positions (black circles) and at the
position giving the lowest rms (red triangles). For the brighter stars (I > 12" mag-
nitude) the best position is typically the original position—this is unsurprising since
the few brighter stars would be less affected by the proximity of numerous fainter
neighbours. Some ~ 20% of stars, mostly those fainter than / = 12" magnitude,
have the lowest rms when shifted by 0.1-0.2 pixels; an additional 9% benefit from
a shift of > 0.3 pixels. The lower panel of Figure 4.7 shows this distribution of
the number of stars and the shifts giving the lowest rms. The distributions were

approximately the same in the x- and y-directions.

The next step in this process is to allow the aperture size to vary in tandem with
the position, again to minimise the amount of additional flux from neighbouring
stars. Preliminary tests® have indicated that for the brightest stars there may indeed
be some gain in precision with optimisation of aperture sizes. Once these two degrees
of freedom—aperture size and position—are calculated simultaneously, we expect
a precision improvement across the full range of our targeted magnitudes, and this

step will be integrated into our data reduction pipeline.

3Carried out by Duane Hamacher



4-3. The effect of systematics 93

0.01 -

0.001

3000

2000

1000

0.4 0.6
Total shift (pixels)

Figure 4.7. Upper panel: The rms noise for a single night of data on the Feb06_1 field.
The black circles are the light curves with the original aperture positioning, and the red
triangles are the hght curves resulting from the aperture shift returning the lowest rms

magnitude variations. Lower panel: the distribution of the numbers of stars and the shift

in the aperture centre that returns the lowest rms magnitude variations.
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4-3.3 'Trend-filtering algorithm

We then attempted to correct for the systematics at the post-processing stage, using
a trend-filtering algorithm proposed by Kovécs et al. (2005) for wide-field time se-
ries photometry?. The basic premise of the algorithm relies on the fact that within
the large set of light curves compiled on each field, there will be many light curves
exhibiting similar systematics. Therefore it is possible to select a subset of the light
curves which, if large enough, will contain a representative sample of the different
systematics. We can then reconstruct and subtract the systematic signals in the
remaining light curves, where the true light curve is assumed to be constant, using
a linear combination filter of the template light curves. This fit is performed us-
ing a simple least-squares criterion. Any signals that are unique to the remaining
light curves will not be removed. The template light curves can also be filtered by
individually excluding them from the template set before fitting.

After some initial experimentation, a subset size of 300 light curves was chosen
as giving the most robust results. The subset was randomly chosen from those light
curves between 8" and 14*" magnitude which were further than 20 pixels from the
edge of the chip. Some examples of the effect of the trend-filtering algorithm on our
light curves are shown in Figure 4.8. The systematic trends are removed, at the cost
of a slight increase in the white noise. The overall effect on the photometric precision
is shown in Figure 4.1, where the rms magnitude variations in the filtered light
curves are shown as red triangles. Although there is a slight improvement for the
sparse fields in the top panels, the most marked improvement is seen in the crowded
fields in the bottom panels. This is to be expected since, as mentioned previously,
the systematics which the algorithm is filtering out are most significant in crowded
fields. Encouragingly, the trend-filtering algorithm has brought the majority of the
rms magnitude variations down to the theoretical limit. There is also a significant
improvement with the change in observing strategy—the increased time-sampling
and total number of data points lead to a more accurate characterisation of the

systematics and therefore a more accurate filtering.

40ur implementation was written by Marton Hidas
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Figure 4.8. The effect of the trend-filtering algorithm on some of the systematics in

our light curves. The left panels show the original hght curves, and the right panels the

filtered light curves.
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However, there is a disadvantage of the trend-filtering algorithm: although unique
signals will remain in the light curves, they will typically be distorted and the depth
of the signal reduced, especially if there is a common systematic in the same time
period as the signal. This is a result of the initial assumption in the fit that the true
light curve will be constant. An example of this is shown in Figure 4.9, showing
a transit candidate (UNSW-TR-29) before and after filtering, where the transit
signal is shallower in the filtered light curve. Although with the change in observing
strategy we hope to have observed enough transit events that phase-folding at the
correct period will still give a high S/N detection even with distorted signals, this
situation is obviously not ideal. As a result, we are currently exploring an alternative
algorithm for post-processing systematics removal proposed by Tamuz et al. (2005).

This is discussed further in Section 8-2.1.

4-4 Final precision

The final precision we have obtained can be seen in Figure 4.1 as the red triangles.
The change in observing strategy and implementation of the trend-filtering algorithm
have created a significant improvement in our overall photometric precision, and we
are reaching the expected theoretical limits. The improvement can be quantified
by measuring the fraction of stars that are measured to better than 10 mmag rms
variation. These results are shown in Table 4.2. For the example sparse fields
shown in Figure 4.1 (fields R1 and Sep06), this fraction was increased from ~ 11%
to ~ 17%. For the crowded fields (fields Q1 and Mar(7) it was doubled from ~ 12%
to ~ 24%.

4-5 Initial selection of transit candidates

4-5.1 'Transit criteria

Once we have constructed the final set of light curves for each field at the post-

filtering stage, we can begin searching for planet transit candidates. Using the
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Figure 4.9. The effect of the trend-filtering algorithm on transit signals in our light
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~ 40 mmag in the filtered hght curve.
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Table 4.2. Improvement in precision: the numbers of stars in each field measured with
an rms magnitude variation less than 10 mmag is given, along with the total number of
stars, before and after the change in observing strategy and the implementation of the

trend-filtering algorithm.

Sparse fields Crowded fields
Original  Filtered | Original Filtered
Old observing strategy ~ 153/1401 180/1205 | 931/8095 1706/7819
New observing strategy 171/1610 263/1545 | 908/6708 1560/6470

methods described below, we attempt to extract the light curves with signals that

fall within the following criteria:

e Transit depth: Transiting hot Jupiters will produce a transit of depth up to 100
mmag around late M dwarfs, although we do not expect to observe many of these
in our fields due to their density on the sky down to 14*" magnitude.® However,
we are erring on the side of including more false positives than rejecting false
negatives and set an upper limit on the transit depth of 100 mmag. After a
future hardware upgrade described in Section 8-2.2, we expect the number of
candidates per field to increase by a large factor, at which point it would be

judicious to decrease the depth criterion.

e Transit shape: Due to limb-darkening and noise effects softening the edges of
transit signals from the simplified transit shown in Figure 1.1, we accept flat-
bottomed and rounded transits where the ingresses and egresses are quite steep,
although this latter feature is not specifically characterised. V-shaped transits

are excluded.

e QOut-of-eclipse: The light curve must be approximately constant, with no appar-
ent secondary eclipses, and no sinusoidal variations when wrapped to the transit

period that would be indicative of a tidally distorted eclipsing binary system.

5The Gliese Catalog of Nearby Stars contains 1035 M dwarf stars down to 14" magnitude,
resulting in a rough estimate of 0.15 M dwarfs per field of view of the APT (Gliese & Jahreif§
1991).
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e Number of events: At least two transits must be observed, although three are re-
quired for a proper period determination. At this stage we are still flagging light
curves that display only one or two promising events, on the chance that we may
obtain more data on the same field. This is a distinct possibility in the future
with the hardware upgrade resulting in a much larger field of view. However, it
is difficult to follow up these candidates: high spatial resolution imaging around
predicted transit times is ruled out by the lack of well-determined period, which
leaves only the option of spectroscopic data, which is more difficult to obtain.

The highest priority candidates have at least one full and two partial events.

Other factors such as period and transit duration were taken into consideration
in the parameter-fitting step used in the candidate screening process, described in

Section 5-1.

4-5.2 Visual inspection

Initially, all light curves down to 13*" magnitude are visually inspected. This has
the advantage of being reasonably immune to the effects of systematic variability in
the light curves, since the brain can be quickly trained to filter out the same signals
appearing in multiple light curves. However, it is less useful for light curves fainter
than 13*" magnitude due to the increased shot noise. Significantly, it is difficult to
detect shallow transits with a low S/N ratio in the unphased data, where phase-
wrapping is required to increase the significance of the signal. Visual inspection
also has the potential to miss light curves that exhibit only single or partial transit
events, and to prevent this we attempt to have two people separately inspecting
each light curve. Finally, this process is evidently very subjective and the results
generally reflect this: what one person will flag as interesting, another will dismiss
as insignificant. Again, we generally chose to include more false positives than reject

false negatives when compiling the results at this stage.
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4-5.3 Box-search algorithm

To complement the visual inspection process and to include all the data down to 14t
magnitude in the transit search, the light curves were then run through a transit de-
tection algorithm® (Aigrain & Irwin 2004). This algorithm searches for box-shaped
transit events within specified transit duration and period windows. Each light curve
has the combination of epoch, transit duration, transit depth and period within the
specified range that returns the highest S/N ratio recorded. Subsequently, light
curves with a S/N greater than some cut-off (typically > 8.0) are visually inspected
in both raw and folded formats, using the recorded parameters. This has the ad-
vantage of providing a statistical measure and cut-off for any candidates identified
in the visual inspection stage. It also has the additional advantage of flagging those
light curves with only single or partial events which may have been missed during
the visual inspection. We have optimised the parameter space to be investigated
for hot Jupiters. The transit duration window was set as 0.04-0.25 d, with a step-
size of 0.01 d (~ 15 min), considerably shorter than the shortest duration transit
features expected, the ingress and egress (~ 30 min). The period window was set
as 1.0-5.0 d, with a constant step-size in frequency of 0.05 d=!, which was found
to give the best compromise between fine sampling and long computing times. The
step-size of the epoch sampling is determined by the algorithm to be the average
duration between subsequent data points for ease of generating phase information
(Aigrain & Irwin 2004).

We can also use the box-search algorithm to test the extent to which the trend-
filtering algorithm affects the detection rate of transit signals. We expect the de-
crease in the S/N of the detection due to the reduction in the depth of the transit
signal to be significantly outweighed by the increase due to the reduction of the out-
of-eclipse systematics. To test this, we used the set of light curves from the Mar(Q7
field. We chose ten random light curves between 9" and 11** magnitude, and to
each added a fake transit signal. These signals had periods and epochs that were

randomly chosen from the range 1-5 d but were forced to result in a minimum of

6Software kindly provided by S. Aigrain and M. Irwin.
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Table 4.3. Transit recovery rates using the box-search algorithm. Results for unfiltered
and filtered light curves are presented. The results for the 30-50 mmag depths are the

same as for a depth of 25 mmag.

Depth (mmag) Original (/10) Filtered (/10)

25 8 10
20 7 9
15 7 8
10 6 8
3 2 7

three transit events. They had durations of 2 hours. and were added as discrete box
shapes. The initial transit depth was 5 mmag. These modified light curves were
added back into the original set. which was then run through the trend-filtering
algorithm. The box-search algorithm was subsequently run on the two sets of light
curves—the original set with the additional modified light curves, and the filtered
set—and the recovery rates compared. A successful recovery was defined as when the
box-search algorithm detected the highest signal to noise event at the same period
as the inserted signal. This process was then repeated for 9 additional transit depths
from 10 mmag to 50 mmag. in spacings of 5 mmag. The results are summarised in
Table 4.3. For each depth, the number of light curves with the fake signal detected
at the correct period with a S/N of greater than 8.0 is given, up to the total of 10
light curves. For 25 mmag and deeper, all the added transits in the filtered set and
8 of the 10 in the original set are recovered by the box-search algorithm. The two
that are not recovered from the original set had significant systematics. In all cases
more transits were recovered from the filtered light curves than from the original
light curves, which is a positive result for both the trend-filtering algorithm and the

box-search algorithm for transit detection.
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4-6 Results

During the period 2004 October to 2007 May, 23 candidate light curves across the
25 fields were selected out of a total of ~ 87,000 light curves, using the criteria
and procedures described in this chapter. Further analysis and follow up of these
candidates is described in Chapter 5.

One of the aims of this thesis was to explore some of the additional science that
could be performed with the compiled data set. To this end, a variable star catalogue
containing 850 variable light curves was compiled; these results are presented in
Chapter 6. In the course of constructing this catalogue, we discovered the first
example of a high-amplitude & Scuti star in an eclipsing binary system. This system

is fully explored and analysed in Chapter 7.



Chapter 5

Transit candidates and follow up

A light curve in a single filter cannot reveal the true nature of a binary system. This
is due to the degeneracy between the distance to and geometry of the system—
doubling all the size parameters of the system would result in the same observed
light curve. Therefore, once the best transit candidates have been identified, further
analysis and more data are required to confirm or reject the hypothesis of a transiting
planet. The results of this process for the 23 transit candidates identified in our data
set are presented here.! Section 5-1 details the initial screening stages of the analysis
and summarises the 10 transit candidates that were disqualified during this stage.
The methods for obtaining follow up observations on a selection of the candidates are
described in Section 5-2. and the results of these observations outlined in Section
5-3. The candidates which are yet to be followed up, including the most recent
candidates, are summarised in Section 5-4. The results of the transit survey are

summarised and assessed with respect to initial predictions in Section 5-5.

5-1 Candidate screening

As mentioned in Section 3-2.3, it is inevitable that there will be cases of blending of

multiple stars in our photometry apertures, given our undersampled pixels and the

1 Although the candidates were numbered consecutively upon discovery, there are many gaps
in the final list, especially during the earlier stages. This was due to a steadily increasing under-

standing of the systematics and subsequent removal of objects from the final list.
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Galactic latitude of our fields. Therefore, one of the first checks is a visual inspection
of the placement of the photometry aperture in the field and the local environment
of the target star. There are several obvious properties of the photometry aperture
that decrease the level of confidence in the transit signal, including: overlap with
nearby photometry apertures; multiple stars within the aperture; vertical proximity
to saturated stars which ma<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>