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Abstract

PIRATE (Physics Innovations Robotic Astronomical Telescope Explorer) is a newly commissioned telescope on
the island of Mallorca in the Mediterranean Sea at an elevation of 203m. The first aim of this project was to
obtain at least one light curve of a known transiting planet in order to discover that it was possible to do this
kind of science with the PIRATE telescope. A light curve of the ingress of the planet XO-2b was obtained,
which showed a transit depth of 1%, giving a radius of 0.945 + 0.026 R;. This corresponds to the literature
within error. Since a transit in the light curve of a known planetary system was seen, further investigation into a
candidate planet was conducted. Unfortunately, the resulting light curve was inconclusive as to whether a
transit was observed. Nonetheless, due to the success of observing an XO-2b transit, it was concluded that it is
possible to conduct science using the transit method with PIRATE.
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1. Introduction

1.1 The history of extra-solar planets

Extra-solar planets or exoplanets are bodies of planetary size and mass orbiting other stars in the galaxy. The
definition of a planet was given by the International Astronomical Union (IAU) in 2006 by the Working Group
on Extra-solar Planets (WGESP), but, as it is difficult to discover the properties of extra-solar planets, there is
one main criteria that is employed when planets are potentially detected: that the object orbiting the stellar
object or remnant must be less than the limiting mass for thermonuclear fusion of deuterium, which is currently
calculated to be ~13 Jupiter masses (Burrows et al., 2001). The idea that planets may exist around stars other
than our own is not a new one. The Greek philosopher Epicurius reflected about 2300 years ago that:

ATherenate wofilds both |ike and unlike this
are |iving creatures and pl anMaonaddf8 ot her t hi

The detection of the first exoplanet was around a pulsar, made in 1992 by radio astronomers Aleksander
Wolszczan and Dale Frail. The first exoplanet orbiting a main-sequence star called 51 Pegasi was discovered in
October 1995 by Michel Mayor and Didier Queloz using the Doppler shift method (Mayor & Queloz, 1995;
Mason, 2008). Since 1994, to date, there have been 344 planets, in 292 planetary systems, where 37 are
multiple systems, which have been discovered using a variety of techniques including the transiting,
gravitational microlensing, imaging and radial velocity methods (The Extrasolar Planets Encyclopaedia, 2009).

1.2 The transit method

When a body passes in front of a luminous body some of the light is blocked from the point of view of the
observer; this is known as a transit. Since before written history man has been observing transits. The Moon
regularly transits in front of the Sun and so we see partial or total eclipses of the Sun from a certain location on
the Earth. Mercury and Venus also transit the Sun, and although it is not possible to see this with the human
eye, it is possible to measure these events with scientific instruments. In the 18™ century, the first experiments
using the transit of VVenus across the Sun were being conducted to try and measure the Earth-Sun distance or the
astronomical unit (AU). The transit method applies the same principle as a Venus or Mercury transit of the Sun
but to other stellar systems. A planet that passes in front of its star will exist in a stellar system with the orbital
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plane aligned to the line-of-sight of the Earth (Rauer & Erikson, 2008). By monitoring the system it is possible
to obtain the radius of the planet using photometric analysis.

1.3 Experiments using the transiting method

Currently, there are three main experiments looking for exoplanets using the transit method — XO, HAT
(Hungarian-made Automated Telescope) and SuperWASP (Wide Angle Search for Planets).

SuperWASP s an initiative by eight academic institutions to detect transiting exoplanets and, at the time of
writing, has discovered 15 planets. SuperWASP uses an array of eight wide-angled cameras, each of aperture
11.1cm with CCD (charge coupled device) chips which are 2048 by 2048 thinned e2v produced by Andor of
Belfast (SuperWASP, 2008). There are two locations with the same experimental equipment set-up — La Palma,
Canary Islands and Sutherland, South Africa. Having these two sites, one in the northern hemisphere and one in
the southern hemisphere, allows the SuperWASP consortium to scan the whole sky for transiting exoplanets.
The WASP array scans large areas of the sky looking for any stars that show a small decrease in flux, this data is
then stored and manually sorted to identify candidates. Follow-up research is conducted on the candidates using
more powerful telescopes.

The XO project is looking f o r -J“uhpoitt e r
around bright stars (visual magnitude < 11) and has
discovered three planets so far. This project is based
in Maui, Hawaii. It uses twin 20cm Canon EF200 &
lenses with CCD chips which are 1024 by 1024

Apogee Ap8p (XO, 2008).

pl anets

HAT is a project using six wide-angled cameras,
each with an aperture 11cm. This project also runs
two sites, one in Arizona, USA and one in Mauna
Kea, Hawaii and, to date, has discovered 11 planets
(HATNet Project, 2006). Other transiting planet
projects that have also made discoveries include A B b Time
TrES (Trans-Atlantic Exoplanet Survey), the N2K

Sur_vey an_d other on-going surveys that may be Figure 2.1 — a schematic of a light curve to show how the
fruitful include Vulcan, KELT, BEST and intensity (flux) from a stellar body changes with time

EXPLORE (Dvorak, 2008). during a transit. Adapted from (Dvorak, 2008).

Intensity

2. Theory

As a planetary transit occurs the flux from the stellar body is reduced, and this can be measured. To measure the
flux from a star multiple images are taken over the course of a few hours. Assuming the star is stable, and a
transit did not occur, the flux from the star would not change within systematic error, for example, caused by a
change in airmass as the star rises or sets. However, if a transit did occur, the flux from the star would drop
during the time of the transit, due to the planet blocking a small percentage of light as it passes in front of its
parent star. After photometric analysis of the images, a light curve of the stellar flux would be plotted and this
would illustrate the transit, shown in figure 2.1. The change in flux is calculated by firstly taking the data
collected whilst the star is out of transit and determining the value of the flux. The flux is approximately steady
so a value can be found by looking at the linear trend of the flux; this is demonstrated in figure 2.2. The
variation in the flux is due to noise, such as atmospheric conditions. Secondly, this process is repeated but by
taking the flux of the star whilst it is in transit. However, the flux whilst in transit must not include data that
represents the planet crossing the limbs of its parent star, shown diagrammatically from A to B and C to D in
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figure 2.1; as only part of the planetary disc is blocking the stellar disc and this is not a representation of the
total change in flux. The difference in these two flux values is the change in flux, pf. The change in flux is
related to the ratio of the stellar and planetary disc areas, which is given by:

af _ (xrp)” _ (ﬁ) @.1)

f. (mR, )2 R,

where f«is the total flux (i.e. the out of transit flux), R~ is the radius of the parent star and R, is the radius of the
planet (Burleigh, 2009). The radius of the star is inferred by its spectral type. The out of transit flux is taken as
100% so nf must also be converted to a percentage. The radius of the planet is often converted relative to
Jupiter or Earth radii, whichever is more convenient for the individual exoplanet being described. The value of
the radius of Jupiter used throughout this project was 7.14x10" metres.

XO0-2 out of transit, 22nd February 2009
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Figure 2.2 — The linear trend of the steady flux of XO-2 while out of transit is shown by the trend line. The
value of the flux is taken to be 0.95 £+ 0.01. The error looks to include the spread of the flux and the error
bars associated with each data point.

For this project, the type of photometric analysis used was differential photometry. This method allows a result
to be found without needing to know the absolute magnitudes of the stars in the field-of-view. It is only
necessary to show that there is a relative change in the flux of the parent star, it is not necessary to know the
absolute magnitude of the star in or out of transit, which is why differential photometry is used here.
Differential photometry is conducted by comparing other stars in the field-of-view to the target star. It is
important that the comparison stars are of the similar or a brighter magnitude than the target star. This is due to
how differential photometry is performed. The flux from the comparison stars are summed together and then
divided into the flux from the target star. If the comparison stars are dimmer than the target star, the division of
the fluxes will not comprehensively show a change in the flux of the target star. The comparison stars are
assumed to be of steady flux (i.e. non-variable). It is important to avoid comparison stars that are located on bad
pixels on the CCD or that are blended with other objects as they may not show a steady flux and will introduce
noise.
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However, this can only produce viable results if the comparison stars are stable. If they are variable then this

will give false effects in the resulting light curve. Therefore, to ensure that a transit in a light curve is a real

effect, the comparison stars must be compared to each other, as this will show if there is any innate variation

within one or other of the comparisons, an example of which is shown in figure 2.3. If both stars are stable, then

the light curve will show a steady flux. However, the flux may look to increase slightly, seemingly a deviation

from a steady flux, but this is due to the stars rising higher in the night sky and, therefore, their light is
permeating |l ess of the Earth’s at mos p helawayfronstheo wi ng a
aperture of the telescope. Another deviation showing a slight rise or fall in flux in the comparisons could be due

to the comparisons being different spectral types; however, unless more is known about the comparison stars it

may not be clear as to why a slight deviation may occur.

Differential photometry uses circular regions, or apertures, created using image analysis software to measure the
amount of counts inside these apertures; this is shown in figure 2.4. When conducting differential photometry,
it is important to keep the apertures the same for the target and each of the comparison stars in each science
frame. The size of the aperture must be chosen carefully, if it is too small and only encloses the brighter, central
region of the star, its apparent magnitude may be underestimated. Nevertheless, if the radius of the aperture is
too large then disproportionate amounts of background flux will be introduced into the reading (Norton, 2004).
Therefore, if they are not kept the same then different amounts of background around the star (whether it is the
target or any of the comparison stars) will be measured, which will induce error into the results. By performing
differential photometry on each frame, the results can be complied as a light curve.
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Figure 2.3 — The light curve of the two comparisons, one divided by the other, shows that their fluxes are stable and,
therefore, can be used as comparison stars. The light curve varies by less than 0.15 units and has small error bars, showing
high stability, but there is evidence of an increase as the stars rose in the night sky. At approximately 54884.94 MJD the
sky became cloudy, hence the wide scatter. At 54884.902 MJD the telescope performed a pier flip, seen here by the lack
of data.
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Figure 2.4 — This screen shot shows the application of aperture photometry in the program GAIA. The green circle is the
aperture, and the area enclosed by the two blue concentric circles is the annulus which takes a measurement of the
background flux which is deducted from the flux of the stars. The lower star is the target and the other two are
comparison stars.

3. Equipment

The PIRATE (Physics Innovations Robotic Astronomical Telescope Explorer) telescope is a newly
commissioned 14-inch aperture telescope; it had first light in March 2008, with tracking, auto guiding, pointing

and autofocus all in place (PIRATE, 2008). The telescope is located on the island of Mallorca and based at the
Observatori Astronomic de Mallorca (OAM) at latitude N 39° 3 8 ’ 38", P57Mm’'g atlGMToHE at 48 2
elevation of 203m. Approximately 50 percent of nights are available (i.e. clear skies) to conduct science at this
location. The telescope and its dome can be controlled remotely via the Internet. Currently, the opening and
closing of the dome and the homing and parking of the telescope are done via a virtual network connection
(VNC) to the control computer in Mallorca. The acquisition of data is conducted via a WWW interface. Short
command programs can be written by the user, which, when '
uploaded to the WWW interface, enable the telescope to collect
images over a user specified time, at a user specified exposure
time, in a user specified filter and so forth. Otherwise, the
WWW allows the user to give it commands such as the co-
ordinates of a target and data can be obtained this way.
Eventually, the aim of the PIRATE project is that it will be fully
controllable via the WWW interface, so that a novice user can
use it with ease and conduct science, as PIRATE is designed to
be a teaching tool. PIRATE is funded by Physics Innovations
Centre for Excellence in Teaching and Learning (piCETL). The
telescope was built by members of the OAM staff, Pl Dr. U. Figure 3.1 — The PIRATE telescope.
Kolb of the Open University (OU), consultant Dr. V. Burwitz of

Max-Planck-Institut fiir extraterrestrische Physik (MPE), software developer Dr. R. Lucas of the OU, Vanessa
Stroud of the OU and myself. PIRATE became fully remotely operational during July 2008. The telescope is a
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Celestron 14 with a focal length of 3910mm and an aperture of 14 inches. The telescope is supported by a
German Equatorial Mount. This kind of mount induces a pier flip when the telescope reaches the meridian,
which it must perform in order to continue following an object across the sky. The CCD camera is a SBIG
STL1001E, 1024 by 1024 at 24um, with one million pixels, a 22 arc minute field-of-view, a readout noise of
14.8¢’, a gain of 2.14e" and an image download time of approximately 2.5 seconds (SBIG Online Catalogue,
2008). There is an eight position filter wheel also installed. The main software user interface is a web interface
controlled by ACP Observatory Control; the Paramount driver is The Sky, camera control by MaxIim DL and
focus control by FocusMax.

4. Observations

PIRATE has not had much time to be used for scientific purposes and even though it had first light over a year
ago, the main aim of the team working with the telescope has been to get it ready for remote use so that students
can use it from the United Kingdom. The observations made during this project were amongst the first of their
kind using this equipment. At the beginning of the project it was not known whether PIRATE would be able to
make successful observations of transiting planets. The first aim was to observe a transit of a known planet
before trying to observe any candidate planets, as the details of a known exoplanet can be compared to any
information found during this project. During this project all data and calibration frames were collected through
the V filter. The V-band is centred on 550nm, which is in the optical wavelength range. This is as a result of
many of the stars being observed peaking in the optical range.

4.1 Target: XO-2b

The first observing session that had good weather was on

22" February 2009. The objective of this observing night :

was to capture a transit of the known planet orbiting the star e : 3
X0-2. Unfortunately, the flat field calibration frames (for g ; g
an explanation of calibration frames see section 5.1
Calibration) could not be obtained due to internet
connection problems, therefore, the flat field frames
collected on the night of the 18" February 2009, by another
observer, were used in the analytical process. In the time _
between sunset and the end of astronomical twilight, 20 bias 35 s
calibration frames were acquired. Once it was dark enough : 2 '

for stars to be exposed in a frame, a go-to field-of-view { < . ' : J
program was run and the correct field, as demonstrated in E
figure 4.1, was found. A few test exposures of different Figure 41 —-A 22° by 22° st a
lengths were conducted to make sure the target and potential ~ the Aladin Sky Atlas for XO-2 (The Aladin Sky
comparison stars were not too heavily exposed. On the  Atlas, 2008). XO-2 and hence its daughter planet,
science frames, 40 000 counts per pixel is the limit for ~ XO-2b, are highlighted by the red arrow.
overexposure and frames with this number or more counts

per pixel will induce noise and are not useful for science. The maximum number of photons that can be counted
per pixel is 65 535. For a useful science frame ~25 000 counts per pixel was wanted, so the exposure time
chosen for the science frames was 30 seconds. However, it is also important that the science frames are not
underexposed. At least a few thousand counts per pixel are needed to conduct science. By writing a short
command program, it was possible to set PIRATE running to capture frames of 30 second exposure over a
period of about four hours, working in the V filter during the whole session. The transit was due to ingress at
20:33 UCT (21:33 CET), be in mid-transit at 21:58 UCT and egress at 23:22 UCT (Transitsearch, 2009). The
weather was fairly clear, with very intermittent low clouds passing quickly overhead. The telescope performed
the meridian pier flip at approximately 21:40 UCT. Unfortunately, towards the egress, it became too cloudy and

.
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the telescope was unable to acquire the target with ease.
By looking at satellite images of the island it was
obvious that more cloud was moving in over the location
of the telescope and so the observing session was
terminated at approximately 23:40 UCT.

4.2 Target: WASP candidate: J090229

Due to unfortunate weather it was only possible to
convincingly observe one WASP candidate, but still with

L I

some hindrance. The observing session of the candidate, R o i
J090229, took place on 15" March 2009. The transit was : ; e
due to ingress at 18:36 UCT, be in mid-transit at 19:56 :

UCT and egress at 21:16 UCT (Hunter Results, 2009).  Figure 42-22' by 22’ star |
As sunset was at 17:56 UCT, it would not be dark  Aladin Sky Atlas for XO-2 (The Aladin Sky Atlas,
enough to capture the ingress, so the aim of the evening 2008). Unfortunately, a satellite has passed across the
was to capture the egress and follow the target  frame!Hence the dark streak.

afterwards to get the out of transit flux count from the parent star. When the target star was placed at the centre
of the science frames there were no other stars in the field-of-view that could be used for comparison, so the
target was not centralised in order to allow some potential comparison stars into the field-of-view. Flat field
frames were acquired and once it was dark enough the field-of-view was tested successfully. Testing exposure
times proved to be more difficult than normal. The target and potential comparison stars had very low readings
in a 30 second exposure. The target star was of similar apparent magnitude to XO-2 so it was expected that a
similar exposure time would be used. However, in order to get ~26 000 counts an exposure time of 75 seconds
was used. Weather conditions through the night were varied. It seemed that there was high thin cloud during
the first half of the night that was not visible on the frames or on the satellite images of the island. This became
more apparent as the night went on and as this cloud dispersed, the counts on the target increased and peaked at
~40 000 counts due to the long exposure time. The pier flip occurred at approximately 21:35 UCT. At
approximately 23:55 UCT, no more science frames were collected and bias frames were acquired before ending
the session.

5. Data Reduction

5.1 Calibration

The images downloaded from the CCD are called the raw data frames. They need to be calibrated before they
can be analysed to produce results. There are two calibration methods called flat-fielding and de-biasing, which
are used to reduce the raw frames into workable science frames.

Bias frames are used to correct for the average innate noise across the CCD chip. Bias frames are collected by
taking a zero length exposure. By stacking many bias frames a median can be generated which results in
creating a master bias frame, which is then subtracted from each science frame (Norton, 2004), an example of
which is shown in figure 5.1.
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Flat field frames are used as part of the reduction process as they correct for dimming observed towards the edge
of the frame, an effect known as vignetting. Flat frames also correct for dust particles which, due to being out of
focus, cause ring or doughnut shapes on the image; and for irregularities introduced during the manufacturing
process. By acquiring an image of uniform illumination, science frames can then be corrected to values that
would have been obtained if all the pixels in the CCD detector had the same sensitivity to light (Norton, 2004).
In the case of this project, the twilight sky was used, which is true of much scientific research. However, there
is another method, in which the inside of the dome covering the telescope is lit and this is used as the uniformly
illuminated area for acquiring the flat frames. It is more useful to use the twilight sky, as this is essentially at
infinity, whereas artificial lighting can cause a wave effect on the flat field. Ideally, flat field frames should
have an exposure time of around one second or more. If it is less than this then the shutter on the camera could
potentially affect the amount of light reaching the pixels as it moves past them when opening and closing.
Although it is possible to take frames of short exposures with PIRATE, such as 0.1 or 0.01 seconds, it still
cannot be certain that the shutter has not interfered with the amount of photons collected on the CCD. In order
to get a uniformly illuminated sky without exposing stars and have an exposure time of one second or more, it
was discovered that the best time to acquire flat field frames was approximately 10 minutes after sunset. Pixel-
to-pixel variation is also a function of wavelength and so calibration frames should be acquired in the same filter
that is used to acquire science frames. The flat field frames are de-biased before being stacked into a master flat
frame by creating the median of these frames, and then the value of each pixel is divided by the mean value of
the total number of pixels normalising the mean value of the master flat to a value of one. The master flat is
divided into each science frame (Norton, 2004). This then removes the effects such as vignetting as described
earlier. An example of a master flat frame can be seen in figure 5.1.

Figure 5.1 — The master flat (left) constructed from the flat field frames taken on 18™ February 2009;
the doughnut shapes caused by dust particles and vignetting effects are clearly visible. The master bias
frame taken on the observing night 22™ February 2009 is also shown (right).
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Figure 5.2 — Here it is possible to see that the effect of subtracting the master bias from the raw
frame (left) removes the bad column seen at the top of the image. The bad column is no longer
visible in the calibrated frame (right).

Short programs were used at each stage to perform tasks in order to create the master bias frame, subtract it from
the science frames; create the master flat frame and divide it into the science frames. A LINUX operating
system was used to do the reducing. The short programs use PERL (Practical Extraction and Report Language)
commands through image analysis software called Starlink GAIA (version 4.2.2). The original raw frames are
fits files and a program called fit2sdf.scr converted the files from .fits to .sdf, which GAIA uses more
readily than fits files. To create the master bias, a program called bias_master.scr selected all files from
the direct or filemane dnd stacRed them to generate thelmaster bias, as described above. The
next step was to subtract the master bias frame from all the science frames and the flat frames. This was done
by a program called bias_sub.scr it al so a dased) to the filelmdmes Goitheyecould bk
differentiated from the original files. Another program, flatfield2.scr , picked out the flat field images to
be combined, as described above, to create the master flat frame. A program flatdivide.scr was used to
dividethede-bi ased i mages by t he ma-§ielded)to the lfila ntamea fhd scienadd “ f f ”
frames were then ready to be analysed.

Figure 5.3 — The raw image (left) shows signs of bias noise, vignetting (dimming towards the edge
of the image) and bad columns. In the calibrated frame these effects are removed, showing a
uniform background.
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5.2 Photometry

In GAIA it is possible to do differential photometry on a single science frame. However, when there are
hundreds of frames to reduce, this is not a practical way of analysing the data. A program called
apphot_flux.csh , which uses GAIA in the background, was used to analyse the flux of the target and
comparison stars. The first frame was looked at to discover the locations of each object so that it could be fed
into the program. The output file contained a list, a row per science frame. The columns gave information on
the time in the unit of Modified Julian Date (please see Appendix A for details of Modified Julian Date), the
flux counts for each object and the error in these counts. The next program called compcombine.pl
combined all the comparison stars data and error on the comparison stars from the previous output file to
combine them into two columns by taking the sum. It outputs another file with a row per science frame but with
only five columns, the time (MJD), the counts on the target, the error on the target, the total comparison counts
and the error on the total comparison counts. The final program that manipulated the data was called
divide_man.pl  , which completes the differential photometry by dividing the target counts by the combined
comparison star counts. The resulting output can then be displayed by running a program called plot.q inits
parent program Q, which took user inputted parameters based on the final output file from divide_man.pl

to show the data in the form of a light curve.

5.3 Targets and comparison stars

531 XO-2b

As shown in figure 5.4, two comparison stars were used
when analysing the flux from XO-2. During reduction an
aperture of five, a gap width of two and an annulus of three
were used. The comparison stars are of similar magnitude
to XO-2. The apparent magnitudes of comparison 1 and
comparison 2 are 10.18 and 11.20 respectively (The Aladin
Sky Atlas, 2008). The apparent magnitude of XO-2 is
11.18 (The Extrasolar Planets Encyclopaedia, 2009). o

53.2  WASP candidate: J090229

The comparison stars used during analysis are shown in

figure 5.5. The apparent magnitudes of comparison 1 and ; Sz
comparison 2 are 11.10 and 11.80 respectively (The Aladin : 4 ipe - N
Sky Atlas, 2008). The apparent magnitude of the candidate : = » =4)
star is 9.5650 (Hunter Results, 2009). In the reduction

process an aperture of eight, a gap width of two and an  Figure 5.4 — The target is highlighted by the red
annulus if three was used. The comparison stars are around ~ arrow and the comparison stars used in the
two magnitudes dimmer than the target, therefore, this may  differential photometry for XO-2b are circled in
have consequences during the analysis process. The — 9€€N:

comparison stars did not have any objects close to them and

so unless they had innate variability; it was possible to

consider them as comparisons. However, the target itself

did have another object close by, as can be seen in figure 5.6.
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Figure 5.5 — The target is highlighted by the red arrow
and the comparison stars used in the differential
photometry for the WASP candidate are circled in
green.

Figure 5.6 — A close up of the target. It is possible to
see the object in close vicinity to the target. It is
possible that this object could introduce noise into the
measurements of the flux from J090229.
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6. Results

6.1 XO-2b transit

A transit of XO-2b was successfully observed using the XO-2 data
PIRATE telescope. The real effect of the transit is
shown in figure 6.1. However, only a partial transit, Spectral type . Y

showing only the ingress, was observed due to cloud APParentmagnitude 11.18 (V)

coverage towards the end of the observing session. Even ~ Radius 0.97 £ 0.02Rs
though the egress was not measured, there was still RA 07 48 07
enough data to calculate the radius of XO-2b; as it was  Dec +50 13 33

possible to measure a value for the flux of the star, both
in and out of transit. The transit of XO-2b on 22" Table 6.1 (Burke et al., 2007; The Extrasolar Planets
February was predicted to occur at 20:33 UCT, last for Encyclopaedia, 2009)

162 minutes and end at 23:22 UCT (Transitsearch, 2009) the predicted ingress and egress are shown graphically
in figure 6.2. The data showed that the prediction for the ingress was correct. Having compared the target star
to both comparison stars, the target was also compared to both comparison stars individually. When comparing
the target to the second comparison star only, the light curve showed a deeper transit and so the measurement of
the change in flux was used from this light curve. The change in flux was calculated as 1% (+1.41x102%).
Consequently, the radius of XO-2b, in Jupiter radii was found to be 0.945 + 0.026 R;. The value of the radius
for XO-2b in the literature is 0.93 +5 5 R, (Burke et al., 2007). Hence, the result obtained from the data on the
22" February falls within error of the literature. This fact is confirmation that it is possible to conduct research
on transiting exoplanets using the PIRATE telescope, thus successfully completing one of the goals of the
project.

X0—-2b_comp?

58 Sl o
g | Mﬁ A
:| W | |

MJD — 54884

Figure 6.1 — Light curve for the transit of XO-2b shown over difference of five percent on the y-axis. The ingress can
be seen, but unfortunately past 22:33 UCT cloud hindered the observations of XO-2 so this light curve has been
clipped to show only useful data points. In this light curve, the target has been compared to a single comparison star
(comparison star two, as shown in figure 5.4), which is similar in apparent magnitude to XO-2.
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Figure 6.2 — These light curves show the full data set. The black vertical line shows the predicted ingress (top) and egress of the
planet. It can be seen that the ingress does start approximately as predicted. Unfortunately, the egress was not measured, as can be

seen by the wide scatter of data points, which was due to cloud.
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6.2 WASP candidate: J090229

Although a good data set for J090229 was collected, no conclusive results were achieved. The weather on the
night of observation was fairly clear; however, there was high cloud that had possible adverse effects on the
data, for example, introducing error. The light curve of the target divided by both comparisons looked at first as
though the transit had been captured. On closer inspection, it was possible to see the point that the star could
have emerged from transit (around 54905.855 MJD), but the flux changes too suddenly, as displayed in figure
6.3. Whereas, a gradual egress would be expected, as seen in the XO-2b transit. To confirm that this was not a
real effect, the comparison stars were investigated. Compared to each other they showed the inverse shape that
was seen when divided into the target, illustrated in figure 6.4. This leads to the conclusion that one or both of
the comparison stars do not produce a steady flux, unless this is an artefact introduced unexpectedly into the
data. Further investigation was needed to discover the cause of this effect. When the first comparison was
compared against the target, the light curve showed a change in flux over two percent. However, the shape of
the light curve does not represent the form expected of a transit. Although it is not known whether this is
intrinsic to the target, the comparison star or has occurred due to some other variable, it can not give any
conclusive results. The second comparison showed a similarly shaped light curve to when the target flux was
divided by the flux of both comparisons, displayed in figure 6.6. This leads to the conclusion that a transit was
not observed. Conversely, it is possible that an error occurred during the analysis of the data. Unlike the data
collected on the transit of XO-2b, the images were not rotated by 180° after the pier flip as would be expected,
so the analysis was completed as a whole instead of in two halves; before and after the pier flip, as was applied
to XO-2b. After the pier flip, it is possible that the position of the stars may have shifted on the image.
Co-ordinates fed into apphot_fl ux.csh for the stars were retrieved from the first science frame collected
(i.e. before the pier flip), so they would not necessarily apply to the images collected after the pier flip, even

JO80228_bothcomps
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Figure 6.3 — The data set from observations of J090229 on 15" March 2009. The target is divided by two comparisons. This light
curve does show a change in flux, but unlike an egress when observing a transit, it is a sudden rise not gradual. This is not a real
effect; it is described as an artefact. The flux past 54905.86 MJD shows a decrease, whereas it would be expected to be steady,
however, after the pier flip at approximately 54905.90 the flux appears to be steadier. Information before the pier flip may just be
an artefact introduced by bad photometry, but without further investigation, its cause is not known.
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though the images were of the same orientation. Further investigation is needed to discover if there was a
problem with the photometry. Another possible instance of noise being introduced and causing an artefact is the
object near the target. When the initial photometry was conducted, the aperture and annulus size was chosen so
that the object was not within either of them, and, therefore, should not have been taken into account during the
photometric analysis. However, this may not have been the case and without further investigation it is not
possible to pinpoint the reason for the artefact in the light curve. It is possible that, due to the target having been
placed towards the edge of the frame, rather than centred, as XO-2 was, that this could affect the photometry
and introduce artefacts. As PIRATE is a newly commissioned telescope, there are details such as this that need
further investigation. Nevertheless, from the current analysis, it must be concluded that a transit was not
observed, so unfortunately no new discoveries were made during this project.
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Figure 6.4 — This shows the light curve of the flux from the two comparison stars divided by each other.
It is almost the inverse of the light curve in figure 6.3.
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Figure 6.5 — The light curve shows around a two percent change in the flux. It is not known whether this

change is occurring in the target or comparison star, further investigation into each star is needed.
However, the shape of the light curve does not indicate that a transit was seen.
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Figure 6.6 — It is possible that the artefact (the sudden change in flux) has occurred in the target or the
second comparison star, as this light curve indicates.

7. Project Conclusion

As it was unknown at the beginning of the project whether PIRATE would be able to conduct research on
extra-solar planets using the transit method, this project has successfully proved that this can be achieved.
Regrettably, no candidate planetary transits were successfully observed, but due to unfortunate weather and the
ultimate restraint of the length of the project, no further nights were available to collect data. Nonetheless, the
accomplishment of detecting the transit of XO-2b opens the door to further research of this kind using the
PIRATE telescope, for example, follow-up work on WASP candidates.
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Appendix A
Modified Julian Date (Moyer, 1981; Walker, 2006; O'Leary, 1998)

The Modified Julian Day (MJD) is a variation on the Julian Day (JD). JD was devised to be the period it takes a
solar cycle, lunar cycle and the ancient Roman Indiction (which is a tax cycle of 15 years) to coincide from one
to the next. JD counts in increments of days, starting the day at 12 noon, which is an astronomical convention,
opposed to the civil belief that the day starts at 12 midnight. The start of JD is on 12 noon, 1% January 4713 BC,
i.e. 0JD. For example, the JD conversion of 12 noon, 22™ February 2009 is 2454885 JD.

MJD was adapted i n t insespade aissmons Weee Hding sondustede MJIDtishnwre f
convenient as it drops the first two digits of the JD. It is, therefore, described by:

MJD = JD - 2400000.5 (A1)

where the half a day is subtracted in order to meet with the civil concept of starting the day at 12 midnight. For
example, the MJID conversion of 12 noon, 22™ February 2009 is 54884.5.

It is more suitable to use MJD than the conventional S.I. time unit of seconds, or even minutes or hours, when
observing events in astronomy. This is due to many astronomical events occurring over many hours (as some
transits do), days or even years, such as orbital periods of planets around a star.
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