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Abstract

Gamma-ray bursts (GRBs) are intense eruptions of high-energgiation and are the
most luminous events observed in the Universe. Ranging iatidur from milliseconds

to hundreds of seconds, they have isotropic energiesl6t®erg. They are thought to
be produced by the collapse of a stellar object into a com@aehant accompanied by
a rotating accretion disk, with radiation emitted by twoigo@rallel collimated jets of

material.

The unpredictable nature of GRBs precludes the schedulingpsdreations and de-
mands automated responses on the shortest possible tes-sdRobotic optical tele-
scopes are particularly well suited to the study of the aptdterglows of these events.
Small (< 1 m) telescopes are sensitive enough to detect the opticséiemin many cases,
particularly since they can carry out observations at varlygimes when an optical coun-
terpart will be at its brightest. Presented in this thesthésdevelopment, installation and
operation of the Watcher system. Watcher is a 40 cm roboticalpelescope dedicated to
GRB follow-up observations. The system has been operatihgribotically at Boyden
Observatory in South Africa since March 2006, and has choig extensive observations
in response to GRB alerts generated by3weftsatellite and other missions.

In order to contribute to the highly competitive field of GRBearch it is necessary
to have a streamlined, rapid anflieient analysis framework for robotic telescope data.
This thesis also presents the development of such a frarkdaothe Watcher project:
Thequick Software Analysis Suite. Based primarily on IRAF, tiigck suite is a custom

built reduction and analysis pipeline. It includes funngdor performing photometry,

Xii



calculating signdhoise ratios and querying astronomical catalogues for thienaatic
selection of suitable reference stars.

A summary of the GRB follow-up observations that have beerfopaed to date
by Watcher is also presented, including GRB 060526, GRB 0608@4 GRB 080905b.
Finally, the unusual case of SWIFT J19550261406 is described in detail. Initially
appearing to be a standard cosmic GRB, more than 40 flaringdsgseere detected from
the source in the optical band over a time span of three dagsa daint infrared flare 11
days later, after which the source returned to quiescencdioR@servations confirmed
a Galactic nature for the source and established a lowarndistlimit of~3.7 kpc. It is
suggested that the source could be an isolated magnetae\whosting activity has been
detected at optical wavelengths, and for which the longrtésray emission is short-lived.
If this is the case, a new manifestation of magnetar acthaty been recorded and it can
be considered that SWIFT J19550261406 is a link between the ‘persistent’ Spitay

Repeaters (SGRgAnomalous X-ray Pulsars (AXPs) and dim isolated neutrorssta

Xiii



Chapter 1

Introduction to Gamma-Ray Bursts

1.1 Introduction

Gamma-ray bursts (GRBs) were discovered accidentally irateell960’s by the US Vela
satellites. These satellites were designed to monitompiateviolations of the US-Soviet
nuclear test-ban treaty but instead detected brief fladhtegldy energeticy-ray radiation

(Klebesadel et al., 1973). The burst durations ranged froltisetonds to hundreds of
seconds and the emission extended up to energied bfeV. The first GRB lightcurve

detected by Vela 4 is shown in Fig. 1.1.

1500 T T T T T

1000~

counts/second

2
Time (seconds)

Figure 1.1: GRB 670702, the first gamma-ray burst lightcudetected by the Vela 4
satellite on July 2 1967Credit: Klebesadel et al. (1973)



1.1. INTRODUCTION

The relatively crude imaging and localisation capabditié y-ray instruments at the
time made progress towards the understanding of GRBsult. As additional Vela satel-
lites were launched with better instruments, the inexpliealetections ofy-ray bursts
continued. By analysing the féierent arrival times of the bursts detected bffetent
satellites, it was possible to determine rough estimateshi® sky positions of certain
bursts and definitively rule out a terrestrial or solar arigirhe intensity of the photon
fluxes observed suggested a nearby origin and early thgmogesed a link to neutron
stars within our own Galaxy (e.g. Higdon and Lingenfelte39Q). In 1991 however,
NASA launched th&€€ompton Gamma Ray Observat¢fyGRO) with a dedicated GRB
instrument on board called BATSE (the Burst Alert And Transi®ource Experiment).

Over its 9 year lifespan BATSE detected 2704 GRBs (Fishman aawpish, 1995).

g |
107 10° 10° 10
Fluence, 50-300 keV (ergs cm™)

Figure 1.2: The spatial distribution in Galactic coordesatof the 2704 bursts ob-
served by BATSE, which shows the isotropic nature of the GRE&ridution. Credit:

http;/Avww.batse.msfc.nasa.gloatsggrb/skymap

The positions of the bursts detected by BATSE shows an igiatidistribution over
the entire sky (Fig. 1.2), rather than clustered around acpdar direction, for example

along the Galactic disk (Meegan et al., 1992). This sugdesteosmological origin for
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GRBs, rather than a Galactic one. The idea was strengthenée loymulative peak flux
distribution of BATSE GRBs (Fig. 1.3). The power-law slope-/2 at high fluxes in
thelog(N) — log(P) plot (whereN is the number of bursts arielis the peak flux) indicates
a homogeneous distribution in a Euclidean space model. [bpbe ecomes shallower at

lower fluxes, implying a relative under abundance of faintrses detected.

S— S —
1000 -
8
= 100 =
o
IE -
ik}
g | |
= | B
oF \L\ :
E . f
Lr £
| |
1 . Ll AL ALyt it
01 1.0 10.0 100.0 1000.0

Peak Flux {ph-cm®-s™")

Figure 1.3: The peak flux distribution of the BATSE GRBs, shayime cumulative dis-
tribution of the flux at the peak of the light curve versus thg of the number of bursts.
The-3/2 slope at highy-ray peak fluxes indicates a uniformly distributed popolatiThe
slope of the distribution is shallower at lower fluxes, irading a relative under abundance
of faint bursts.Credit: Paciesas et al. (1999).

Predictions were made regarding the possibility of aftewgtounterparts at longer
wavelengths following the prompt emission (e.g. Paczyaski Rhoads, 1993) caused as
the ejectedy-ray producing material interacts with the surroundingiemment. How-
ever, ground-based multi-wavelength follow-up obseoraiwere hampered by the poor
localisation capabilities of-ray instruments and long time delays before these localisa
tions were made available. GRB localisations were greatfyraved with the launch of
the Italian-Dutch satellite BeppoSAX. Launched in 1997, BEpdX detected the first
X-ray afterglow (Costa et al., 1997) about 8 hours after thsthonset of GRB 970228.
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Its more accurate and rapid localisation also allowed fougd-based follow-up obser-
vations to be made, which resulted in the first detection oRB®ptical afterglow (van
Paradijs et al., 1997). Optical spectroscopy performecherafterglow of a subsequent
burst, GRB 970508 (Frail et al., 1997), provided a redshift 6f0.835, thus confirming
the cosmological origin of GRBs for the first time. Distance smwgaments allowed the
energy output of the bursts to be constrained, with a tyfiaedt having an isotropic en-
ergy of ~10°3erg. More recent theories and observations suggest that @GR&ien is
not isotropic but rather in the form of beamed jets (with arrapg angle of 1I", where
I" is the Lorentz factor of the outflow), which reduces the epeeguirement to-10°* erg

(e.g. Bloom et al., 2003).

1.2 GRB Classification

To further understand the nature of GRBs and their progenisfisrts were made to
classify bursts. A study of the large BATSE catalogue res@a bimodal distribution
based on the prompt emission duration (Kouveliotou et 8B3). This division is based
on theTy of the burst, the time over which 90% of theays are detected. Fig. 1.4 shows
a dip at~2 s, which strongly suggests two distinct groups, she §) and long ¥2 s)
GRBs. This~2s minimum is also apparent in spectral hardness vs. duoratiglies,
where the hardness is defined as a ratio of the counts in thetdet’ high energy band to
the counts in its low energy band. Fig. 1.5 (Qin et al., 200@wss that short GRBs tend
to be spectrally harder, i.e. have a higher proportion olif@gergy photons, while long
GRBs tend to be somewhat spectrally softer.

Since the two peaks of the distribution can be modelled a®tw@dapping log-normal
distributions (Quilligan et al., 2002), classificationarishort’ and ‘long’ bursts may not
be as straightforward abyy <2s orTgg >2s. Donaghy et al. (2006) states that the
dividing time should be at5s and several papers propose a third sub-division of GRBs

with intermediate duration (Hoath et al., 2006). To add to this, a significant number of
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BATSE 4B Catalog

80 T T TTTIT T IIIIIII| T IIIIIII| T IIIIIII| T T TJTI T TTTTT

60—

40 —

NUMBER OF BURSTS

20—

0 1 1 11111l IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| L1t

0.001 0.01 0.1 1. 10. 100. 1000.
Too (seconds)

Figure 1.4: Tyo duration distribution of the GRBs in the BATSE 4B Catalogue. The
distribution is bimodal and consists of the two overlappiognormal distributions of
short (Tgg <2 s) and longTgo > 2 s) GRBs.Credit: Paciesas et al. (1999)

short GRBs may be incorrectly classified. The GRBs in questioa gtended, spectrally
soft emission which can last for tens to hundreds of secoftestae initial short pulse.
About /3 of the BATSE short bursts exhibit this behaviour (Norrisl @onnell, 2006).
Other indicators that may be used to aid in GRB classificaiien,short-hard or long-
soft, include the spectral lag, the host galaxy type and ¢teation or non-detection of an

accompanying supernova (Donaghy et al., 2006).

1.2.1 Temporal Properties

GRB lightcurves are highly variable and complex in naturespldiying rapid changes
in flux over time-scales as short as milliseconds (McBreen.e2@01; Quilligan et al.,

2002). Fig. 1.6 shows a sample of long-duration GRB lightesrfrom the BATSE cata-
logue illustrating some of the possible variations in terapstructure. While the majority
of lightcurves are highly variable, many are smooth and laklai rapid rise and slower

decay, known as a Fast Rise Exponential Decay (FRED). Someasaes involve a pre-
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log HR

2 15 1 05 0 08 1 15 2 285 3
Iong

Figure 1.5: BATSE hardness ratio (HR)yp correlation showing the two distinct classes
of GRBs. Short GRBs are shown as squares and tend to be specaralér.n_ong GRBs
are shown as circles are in general spectrally softer. Thtedidnes are the regression
lines for the short and long GRBs and the solid line is the regpadine for the whole
sample Credit: Qin et al. (2000)

cursor pulse followed by a quiescent stage, that may last fems to hundreds of seconds,

followed by an apparent restart of the central engine witsssguent emission.

1.2.2 Spectral Properties

Prompt emission spectra for both long and short bursts ®be telatively simple, non-
thermal spectra spanning a broad energy range. Weak GRBssifé bg a single power-

law, due to the limited statistics, given by:

N(E) = AE” (1.1)

whereN(E) is the photon flux (photons crhs™?), « is the photon index and is the
amplitude (photons cM s keV-1). When statistics are good enough, GRB spectra can

be well described by the Band model (Band et al., 1993), an @apmodel consisting
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Figure 1.6: Sample lightcurves of long-duration GRBs detebieBATSE, showing the
diversity in temporal structure observed in bur&lsedit: http;/heasarc.nasa.gov)

of two smoothly connected power-laws of the form:

(64 E
A(lOOkeV) eXp(EO)’(a—ﬂ) Eo > E
e (@ =BEo | E (1.2)
A[M] exp - a) (m) ,(@-B)Eo< E

wherea is the low energy photon indeg, is the high energy photon index afg
is the break energy. Working from a sample of 156 bright BATsbiEStS, Preece et al.
(2000) determined typical values for the low-energy polaerindex to be around -1 and
the high-energy power-law index to be around -2.2. The gl value is distributed
lognormally within a narrow range arour@40 keV (Fig. 1.7).

The peak energyHp) is used as a measure of a burst’s spectral hardness. It is the

energy of the peak of the burst’'s power output and can besepted by plotting the F,
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model on spectral fits of the brightest 156 BATSE GR8eedit: Preece et al. (2000)
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Figure 1.8: The dterential photon spectrum amdr, spectrum of the prompt emission of
GRB 990123 detected by BATSE, OSSE, COMPTEL and EGRE#&dit: Briggs et al.
(1999)

spectrum (oE2 N(E)), wherev is the photon energy anf, is the specific energy flux.
Ep is related to the break ener@gy by Ep = (2 + @)Eg whenB < —2. This spectral shape
is valid both for integrated emission over the whole burgatan and for the emission
during shorter segments of the burst. Fig. 1.8 shows a plegectrum anet F, spectrum

of the bright burst GRB 990123. Long GRBs tend to evolve from harsbft over time,
with the prompt emission (the firs2 s) of a long burst being of a similar hardness to that
of a short GRB.

A type of X-ray transient event called an X-Ray Flash (XRF) wiasalvered by Heise
et al. (2001) to have very similar observational charasties to GRBs. The XRFs have
a larger X-ray fluence thapray fluence thus they have a lowdf, peak energylp <
30keV). There is also an intermediate group of bursts Witlvalues between XRFs and

GRBs called X-Ray Rich GRBs (XRRs). There is a continuum of spectadqties
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and similar duration distributions (Sakamoto et al., 208&)oss these three groups of
transients, suggesting a similar origin. The |&w values may arise due to an intrinsic
property of the source e.g. an under-powered central engimaher possible explanation
for XRFs is that they are ‘typical’ GRBs at very high redshifthis'possibility has been
ruled out however, by confirming the redshifts of a number &FX. An alternative
hypothesis is that XRF§XRRs are typical GRBs, but are being observed at an angle
off-axis to the beamed jet (D’Alessio et al., 2006).

Extremely high energy emission has been seen from some GRBgdlimg the de-
tection of an 18 GeV photon by the EGRET instrument on-board G@m&ngus, 2003).
Tentative evidence for TeV emission has been reported hyngktased very high energy
air-shower telescopes in the cases of GRB 970417a by MILAGRHAKIns et al., 2003)
and GRB 971110 by the GRAND array (Poirier et al., 2003). Thegsees whereby
such high energy emission can be produced are still poorierstood and th&ermi
satellite, with its advanced high-energy detectors, Witva GRB high energy emission

to be studied in much greater detail.

1.3 Empirical Correlations

Due to increased ground-based spectroscopic follow-ugurements, GRBs with robust
redshifts are increasing in number, e.g. GRB 090423 with8.2, allowing astronomers
to potentially use GRBs for cosmological study. It was iniyighought that GRBs could
not be used as standard candles since the measured isarargies for typical long
bursts range from10°° to ~10°*erg. Frail et al. (2001) find that, if the beamingjezt is
taken into account, the corrected energies cluster arowtanaard energy of10°! erg.
In an attempt to ascertain distance estimates for burstalofawn redshift, a number of
correlations have been proposed based on the observedtsmé some of the events

with known redshifts.

10
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The Lag-Luminosity Relation The spectral lag is the time delay between the arrival
of high-energy and low-energy-ray photon emission and is a common feature of most
GRBs (e.g. Norris et al. (2000); McBreen et al. (2006); Hakkilale (2007)). Itis a
natural consequence of the hard to soft spectral evolutiserwed in GRBs (Kocevski
and Liang, 2003). The spectral lag of a burst can be measyredolss-correlation of
the lightcurves in the low and high energy channels of a detethe peak of the cross-
correlation function then corresponds to the spectral fage@GRB. Norris et al. (2000)
reported an anti-correlation between the spectral lag hedsbtropic peak luminosity
of GRBs, based on a limited sample of 6 long-duration GRBs detdnteBATSE and
BeppoSAX. This implies that bursts with long lags are intcafly weaker than short-
lag bursts and allows the correlation to be used, in priecigs a distance indicator for
long GRBs. Short bursts, however, are inconsistent with theetadion and tend to have
exclusively very small or negligible lags (e.g. Norris anchBell (2006); Yi et al. (2006)).
On this basis, spectral lag has been suggested as one afitetars to determine whether

a burst is long or short (Donaghy et al., 2006).

The Amati Relation A correlation betweerkp, the peak energy in the-, spectrum

measured in the source frame, dfgh, the isotropic energy emitted irrays was iden-
tified by Amati et al. (2002). Originally based on a sample 8fGRBs detected by
BeppoSAX, the relation was subsequently extended to GRBstddteg HETE-2 (Lamb

et al., 2004; Sakamoto et al., 2006). The HETE-2 detectitsssiacluded a number of
XRFs, providing further evidence of a link between XRFs and GRBisort GRBs are
shown to be inconsistent with the relation (Amati, 2006pvting another method for

distinguishing between long and short bursts.

The Ghirlanda Relation Evidence that GRB emission takes the form of a collimated,
beamed jet, rather than isotropic emission, has been mdwy achromatic temporal
breaks in the afterglow lightcurve. A correlation has beemfl between the luminosity of

the GRB and the time of the afterglow jet break, with more lwwomGRBs having earlier

11
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Figure 1.9: The Amati relation (black symbols) shows the@ation betweerkp and
the equivalent isotropic energi;s,. The Ghirlanda relation (red, green and blue sym-
bols) shows the correlation betweEp and the collimation-corrected energy,. Credit:
http;Awww.brera.inaf.it

jet break times and therefore smaller jet opening anglesl(&ral., 2001; Panaitescu and
Kumar, 2001). A modification of the Amati relation, corraxgifor this collimation &ect,

was proposed by Ghirlanda et al. (2004). It provides a betigelation betweekp and

the collimation-corrected energy emittedyinrays,E, (Fig. 1.9).

1.4 Progenitors

Any model to describe the central engine of a GRB clearly nalst the observed prop-
erties into account. Variability of the prompt emission ¢enof a time scale as short as

1 ms, which requires a compact object (§e2.1.2). The typical duration of a GRB is

12
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much longer than the variability time scale, suggestindgo@ed central engine activity
which may be explained by an accretion mechanism. The desrigine must be capa-
ble of producing a collimated, relativistic outflow in therfio of a jet (se&§ 2.1.1) and
must also be able to produce the huge amounti@y energy observed-(0°* erg). This
energy is comparable to the binding energy of a compact tbjec

The only known objects capable of supplying such a largeasgl®f energy in such
a short time-scale are compact objects, such as neutrenastatack holes, surrounded
by a massive accretion disk@.1M,). The accretion disk can form from the remnant
stellar material during the formation of the compact objesalf and can account for the
prolonged central engine activity and variability in thghlicurves.

Energy from the compact-obj¢atcretion-disk system is converted into a relativistic
jet. This energy is provided either by the binding energyhef torus or the rotational
energy of the compact object itself. Usov (1992) suggestsltannative method of en-
ergy extraction to the accretion method, involving a Poynfiux dominated relativistic
flow provided by the rotational and magnetic energy of a newlneutron star. The tem-
perature of accreted matter increases before falling iriitaek hole and energy may be
extracted from the system in the form of neutrinos. The baryensity at the poles of
the rotating compact object is reduced and neutrinos froposite sides of the accretion
disk will be likely to annihilate here. This process prodsiee pairs in the jet and helps
to collimate the outflow (Fig. 1.10; MacFadyen and Woos|e39Q)).

An alternative method of energy extraction is described H®y Blandford-Znajek
mechanism (Blandford and Znajek, 1977), which describestoogue is applied to the
accretion disk by magnetic field lines threaded throughoeiblack hole. The torque is in
the opposite direction to the rotation of the black hole aad cause Poynting-dominated

jets to be ejected at the poles.

13
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Figure 1.10: Neutrinos from opposite sides of the accretiisk annihilate over
the poles of a compact object creating a&h pair. Credit: httpjAvww.mpa-
garching.mpg.déecturegADSEMWS0304Kretschmer.pdf

1.4.1 Collapsars

The leading model for the formation of long GRBs is the collapsadel. It involves the
collapse of the iron core of a rapidly rotating massive staBQ M,). The core collapse
produces a black hole 6f2-3 M, and the remaining stellar matter forms an accretion
disk of ~0.1 M,, formed by the angular momentum of the star (Woosley, 19B32. disk
is formed along the rotational axis of the black hole, redg¢he density at the rotational
poles. This facilitates the formation of jets, which aretlfer collimated by their passage
through the stellar mantle. As the jet emerges through téastsurface it has a high
Lorentz factor. Internal and external shocks subsequentiguce the GRB and afterglow
respectively (e.g. Msaros and Rees, 1993) after the jet has traversed severat saalii.
The Lorentz factor of the jet can be highly variable, mostljkdue to instabilities in the
accretion disk which causes a variable accretion rate.

The collapsar model has a significant amount of observdtendence to support it.
There is strong evidence of a link between long GRBs and mastsive The discovery of
GRB 030329 and its associated supernova SN 2003dh (Hjorth €083; Stanek et al.,

2003) has secured the link between long GRBs and stellar sell&gupernovae observed

14
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since then have been determined to be Tyge, lwhich are characterised by a lack of
hydrogen absorption lines, consistent with the prediabibprogenitor stars that have lost
their hydrogen envelopes. Studies of GRB host galaxies lwawedfthat long GRBs occur
exclusively in regions of active star formation in starAfang galaxies, such as irregular
galaxies and in the arms of spiral galaxies (Fig. 1.11; Bloomal.e(2002)). Due to the
short lives of massive stars: (10’ yr) they collapse close to the region in which they
were formed and so are never found in regions where star tmmhbas ceased. This
implies that long GRBs are expected to occur in galaxies udeggstar formation but
not early type galaxies. The hosts of long GRBs are observed fmdrlominantly blue,
sub-luminous, star-forming galaxies, indicating a sigaifit abundance of young, massive
stars (Le Floc’h et al., 2003). GRBs tend to be located at thelwgghtest regions of their
host galaxies (Fruchter et al., 2006) which also suggeatsGRBs are produced by the

most massive stars.

1.4.2 Binary Compact Object Mergers

Binary mergers of compact objects are the leading progemitatel for short GRBs (e.g.
Blinnikov et al. (1984); Eichler et al. (1989); Paczynski 919; Narayan et al. (1991);
Fryer et al. (1999)). These events also result in a black+hotretion-disk system and
occur when binary stars lose energy and coalesce as thés ddzay. This energy loss
is thought to occur naturally due to the emission of gramtedl radiation, provided the
binary system remains bound and is not disrupted by a superiBoth stars must have
originally been in the mass range-68 M- 25 M,, to form neutron stars. Due to the scale
of the energy released in a GRB, the preferred models involeeneutron stars (Eichler
et al., 1989), or a neutron star and a black hole (Paczyn88il)1 The system is rotating
rapidly when it merges, resulting in a black hole~&.4 M, with the necessary angular
momentum to form a neutron rich accretion disk~@f.1 M,- 0.2 M,. The event occurs
within a few seconds, which accounts for the short duratfdhese bursts. No supernova

Is expected to accompany the merger, as there is no conmahsi@r to explode.
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Most of the energy released during a merget@2 erg) is emitted in the form of low
energy neutrinos and gravitational waves. The remainiregggnis suficient to power
a short burst however, and is only a fraction of the energyassd during the merger
(~10°terg; Rees (1999)). The relativistic outflow may be driven bytrieo annihilation
producinge* pairs, which in turn produce-rays (Eichler et al., 1989). The favoured en-
ergy source for this process is a massive accretion disksuding a black hole (Jaroszyn-
ski, 1996).

The rate of binary star mergers is estimated te-h6° yr- galaxy* (Narayan et al.,
1991) which agrees with the rate of short GRBs (Piran, 1992 ¥iypical long lifetime
of ~10° - 10°yr (Narayan et al., 1992), these mergers are expected ta ¢mcfrom
the place of birth of the compact object due to their high igpatlocities and also an
occasional kick velocity provided by supernovae duringrtieolution. This is not always
the case however, as there is evidence for a population of byed binaries with very
close orbits and lifetimes 0f10° yr (Belczynski et al., 2002), so that mergers may occur
close to their birth site. Short GRBs tend to occur in early tiipst galaxies, such as
ellipticals, with some occurring in star forming regionst Iéast some short GRBs have
been detected on the outskirts of elliptical galaxies, €5RB 050509 (Gehrels et al.,
2005) and some have been found in star forming galaxies GRB 050709 (Fox et al.,
2005) (Fig. 1.11). The star formation rate in these galaxiesvever, has been found
to be less intense than in typical host galaxies of long GRBsdi& by Berger (2008)
show that short GRB host galaxies exhibit higher luminosiaad higher metallicities
than those of long GRBs, and are not consistent with a younglaiogu Supernovae
have never been associated with any short GRBs, despite dsepvations of a number

of nearby bursts.

1.4.3 The GRB-Supernova Connection

The collapsar model predicts the collapse of a massive s8ir¥l.) to a compact object

as a mechanism to produce long GRBs. The resulting releaseegfyemust lead to the
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Figure 1.11: Host galaxies of long GRBs are typically irreg@ad with a high star-
formation rate. Short GRBs have been observed on the outekigtBptical galaxies and
also in star forming regionLredit: Gehrels et al. (2007)

ejection of the star’s envelope at high velocities, prodgc supernova (SN). The SN
emission is non-relativistic, spherical ardC**erg is emitted over weeks and months.
Once the cosmological origin of long GRBs was firmly establis{Metzger et al., 1997),
the total isotropic energy ify-rays was determined to belCP'erg, comparable to the
total kinetic energy in a supernova explosion. The assoaaif long GRBs with active
star-formation indicated massive stellar death as a likebgenitor, further hinting at a
supernova connection.

An association between GRBs and SNe was initially proposeg hmfore a con-
nection was verified observationally (Colgate, 1968; Paskyri986). The first strong
evidence for such an association came with the detectioheohighly unusual super-
nova SN 1998bw (Galama et al., 1998), which was spatiallytantporally coincident
with GRB 980425. The observed properties of the prompt GRBsarsvere fairly typ-

ical but a very bright, peculiar SN, was also detected in th&t galaxy at a redshift of
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z = 0.0085. This low redshift burst, at a distance~a85 Mpc, was very under luminous,
with an isotropicy-ray energy of &+ 0.1x 10*” erg, more than three orders of magnitude
fainter than typical long bursts. An X-ray source in the gglallowed for a more refined
localisation of the burst and tightened the correlatiomieen the GRB and the SN. The
probability of the association between GRB 980425 and SNH@9&ing a chance co-
incidence has been estimated to#0* (Galama et al., 1998). Therefore this detection
provided the first convincing evidence for the link betweamg-duration GRBs and SNe.

This link has subsequently been confirmed with the directtspgcopic detection
of SN 2003dh associated with GRB 030329zat 0.1685 (Hjorth et al., 2003; Stanek
et al., 2003). The bright, slowly fading afterglow {RL3 mag) and low redshift of the
burst made it well suited to extensive spectroscopic follgps . Additional spectroscopic
and photometric studies of the afterglow several days #fteburst (Della Valle, 2005;
Matheson, 2005; Fynbo et al., 2004) showed a deviation frpor@ power-law decay and
the emergence of broad SN spectral features (e.g. Hjorth, 2003). As the afterglow
faded, a red supernova bump became prominent, showing kabdarsimilarity to SN
1998bw. Several other GRBs have been reported to be assowidle8Ne, based on
spectroscopic as well as lightcurve signatures, inclu@Rd 031203 (Bailyn et al., 2003;
Malesani et al., 2004), GRB 021211 (Della Valle et al., 20@3) GRB 050525 (Della
Valle et al., 2006b).

Short-duration GRBs are not expected to have associated S3¢iemif the prevail-
ing merger theory for their origin is correct. Secure linots the lack of SN emission
have been placed on several short bursts, including GRB @0g8loom et al., 2005;
Hjorth et al., 2005a) and GRB 050609 (Fox et al., 2005; Hjottlale 2005b). After-
glow observations are therefore consistent with the mergpothesis for short GRBs at
present.

The validity of the theory that all long GRBs are associateth BiNe was called into
guestion with the detections of two nearByift GRBs without SNe, GRB 060505 at
z = 0.089 (Fynbo et al., 2006; Ofek et al., 2007) and GRB 060612 -at0.125 (Fynbo
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et al., 2006; Gal-Yam et al., 2006; Della Valle et al., 20082)e to their proximity and
apparent membership of the long duration clasg ¢T4 + 1s and 102 1 s respectively
(Hullinger et al., 2006; Barthelmy et al., 2006)), SN seaschere initiated by many
observers, which failed to detect a SN down to limit$00 times fainter than the proto-
typical SN1998bw. The lack of an associated SN to such dedfslimay be evidence
for a new phenomenological type of massive stellar deatthadt been suggested that
these bursts may be related to merger events like shortsbamsit therefore not have SN

emission.
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Chapter 2

Gamma-Ray Bursts: Theoretical

Models and Afterglow Behaviour

2.1 Introduction

A viable theoretical model for GRBs must account for variouggutal processes and
explain the vast diversity found in both the prompt emissiad subsequent afterglows.
Most models involve the collapse of a stellar object, thatoa of an accretion disk and a
pair of jets which interact with the circumburst medium. ddesng the massive release
of energy involved in a GRBY10?® erg isotropic) the progenitor must be a compact object
such as a black hole or neutron star, since no other objeapete of such emission over
such a short time-scale. The compactness prob§&ni (2) dictates that the outflow must
be moving relativistically, with a Lorentz factor d6f> 100. Taking into account the rel-
ativistic beaming factor (seg2.1.1), the total energy required for a GRB is decreased to
~10°terg (Frail et al., 2001), since the material is beamed intarayle of JT rather than
being emitted isotropically. The energy must be dissipatghin this collimated, rela-
tivistic jet for the release of the prompt and afterglow esiga. Dissipation is thought to
occur in the form of collisionless shocks. Most models aselaon synchrotron radiation

from relativistic electrons accelerated within these &lsoc
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2.1.1 Jets

2.1.1 Jets

The outflow emitted from the central engine moves relainadty and is collimated along
the axis of rotation of the central engine. The outflow is mefé to as a jet and is a
common structure in astrophysical objects, includingvactjalactic nuclei and micro-
quasars. The geometric opening angle of the jet is calletlVhen a source is radiating
isotropically in its own rest frame but moving relativistlty in the observer frame, the
emitted radiation is beamed into a small cone about its timeof motion. If the object
is moving with a bulk Lorentz factdr, the relativistic opening angle igII. The dfect
of relativistic beaming of the jet reduces the required gneutput of the burst from £9
to 1C'erg. The interaction between the geometric and relativistiening angles can

produce measurablédfects in the afterglow lightcurve.

Jet Break

Figure 2.1: The collimated outflow from the GRB, with a geoneetipening angl®;, is
moving with a bulk Lorentz factor. The jet is relativistically beamed with an opening
angle of T'. As the jet slows the relativistic beaminffects decrease until the relativistic
cone eventually becomes wider than the geometric, causenget break’.

Initially the jet is moving with a large Lorentz factor andtisis highly beamed, with
1/T" < 6;. At this point the fireball evolution appears similar to tlsetropic case, as an
observer can only detect emission from within the relaiiwisone. Under these condi-

tionsT is predicted to decay as a power-law proportional to theusadand the afterglow
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lightcurve decays as a power-lawt=t. The relativistic beamingfiects decrease as the
jet slows down, due to interaction with the inter-stellardien, and the relativistic cone
gradually expands (Fig. 2.1). When the relativistic conenayaly becomes wider than
the geometric opening angle, i.e/I'1> 6;, thenI” changes to decay as an exponent of
the radius and the late-time afterglow lightcurve decaysmfaster, as a power-lawt=2
(Sari and Piran, 1999a). The ‘jet break’ in the power-lavaiayrve is a hydrodynamical
effect and should occur in all wavelengths simultaneously. tithe at which the break
occurs is an important measurement as it can be used toat@thé opening anglé;, of

the jet.g; can then be used, along with the isotropic endfgy, to infer the geometrically
corrected energy radiatedjarays,E,, given by (Piran, 2005):

62

E’y = EjEiso (2-1)

2.1.2 The Compactness Problem

The short time-scale variability of GRB prompt emission iieplthat the source of-
ray emission must be smaller thaft,ovhereét is the variability time-scale. The radius
of the compact source combined with the observed photorgiEseof~1 MeV imply a
high photon density at the source. At this densiyinteractions would produce® pairs
which creates a large optical depth, meaning high-energtopis should not be observed.
However, the photon spectra observed from GRBs are predottyimam-thermal, which
implies an optically thin source region.

This apparent contradiction can be resolved by invokinglativestic expansion of
the outflow, with a Lorentz factor df. The dfect of relativistic beaming confines the
view of the source to /', meaning that the source may be a factordfarger and still
maintain the same short time scale variability. The incaghpihotons have also been blue-
shifted in the observer frame, due to the relativistic Depgfect, which also results in
the appearance of higher observed energies. This mearibé¢hais a smaller fraction of

photons energetic enough to undergo pair production anttibote to opacity. In order
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2.1.3 Emission Mechanisms

to eliminate the compactness problem, the source of a tiimicat becomes optically thin
for Lorentz factord” > 100 (Piran, 2005). Baryonic contamination of the outflow must
be kept low, however, as the motion will cease to be relditvitthe energy of the flow

is converted to kinetic energy of the baryons.

2.1.3 Emission Mechanisms

Synchrotron radiation may be used to explain the observedts behaviour of GRBs
(Lloyd and Petrosian, 2000) and is currently considereaitminant mechanism for en-
ergy dissipation. Synchrotron emission occurs when aivedtit charged particle, usually
an electron, is accelerated in a magnetic field and coolsllsg@mitting a high energy
photon. The direction of motion of the electron must haveramanent perpendicular to
the magnetic field (i.e. a non-zero pitch angle). One charwtic feature of synchrotron
radiation is the polarisation of the emission, which hasdeatatively observed in sev-
eral bursts (McGlynn et al., 2007). The strength of the magfield plays an important
role in the emission, however a high level of polarisation ba produced from either a
uniform magnetic field in the jet or a random magnetic fieldhia plane of the shock.

Tavani (1996) details a synchrotron shock model which ptedin optically thin syn-
chrotron spectrum from a power-law electron energy distitim with a sharp minimum
cut off energy and an isotropic pitch angle distribution. This jpfeg a good fit to many
observed spectra, but requires modification to explain sohfeatures of the low en-
ergy spectra (Preece et al., 2002). A large range of lowggrsrectral behaviour can be
explained when taking into account an anisotropic elecpitch angle distribution and
the dfects of synchrotron self-absorption (LIloyd-Ronning andé%an, 2002). A vari-
ation on synchrotron radiation is jitter radiation, whiclvalves emission from electrons
in small-scale, non-uniform magnetic fields (Medvedev,®00This approach can ac-
count for the rapid spectral variability and hard to softlation in GRBs, as well as the
presence of a soft X-ray component in some GRBs.

Compton processes can also be used to explain the obserotdhtfeatures of GRBs.
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2.2. THE FIREBALL MODEL

Inverse Compton scattering occurs when a relativistic mlacicatters b a photon. The
electron may deposit a fraction of its energy to the photatméncollision, thus boosting
the photon to higher energies by factongf wherey. is the electron Lorentz factor (Piran
et al., 2008). The types of spectra observed in GRBs could lmkipeal by inverse Comp-
ton scattering of synchrotron emission (Panaitescu aadZ\Mios, 2000). An alternative
method fory-ray production is the synchrotron self-Compton processs fivolves the
photons that were originally created in the synchrotronlmacsm being up-scattered to
higher energies by the same electrons initially respoaddltheir creation. Thisféect is

dominant at low photon energies and high photon energies.

2.2 The Fireball Model

The standard theoretical framework for the interpretatb®RB emission is called the
fireball model (Meszros, 2002) and has been extremely successful at desctitarap-
served properties of the prompt and afterglow emission. betséc premise of the model
is the formation of a relativistically expanding, high-teemature outflow of matter, called
a fireball, which is created from the release of a large amotiahergy from a compact
region over a short period of time, irrespective of the ratoir the progenitor. Prompt
v-ray emission is produced by collisionless internal shagkkin the fireball. As the
fireball progresses into the surrounding external mediusidtck heats electrons in the
medium, which results in the longer wavelength afterglowssion. The model is shown
schematically in Fig. 2.2.

With an observed luminosity greatly exceeding the Eddindtoninosity, the radi-
ation pressure within the fireball is féigient to allow it to expand relativistically (e.g.
Paczynski, 1986). The bulk Lorentz facioof the fireball increases linearly until reach-
ing a maximum value, after which it remains constant. Théélieconsists mainly of an
e* plasma and/-rays, with a smaller component of baryons. The relatwisipansion

of the fireball implies a low baryonic component, as the baiytoad determines the ex-
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Figure 2.2: Schematic of the Fireball Model. Prompty emission is created by internal
shocks, while the longer-wavelength afterglow emissiaucg at larger radii as the inter-
action of the relativistic outflow with the external local diem decelerates the fireball.
Credit: httpy/gsfc.nasa.gav

pansion velocity. As the fireball expands it changes fromdpeptically thick to optically

thin at a radius 0f10'? — 10*cm. A thermal component to the spectrum is introduced at

this point due to photospheric emission from the expandnedéill (Pe’er, 2008).

2.2.1 Internal Shocks

The central engine of a GRB is variable and emits matter insh&he overall Lorentz
factor of the outflow will reach a constant value, but eachl stithin the jet develops its
own Lorentz factor. When a shell of a lower Lorentz factor iero@ken by one with a
higher Lorentz factor, a shock is formed. The shocks arésomfiless, i.e. the transition
from pre-shock to post-shock states occurs on a length suaté smaller than a particle
collisional mean free path. The synchrotron radiation poedl within the shocks is the
non-thermaly-radiation observed in the prompt emission (Piran, 2005agivetic inho-

mogeneities in the shock region cause the electrons witi@rshell to undergo multiple
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reflections, becoming flash-heated and Fermi acceleratbd. higher energy electrons
then radiatey-rays due to synchrotron emission within the magnetic fi@ltle shocks
form within the jet itself and are nottacted by the external medium. The multiple emis-
sion episodes and high variability seen in GRB lightcurveslmasuccessfully explained

by the internal shock model.

2.2.2 External Shocks

As the fireball progresses away from the central engine itepweaip matter from the
surrounding medium. At a radius efL0'® — 10'8cm the internal shells have combined
into a single relativistic shell and the amount of matterstag from the external medium
becomes significant enough to decelerate the fireball. Tieigtes a shock front that
moves through the external medium, heating the matteritheweextreme temperatures
(e.g. Rees and BbsaAros, 1992). These flash-heated particles are acceleoateldtivistic
speeds and then radiate via synchrotron emission, progltiegrafterglow emission of the
GRB, which shifts to progressively lower wavelengths as tlebél decelerates. Evenin
the presence of a low-density surrounding medium, the eateshock model allows the

kinetic energy of the fireball to be converted to photons.

2.2.3 Reverse Shocks

The process of creating the external forward shock alsaesemreverse shock, which
propagates back into the ejectaédfaros and Rees, 1997; Sari and Piran, 1999b). These
two shocks are separated by a contact discontinuity andnigye contained in both are
comparable. The reverse shock is short-lived and has a tewgrerature than the internal
shock. It is mildly relativistic and as it crosses back over temnant star it heats and
accelerates electrons. The reverse shock takes tens oidsstoosweep through the ejecta
and produce a bright flash. The lower Lorentz factor of theckhwedicts emission in

the optical band (Sari and Piran, 1999b), distinguishaiole fthe late afterglow emission
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2.3. GRB AFTERGLOWS

due to the fact that the shock only crosses the shell oncdupiag a single flash. The
shocked hot matter then expands adiabatically and the iemisgakens and shifts to
lower frequencies. A reverse shock generated optical flasholsserved simultaneously
with y-ray emission in GRB 990123 (Sari and Piran, 1999a). If thésj@oynting-flux-

dominated, the large magnetic pressure prevents the fammafta strong reverse shock.

2.3 GRB Afterglows

A multi-wavelength GRB afterglow, from X-ray to radio, wasedicted before the dis-
covery of GRB 970508 which was the first GRB observed to haveia edtérglow (Frail

et al., 1997). With a measured redshift 0£20.835 it confirmed an unambiguous cos-
mological origin for GRBs. The ItaligButch satellite BeppoSAX revealed more of the
cosmological nature of bursts with the identification of tinst X-ray afterglow in 1997
(Costa et al., 1997). With a more accurate localisation oftiest the first success-
ful follow-up observations at optical wavelengths were mpdssible (van Paradijs et al.,
1997). There is also extensive observational evidenceotbmated emission from GRBs,
provided by breaks in the X-ray or optical lightcurves ofithadterglows. This break is
commonly interpreted as a jet break enabling an estimateegkt opening angle.

The quality of GRB afterglow observations has dramaticattproved in theSwift
era. TheSwift mission combines improved sensitivity to GRBs with multi—el@ngth
instruments and, crucially, rapid localisation and sleyvoapabilities, which has led to
routine observations of GRBs at X-ray and ldytical wavelengths 100 s from the trig-
ger. These capabilities have allowed the prompt and eadygdw phases to be explored
in far greater detail than was previously possil8eiftalso provides GRB positions with
unprecedented speed and accuracy, which has greatlyealsgistund-based follow-up
observations with robotic optigéR telescopes, a significant number of which have come

online in recent years.
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2.3.1 Afterglow Emission

As the relativistic fireball sweeps up matter from the ambmeeaedium and is decelerated,
the resulting forward shock propagates into the ambieniunedT his generates the long-
lived multi-wavelength afterglow, while a short-lived sege shock propagates back into
the ejecta. Most of the fireball kinetic energy is transférieto the shocked external

medium. The fireball Lorentz factor evolves with radiusnd with observer’s timeas:

Focr32ect™8 roth (2.2)

Foer3oet® 1ot (2.3)

The first case describes adiabatic fireball evolution in White energy is constant,
which is generally valid at late timesfiours). The second case describes radiative evolu-
tion, in which a significant fraction of the kinetic energylast due to radiative processes
(Mésaros and Rees, 1997). This phase is thought to apply to theppremission and
early afterglow.

In the simple afterglow model (Sari et al., 1998), electriornde external medium are

shock-accelerated to a power-law distribution of Loreatzdrs given by:

N(ve) < ¥s",  ve > ¥m (2.4)

whereyn, is the minimum Lorentz factor of the distribution. The lownit is set
by the assumption that a constant fraction of the shock thleemergy is acquired by the
electrons in the shock. The electrons radiate via the sytichr process to produce the
afterglow spectrum shown in Fig. 2.3. The spectrum is corapasd a series of broken
power-laws connected at the characteristic frequengies,, andv.. At frequencies
below the self-absorption frequeney, the flux undergoes synchrotron self-absorption

and is described by the Rayleigh-Jeans part of the blackbpeistreim. The absorption
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2.3.1 Afterglow Emission

cross-section is higher at longer wavelengths and so ade\ang frequency increases,
the total flux density increases. Abowg self-absorptionfects are no longer significant
and the underlying power-law distribution is recovered.e Bynchrotron frequency,
corresponds to the typical electron Lorentz factor, whgdetermined by the minimum
Lorentz factoryemin. Since electrons cool on time-scatesy;!, electrons withye > v
(corresponding te,, the cooling frequency) cool very rapidly. This gives rigéwo types
of spectra. Fast-cooling occurs during the prompt emisaiwh early afterglow, where
vm > V¢, 1.€. the typical electron frequency is much higher thandabeling frequency
(Fig. 2.3a). Slow-cooling is dominant wheg, < v, which describes the afterglow at
late times (Fig. 2.3b). The transition from fast to slow @ogloccurs at a timé, when
vm = Ve . FOr a given observed frequency, either t,, > t. (typical for high frequencies),
orty < ty, < tc, wheret,, andt, are the times when the break frequenciggndy. cross
the observed frequency

Given values for the isotropic equivalent energy of theahéxplosion and the micro-
physical parameter9( e, es, and{e), and for a certain fireball Lorentz factor evolution
(i.e. adiabatic or radiative), the temporal evolution e tharacteristic frequencies can be
determined. The observed light curve at a specific frequénaye observer frame) can
then be described by the temporal variation of the charnattefrequencies and d¥, max

the peak flux. The flux at a given frequencgan be expressed as:

F,(t,v) oc t% (2.5)

wherea andg are the temporal and spectral decay indices (Sari et alg)199

Observational evidence has proved the simple aftergloweitodoe successful. Itis
based, however, on a number of simple assumptions that ndegirhodified in order to
explain some features of the lightcurves. The fireball i®tato be isotropic, resulting
from an impulsive injection of energy from the central emgiand the density of the
external medium into which the forward shock propagatesssimed to be constant.

However, it is more likely that the surrounding environmeotild be a stellar wind, such
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Figure 2.3: Synchrotron spectrum of a relativistic shockwaipower—law electron energy
distribution. (a) Fast cooling, which is expected at eartyes { < ty). Self-absorption
is important below,. The frequencies,, v., andv, decrease with time as indicated; the
scalings above the arrows correspond to an adiabatic &mojwtnd the scalings below,
in square brackets, correspond to a fully radiative evotuti(b) Slow cooling, which is
expected at late times$ £ tp). The evolution in this case is always adiaba@cedit: Sari

et al. (1998)
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as in the collapse of a Wolf-Rayet star. Predictions for a éwdashock moving through
such an environment suggest a steeper decline in the oatieeglow than expected from

the standard model (Chevalier and Li, 1999).

2.3.2 Modified Afterglow Models

The assumptions in the basic afterglow model serve to siynihle analysis, and are not
expected to be realistic in all cases, though they work rkatdy well for many events.
Many authors have proposed modifications to the simplegé&rmodel by considering
cases in which the first-order assumptions are not satisfedale 2.1 shows the expected
temporal and spectral indices corresponding to the forwhatk spectral regimes in the
simple afterglow model, and also presents values for sonti#fied cases, as well as cases
where the electron power-law index<l p < 2 (e.g. Dai and Cheng (2001)). Some of
the main modifications are discussed below (for furtheridet®e Zhang and Bszaros

(2004)).

Wind Medium

The simple afterglow model assumes that the forward shocggmates into a constant
density ISM. However, the massive star progenitor which leesn proposed for long
GRBs suggests that the ambient medium may be a stellar wincoenvent, as seen in
Wolf-Rayet stars. The density profile of such an environmgnti r=2. The optical after-

glow in this case is expected to decline more steeply thathésimple fireball (Chevalier
and Li, 1999, 2000). Concurrent X-ray, optical, and radierafiow observations are par-

ticularly useful for distinguishing between the wind andi$nvironments.

Energy Injections

If the central engine is still active when the fireball is decated (the onset of the af-
terglow), or if the ejecta shells have a range of bulk Lordatzors, then shells emitted

later or with lower Lorentz factors can catch up and refréshforward shock (Rees and
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B a(p>2,p~23) ap) a(l<p<2,p~15) ap)
ISM, slow cooling
1 17p-26
V< Va 2 5 6o ~ —0-06
Va <V < Vn : : a=2 %fvo.g
Vm <V < Ve i w a:sgf _e2) 07 a=3’%‘3)
V> v -L 212 o=%1 ~320 .09 a=¥2
ISM, fast cooling
v < Va 2 1 1
Va <V <V 3 : a = 'g L o= l_;
Ve <V < Vnm —% _% a:i —211 a:/gfﬂ
V> Vm —g %’ ~-12 a= 2+1 _3p1+610 ~-0.9 a= T_S
Wind, slow cooling
13p-18

vV < Va 2 1 o W ~04
Va<V<Vm % 0 a=+= 12(ppl)~0.4
Vm <V < Vg ~e2 .15 o=%1 -P8 12 a=22
V> Ve -2 2R .12 o=%2 -22 .09 a="43
Wwind, fast cooling
V< Vs 2 2 2

1 1
Va <V <V % -g a _ﬁJrTl '% a,:_ﬂ%l
Ve <V < Vm —% _%1 a:_ﬂ% _1 a/:—ﬂ%
V> Vm -2 2R .12 o=%2 -2 .09 a="2°
Jet, slow cooling

3(p-2)

vV <V, 2 0 3D -0.8
Vi <V < Ve - —p~-23  a=28-1 B 19 o=27
V> Vo — -p~-23 a=28 -8 .19 a=E3

Table 2.1: Predicted temporal and spectral indicaadg from various afterglow models,
following the conventiorF, « t%*. The assumptiom, < min(vy, v¢) is made. Credit:
Zhang and Mészaros (2004)

Meésaros, 1998). Generally, a total injection energy comparébthat of the impulsive
energy in the initial fireball is required to make a deteaatignature in the afterglow
light curves (Zhang and BbkzAros, 2002). Energy injections can produce a variety of
signatures in afterglow light curves, including flattenibgmps, and temporal breaks on

cessation of energy injection.
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2.3.3 X-Ray Afterglows

Before the launch of th8wift satellite, observed X-ray afterglow lightcurves were ehar

acterised by a single power-law decay given by:

Fx(t,v) =tV (2.6)

wherea andpg had typical values of -0.9 and~1.4 respectively (Piro et al., 2002).
The early afterglow period from 10? to ~ 10* s remained largely unexplored until the
launch ofSwift Rapid follow-ups, typically~ 100 s, with the XRT instrument on-board
Swiftallowed the early afterglow regime to be studied for the firse. Consistent X-ray
observations at early times revealed an unexpectedly @angtucture and have led to
a canonical X-ray afterglow lightcurve which consists oftemer of distinct power-law
segments. The main lightcurve features are shown in Fig(Zhdng et al., 2006) and

consist of 5 main components, which may not all be preserit buests.

e | Steep decay phase:A steep decay phase is first observed, which is usually
smoothly connected to the promptray emission (phase 0), with a temporal de-
cay slope~ —3 or steeper, extending t010° — 10°s. The spectral slope is usually
different from those of the later afterglow phases. The inite¢g decay is gener-
ally interpreted as being late prompt emission due to theature €fect when the
prompt emission ceases abruptly (Kumar and PanaitescQ; Z6@ng et al., 2007).
The conical geometry of the GRB jet results in the emissioargie angles to our

line of sight being delayed relative to on-axis emission.

¢ |l Shallow decay phase: The temporal decay slope is typicaly—0.5 or flatter,
extending to~ 10° — 10* s, when a temporal break is observed before the normal
decay phase. The shallow decay is thought to be related textieenal shock,
possibly due to energy injection from the jet when Ibvshells pile up behind a

decelerating high- shell (Rees and Eszaros, 1998), continuous energy injection
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Figure 2.4: Canonical X-ray afterglow lightcurve basedSwift XRT data. The phase
"0” denotes the prompg-ray emission. Segments | and Il are most commonly observed
and they are marked with solid lines. The other three compsnere only observed in
a fraction of bursts and are marked as dashed lines. Tymoabdral indicesd) are
indicated in the figureCredit: Zhang et al. (2006)

from the central engine at later times (Zhang et al., 20063, @elay in transfer of

energy from the fireball to the surrounding medium.

¢ |l Normal decay phase: The normal decay phase usually follows the predictions
of the standard afterglow model, with a temporal decay stdpe—1.2, and seems
to be in agreement with predictions of the standard afterghmdel (Mészros and

Rees, 1997).

¢ |V Post jet-break phase: Occasionally observed following the normal decay phase,
this final break is the so-called jet break with a typical tengpdecay slope of —2

it is in agreement with predictions of the jet model.

e V X-ray flares: Observed in nearly half of GRB afterglows, occasionally with
multiple flares in a single burst. Rise and decay slopes ailieaip very steep

(Burrows et al., 2005a).
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2.3.3.1 X-Ray Flares

Since the launch ddwift X-ray flares have been observed~iB0% of Swift GRBs with
early X-ray afterglow observations. The overall energyteadiin X-rays is usually a
few percent of the prompg-ray emission, but there have been cases fBwift where
flares have been observed with a comparable flux to/theey emission. The flares can
occur from hundreds of seconds after the prompt emissiop to & day later and have
been observed in long and short duration GRBs. They are ggnsuglerimposed on the
underlying decay in the steep or shallow phases of the X-taygow. The rise and fall
times of the flares are much shorter than the time since trst boset and the flares tend
to soften with time, with later flares being broader and lessgetic than earlier ones.

A number of interpretations for X-ray flaring have been pigmhy such as refreshed
external shocks (Zhang and@garos, 2002) and late-time central engine activity, either
continued or restarted (Zhang et al., 2006). The observaxhcteristics imply an internal
shock origin, which would require just a fraction of the tqgeompt emission energy to
explain the flares. The internal shock model can explain dpé&rrise and decay of the
flares, because the trigger time for the flare has to be resey &éme the central engine
restarts. The fact that the flares are observed-100° s after the prompt emission sug-
gests that there is a long period of time before the centigiherrestarts, which must be
explained by the theoretical models. Suggestions for masgthe central engine include
fragmentation or gravitational instabilities, either hretstar’s envelope or the accretion
disk, or diferent binary progenitors in the case of short GRBs, e.g. NS-Bjjeng or
white dwarf-NS mergers, both of which would cause extenaedetion (e.g. King et al.,

2007).

2.3.4 Optical Afterglows

Observations of optical afterglows since the launclwift have revealed early faintness

to be more the norm than the exception, contrary to previgpsaations. In pr&wift
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observations, the late-time optical flux was described by:

Fo(t,v) = t%/* (2.7)

with typical values ofe ~ -1 andB ~ -0.7 (Zhang and Msaros, 2004). Late
breaks in the optical afterglow light curves have been olegkin a number of cases,
interpreted as jet breaks e.g. GRB 990510, (Harrison et @89)1 Optical afterglow
behaviour in general has been unexpectedly complex anedvariearly times (Panaitescu
and Vestrand, 2008) and reverse shock optical flashes haventech less common than
had been suggested by previous early optical observatidreye is also a large fraction
of GRBs that have no detectable afterglows at optical wavéhsngalled “dark bursts”
(§ 2.3.4.4).

Some GRBs show significant rebrightenings e.g. GRB 06020& i\l et al., 2006)
and GRB 060607a (Nysewander et al., 2007) and short time gaaébility (e.g. Stanek
et al., 2007). Others have plateau phases during which thetéys approximately con-
stant e.g. GRB 050801 (RyKcet al., 2006a) and GRB 060210 (Stanek et al., 2007). Pro-
posals for possible explanations for the observed optftaigdlow characteristics include:
refreshed external shocks, long-lived activity of the calrgngine and density variations
in the external medium (Rees andebdtaros, 1998; Wang and Loeb, 2000). Early optical
afterglow lightcurves can be divided into 4 types: fasiagswith an early peak, slow-
rising with a late peak, flat plateaus and steep decays (feanaiand Vestrand, 2008). In
most cases, the optical afterglow fades after several wedhhkis stage, the afterglow be-
comes significantly dimmer than its host galaxy, and thedigtve reaches a plateau stage
corresponding to the host galaxy emission. In several cas&simp” in the lightcurve is
observed at late times, usually interpreted as evidencafomnderlying supernova.

The luminosities of optical afterglows have a bimodal disttion (e.g. Kann et al.,
2006). The majority of afterglows belong to the brightertad two populations, while low
redshift afterglows are, on average, less luminous thare mistant ones. This provides

possible evidence for the existence of a nearby, sub-lumsimpmpulation of GRBs as
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proposed by several authors (Norris, 2002; Soderberg,&0l4; Foley et al., 2008).

2.3.4.1 Reverse Shock Emission

GRB060111b was a bright, double-peaked burst detecteBvbit (Perri et al., 2006),
with Tgo = 59+ 1s. A~13"mag, rapidly decaying, optical transient was detected at
~To+ 29 s by both the ROTSE-IIl and TAROT robotic telescopes (ébsit., 2006; Klotz
et al., 2006a). The high-time resolution light curve ob¢githy TAROT revealed a lack of
fine time structure during the decay of the optical flare, e/thley-ray light curve showed
a peak during the same time interval. The clear anti-cdiogldetween the optical and
v-ray flux rules out a common emission mechanism, and the fapid2.4) decay of the
optical afterglow unambiguously identifies the reversecktas the source of the prompt
optical emission (Klotz et al., 2006c¢).

GRB 060117 was an extremely intense burst detect&inbft(Campana et al., 2006a),
with Tgo = 16+ 1 s. Observations by the robotic telescope FRAM, beginnidg at124 s,
detected a very bright optical transientRi= 10.1 mag (Kukanek et al., 2006a; Jakek
et al., 2006a). The early optical emission decayed rapedig later observations by other
instruments failed to detect an optical or radio transiBiysewander et al., 2006; Schmidt
et al., 2006), setting strong limits on the fluxes which iadécl an unexpectedly rapid fur-
ther decay. Jahek et al. (2006b) interpreted the light curve as a tramsitetween reverse
and forward shock emission, with a relatively steep electistribution indexp ~ 3.0.
Evidence for a transition from the reverse shock to forwdwack phase was also present
in the optical emission from GRB 050525a (Shao and Dai, 200%&) first bright, low-
redshift burst to be observed by both the narrow field insemis onSwift resulting in
one of the most comprehensive multiwavelength descriptafrthe early evolution of a
GRB afterglow (Fig. 2.5).

Several bursts for which early optical data is availableehdisplayed no evidence
of reverse shock emission. The ROTSE-Illla robotic telescdgtected prompt optical

emission from GRB 050401, 33 s after its detectiorSwift (Barbier et al., 2005). After
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Figure 2.5: R-band light curve of GRB 050525a. The fitting cysadid line) is generated
by superposition of the forward shock emissidt{ed ling and reverse shock emission
(dashed ling Credit: Shao and Dai (2005).

the prompt optical detections of GRB 990123 and GRB 04121%awths just the third
GRB that had been detected optically while still activeytrays, and the first detection
for a burst of average duration and luminosity. The earlycaptbehaviour showed no
similarity to that of either GRB 990123 or GRB 041219a. No catien with they-ray
emission was observed, and the prompt optical emission wediditted by a backward
extrapolation of the afterglow at late times, indicatingeayrapid rise of the forward
shock emission, and a negligible contribution from intésiecks (Rykd et al., 2005).
Early dominance of the forward shock emission was also sigdéy the simple power-
law decay observed from very early times in GRB 061007 (Muretedl., 2007), which
reached a peak magnitude Rf~ 10.3. The well-sampled early optical light curves of
GRB 060418 and GRB 060607a were shaped by the forward shocKfeigly 2.6), and
by determining the time at which the afterglow peaked, Mairet al. (2007) could infer

the original Lorentz factor of the fireball to bet00.
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Figure 2.6: NIR and X-ray light curves of (a) GRB 060418 and@RB 060607a. The
dotted lines show the fit of a broken power-law model to the N#®a. Credit: Molinari
et al. (2007).

2.3.4.2 Emission from Internal Shocks

An alternative to the reverse shock interpretation was @seg for the bright optical flare
observed from GRB050904. This burst had a spectroscopioadigsured redshift of
6.29+ 0.01 (Kawai et al., 2005) and a bright optical counterpart wetected during the
y-ray emission in unfiltered observations by TAROT &t al., 2006), beginning 86 s
after the trigger. The 30cm BOOTES telescope failed to detrabptical counterpart
at early times in its R-band observations {dek et al., 2005), since the high redshift
placed the Ly cutof redward of the R-band. GRB 050904 was similar to GRB 990123
in that it had a large isotropic equivalent energy, highimsic peak energy, and displayed
similar optical behaviour. Unlike GRB 990123 however, anay-flare was observed
contemporaneous with the optical flare. While the opticaéftam be accounted for in the
context of the reverse shock model, this emission procesgscted to have a negligible
contribution in the X-ray band. Wei et al. (2006) suggest,twéh the proper parameters,
both the optical and X-ray flashes can be explained by thentgenal shock model, first
proposed by Fan et al. (2005) to interpret the prompt emrmssam GRB 041219a.
Further confirmation of a link between prompt emissiory-afy and optical wave-

lengths was discovered in GRB 050820a. This burst was cordpafsan initial period
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of y-ray emission fronily — 17 s toT, + 22 s (Page et al., 2005), followed by a second,
larger episode of emission frofy + 217 s toT + 270 s, and was detected by b@twift
(Cummings et al., 2005) and KONUS-Wind (Pal’'shin and Frddgr2005). The RAP-
TOR robotic telescope responded to the GCN alert based omitied BAT trigger, and
subsequently detected optical emission contemporanekighe main outburst of en-
ergy iny-rays. These observations reveal faint optical emissiahgbhddenly flares and
varies erratically, tracking the-ray emission, before fading over the course of the next
hour (Vestrand et al., 2006). Comparison of the optical-ainay lightcurves allowed the
determination of the temporal relationship and relativerggth of the two optical com-
ponents, one which tracks theray lightcurve and one from the external shock emission

(Fig. 2.7).

2.3.4.3 Optical Flashes

According to the fireball model internal shocks within thé geeate they-rays, exter-
nal shocks produce the long-lived afterglow, and a revexsermal shock with a lower
temperature can propagate back into the ejecta to prodecprtimpt optical emission
(Sari and Piran, 1999b). The robotic telescope ROTSE (Roktical Transient Search
Experiment) observed a bright optical flash concurrent withy-ray emission for GRB
990123, reaching9th magnitude 47 seconds after the onset of the burst (Aketlal.,
1999). The prompt optical anglray emission were not correlated (Fig. 2.8b), suggest-
ing that the optical emission was not the low-energy tailh&f prompty-ray emission
and was instead emitted in af@irent physical region. This is consistent with the reverse
shock theory (Sari and Piran, 1999a). Conversely, corgtlapéical andy-ray emission
were detected in GRB 041219a (Fig. 2.8a) indicating that thexe related and were both

generated by internal shocks (Vestrand et al., 2005).
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Figure 2.7: RAPTOR observations of GRB 050820a (black cryps3ée blue dashed line
shows the predicted prompt optical component obtained alyngrthe KONUS-Windy-
ray flux measurements, after re-binning to the same timevalteas the RAPTOR mea-
surements, by a factdf,/F, = 7.4 x 10°° and converting to the R-band equivalent
magnitude. The solid red line shows the model early aftergiomponent, with a refer-
ence timd, set to the start of the second, more intepsay pulse. The green trace shows
the sum of these prompt and early afterglow components. &sbetl red line shows
an afterglow component with the same flux-rise timescal&@asiominant afterglow, but
with a reference time set to the onset of the precursor palsg.an amplitude given by
the ratio of they-ray fluence for the precursor pulse to that of the main puGedit:
Vestrand et al. (2006).

2.3.4.4 Dark GRBs

A significant proportion of GRBs do not have a detectable dftergeven though deep
observations down te21 - 22 magnitudes are carried out for most events within 240
of the burst (Coward et al., 2008). Of the 432 GRBs detecte8vaijt up to May 2009,

356 have been observed by UVOT and 135 have resulted joptial detections. Taking

ground-based follow-ups into account, the number of/@p¥icalIR detections rises to
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Figure 2.8: Comparison of the-ray and prompt optical light curves for GRB 041219a
and GRB 990123. (a) For GRB 041219a the optical flash was ctadeleith they-rays
suggesting a similar origin for both. (b) For GRB 990123 th&aah emission does not
follow that of they-rays and is consistent with the reverse shock thergdit: Vestrand
et al. (2005)
248, or~57% of the total number oBwift GRBS. Several possible explanations for
these dark GRBs have been proposed, such as extinction faetatsig to the GRB
environment, host galaxy type and redshift.

One possible explanation is that optical emission may haea Ipresent, but decayed
rapidly to below detectable limits by the time observatitwegan (Groot et al., 1998;
Li et al., 2003; Berger et al., 2002), or may have been intadi faint to begin with
(e.g. Li et al., 2003). The lack of a ficiently deep detection limit may also be due to

adverse observing conditions, e.g. excessive sky brightdae to dawn, twilight or the

IStatistics were obtained from tBavift GRB table: http/swift.gsfc.nasa.ggdocgswift/archivggrb_table.html
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moon, or the field’s proximity to nearby bright stars or theamoThis idea is supported
by the detections of radio transients without optical tramis (Hurley et al., 2002), and
by the association of GRBs with star-forming regions, whioh dusty, optically-thick
environments. Within the burst environment dust obsconathay be due to a high gas
column density (e.g. Lamb, 2001; Castro-Tirado et al., 2@ ®ust in the host galaxy
along the line of sight to the GRB-(0% of dark events, Piro et al. (2002)). Since GRBs
are at cosmological distances, there may also be signiffca@ground extinction due
to the inter-stellar medium (ISM) (Paczynski, 1998). A loensity ambient medium
can result in a sub-luminous afterglow (Groot et al., 1998)ce the afterglow peak flux
depends on the square root of the density of the ambient med#ading to reduction of
the afterglow peak flux by several magnitudes with respebttsts that occur in higher
density regions (MsAros and Rees, 1997). Some fraction of bursts are expectesl to b
located beyona > 5, so that the UV band is redshifted to optical wavelengthysipe

et al., 2001; Jakobsson et al., 2004). However, GRBs at higthitadtan only account
for ~10% of these dark bursts (e.g. Gorosabel et al., 2004; Castde et al., 2006b).
Roming et al. (2006) used early observationsSafift GRB afterglows to investigate the
most probable cause of dark GRBs. They found #26% of the bursts were extincted
by Galactic dust;-25% were obscured by absorption in the GRB environment&dd6
were most probablyféected by Lye absorption at high redshift. Rapid temporal decay

and low-density environments were found not to be signitiéactors.
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2.4 Conclusions

The fireball model provides a good description of the basiperties of observed after-
glow behaviour. Other models, such as the Cannonball model¢Bd de Rjula, 2004),
have not been developed to the same extent and doffesttbe predictive power of the
fireball model. However the simplified view of the simple fialbmodel does not explain
some of the more complex afterglow behaviour described ardeadditional work is

required to explain the richness of features observed iiXtrey and optical afterglows.
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Chapter 3

The Watcher Robotic Telescope

3.1 Robotic Telescopes

3.1.1 Introduction

The key feature of a robotic telescope is that it can obseoveptetely autonomously.
Such telescopes require significantly advanced telescmteot systems, drives and en-
coders to facilitate the location of targets. Unlike an andted telescope, which requires a
manually input list of targets to observe every night, theota telescope can generate its
own dynamic observing schedule based on information inatalthse. Parameters such
as the priority of a target and its altitude during the nigiet all taken into account. This
scheduling is also flexible enough to respond to externalesis or events, such as new
transient sources or activity, and return to its regulaedcte when these observations
are complete. Targets are located with a combination of-prglcision pointing and star
pattern recognition. To confirm that the target has beenesstally acquired the system
can compare the latest image to a catalogue, which provesstback if corrections are
required. The system must also be capable of safely dealthgawarray of external local
events, such as bad weather, power failure or the failurekefyacomponent. The system
can also be accessed and controlled remotely, if requiretipeovide remote users with

access to data (Baruch, 1995; Williams and Mulherin, 2001).
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3.1.2 Robotic Telescope Astronomy

A very large proportion of the available funding for groubdsed astronomical hardware
has traditionally been directed toward high-profile, lasgale projects which aim to build
bigger and bigger telescopes. However, at the other en@sftidle, an ever-growing num-
ber of science programmes are being carried out by smabé&muments operated in an
automated or robotic manner. Scientists have found the@rareh programmes hampered
by the inflexibility and limited availability of observingnie at large telescopes, and have
devoted considerablefert to developing robotic systems better suited to theerddic
requirements. Such instruments have become increasioghisticated due to a variety
of technological advances, in particular the advent of CCRaets and the widespread
availability of powerful, &ordable computers since the early 1990s. Overviews of the
technological and scientific advances being made in theadnezbotic telescope astron-
omy since the mid 1990s are given by Henry and Eaton (1994)e Bb@95); Chen et al.
(2001); Oswalt (2003).

The main advantage of robotic telescopes lies in their figybvhich allows sources
to be studied in ways that are not possible with traditioaallities where observing runs
are limited to a few nights at a time (Eaton et al., 2003). Tiuel\s of variable sources
like active galactic nuclei (AGN) (van Breda, 1995) and Vialeastars (Szabados, 2003)
greatly benefits from long-term monitoring programmes tioaibtic facilities can carry
out so dfectively. Rapid, automated response capabilities also m@katic telescopes
ideally suited to observations of transient sources likeesoovae and GRBs. Manu-
ally operated and large-(1 m) telescopes can respond on time-scales of minutes at best
whereas small robotic telescopes can begin observing attargeconds, opening up a
previously unexplored regime in the time-domain study ahsient sources (Andersen
and Pedersen, 2004). Robotic telescopes also excel atrgpoyt surveys. Cosmological
studies of the large-scale structure of the universe hase based on catalogues made by

small telescopes (Huchra, 2003), and calibration tasks as@xtinction monitoring.
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3.1.3 The Gamma-Ray Burst Coordinates Network

Based on the theoretical models fpray bursts, which predicted the presence of GRB
counterparts, McNamara et al. (1995) concluded that dptudiw-up work required
deep imaging of GRB fields with response times of the order ofluteis or less. In order
to carry out such rapid follow-up observations observegsiired precise GRB positions
to be calculated rapidly and distributed throughout the momity. This triggered the
development of the BATSE COordinates Distribution NEtwdBRCODINE), a system
to determine the positions of GRBs detected by BATSE and tramisenpositions to sites
worldwide on a time-scale of seconds (Barthelmy et al., 1996 BACODINE system
was subsequently expanded to include and distribute quatel of GRBs detected by
other orbiting high-energy observatories (Fig. 3.1) and remamed the Gamma-ray burst
Coordinates Network (GCN) (Barthelmy et al., 1998). Every sewf GRB detection and
localisation information that has come online in the inéging years has been added to
the GCN so that it now provides accurate locations over a rahggsponse times (Table

3.1).

Swift ]

Ulysses . ' Integral

Figure 3.1: The Gamma-ray burst Coordinates Network (GCNDredit:
http;/gcn.gsfc.nasa.gov
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3.1.3 The Gamma-Ray Burst Coordinates Network

SOURCE TIME DELAY | ERROR BOX | RATE
Fermi-GBM ~10s 15 20/month
Fermi-LAT 2-32s 10-100 ~5/year
Fermi-LAT_REFINED 2-6hr 5-30 ~5/year
AGILE _WAKEUP ~30m ~30” 5-1Qyear
AGILE_GROUND 1-2hr 3’ 5-1Qyear
AGILE_REFINED ~2-5hr 3’ 5-1Qyear
SwiftBAT 13-30s 1-3 2-5week
SwifeEXRT 30-80s 7" 2-5week
SwiftUVOT 1-3hr 2’ 1-3week
INTEGRAL_WAKEUP ~1m > 10 1/month
INTEGRAL_REFINED 1-2m ~5 1/month
INTEGRAL_OFFLINE 1-3hr <5 1/month
IPN 0.5-1.5 days 5-20 3/month
RXTE-ASM 1-2 hr 4 x15-150 | ~8/year
RXTE-PCA 3-5hr 6-40 ~B/year

Table 3.1: Details of active GRB satellite missions includedhe GCN. ‘WAKEUP’
refers to the initial automated localisation of the burdREFINED / GROUND / OF-
FLINE’ can refer to either further automated pipeline pgirg of the burst, usually
done when more data becomes available, or manual analysig @iurst, performed by
ground personnelredit: httpy/gcn.gsfc.nasa.gov

A key feature of the modern GCN system is the distribution of GT¢ulars, short
messages from researchers summarising observationsat@abken made, results, and
plans for future observations, thereby allowing the foHopr community to make opti-
mum use of the resources at its disposal. Another produathwias recently been made
available is the GCN Report. This is a short (1 - 2 page) finalrijgsan of the observa-
tions and results of a group’s follow-uterts on a specific burst. The main purpose of
these reports is to facilitate the publication of data whimhitself, would not be dficient
for a paper, and also to allow tf&wiftteam to distribute theiy-ray, X-ray, and optical
lightcurves in a more timely manner. All GCN Circulars and Répare archived on a

page on the GCN website, which is updated in real time. In enfdithere is a burst

information page for each satellite, which is also updatecal time.
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3.1.4 Recent GRB Satellite Missions

A summary of some of the satellite missions currently inedivn GRB research is given

below.

e INTEGRAL: The INTEGRAL satellite is an ESA mission primarily designed f
high-resolution spectroscopy, imaging and accurate ipogiig of sources in the-
ray domain (Winkler et al., 2003). Its main scientific objees include studies of
y-ray line processes in stellar nucleosynthesis and largke structures, the high-
energy physics of compact objects, apday bursts. It is capable of providing
rapid and precise localisations to enable afterglow studighe main instruments
are the high-resolution spectrometer, SPI (20 keV - 8 Medr¥ane et al. (2003)),
and a high angular resolution imager called IBIS (15 keV - 1&Mdbertini et al.
(2003)). INTEGRAL is also capable of multi-wavelength obsdions with its X-
ray monitor (JEM-X, Lund et al. (2003)) and Optical Monitogi Camera (OMC,
Mas-Hesse et al. (2003)). All three of INTEGRAL's high-engeigstruments use

coded aperture techniques to image, localise and reselag sources.

e HETE-2: The High Energy Transient Explorer (HETE-2) is a multi-wiavgth
mission dedicated to observations and localisationg-i&y bursts (Ricker et al.,
2003). It is equipped with a wide fielg-ray detector, FREGATE (1 - 500 keV,
Atteia et al. (2003)), and two coded aperture X-ray detscttre Wide-field X-
ray Monitor (WXM, 2 - 25keV, Kawai et al. (2003)), and the SoftrXy Camera
(SXC, 0.5 - 10keV, Villasenor et al. (2003)), which can deteenGRB positions
accurate to 10and 30 respectively. GRB locations are calculated by on-board
software in real time for immediate relay to the GCN, withic@eds of the burst
trigger. Automated analysis engines process raw data,iaftas been transmitted
to the MIT control centre, and generate refined positionscatly 15 mins - 2 hours

post-burst.
e AGILE: Launched by the Italian Space Agency in April 2007 (Tavaralet2006)
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the primary goals of the AGILE mission is the broadband deiercof GRBs and
the study of implications for particle acceleration andhegergy emission. AGILE

Is also engaged in studies of AGN, Galactic compact objsozernova remnants,
and unidentifiedy-ray sources. Its main characteristic is its ability to diae-
ously image sources atray and hard X-ray energies over a wide field of view
with arcminute angular resolution. On-board triggering &talisation algorithms
detect bursts and calculate positions, which are rapidigsimitted to ground. It
has two primary instruments, the Gamma-Ray Imaging Detd@&iD), with an
energy range of 30 MeV - 50 GeV and an angular resolution ¢fdiad the hard
X-ray monitor Super-AGILE, with an energy range of 10 - 40 ka™d an angular

resolution of 2- 3.

Swift: Launched into low-earth orbit in November 2004 NASAsvift mission
(Gehrels et al., 2004) is a multi-wavelength observatoicied to the study of
GRBs. As well as determining burst locations with unprecest@tccuracy and
speedSwiftcan also study the little known regime of very early X-ray &nd/op-
tical emission due to its rapid, autonomous slewing cajtedsi! Swiftis the first
GRB mission to cover the UMptical wavelength range and includes a wide-field
y-ray Burst Alert Telescope (BAT), an X-Ray Telescope (XRT)d anUV/opti-
cal telescope (UVOT). BAT (Barthelmy et al., 2005) is a larggM=y-ray detector
which provides GRB triggers and initial positions accurate-8'. Its sensitivity
spans the energy range from 15 - 500 keV, with an energy risolof ~7 keV.
The XRT (Burrows et al., 2005b) is a broad-band (0.2 - 10 kefp)Ximager de-
signed to measure fluxes, spectra and light curves of GRBs amdattterglows,
and in particular to provide rapid and accurate positionfdrmation. The instru-
ment uses a focusing X-ray telescope and a single thermoeddly cooled CCD
detector yielding a field of view of 2% 23. For a typical GRB, positions accurate
to 77 are obtained within 30 s of target acquisition. UVOT (Romihgle 2005) is a

30 cm modified Ritchey-Cletien telescope designed for the photometric and spec-
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troscopic study of GRB UXoptical counterparts in the 170 - 600 nm wavelength
range. The instrument is equipped with filter wheels cagyiih broadband colour
filters, UV/optical grisms, and a clear filter. The telescope’sAQ@V is co-aligned
with the XRT. The telescope’s main function is to performdiatband UVoptical
photometry of GRB counterparts from early100 s) to late times, and provide
finding charts accurate to @.3vithin ~300 s for ground-based follow-up observa-
tions. Photometric redshifts can be measured for burstseimange b < z < 4.5
(the Lymane cutadf is shifted beyond UVOT'’s sensitivity range far> 5). Low-
resolution grism spectroscopy can be performed on brigrgt®uwhich can also

facilitate redshift determinations.

Fermi: The key scientific objectives of Fermi (de Angelis, 2001)taranderstand
the mechanisms of particle acceleration in AGNs, pulsats $NRs, to resolve
the y-ray sky at high energies, to determine the high energy hehaof GRBs
and other transients, and to probe dark matter and the caotigposf the early
Universe (Panaitescu, 2008). It comprises of two mainumsénts, the Large Area
Telescope (LAT) and the Gamma-ray Burst Monitor (GBM) (Meeggal., 2007).
LAT operates in the range 20 MeV - 300 GeV and has a FOV of 2wish, the
ability to localise GRBs to 10or less. GBM consists of 12 Nal detectors operating
in the energy range 8 keV - 1 MeV, which will provide burst g&gs and locations,
and two BGO detectors observing in the energy range 150 ke\Me30 The LAT
and GBM can independently trigger on GRBs and spectra will belyofit when

possible.

3.1.5 Robotic Telescope Systems

In recent years an increasing number of groups have becamiead in the development

of robotic optical telescopes for GRB follow-up observasiowith the launch oBwiftthe

availability of accurate GRB localisations at unprecedeénésponse times and regularity
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have made such instruments particularly relevanttebent scientific goals and varying

levels of funding have resulted in a wide range of approatlegsg taken in the design

of robotic follow-up instruments. Some of the instrumengsrently in operation are

described below.

e ROTSE-Ill: The ROTSE-IlI telescope system is a worldwide network of énid
tical instruments at dierent longitudes (Texas, Namibia, Turkey, and Australia),
which can provide continuous coverage of the night sky (Afeat al., 2003). Each
ROTSE-III system is made up of a 45 cm telescope and a deteitton 2kx 2k
Marconi CCD chip, resulting in a total field of view ef2°x 2°. The mount was
based on a commercially available model which was modifiguiduide high slew-
ing speeds (35! in both axes), which allows it to begin imaging targets withi

seconds of receiving alerts.

REM: REM is a 60 cm telescope with a fast slewing capability’ (605 s), operat-
ing in the La Silla Observatory, Chile, since June 2003 (Aatiband Team, 2005).
The telescope is equipped with a high throughput Infrared€arfREMIR) and an
optical imaging spectrograph (ROSS) which are simultaskded by a dichroic.
This allows for the collection of high/8 data in a large spectral range (0.45 -

2.3um).

TAROT: The 25cm TAROT telescopes consists of two instruments, oribea
Calern Observatory in France and another, TAROT-S, at the t&8ility at La
Silla. The relatively small size of these telescopes alltawslewing speeds of up
to 80° s71, resulting in extremely short target acquisition times of 1.5 s (Boer
et al., 2003). TAROT-S serves as a very rapid wide-field congrato the REM

experiment.

PROMPT: The PROMPT experiment is a robotic telescope system comgresx
40 cm telescopes (Reichart et al., 2005) located at the CelotoTater-American

Observatory, Chile. Each telescope uses a Paramount ME r(sme$t 3.2.6) and
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can slew at 7s. Five of the telescopes are designed for imaging and are fifiti
Alta U47+ cameras by Apogee, with each one optimised forfiedént wavelength
range from NIR through to UV, while the sixth is equipped walpolarimeter.
The system’s capabilities for simultaneous multi-colauaging enable it to con-
struct spectral energy distributions across 8 filter bamdsestimate photometric

redshifts.

RAPTOR: The RAPTOR experiment (Vestrand et al., 2002) links togeéhgint
wide-field monitoring and three narrow-field response tapss to act as an au-
tonomous system capable of identifying optical transiants carrying out follow-
up observations in real-time. The wide-field monitoringteyshas a FOV o0£1300
square degrees with a resolution~35” and is spread over a large geographical
area,~38 kn¥, providing stereoscopic images of the same field. Real-tirnegs-
sors instantly analyse the wide-field images and the paositaf interesting tran-
sients are fed back to the mount controllers with instrungito point the narrow-
field telescopes at the transient. The narrow-field instntsnean perform simulta-

neous multi-colour imaging, low-resolution spectroscamd polarimetry.

BOOTES: The BOOTES network (Castro-Tirado et al., 2004) is a systemiadéw
field imagers and narrow field response telescopes locat®duthern Spain. The
wide-field imagers consist of commercial 50 mm wide-fieldskes (Nikkor, Japan)
attached to two ST8 CCD cameras (Santa Barbara Instrumentp GJ/8A). Each
pair of the BOOTES wide-field cameras is mounted atop a 0.3 m QX Meade
telescope (Meade, USA), allowing long integrations of avjangsly selected region.
The four cameras monitor the same region of the sky, bothen #nd V bands.
BOOTES-1 is located at El Arenosillo (Huelva) and BOOTES-2hat Estacion
Experimental de La Mayora (Malaga), 240 km apart. BOOTES@Rs{ro-Tirado
etal., 2006a), located at Observatorio de Sierra NevadeamSis a 60 cm Ritchey-

Chretien telescope equipped with high-throughput NIR cameatufing a HAWAII
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HgCdTe Infrared detector array. BOOTES-IR has a blue-bandresg@d optical
CCD at one of the telescope’s Nasmyth foci along with the NIR e@nusing
a dichroic to split the incoming light into visible and infeal, thereby allowing
simultaneous observations in two bands. It is capable of speeds of 10s™! and

can point to any part of sky within 20 s, with a typical sleweiof 5 s.

3.1.6 Robotic Telescope Networks

The next level of sophistication is an intelligent netwar&pable of identifying interesting
phenomena and communicating with other instruments toasiqubservations (Vestrand
et al., 2004). The advantages of observing with roboticstaipes can be multiplied by
combining individual instruments into networks. In its pilest form, a network can com-
prise several independent instruments operated by the wetiteition or collaboration.
These systems can be distributed around the world with tinec&iconstantly monitor-
ing the night sky (e.g. ROTSE-IIl), or can operate at the saiteein order to perform
simultaneous multi-colour photometry, spectroscopy/@ngolarimetry (e.g PROMPT).
Common communication protocols are essential to the oparafiadvanced networks.
One format which has been widely adopted is VOEvent, an XMkead protocol designed
to communicate information on transient events (White et28l06). The VOEventNét
project combines information on transient events from manggnisations and observing
programmes and distributes alerts in the VOEvent formagKBret al., 2006). Instru-
ments on the network can then feed their results back intsystem using the same
messaging format. VOEvent alerts are openly availablegastronomical community,

and currently provide information on supernovae, GRBs, arwiat@nsing events.

httpy/voeventnet.orty
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3.2 Watcher System Description

3.2.1 Boyden Observatory

Boyden Observatory is located at°238 20" South, 28 24 20" East, 26 km from the

city of Bloemfontein, South Africa. It has a long history otamomy, going back as far
as 1927 when it was initially set up as Harvard Universityosithern Observatory. There
are several telescopes on site, including a 13 inch reiraatgolar telescope and the
original, recently refurbished, 1.5 m telescope (Fig. 3T2)e University of the Free State
Physics Dept., along with a group of local contributors e@llThe Friends of Boyden,
have recently finished a visitors’ centre at the observatdrich includes an indoor and
outdoor auditorium, exhibition area, viewing platformsdacooking facilities (for the

occasional “brai” or BBQ). There is also a house on the sitericastironomer.

"~ “Stlence-centre
A == ‘Auditoriam
Solar . g A -

Telescope - =
5 "’f 1’

5:zaf®

T Watcher
Bdilding

Figure 3.2: Layout of Boyden Observatofyredit: Juan Oliviet

The site was chosen for 2 main reasons; location and weagigrough there are

many robotic telescopes in operation worldwide, there alatively few in the south-
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ern hemisphere (ROTSE-IllIc is the only other GRB roboticdetge in southern Africa,
located at the HESS site in Namibia (Fig. 3.3)). This leavere@able gap when consid-
ering prompt GRB follow-up. When choosing a location for Waiclthis gap was taken
into account and South Africa was deemed to be a suitabl¢ositerease sky coverage.
The other major factor was seeing conditions. While the sitelatively close to a city,
it remains s#iciently remote to maintain low levels of light pollution. \Ather condi-
tions in the area are also favourable, especially duringatiméer, when the chances of
cloud cover are minimal. Conditions, however, degrade dutiie summer months, with
frequent afternoon thunder storms and a higher chance ofl@dad rain. Lightning pro-
tection is provided by a lightning-conductor in the centiréhe grounds. Another positive
factor was access to on-site support by technicians frontheersity, which proves in-
valuable for maintenance and repair. The observatory at®ddges internet access via a
microwave link to the University. Finally, the 1.5 m telepeamay also be made available
for follow-up observations of particularly interestingdats.

The main system components were tested in UCD before beipgeshito Bloem-
fontein. A temporary structure was erected on the roof ofbleool of Physics building
which allowed the basic functions of the mount, telescoke@@D to be tested. Watcher
was installed to Boyden Observatory over the course of thnegte visits. The first trip
(July 19 - July 31 2005) dealt primarily with the installatiof the instruments and the set
up of the PCs. On the second trip (September 09 - October 21gldmcope was prop-
erly balanced, polar aligned and the pointing capabilitBthe mount were examined.
However bad weather and interface problems between thetraadrithe control software
caused delays. The third trip (March 13 - April 04 2006) akaldor the installation of a
new mount (a Paramount ME) and the resolution of all othebleras. The system began

operations during the final week of March 2006.
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3.2.2 Dome
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Figure 3.3: Map of southern Africa showing the location & Boyden Observatory and
the site of the H.E.S.S. high-energyray project in Namibia, where the ROTSE-llIc
robotic telescope is locate8ource: Google maps.

3.2.2 Dome

The Watcher building consists of three rooms; the controhrpothe telescope room and a
small storage room (Fig. 3.4). The building itself was rbfsined and modified to better
suit the needs of an unattended telescope. The roof is ofl-back design and originally
was operated via a manual winch. A three-phase motor powsread Hitachi SJ 100
Series Inverter was attached to the winch and controlled aistom electronics built in
the UCD workshops. This can be operated from a handset or freradmputer. Micro-
switches at either end of the roof’s tracks act as boundainytpto stop the motor and
also serve to report the status and position of the roof tatimérol software.

The roof itself had to be significantly modified to ensure thate was no possibility
that the telescope could ever come into contact with it. Tingiral horizontal support
beams were changed to an angular design (Fig. 3.5) and teceisideration was given
to the full range of motion of the telescope. The telescopermeasures 4.9 4.6 m

x 2.82 m and the instrument itself is mounted on a 2 m high pikis @llows Watcher to
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3.2.2 Dome

Figure 3.4: Front and side views of the Watcher building. frbat room, with the roll-
off roof, houses the telescope, while the control room hougiegcomputers and other
equipment is at the rear. The top image shows the buildiray pwirefurbishment.
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3.2.3 Telescope

observe down to an altitude e8° in the east and west. In the north and south directions
it is obstructed slightly by the previously mentioned Wil altitude) and the rolled back

roof (~25° altitude) respectively.

Figure 3.5: Watcher with the roof opened. The redesignetistoocture allows Watcher
to observe close to the horizon while removing the posgiil a collision.

3.2.3 Telescope

The optical tube assembly (OTA) on Watcher is a single 40 cns<ital Cassegrain
reflecting telescope (Fig. 3.6), provided by Optical Guimkarsystems. A Classical

Cassegrain arrangement consists of a concave paraboliargrimirror and a convex hy-
perbolic secondary mirror positioned at the focus of thenpry. The secondary mirror
then focuses light back down through an opening in the pgmarror onto a detector
(Fig. 3.7). This design serves to reduce spherical and ciioraberration, especially for

a small field of view. The tube is constructed of Tuned Carbdma=XZe, which com-

2www.opticalguidancesystems.com
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3.2.3 Telescope

Aperture 40cm
Focal Length 570cm
f/ratio f/14.25
Secondary Diameter 10.8cm
Back Focus 25.4cm
Tube Diameter 49.5cm
Tube Length 137.16cm
Focuser Tube Internal Diameter 6.35cm
Weight 42 kg

Table 3.2: OGS 40 cm Classical Cassegrain specifications

bines magnesium and aluminium to create a lightweight berntlally stable structure.
This allows fast slewing of the OTA with the ability to readhmygpart of the sky in under

30s. Detailed characteristics are presented in Table 3.2.

Figure 3.6: The OGS 40 cm Classical Cassegrain telescope

)
i

Figure 3.7: The Classical Cassegrain telescope design
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3.2.4CCD

3.24 CCD

The detector used is an Apogee AP6e CCD supplied by Apoge@hmsits? It consists
of a scientific grade< 100 bad pixels) array of 1024 1024, 24um pixels. It has a
gain of 8e7/ADU and a typical readnoise 6f13 - 15e” rms. It can read out an image
in 1.5s and is connected to a computer via a PCI card, whichpaitsodes the power.
The speed of this readout is important, especially durimgisensitive observations such
as GRBs. Thermoelectric cooling maintains the chip20.0 = 1°C at which the dark
currentis~1.5e” pixel~ts~1. The chipitselfis a front-illuminated Kodak KAF-1001e tvit
a quantum #iciency greater than 50% over the visible spectrum (from 630 nm, see

Fig. 3.8). The chip specifications are presented in Table 3.3

Array Size (pixels) 1024 x 1024
Pixel Size 24 x 24um
Chip Size 24.6 mm x 24.6 mm

Digital resolution 14 bit
Sat. Signal 200,000 e
Sensor Noise 13 e
Dynamic Range > 83 dB
QE @ 400 nm 40%
Peak QE (550 nm 72%

Table 3.3: Kodak KAF-1001E CCD specifications

Swww.ccd.com

61



3.2.5 Field of View
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Figure 3.8: Kodak KAF-1001e quanturffieiency curve Credit www.ccd.com

3.2.5 Field of View

Two important properties of any telescope are the field oinaed the plate scale. The
field of view is a measure of the size of the area of the sky thabvered per image.
The plate scale is a measure of how much sky is imaged per. pteela CCD user it is

convenient to measure this property in arcsec per pixel. alcutate the plate scale we
take the focal length of the primary mirrdrin mm, and the CCD pixel siz@,in microns,

and use the equation (Howell, 2000a):

_ 206265x

P= 1000x f (3.1)

whereP is the plate scale in arcsec pixel 206,265 is the number of arcseconds in
1 radiart and 1000 is the conversion factor between millimetres armtang. The plate

scale is then multiplied by the number of pixels on the CCD touate the field of view.

41 radian= 57.3 = 3,438 = 206,26%
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3.2.6 Mount

For Watcher this results in a plate scale of 0.8@ixel™}, and a field of view of 14./8x

14.8 .

3.2.6 Mount

One of the most important parts of a robotic telescope is aarate and reliable mount.
The Paramount ME is a world-leading, high-end amateur madavement is controlled
by the MKS 4000 control system which employs brushless D&oseotors which can
take instrument loads of 70 kg. These research-grade motovile fast slew speeds of
up to 7 st with consistent torque and are designed to be almost friletss, ensuring
a long life span even when taking into account extended gerd operation. Periodic
error in the movement of the gears can be corrected in sadtesaal errors that occur due
to the stopping of the mount after slewing, called backlashyirtually zero. With a good

pointing model in operation the mount can achieve a poirdgicguracy o~30" .

Figure 3.9: Paramount MEredit www.bisge.com
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3.2.7 Filter Wheel

Two of the most important aspects of the mount, from a rembgevatory point of
view, are the in-built safety features and the “AutoHomesteyn. AutoHome is an au-
tomated initialization process that slews both the rigleeasion and declination axes of
the mount to a mechanically fixed position, called the Homs&tiem. The control system
must perform this step every time the mount is turned on sbth®absolute position
of the mount can be established (to the nearest one-thisg@wad). After homing, the
mount “knows” its orientation and therefore cannot be skkuweo the pier. The right
ascension limits are approximately 5 degrees past the raeiiineach direction (east and
west) and in declination the limit is approximately -90 degg. Homing also ensures that
if there is ever a loss of power the mount can re-establigbasstion without human in-
tervention. The mount motors are also equipped with cutim@iters, which means if the
mount is accidentally slewed into a stationary object (dhg.roof or pier) the movement
is immediately aborted. Another convenient feature isuglethe-mount cabling, which
allows cables to be tidied and reduces drag on the OTA, asasdlie chance of cables

becoming entangled.

3.2.7 Filter Wheel

The Optec IFW filter wheel consists of &% 50 mm diameter filters (Fig. 3.10). These
contain the Bessell (Bessell, 1995) photometric filter set &, B, | and clear (Fig. 3.11).
Changing filters takes3 s per slot. The system is connected to the computer via asband
and can be controlled either from this handset or from the HEmounted at the primary
focus of the telescope and the CCD is then mounted to it. The tevthan secured with
an additional custom mounting bracket, fixed to the drawtitibe telescope at one end
and the base-plate of the CCD at the other (Fig. 3.12). The Wwizegbecome unreliable,
probably due to dust (as of summer 2008) and has been setytdadwel images in clear

until a replacement can be installed.

Swww.optecinc.com
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3.2.8 Focuser

Figure 3.10: IFW filter wheel systen@redit www.optecinc.com

3.2.8 Focuser

The Robofocus is a basic stepper motor used to drive the tglescexisting focusing
mechanism. It is attached to the secondary mirror at thd tbthe telescope, replacing
the original motor supplied which could not be computer oalfed. It is mounted at the
centre of the support structure holding the secondary minrplace and black masking

tape is used to minimise any light scatter that could be chbgehe white power cable.

3.2.9 Weather station

To prevent damage to the system a reliable and accurate dhethoonitoring weather
conditions is needed. The Davis Instruments Vantagé Rieless weather station is
solar-powered and provides a suite of detectors includingiracollector, temperature

and humidity sensors and an anemometer. Additional to thesea precipitation event

Swww.davisnet.corfweather
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3.2.9 Weather station
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Figure 3.11: Transmission curves for the Bessell BVRI filters
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3.2.9 Weather station

Figure 3.12: Detailed view of the rear of the telescope idicig the filter wheel, CCD and
custom mounting bracket. Note the Robofocus was later mavidtetsecondary focus at
the front of the telescope.

detector, provided by ROBOskyand a cloud sensor, which was custom manufactured
in the Czech Republic. The cloud sensor consists of two shéaésnperature probes
thermally separated by a heat sink. It works by detectingdifference in temperature
between the ground and the sky. A clear sky at night is cob&er the ground by a certain
amount, which reduces when clouds pass overhead. With peafibration this system
gives an accurate report of cloud cover.

The system is mounted on the roof of a small auditorium opedlse Watcher build-
ing and connects wirelessly to a receiver placed inside timed This receiver is then
wired into one of the computers in the control room and alsdaios barometric, temper-
ature and humidity sensors. The system is capable of autm@aitatesponding to adverse
weather conditions by ceasing observations and closingldinge. It then waits for an

hour before attempting to open the dome again, to allow ¢@mdi to improve. It will

"www.robosky.com
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3.2.10 Computers

also, as a safety precaution, shut the dome if communicatiath the weather station are
lost. All weather logs are recorded to a database and arssabteethrough a convenient

web interface.

3.2.10 Computers

Two Pentium 4 computers, watcherl and watcher2, are usedntoot and coordinate
the instruments. Each consists of a 2.4 Ghz processor, 51&RAM, DVD re-writer,
40 GB system disk and a 200 GB data disk. The data disk on watdsves as the
current image archive and is backed up to the data disk orheetc A 750 GB external
hard disk is also attached to watcher2 to facilitate morg kenm backups of older data.
For reasons of reliability, security and enhanced netwagylkioth machines are running
distributions of Linux, Suse9.2 on watcherl and Suse 10.3 on watcher2 (watcher2 is a
newer version as it $tered a hard drive failure in early 2008 and the operatingesy$tad
to be reinstalled). Watcherl is also dual-bootable withdims XP, which is convenient
for running Windows-based telescope control and mode#oftyvare.

Responsibilities are divided between each machine but thteatserver is located on
watcherl, which coordinates the various hardware and aoétaomponents. Further de-
tails can be seen in Table 3.4. Network connection is praviea dedicated microwave
link from the observatory to the University of the Free Stateentral Bloemfontein. This
allows remote access to the system via secure shell)(askl also allows Watcher to
email updates, and emergencies, to the Watcher team. Ipadsmes access to the GCN,
which gives Watcher the freedom to respond automaticaltyrapidly to GRBs without

any human intervention.

Watcherl| Roof | Focuser| Filter Wheel UPS
Watcher2| CCD | Mount | Weather Station Webcam

Table 3.4: Division of hardware control between computers

8www.opensuse.com
Swww.openssh.com
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3.2.11 UPS

3.2.11 UPS

The Uninterruptible Power Supply used for Watcher is an M@&&mns Pulsar Evolution
22000 It has a power rating of 1.54 kW 2200 VA and doubles as a surge protector
for all devices connected to it. In the event of a power failthe UPS is more than
capable of running the entire observatory for about an hehigch allows enough time
for main power to be restored in most cases. The load on theiBfs case is~20%
of its full capacity, leaving ample room for the system to lpgraded with additional
components at a later date. Closing the roof, parking thedefee and safely powering
down the computers and all other components consuviés of the total battery power.
The computers are designed to reboot when main power igeesémd are set to restart
the system automatically. During a longer power outage tR8 i$ programmed to shut
down the system when the battery charge reaches 30%. Thigmmaleft purposely large
to cope with the unlikely event that the mains power mightdstared for a short amount
of time, with the system booting to a fully operational staind then the mains power
fails again. This remaining charge allows the UPS to safeiyt the system down once

again in this case.

3.3 Software

3.3.1 RTS2

The observatory control software used on Watcher is call€828 (Kubanek et al.,
2006b) It was designed primarily by Petr Karek for use on the BART robotic tele-
scope (Jéhek et al., 2004) in the Czech Republic. From the humble baggsnof a
final-year computer science project, it is now responsibiatie complete operations of
the BOOTES telescope network (Castro-Tirado et al., 2006&pain, the FRAM tele-

scope (BenZvi et al., 2007) at the Pierre Auger Observatorge#tina and Watcher in

Owww.mgeups.com
Uhttpy/lascaux.asu.cas /cis2
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3.3.1RTS2

South Africa. It is written in G-+ (an object orientated programming language) which is
highly modular and allows for the easy addition of new handgupport. The targets are
stored in a PostgreSQL database, which is extremely fastanfigurable, and several
user scripts are provided for database management. RTS2 jeasicular emphasis on
GRB follow-up observations and has the capability to mortherGCN for news of new
bursts, which it can then automatically observe. It is desibfor the Linux platform and

is open source and freely available.

One of the most crucial aspects of a robotic observatoryasatiility for the system
to automatically schedule a list of targets to observe. & laee various approaches to the
problem of scheduling (Granzer, 2004) each with their owwraathges and disadvantages.
Currently RTS2 bases its scheduling decisions on severarfadarget altitude, lunar
distance, time since last observation, number of obsemnstand priority. Priority is a
value set by the user that assigns merit to a target. The higbepriority the higher the
chance the target will be observed. This means that the wssr mbt need to interrupt
the automatic scheduling routine when observations of aispéarget are desired, the
system will intelligently choose the best time to make theastations. Taking all these
values into account the scheduler uses an algorithm totgatgets in real time, including
taking calibration frames at dawn and dusk. However, thikewsat dificult to predict
which targets will be chosen on a given night and at what titheg will be observed.
There are two methods to ensure observations of a target @dfis time. The first
is to disable the scheduler completely and manually sefectdrget. This requires the
user to be logged in to the system at the appropriate timeareténable the scheduler
afterwards to resume automatic observations. The secoodisate an observation plan,
detailing each target id and the start and end times of easéredtion. Under automatic
scheduling a new GRB will be assigned the highest prioritgrosging all other targets
in the database. This priority diminishes slowly over thkofeing ~48 hours to ensure
follow-up observations are made.

RTS2 consists of a suite of programs which can be divided fimiio main groups;
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hardware control, observation control, the central seamerseveral miscellaneous scripts

to aid user control. A schematic representation of RTS2aesvsehn Fig. 3.13

3.3.1.1 Hardware Control

Each piece of hardware is managed by its own device daéfibmese daemons sit above
the drivers of each component and provide a common commntioncaethod for oper-
ating hardware and returning status reports. This framlewtows client programs to
request operations from the hardware without the need &irdlirent to have any knowl-
edge of what type of hardware is being used. The followingaestaemons are currently

being used on Watcher:

e rts2-teld-paramount: controls the Paramount ME telescope mount

e rts2-camd-apogee: controls the Apogee AP6e CCD

e rts2-filterd-ifw: controls the Optec IFW Filter Wheel

e rts2-focusd-robofocus: controls the Robofocus focuser

e rts2-dome-dublin: controls the Watcher observatory dome

3.3.1.2 Observation Control

There are two main scripts that handle actual observatia®-selector andrts2-executor.
rts2-selector chooses the next target to be observed from the databassufthreatic
scheduler) whilerts2-executor coordinates the observation, selecting the filter and ex-
posure for the camera. After the image has been takeR-imgproc attempts to get
astrometry on the image, using a combination of a packadedcastrometry.nét and

the custom designed Jibaro astrometry package (de Ugastg®et al., 2005). If this
process is successful the image is saved to a directory dmattoedrive to await further

analysis by a user. If not, it is placed in a temporary dirgcfor the system to attempt

2p “daemon” is a program that runs in the background, rathen tmder the direct control of a user.
Bwww.atrometry.net
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3.3.1RTS2

astrometry again in the morning. Another prograns2-grbd, waits for incoming alerts
from the GCN. A new GRB is processed by creating a new targeteidétabase based on
the information contained in the alert. This new target&githe highest priority and so
will immediately be selected by the scheduler. All of theaemons interact extensively
with the database by reading data on the targets and wrigagimformation on recent

observations and images.

3.3.1.3 Central Server

The central server oversees management of the whole obsgread is responsible for
tying together hardware control and client scripts. Evayick daemon registers with the
central server in order to be accessible by the varioustglimgrams. A client program
contacts the central server which then passes the requestdomation or actions on to
the devices. The devices can also make requests of the Icggnvar, for example if the
weather station detects bad weather it reports the statie toentral server, which then
closes the roof and parks the telescope. It is also resderisitmanaging the time states
of the observatory (day, evening, dusk, night, dawn, ma;nday).

rts2-mon is a monitoring program that displays, and updates in e tinformation
on the status of the central server, all connected deviagslkrunning client programs.
It is based on ncurses, a programming library used to wrkeliased user interfaces
which resemble graphical user interfaces (GUIs). This camnum in a terminal which,
when run remotely, results in much less latency than a caioreal GUI. It is possible to
control various items viats2-mon including; switching the server on anét,ochanging
the currently selected filter and adjusting the cooling terafure of the CCD. It is also
possible to disable the scheduler and manually selectttafigen the database through
rts2-mon. Work is currently in progress arnts2-soap, a program to facilitate access to

RTS2 through a web browser using the Simple Object Accedsulo(SOAP).
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3.3.1.4 User Tools

A variety of command-line tools are included in RTS2 for asteg and updating the
databaserts2-targetlist allows the user to see a list of all targets in the database.
rts2-targetinfo provides more detailed information on an individual taygeich as
coordinates, priority, observation sequence and a talilidg the altitude of the target

at each hour of the day. With the topts2-target it is possible to change certain
values associated with the target, including enabling seifaling the target, changing the
priority or changing the observation script (the sequerfcexposures and filters used
to observe the targetkts2-user is used to manage user entries and email lists, while

rts2-nightreport provides observation reports on a night-by-night basis.

Figure 3.13: Schematic representation of RTS2
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3.3.2 Other Software
3.3.2.1 Weather Station

The software used to manage the weather station is calledaten packagé’ Itis a free
suite of programs designed to gather information from thather station and display it
in a series of graphs. The station is polled once every seaoddhe data stored in a
MySQL® database. It can be viewed using a set of dynamically cregrohs and a
PHP-based browser interface. This information is alsoqhtsthe RTS2 central server
which decides if it is safe to continue observing. In the éwd#rbad weather (if it is
raining or the wind-speed is above a certain safety threlyloolif communications with
the weather station are lost, the central server will pubtieervatory into atandby state
In this state the roof is closed and the telescope is parkedhé CCD is still kept cool in

the event that conditions improve and observations camresu

3.3.2.2 UPS

The UPS is managed by the Network UPS T&0(BIUT) package. NUT is an open source
suite of programs which provides a common interface for nooimg and administering
UPS hardware over a network. The main UPS daempsd, manages communications
between the driver and the various client programs on th&arkt The main client pro-
gram isupsmon, which monitors the status of the UPS and manages the satfeleiva
of the PC when the battery level reaches a critical stater &tg#ts can also be run at
shutdown usingipsmon. The current status of the UPS (e.g. battery charge, loadato
be viewed usingipsc.

Since the UPS is connected to watcherl, it acts as the maBterserver. All other
computers on the network are slaves and only communicakewdtcherl, not the UPS

directly. A simple C programgts2-upsshutdown, was written to connect to the central

Ynttpy/meteo.othello.ch
Bnttpy/mwww.mysgl.com
www.netowrkupstools.org
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server and switch it to theff state. In this state the observatory is shut down completely
the roof is closed, the telescope is parked and the CCD is netdwept cooled. This
program is run byipsmon on watcherl in the event that the battery charge becomesatrit

(set to 30%), before safely shutting down all other commuberthe network.

3.3.2.3 Automated SMS System

For any robotic telescope concerned with GRBs the most crtimal is when observa-
tions begin on a new GRB. The data must be reduced and analygacthkly as possible
so that a GCN can be published. To facilitate this an auton@kéd’ alert system was
designed as part of this work. In the event that Watcher Isegbserving a new GRB
a text message containing details of the burst is sent to #iteN&r team. The system is
based on the fact that Watcher sends emails to users whéngtnew GRB observation
(among other events). When an email matching certain keysnigreeceived in Dublin,
an SMS is sent. This email keyword search is made easy due fadhthat our team has
its own dedicated email server (bermuda.ucd.ie).

The text messages themselves are sent using an open-sortiptecalledo2sms*8.
o2sms is a command line program designed to send SMS messagesthsimgbsites
of Irish mobile phone operators. It supports all three majsh operators - O2 Ireland,
Vodafone Ireland and Meteor Ireland. Each of these opeygimyvide~300 free text
messages from their websites every month. It is importanbte that the SMS is sent
from the operator website, not from a physical mobile ph@&@wethere is no need to leave
a phone connected to a computer, although the system daggeraqg active account with
one of these providers.

The system works by scanning every email received for aicestet of key words
(specifically “start GRB observation”). This is done on theaéinserver itself using a

procmaill® script. Once a match is made the script parses several méagsrmation

7Short Message Service or more commonly known as a Text Messag
Bnttpy/www.mackers.corprojectgo2smg
Bnttpy/www.procmail.org
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from the body of the email, including the burst name, coatés, current airmass, which
satellite detected the burst and Watcher’s response tirttestalert. It then passes these
values to a short bash script, calleailtosms, which organises them into a message.
The final part is handled by a perl script callgehdsms.pl. To prevent multiple text
messages being sent about the same bergisms . pl will first compare the name of the
new GRB to a “blacklist”. This is a list of older bursts that ttemessages have already
been sent about. If the new GRB is not on that list it will senel tessage created by
mailtosms to the Watcher team using2sms. It will then add the burst name to the
blacklist.

The system has worked well for over a year and was recentlsaded to include the
details of the GRB it is reporting on (the original versionyrgported the name of the
burst being observed). Future planned upgrades for themyisiclude sending an SMS
alert for events other than GRB observations, such as haedadure, the loss of mains

power or the roof closing due to bad weather.

3.4 Conclusions

The rapid, automated response capabilities of robotistelges make them ideally suited
to observations of transient sources like GRBs. Small robeléscopes can begin observ-
ing a target in seconds, opening up a previously unexplagihe in the time-domain
study of transient sources. Since May 2006, Watcher haseytcarried out early ob-
servations of GRB error boxes on time-scales of tens of sectmnohinutes. The system
has detected 6 optical transients, three of which were vederhile the GRB was still
active iny-rays, and has determined early upper limits to optical simsfor a number

of other GRBs (se¢ 6.1).
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Chapter 4

CCD Photometry

4.1 Introduction

Charged Couple Devices (CCDs) have revolutionised modermasing They will take
their place in astronomical history along with other impotttechnological advances
such as the telescope, the prism, photographic plates dindction gratings. The in-
creasing use and availability of CCDs for astronomical imgadexs resulted in several
major impacts upon modern observational astronomy. Onagtrip that CCDs provide
the astronomer with a digital output that can be easily stozepied and transported. In
addition, digital images can be easily manipulated by caersienabling the observer to
apply powerful tools that can highlight subtleties not @ws in the original image as well
as allowing for the development of software that can aut@ally process and analyse
the images.

CCDs have also allowed users of small to medium sized telesdopmaake valuable
contributions to observational astronomy. For many imgg@irojects there are advantages
to using a smaller sized telescope, including better adubtgsfor long term survey work
(e.g. searching for extra-solar planets) and better ghditeact to targets of opportunity
(e.g. GRBs). In order to fully understand the signal on a CCD imi&agenecessary to first

understand how a CCD work$ 4.2) and its various limitations. General considerations
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4.1.1 The Celestial Coordinate System

regarding photometry are presented$it.3. Firstly a brief overview is given of the

celestial coordinate systerfi4.1.1) and the magnitude scafe4.1.2).

4.1.1 The Celestial Coordinate System

The coordinate system used to describe the positions ottsbije the sky is based on
an extension of the longitude and latitude system used omssubface of the Earth. It

IS convenient to imagine all stellar objects as lying on tisde surface of an infinitely
large celestial sphere, with the Earth at the centre (Fid). 4Extending the north and
south poles from the Earth gives the north and south celesiies. Similarly the celestial
equator is an extension of the Earth’s equator. Longitudepresented by right ascension
(RA) and latitude by declinatiorns). Declination is measured in degrees, minutes and
seconds with Dat the equator and90° at the north and south poles. Right ascension
IS measured in hours, minutes and seconds eastwards froem@od, London. The
celestial sphere is divided into 24 hours of RA and the ratatigp between RA andlis
given by: 1 hour of RA= 15 cosy degrees. The cosine factor is needed due to the fact
that the lines of RA converge at the poles.

Astronomers define several terms to refer to points speafitéir observing site.
The zenith is the point on the celestial sphere that is dyfenterhead. The meridian
is an imaginary line from the north celestial pole to the bairough the zenith. The
altitude of an object is the angle between the local horizahthat object on the celestial
sphere. At most locations on Earth (except close to the polsen an object crosses
the meridian (or transits) it is at its highest altitude. iDgrthe time needed by the Earth
to complete a rotation around its axis (a sidereal day), #mthEmoves a short distance
(approximately 1) along its orbit around the sun. Therefore, after a sidetaglthe Earth
still needs to rotate a small extra angular distance bef@sun reaches the same position
in the sky relative to the Earth. A solar day is, thereforgrlye4 minutes longer than a
sidereal day. When the local sidereal time is equal to thectbjRA the object will be

on the meridian. This is the best time to observe the sourtdeeammount of atmospheric
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4.1.1 The Celestial Coordinate System
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Figure 4.1: The celestial sphe@redit: www.onr.navy.mil

absorption (airmass) is minimised.

with a period of nearly 26,000 yr, or an angular rate-66” yr~1. Because of this vari-

The Earth’s pole precesses in space because of the torcdwee®fit, Moon and planets
ation, the coordinates of a cosmic body only have meaninghwineepochis specified.

Astronomers are currently using the J2000 epoch.
Astronomers use a system of dates called the Julian Day.sykiem was adopted in
order to make it easier to work withftierent calendars and to unifyfiérent historical
chronologies. It is defined as the number of days and thedraof the day since Green-
wich noon, January 1st, 4713 BC. Itis also convenient for astreers as the day changes

at noon, rather than midnight.
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4.1.2 The Magnitude System

4.1.2 The Magnitude System

The astronomical magnitude system provides a measure bfititeness of a celestial ob-
ject. Itis based on a star catalogue compiled by the ancie#lGastronomer Hipparchus
~200 BC. Hipparchus made visual observations of stars andgpthedirightness of each
on a scale from 1 to 6, with 1 being the brightest and 6 thedatniWhen the technology
was later developed to make accurate measurements of tter®ss (or flux) of stars
the magnitude scale was found to be logarithmic, withféedence of 1 magnitude corre-
sponding roughly to 2.5 times thefiiirence in brightness. This scale was formalised by
Pogson (Pogson, 1856) where he defined 5 magnitudes to iiieedce of exactly 100
times in flux. Thus each magnitude step is defined to be a fat®612 (V100) change

in brightness.

The magnitude scale is defined by the equation:

f
M —m, = —2.5Ioglo(f—;) (4.1)

wherem; andm, are the magnitudes of the objects of interest &ndnd f, are the
fluxes (erg st cm?) for those objects. For this system to be useful a zero pointhfe
scale was needed. The star Vega was chosen as the referamicangogiven the magni-
tude of 0.00. Thus the magnitude of any other star is just therfitio between that star

and Vega:

m, = —2.5Ioglo( fvfl ) (4.2)
ega

¢ Instrumental magnitude: This is the raw measurement for the magnitude of a
source. It is specific to a particular set of conditions idatg telescope, CCD,

observing location, airmass, weather, position of the meton

e Apparent magnitude: This is the calibrated brightness of a source, based on the

comparison of the instrumental magnitudes to known stahskars.
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4.1.3 Filters

¢ Absolute magnitude: This is the magnitude of a source if it were placed at a dis-
tance of 10 parsecs (32.6 light years). To calculate thelatesmagnitude both the

apparent magnitude and the distance to the source areedquir

4.1.3 Filters

A CCD is sensitive to light over a broad range, from infraredbtigh to ultra-violet
(Fig. 4.4). To isolate certain parts of the spectrum for rsitiie measurement a set of
standard filters is normally used. One common set of filteteeasUBVRI (ultra-violet,
blue, visible, red and infrared) system developed by Jamrsmn and Cousins (Bessell,
1979). This set usually consists of 5 coloured glass filté&€sloured glass filters use
chemical dye to restrict the wavelengths that they transiMibst coloured glasses are
cutdf filters, i.e. they only allow light above (or below) a certaitavelength. Origi-
nally a bandpass filter, i.e. a filter that only passes ligltitvben some upper and lower
wavelength limit, was created by combining two colouredsglflters. One filter served
to only pass wavelengths below some upper limit, the secohdallowed wavelengths
above some lower limit. The glasses were joined togethdr wjtical cement, which
eliminated two air-glass interfaces. Modern bandpassdiliee composed of many thin
layers of dielectric materials, which havetéring refractive indices to produce construc-
tive and destructive interference in the transmitted light this way optical bandpass

filters can be designed to transmit a specific waveband only.

4.2 Charge Coupled Devices

A Charge Coupled Device (CCD) is comprised primarily of silictinconsists of an ar-
ray of metal insulation semiconductor (MIS) capacitordléchpixels) in close proximity
(Fig. 4.2). If an incoming photon of light strikes a pixel aisdvithin a certain wavelength
(or energy) range it will be absorbed by the silicon. Thiscspson causes the semicon-

ductor to liberate a valence electron, via the photoeleefect, and promote it to the
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4.2. CHARGE COUPLED DEVICES

Figure 4.2: CCD image sens@redit: www.fujifilm.com

conduction band. Silicon has a bandgap energy of 1.14 elegtlts (eV) and a useful
photoelectric &ect range of 1.1 to about 10 eV, corresponding to a wavelaagte from

the near-IR to the soft X-ray (Rieke and Visnovsky, 1994). tBhe of energies from 1.1

to ~4 eV (~11,000 to 3,000 A)generate single electron-hole pairs in the semiconductor,
whereas those of higher energy (up to 10 eV) produce mulpigies. The CCD appears
transparent to photons above and below these limits.

At the end of an exposure the stored charge must be read outtfre CCD. The
charge in each pixel is shifted serially along the columntefCCD from one pixel to
the next (Fig. 4.3). In the AP6e CCD used on Watcher each cheagsfér is~99.997%
efficient. The charge in the top row of pixels is shiftdtitbe CCD to another row of pixels
called the output shift register. This row is not exposedgbtland is the bridge between
the CCD and the output electronics. The charge in each pixékittput shift register
Is read out one pixel at a time as a voltage value. These eltalgies are typically in the

range of 0.5 to 4 microvolts, so an on-chip amplifier is negddabost the signal which is

1The conversion from wavelength to energy (in eV) of a phosogiven by: E= 12,407/ A (A)
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4.2.1 CCD Characteristics

then digitised by an analogue to digital converter to predbhe output signal in analogue
to digital units (ADU) also known as counts. The conversioom incoming photons to
digital counts, is dependant on certain factors specifiattheCCD including: quantum
efficiency, gain, readout noise, dark current and the dynamigeraf the chip. Each of

these is discussed in turn below.

PARALLEL TRANSFER ELECTRODES

CHANNEL STOP DIFFUSION

SILICON

SERIAL
OUTPUT
REGISTER
ELECTRODES

ONE PIXEL QUTPUT
AMPLIFIER

Figure 4.3: The basic layout of a three-phase two-dimeas$iG&D. The sequence 1, 2,
3 on each set of electrodes indicates the normal directicharge transfer in the parallel
and serial registerLredit: Mackay (1986)

4.2.1 CCD Characteristics

“The only uniform CCD is a dead CCD” - Mackay (1986). Due to slighbes in the man-
ufacturing process and imperfections on the initial siiceafer, every CCD is slightly
different. The characteristics of each CCD must be measured aedstowt before ac-
curate scientific measurements can be made. Many of thesanmfammities, such as
variations in quantumficiency across the chip, can be redu¢edmoved with proper
calibration frames. Others, such as the readout noise otdr@removed and must be

factored into the uncertainty on the final measurement.
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4.2.1 CCD Characteristics

4.2.1.1 Quantum Hficiency

CCDs are sensitive over a range of wavelengths. The totalrspeahge over which a
detector is sensitive is called the bandpass. Theiency with which the sensor converts
an incoming photon into a photo-electron is called its quanéficiency (QE). This ef-
ficiency varies over the bandpass but is typically over 50¢h&df of the spectral range
and would normally peak at75% (see Fig. 3.8 for the QE curves of the KAF-1001e
chip used in the AP6e CCD on Watcher). This response is govéyndte material used
to create the CCD, i.e. silicon, and the configuration type of CiGD, a thin or thick
detector, front-side or back-side illuminated, etc. Mdanhdard CCD detectors are sen-
sitive from ~300 nm to~1000 nm. Outside this range the incoming photons will either
pass right through the silicon or get reflectetitbe surface (although more specialised
X-Ray CCDs have been developed for missions such as XMM-Newkig) 4.4 shows a
comparison of the various quanturiieiency curves for dferent types of CCDs over the

visible spectrum.
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Figure 4.4: Sample quantuntfieiency curves for back and front illuminated CCDs.
Credit: www.ccd.com

A CCD is manufactured from a single, integrated wafer of silicall the gate struc-

tures and surface channel layers are located on the framtngide the back side, which

84



4.2.1 CCD Characteristics

is just bulk silicon, is usually covered with gold foil. Forfnt-illuminated device in-
coming photons strike the front side of the detector pagirugh the surface gate struc-
tures before being absorbed by the silicon, reducing theath@E of the chip. A front-
illuminated CCD is usually about 300 microns thick, makingusceptible to cosmic ray
absorption but providing a flatter imaging surface (Fig)4For a back-illuminated de-
vice the detector is mounted upside down and photons stidack of the chip. The
device is first thinned te 15 microns by various etching techniques before being nemlint
in arigid substrate. The advantage of this set up is thatit@ming photons are absorbed
directly by the silicon, rather than having to first pass tigio the gate structures, greatly
improving the QE of the device and improving the responsétwter wavelength light.
However, the thinning of the chip results in shallower pwell depths and is more ex-

pensive to produce (Fig. 4.5).

Front and Backside
llluminated CCDs

Silicon
Dioxide
Thinned
Silicon
Incoming =— Incoming
Light =— Light

PolySHliCON
Gate

\' Silich Silicon

Figure 4.5: Front and Backside illuminated CCDs. Credit:
http;Awww.astro.virginia.edglasgoconnellastr51Yec11-f03.html

4.2.1.2 Gain & Readout noise

Readout noise is the noise associated with the readout@iadrof a CCD. Itis added to

each pixel as the electrons are transferred from the CCD imagda@the storage device.
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4.2.1 CCD Characteristics

For a CCD with a fixed gain value there are two indistinguishablaponents to readout
nois€. The first is from random fluctuations due to the electronibdenthe second is
introduced during the analogue to digital/0y conversion process (s€e4.2.1.3) and
occurs in the on-chip amplifier and/B converter. These two sources combine to give
a statistical distribution of the noise for each pixel cedton a mean value. This dis-
tribution is not necessarily Gaussian (Merline and Howi95). The physical size and
temperature of the on-chip amplifier play a large role in #wel of the readout noise. The
readout speed is also a factor since a faster readout resaltsotter amplifier which in-
creases noise (Janesick and Elliott, 1992). Modern CCDs hes@daut noise of around
10 electrons per pixel. The value for the AP6e il Pixel ™.

The gain of a CCD is the number of electrons required in a pixeegpster as one
ADU in the A/D converter. The gain directlyfi@zcts the dynamic range of the CCD
and also introduces an inherent uncertainty in the measmeaf the incident flux. A
large gain setting may be desirable to make use of the fulaohyo range of a CCD
but it also means that a large number of photo-electronsjisined to generate 1 ADU.
A stellar magnitude calculation for a star, covering tengiskls, could have a large
uncertainty introduced at this level of gain. In general g is a fixed number set by

the manufacturer but can by changed on some CCDs.

4.2.1.3 Dark Current

The dark current is a source of noise due to the temperatuteed€CD. Thermal exci-
tations in the silicon of the detector may, if high enoughgrpote electrons out of the
valence band. These electrons will then be stored in the yek and are indistinguish-
able from electrons due to incoming photons. After an imaggleen readfbthe chip

it is impossible to separate these electrons from the elesigenerated by a light source.
To minimise dark current it is necessary to cool the CCD. Its® ainportant to keep the

temperature stable as even a slight change ffaotahe dark current considerably. There

2These components can be separated for any device for whiaath is adjustable.

86



4.2.1 CCD Characteristics

are two principle methods of cooling a CCD. In major profesai@bservatories a CCD
is cooled to about -10C by using liquid nitrogen. The temperature is then usuadiytk
constant £0.1°C) by the use of a small on-board heater. This method is expeasid
requires regular refills of liquid nitrogen, which is not $#ale for a remote, robotic obser-
vatory. A more cost#@cient method is thermoelectric cooling, which merely regsian
electrical power source to operate. Most commercial CCDs alkePcooling (Martinez
and Klotz, 1998) and can achieve temperatures fromG20-50C, +1°C. Typical values
of dark current in modern thermoelectrically cooled CCDs @lew 5 electrons per pixel

per second (the dark current on the AP6e iset.pixel ™t s™?).

4.2.1.4 Signal To Noise

For a CCD, the signal to noise ratio/f§ of a detection provides a measure of the sig-
nificance of that detection. A high/I$ means that the source signal is well above the
combined sources of noise. This calculation is especiaifyortant when trying to iden-
tify faint sources, such as some GRBs. For sources close tevbedf the background,
the SN will be the major factor in determining whether a source basn detected and
the reliability of that detection.

For a bright target the dominant source of uncertainty iptieon noise. The photon
noise is described by Poisson statistics, therefore fayreasN, the associated noise term
is just VN. The simplest form of the /8l equation, in which the only source of noise

considered is photon noise, is given by:

S Nstar
= _ — /N 4.3
N Nstar s ( )

whereNg, IS the signal from the star alone. This signal can be from dividual
pixel, or from a number or pixels. Most often a source is messby placing an aperture
around the source and counting the total number of ADU froapilkels within that area.

For faint sources, however, the photon shot noise is no lotgedominant factor in

the noise and the other sources of noise need to be takerceaarst. The background, or

87
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sky, level may be another source of noise in an image. It ieesly variable and caused
by sources such as urban light pollution, the moon, highlleled and the airmass.
To minimise this noise observations must be made from a degk.e. away from an
urban area aridr at high altitude. Physical variations across the CCD camaisct the
measured background level infldirent areas of the chip. A source-free region on the
CCD is needed to measure the background level of the sky. Mtigtzge packages make
estimates of the background by placing an annulus arounddhece. This annulus is
typically centred on the source but does not include anyasilgom the source itself. The
software then uses this selection region to determine trenraky pixel level in ADUs.
A larger area is preferred as this provides a better backgregtimation but taking too
large an area may include another nearby star so care mwdtdre especially in crowded

fields (Fig. 4.6).
inner aperture

space

NG

outer sky annulus

Figure 4.6: In aperture photometry an aperture is used drthm source to calculate
the signal from the source and a surrounding annulus is wsestimate the background

level. Credit: http;Avww.astro.physik.uni-goettingen/dessmafmageBoolkMeasur-
ing_Brightnesg

The dark current associated with the CCD is also described pgdtostatistics and

the dark noise increases as a function of time. The final soof@oise is the readout
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noise, which behaves as a shot noise source rather thanso®oigise source, and there-
fore is entered into the equation as the value itself andhestuare root of the value
as Poisson noise sources are. Taking all of these sour@eadnbunt gives the “CCD

Equation” (Mortara and Fowler, 1981):

wn

2 _ G- Nstar
N =
\/G : Nstar + npix(G . I\Isky"‘ t- Ndark + Né)

(4.4)

The signal component of this equation is givenMy,, the signal from the star, mul-
tiplied by G, the gain of the CCD, to convert the value from ADU to the totahber of
photons collected from the source. The noise componentisesthe photon noise from
the source in photon®g,, multiplied by the gair), the sky background level in photons
(Nsky multiplied by the gairG), the dark currentNgan multiplied by the exposure length,
t) and the readnoise squarédf,. The latter three components must be multiplied by the
number of pixels under consideration, i.e. the area of tieetape used to determirdy,.

A more complete version of the “CCD Equation” is given in Megliand Howell
(1995):

§ _ G- Nstar (4 5)

N \/G * Ntar + Npix(1 + nnL:)(G - Nsky + t - Ngark + N + G207%)

This equation contains two extra terms and is most apprepneacases of high back-
ground level, poor sampling of the background level or laggim values. The first extra
termng is the number of pixels used to determine the background. |&rem equation
4.5 itis clear that using as many pixels as possible (witbason) is preferred. The term,
GZO'?, is used to account for the quantisation error introducetliwihe AD converter,
whereo; is an estimate of the 1-sigma error introduced during the&mmon from elec-
trons to ADU. It is based on how the/B converter behaves when dealing with pixels
that do not have enough electrons to result in a full ADU seep.(a pixel with 4 elec-
trons when using a gain of 8). Under the assumption that ggeHavel that is half way

between two output ADU levels has an equal chance of beingreessto the lower or
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the higher ADU valueg is calculated to be approximately 0.289 (Merline and Howell
1995). Using a high gain value will increase this source a$&o

In discussing other important applications of array detetgchnology (e.g. infrared
CCDs) a term is missing from Eq. 4.5 to take account of the ingpafctesidual response
variations among pixels after flat-field correction. Thessidual variations are due to
slight differences among pixels in their relative spectral responsdiced with the fact
that the flat-fielding source spectrum will not in generalechdhe target source or the sky
spectrum. These residual fluctuations can be at the few % kave in high-background
situations, or for bright sources, can become the domiretetohining factor in maximum
achievable precision, leading quickly to a saturation dfi@aable N as a function of
integration/ observation time. To take thigtect into account the following term would
need to be added to the other variance terms under the rootrsihe denominator of

Eq. 4.5:

G? - @*((Nstar + Ng - Nsky)® + (N - Nsiy)?) (4.6)

wherea is the rms residual pixel-to-pixel response fluctuatioeraftat-fielding. This
term is the variance on theftkrential source-background measurement due to residual

pixel-to-pixel response non-uniformity.

4.2.1.5 Dynamic Range

The dynamic range of the CCD is the maximum number of photaelesthat each pixel
can register before being filled (or saturated). The dynaamge is often represented as
a log ratio of the well depth to the readout noise in decibElss is given by the equation

(Howell, 2000b):

DW"‘”) 4.7)

DynamicRange- 20 x Ioglo( =N

whereD, IS the well depth in electrons arRIN is the read noise in electrons. For
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the AP6e the dynamic range is 000;0(18500013) = 83dB.

This ratioDei/RN also gives an indication of the number of digitization leviiat
might be appropriate for a given sensor. For the KAF-100H# us the AP6e, the ratio
of well depth to read noise is185 000/13 = 14, 230. The number of digitization levels
is dependent on the number of bits used in thB Aonverter. The total range of values
that a specific number of bits can represent is given 8§, 2rhe AP6e CCD has a 14-
bit A/D converter, which gives'2 = 16,384 meaning it can represent numbers between
0 and 16,384 which adequately covers the dynamic range gbideds. The CCD can
be saturated by overloading either the pixel well capacitthe A/D value. The pixel
saturation is given by the well depth divided by the gain. AP saturation is given by
the number of digitization levels multiplied by the gain. rEbe AP6e pixel saturation
will occur at a value of 18800/8 = 23 125ADU and the AD saturation occurs at
16,384 x 8 = 131,072 input photo-electrons.

One of the advantages of a CCD is that it has a linear responseadaege range.
This means that the relationship between input value (eheotiected in each pixel) and
output value (digital number, or counts, stored in the ouitmage) is linear over most of
the dynamic range of the chip. A CCD can, however, become maadliat the high end
of the input values. Most professional CCDs reach one of thesatiaration limits (either
pixel full well capacity or AD saturation) before they enter the non-linear regime of the
chip. However care must be taken to ensure this is the cagecialy if a chip has an
adjustable gain setting (which changes the saturationslevié is important to know the
linear range of the CCD and to be aware of the fact that even theoige pixels may not

be saturated they may still be within the non-linear rangktharefore unusable.

4.2.2 Calibration Frames

A raw CCD image contains a mixture of two types of informatiagnal due to photons
from astronomical sources and unwanted noise due to botkgbamd and electronic

sources. In an attempt to account for the noise in an imageraewalibration frames
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must be taken. Once the images have been ‘cleaned’, or rédtimy can be used in
scientific analysis. The fferent calibration frames needed for astronomical photgmet

are detailed below.

4.2.2.1 Bias & Dark Frames

Bias Frame: A bias frame is a measure of the underlying noise of a CCD dueeto th
on-chip amplifiers. This occurs as low level variation betweixels across the entire
array. The bias should remain constant over time and the fritsecbias value is the
read-out noise of the CCD. A bias frame is taken by leaving thdteshof the CCD
closed and exposing for a time of zero (or as close to it asdtisngs on the CCD will
allow). To accurately sample the bias level it is recommenidecreate a master bias
frame, consisting of the average of at least 10 bias framé®sd& can be taken at any

stage during an observing run.

Dark Frame: A dark frame is primarily a measure of the thermal noise (darkent -
see§4.2.1.3) of a CCD. It also contains information about hot orddaiaels on the CCD
and the level of cosmic ray strikes at an observing site.df@ICD is cooled using liquid
nitrogen then the dark current is usually negligible andk fiame is unnecessary. For
thermoelectrically cooled CCDs, however, there may be a derable dark current and a
sequence of dark frames is required. The dark current of a C@aied to the length of
the exposure, therefore it is necessary to take dark fraorebd same exposure lengths
as the object frames. A dark frame is taken by leaving theeshcibsed and exposing the
CCD for the same time as the object frames (e.g. if a mix of 10s, a0d 60 s images
are planned during the night dark frames correspondingeteetiexposure lengths must be
taken). Multiple dark frames should be averaged to creastendarks for each exposure
length required. The dark current depends on the temperafuhe CCD so dark frames
should only be taken once the CCD has been cooled to its opsabt@mperature. It can

also change with time so darks should be taken frequently & ghe start and end of
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every observing run. In an ideal situation a dark frame wdagdaken before and after
every object frame, however this would severefget the duty cycle of the CCD. Since
the dark frame is created with the shutter closed it alscatosithe bias level of the CCD,
S0 it is unnecessary to take separate bias and dark frangegl. Fishows an example of a

dark frame.

Figure 4.7: An example of a dark calibration frame showingarmity accross the CCD,
taken with the AP6e on Watcher.

4.2.2.2 Flat Fields

A flat field image serves to correct severaffelient problems related to a CCD image.
The main purpose of a flat field is to account for quantdficiency variations across the
pixel array. Each pixel has a slightlyftBrent QE value and responddfdrently to the
incoming wavelengths of light due to variations in manuigicig. The flat field is also
used to compensate for any image vignetting due to the éptiba assembly and dust
accumulation on any of the optical surfaces. Ideally, a fédtlfimage consists of uniform
ilumination of every pixel by a light source of identicalesgral response to that of the
target images. Since the CCD also responéfedintly across the range of the bandpass,

a flat field needs to be taken for each filter to be used. It is aés@ssary to have a
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high enough BN level in the frames, in order to identify true fluctuatiortsass the chip,
but not so high as to saturate the pixels. In practice it iseexely dificult to achieve a
‘perfect’ flat field.

There are two methods of taking flats; dome flats and sky flats@gly and Jacoby,
1992). A dome flat is taken by pointing the telescope at theetside of the closed
dome, or a projector screen. This surface is illuminatedh aitoright light source and
the telescope is pointed directly at the bright spot. A skiiflaan image of the sky at
dawn or dusk, when there is enough ambient light to illungrthe CCD but not enough
to saturate it. Neither of these methods replicate the sdembnditions of night-time
imaging exactly but are accurate enough for most astroraimézjuirements, such as
photometry and spectroscopy. As with the dark and bias fsamany flats should be
taken in each filter and then averaged to create a set of nfktéeld frames. Fig. 4.8

shows an example of a flat field.

Figure 4.8: An example of a flat field calibration frame takathwuhe AP6e on Watcher.
Note the dust rings and slight vignettinfiext.
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4.2.2.3 Image Reduction

The final reduction of an astronomical image is a relativetypde process. Taking several
sets of the calibration frames described above — bias, dankef and flat field — provides
the user with a good base for creating master calibrationds It is these master frames
that are ultimately applied to each image frame. The caldmaequation is given by

(Gullixson, 1992):

Raw Image- Dark

Reduced Image —————
(Flat — Dark)

(4.8)

The dark frame must be subtracted from both the raw image famdlat frame as
both have beenftected by the dark current and bias level. The signal levehenflat
is arbitrary, as it depends on the twilight sky etc., so thd&-dabtracted flat field is nor-
malised to 1. The dark-subtracted raw object image is theidetl by this normalised,
dark-subtracted flat field. This results in a clean, flatteretiuced’ image ready for

scientific analysis.

4.3 Photometry

Photometry is the measure of the brightness of a source. Masdéronomical photometry
essentially boils down to the conversion of the flux (counfs) source on a CCD image
to the standard magnitude system. Once the image has beanaad#t properly reduced,
the ‘instrumental’ magnitude of the target is calculatetie Bfect of the atmosphere on
both the brightness and colour of the target object mustliegaken into account. Using
multiple observations of standard stars dfatent airmasses and infidirent filters it is
possible to correct the measured instrumental magnitubdesé corrections result in the
apparent magnitude of the object if the atmosphere wereresept (or at zero airmass).
Standard stars are carefully selected to have known matgstand colours. They

are stable (i.e. non-variable) and are of an acceptablétoegs (i.e. bright enough to
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4.3.1 Instrumental Magnitude

be easily detected but not so bright as to saturate the CCD)mibis¢ commonly used
stars that fulfil the above criteria are the Landolt standseds (Landolt, 1992) which
and are located close to the celestial equator, making theilvlesto observatories from
both hemispheres. They are distributed in groups apprdeisnavery 1 hour in right

ascension, so there is always a selection of standard stilakde throughout the night.

4.3.1 Instrumental Magnitude

Instrumental magnitude is a measurement of the brightfesstar that is specific to an
instrument. It is dependant on many factors, such as thecgbe and CCD, the atmo-
spheric seeing conditions, the airmass, the colour of thecband the sky brightness (due
to urban light pollution or the proximity of the moon). It wiobe rare for two dierent
observations of the same source to result in the same instmatmmagnitude. The basic
process of obtaining an instrumental magnitude is made éasyo the digital nature of
CCDs. Each pixel contains a count level representing the nuofigehotons that struck
the pixel during the exposure. To calculate the total fluxiribe target the counts from
all the pixels that contain that target are summed. It musi bk noted that each pixel
contains information from both the target and the sky bamlgd level. An estimation of
the average background level is then made and subtractedtii® total flux to give the
signal from the target.

The instrumental magnitude of the measurement is thenlesclusing the equation:

(4.9)

Nap — AapS
m = -25 |0910(M)

texp
wherem is the instrumental magnitudBl;, is the total counts in the apertur,, the
area of the aperture in pixelSg, the sky background level per pixel atg,the exposure

time of the image in seconds.
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4.3.1.1 Point Spread Function

The shape of a point source of light on a CCD is called the poigagpfunction (PSF).
It is assumed that all stars are point sources of light sineg aingular sizes are smaller
than the difraction limit of most small optical telescopes. With thiswnd it is possible
to make the assumption that all stars have the same shapearmhshe CCD. The PSF
is a plot of the flux vs. the radius of a star in an image (Fig).4The shape is radially
symmetric, with a Gaussian ‘core’ and a large ‘halo’ suriag it, which approximates
to a power law. The angular size of the PSF can be charadadrizthe full width at half
maximum (FWHM), which is the diameter of the core when the fhlisfto half the peak
value. There is no ‘end’ to the PSF, it declines asymptdtidal zero with increasing

radius.

4.3.1.2 Aperture

When measuring the signal from a star it is important to inelad much of the source
light as possible. Since the PSF has no definite edge, iffisut to say where the light
from the star ends and the background sky level begins. Whentiog the flux from a
star an ‘aperture’ is used as a boundary area. Choosing atu@gpisran important factor
in photometry. Too small an aperture results in the possitof excluding legitimate light
from the star. Choosing too large an aperture means includiagye area of background,
which increases the noise of the measurement. It also neitading another nearby
star, thus contaminating the measurement. The optimuntuapesize will depend on the
seeing conditions in each image. A growth curve of apertinesds the most accurate
way to determine which aperture size will yield the highest &tio (Howell, 1989). (As
a rough guide an aperture value-af.4 x FWHM of the PSF is usually a good starting
point.) The aperture size should be kept constant for a gikeame when measuring

standard stars for comparison.
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(a) Radial plot

(b) Contour plot

Figure 4.9: Sample point spread function of a star obseryafdicher.
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4.3.2 Airmass and The Atmospheric Extinction Co#ficient

The Earth’s atmosphere absorbs light. As a target moves thenzenith to the hori-
zon throughout the night, the amount of atmosphere that figim the target must pass
through increases. The thickness of the atmosphere isidakeairmass and has a direct
relation on the brightness and colour of a celestial obj&otcalculate the airmass at a
particular altitude it is necessary to first assume that tehBs flat and that the atmo-
sphere is a uniform layer above the Earth’s surface. Thehewsigthe light path through
the atmosphere varies as the secant of the angle of the dtgetthe observer’s zenith
(62). An object at the zenith has the least amount of atmosplogpads through and is
given the airmass value of 1. The amount of absorption at émélz depends upon the
height of the observatory above sea level, the quality ofdbal sky, the amount of light

pollution etc. The equation used to calculate the airmagwen by:

1

sed; = — .
2~ [sinAsiné + cosl coss cosh]

(4.10)

whereA is the latitude of the observatokyjs the declination of the target aids the
hour angle of the object at the time of the observation (cdadefrom units of time to
degrees). This equation is accurate for most positionsarskly, except near the horizon

where the curvature of the Earth is not negligible. The atioa term AX) is given by:

AX = 0.00186(seé- — 1) + 0.002875(seé — 1)> + 0.0008083(sed; — 1)*  (4.11)

The final equation for airmass is written as:

X =sedd; — AX (4.12)

Most modern observatory computer systems, including RTS&/atcher, are capable

of automatically calculating the zenith angle and airmédss @rget and of writing this
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4.3.3 Colour Transformation Equations

information into the header of the image.

Photometrists characterise the opacity of the atmospheeeduantity called the ex-
tinction codficient (K). This is the ratio of flux incident on the surface of the atplese
(finc) to the observed fluxf,s at the zenith, expressed in magnitudes. To determine the
value ofK a sequence of observations of standard stars is made daroigsarvation run.
The observed fluxes of these standard stars are measuratas\diterent airmasses as
they transit across the sky. Once enough points have been ak many as possibly over
as wide a range of airmass as possible) a graph can be proofuinsttumental magnitude
vs. airmass. The extinction cieient is given by the slope of this graph. It is necessary
to generate graphs for each filter being used. This correithen applied to the instru-
mental magnitudes of the target object (and the standars) $tecalculate their values at
zero airmass (OAM), i.e. outside the atmosphere. For a gh&rumental magnituden,,
observed at airmassin, say, theV filter with a determined extinction cfiecientKy, the

correction equation is given by:

mAM(V) = my (V) — XKy (4.13)

The extinction cofficient is a measure of how the skffects a particular filter and
is independent of the colour of the target star. It can vamgr ®hort time-scales and
can change over the course of a week. The humidity level§)gihg weather and the
changing seasons can all have a noticeatikxeon its value. Individual events, such as
a nearby volcanic eruption or sandstorm, can also havefante It is good practice to

make measurements of the atmospheric extinction every.nigh

4.3.3 Colour Transformation Equations

The filters of any standard system are never uniformly trassue across their band-
passes, and so they attenuate spectral energy by an amqantdiiey on the spectral

shape of the target source. Also, the relative spectrabresspin the bandpasses of the
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4.3.3 Colour Transformation Equations

working system never matches exactly that of the standateisy(e.g. Landolt). There-
fore, to convert measured instrumental magnitude valutsetstandard system, transfor-
mation equations are derived which relate the instrumentalrs to the standard colours.
To do this it is necessary to make multiple observationsanfdrd stars, e.g. the Landolt
standards whose magnitudes and colours are well known eTdwsations take the form

(the example used is for V — R but the equation is the same fst owours):

(V-R)s = K'(V-R™ + M, (4.14)

where ¥ — R)s is the known colour index in the standard systéf,is the colour
dependant cd&cient (which depends on the colour sensitivity of the filtgne CCD and

the optical system) anbl, is the instrumentalfiiset. { — R)*M is defined to be:

(V= R = mA(v) - (R (4.15)

wherem?"(V) is the instrumental magnitude at zero airmass in\Héter. To cal-
culateK” andMy it is necessary to observe a set of standard starsfi@ireint colours in
a range of filters over a range of airmasses. It is then p@ssibplot the instrumental
colours (corrected to zero airmass) vs. the standard loluthe standard stars (e.g.
(V- R"Mys. (V- Rs). The slope and intercept of this graph gives the valu&'of
andMg respectively. The points should lie along a well definediglvidine, with a small
scatter about the line. For an optical system that is cloieetstandard syster, should
be close to 1.00 anily should be close to 0.00.

To determine the relationship between the instrumentalnihades, e.g.m*M(V),

and the standard system apparent magnitidgethe following equation is used:

V = m"M(V) + Vzp (4.16)

whereVzp is the zero point magnitude in thé filter and usually has some colour

dependence. This is determined by plottvig using the above equation for standard
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stars that span a wide range of colour. This should resultlimear relationship of the
form:
Vzp = Vo +¢c(V - R) (4.17)
whereV?, is the zero point for a star of colour0.00 andc is the colour dependence.

The final relation betweeW andm?*™(V) is then given by:

V = m*M(V) + [V + oV = R)] (4.18)

4.4 Conclusions

Modern CCDs have made the process of the measurement of thénesg of celestial ob-
jects into a robust science. Once a good understanding @ @i2 behaviour is obtained
and proper calibration frames are recorded, it is a relgtisgaightforward process to
carry out the necessary data reduction to allow apparenhitoggs of targets of interest

to be derived.
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Chapter 5

The quick Software Suite

5.1 Introduction

In order to contribute to the highly competitive field of GRBearch it is necessary to
have a streamlined, rapid anffieient analysis framework for robotic telescope data. A
number of diferent analysis applications were examined for the Watatogeqt, but none
were considered fully suitable. The ideal system would rtedake able to handle large
amounts of data, require a minimum of user input, be capdbigathematical computa-
tion and be able to produce high quality lightcurves. It vdoallso be advantageous if the
system were free and easy to install on any linux pc. Packagkegraphical user inter-
faces, such as Gatagquire the user to analyse each image manually, which isrexly
labour intensive for large amounts of data. A command lingiegtion like IRAF (Im-
age Reduction and Analysis Facility) seemed more suitablégaling with our needs but
is notoriously dificult to use. In the end it was deemed necessary to customabreldiic-
tion and analysis pipeline, based on IRAF, which would satisfr needs, be relatively

easy to use and would produce fast and accurate results.

httpy/star-www.dur.ac.ukpdrapefgaiggaia.html
2httpy/iraf.noao.edy
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5.1.1 Suite Overview

The quick suite is broken into 3 main parts; reduction, analysis anscelianeous
tools. Each of the larger main scripts relies on severallemalore” scripts. This makes
it easier to implement changes to certain functions, asdite enly need to be made in
the core script, rather than each main script individualyre scripts include functions
for performing photometry, calculating sigpfrabise ratios and querying an astronomical
catalogue in order to select reference stars. Although stanebe run as standalone
applications, most of them are designed in conjunction wighmain scripts and cannot

be run on their own.

Limiting
E:> Magnitude

Reference Plottin
Image Photometry E> g
Reduction |:> Star |:> of Target Results

Selection
B:> Combining

Images

Figure 5.1: Overall schematic representation ofghek photometry pipeline.

5.1.1 Suite Overview

Since no individual application was suitable, it was dedittetie together several appli-
cations for the multiple tasks needed in tpgck suite. In order to do this a framework
was required to act as a root program, executing the varippigcations and passing in-

formation and commands to themBash?® is the shell, or command language interpreter,

3httpy/www.gnu.orgsoftwargbasti
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5.1.1 Suite Overview

supplied with most distributions of linux. It is a relatiydbasic programming language
but can be easily scripted and does not require a high leyedagiramming skill. It has
the ability to queue a list of commands and pass them to anagh@ication, as if the
user were typing them manually. It also has many tools foratpey on text files, such as
splitting or combining columns of data fromftérent sources, making it easy to produce
high quality tables of results which the user can assess@apihgln order to achieve our
goals, 3 diferent applications are employed: IRAF, Octave and GnuplmneSprograms
from the WCSTools suite are also used, mostly for image headaipulation. The full

code listing for thequick suite is presented in Appendix A.

5.1.1.1 IRAF

IRAF is the industry standard in image reduction and analyisigas originally written by
the IRAF programming group at the National Optical Astronddbservatories (NOAQO),
but has grown over the years to include a huge array of astrmad tasks, from spec-
tral analysis to radial velocity calculations. It is freelyailable for all major operating
systems, but is relatively fiicult to install. As powerful as IRAF is, it also has some
downsides. Due to its reliance on the older style commaniil gbeerm it is quite difi-
cult to use, especially on large amounts of data. While scdah be written within IRAF,

it is not amenable to large scale automation. Finally th@wiiles from certain tasks in
IRAF are of a non-standard form and it can be time consuminth®user to extract and

graph the relevant information.

5.1.1.2 Octave

Octavé is a powerful, high-level, command line program similar tathb. Octave is,
however, distributed under the General Public License (GiPd is freely available on
most linux systems. It is mainly aimed at numerical compaitet and can be easily

scripted frombash.

“httpy/www.gnu.orgsoftwargoctave
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5.1.1.3 Gnuplot

Gnuplof is a command-line driven interactive data and functiontsigtutility for most
major operating systems. It is an extremely powerful 2D aBdp®tter and is freely
available and easily installed. Gnuplot has its own sergptianguage, which is very
convenient for saving templates of graph layouts, and camla executed from within a

bash script.

5.1.1.4 WCSTools

WCSTool$ is a package of programs and a library of utility subroutiwwgch is mainly
aimed at setting and using the world coordinate systems (WC®)ei headers of astro-
nomical images. Itis freely available and is maintainedhsy$mithsonian Astrophysical
Observatory. The main WCSTools utility used in thecksoftware suite isky2xy which
converts a coordinate from right ascension and declinationand y pixels for each spe-
cific image. This means that it is not necessary for the usknoav where in the frame
the target object is located (provided the astrometry isii@te). The other utilities used
include gethead andsethead, which can retrieve and edit image header information,

andgetdate, which converts the time from Julian Date (JD) to Universahd (UT).

5.2 Reduction

The reduction scriptquick_reduce, is designed to take in a list of raw images and cal-
ibration frames and produce a set of clean, calibrated isiagke purpose of the script
IS to get the images ready for analysis with a minimum of usput. A small amount of
preparation is required to run this program. The user mustepthe images, darks and
flats in specific, separate directories to make it easy foptbgram to find and dlieren-

tiate them. quick reduce is written in a mix ofbash and IRAF and is made up of 5

Shttpy/www.gnuplot.infg
Shttpy/tdc-www.harvard.edwcstoolg
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5.2.1 Bad Pixel Mask & Trim

components: applying a bad pixel mask and trimming some eswiscolumns from all

frames; renaming all frames to a more user-friendly congantesting the quality of the
calibration frames; making a master dark and master flat aathfiusing the new master
dark and flat to reduce the image frames. Each of these comizsoisenow described in

more detail.

Master

=
g5

Master
Flat

Rename files

Image

bad-pixel Reduction

mask

Trim & apply

Figure 5.2: Schematic representation of the reductionipgajuick reduce.

5.2.1 Bad Pixel Mask & Trim

Applying a bad pixel mask is done using tfi¢xpix parameter oiccdproc in IRAF.
This algorithm takes regions of bad pixels and replaces tyefimear interpolation from
neighbouring pixels.Fixpix can also be used on bad rows or columns. The direction
of interpolation can be specified either horizontally foraduenn or vertically for a row.
The bad pixels may be specified by a pixel mask, an image ortdilex For the mask

or image, values of zero indicate good pixels and other gailndicate bad pixels to be
replaced. The text file consists of lines with four fields, $terting and ending columns
and the starting and ending lines. Any number of regions neagpecified. Currently it

Is not deemed necessary to apply a bad pixel mask to Watcteer da
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The images can also be trimmed using them parameter inccdproc. Trimming
an image completely removes rows and columns from the frasiepposed to “fixing”
them usingfixpix. If the trim parameter is set, the input image will be trimmed to
the image section given by the parameteimsec.” Since the dimensions of calibration

frames must match image frames, this trimming is appliedl toeanes.

5.2.2 Renaming

All images taken with Watcher (or any system using RTS2) areed with the date and
time (to the nearest millisecond) at which the image wasnakghis ensures that no
file name can be duplicated but makes fiffidult to see specific information about the
Image at a glance. The scrigtiick name renames images based on information found
in the image header. It is written ash and makes use of thgethead program from
WCSTools to access the image headersick name places important information such
as time, exposure, filter and target name into the file nameatcenit easier for the user to
quickly evaluate the data. Information on the type of imagextracted from the header
I.e. whether itis a dark, flat or a data frame, and then thesfitenamed using the relevant

information for each image type.

e A dark frame is renamed to “Dark- -TimExposure.fits”

e.g. '20060724043937-0910.fits’ ‘dark- -2006-07-24T04:39:37.9160.fits’

o A flat frame is renamed to “Flat- -TimEilter.fits”

e.g. '20060724044233-0404 fits} ‘flat- -2006-07-24T04:42:33.408 fits’

e Animage is renamed to “(Object Name)- -TinRdter_Exposure.fits”

e.g. '20060726233824-0641.fits} ‘PKS2155-304- -2006-07-26T23:38:24.6&R160.fits’

Renaming also makes organisation of the data on the commamadnluch easier as

information such as filter or exposure is now in the file nangkitis no longer necessary

’E.g. In Watcher’s case (10341024 pixels) we setrimsec = [1:1023,1:1020] which cutsfbthe last
column and the top four rows.
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to examine each image header.

5.2.3 Testing Calibration Frame Quality

To create a good master dark or master flat it is necessarynibine as many dark
and flat frames as possible. Selecting suitable calibrdtames can be very laborious
if the user has to manually examine a large number of imagesder to identify the
few problem frames. To automate this procgasck reduce performs a filtering of all
calibration frames using another script calted ck_imstat. quick_imstat makes use
of theimstat program in IRAF to generate some basic statistics on the Basueh as
the total number of pixels, the mean pixel value, the stahdaviation of the mean pixel
value and the minimum and maximum pixel valugaick reduce uses the mean pixel
value of each frame to decide whether to remove that frameworkor darks it is more
desirable to have a lower mean pixel value, around the agdvagkground level of the
images, to highlight the low level thermal and electronisse®o a maximum threshold is
set (see 4.2.2.1). Any dark frame with a mean pixel value above thegghold will be
removed to a trash directory. Fig. 5.3(a) shows an exampdegoiod quality master dark
frame taken with Watcher. A good master dark should have an distribution of noise,
with no gradients or areas of highelower response and should not contain any cosmic-
ray strikes. For flats the opposite is true; it is more desérédohave a higher mean pixel
value, above the average background level of the imagespsoimum threshold is set.
A good flat frame must be fliciently well illuminated to highlight any regular artefact
which may dfect an image, such as rings caused by dust on any of the ogidates or

a non-linear illumination gradient across the CCD (§ek2.2.2). Fig. 5.3(b) shows an
example of a good quality flat field taken with Watcher. A thiad of roughly twice the
noise of an image is usually Sicient to ensure this. Any flat frame with a mean pixel
value below this threshold is removed to a trash directohe master darks and master
flats should still be manually examined for stars or unustafacts to ensure good image

reduction.
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5.2.4 Creating Master Calibration Frames

After unsuitable calibration frames have been removed fitoenlists of darks and flats,
quick_reduce then creates a master dark and master flat. Two similar pregysaae used

in IRAF to accomplish thisDarkcombine is used to create master darks and organises
the resulting frames by exposure lengilatcombine is used to create master flats and
organises the resulting frames by filter. These programsnarely specialised cases of
IRAF's imcombine program, with the specific settings needed to create darkdlats
already selected. In both cases a median combine is usedh wieserves the value of
each pixel to two decimal places for greater accuracy. A cosay rejection (rreject)

algorithm is also applied to filter out cosmic rays from thenfies.

Figure 5.3: (a) A good quality master dark, showing an evstridution of noise (b) A
good quality master flat, note the dust rings and slight wtigmg

5.2.5 Image Reduction

The final step of thejuick reduce script is to actually reduce the target images. At
this point there will exist a master dark for each exposungtle supplied and a master
flat for each filter supplied. Care must be taken to apply theenaslibration frame of
the correct exposure length and filter appropriate to a gw&ge. The IRAF program
ccdproc is used to reduce the images ($e€2.2.3), this time specifying the appropriate

master dark and master flat. This process is looped untiloatibenations of exposures
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and filters have been dealt with. The resulting reduced isage then saved to a new
directory and renamed to indicate that they have been redagenmed and that a bad
pixel mask has been applied if required. Fig. 5.4 shows tinael plots of a faint star
from an image before and after reduction. For Watcher thennp@eel value of a raw
image is~475 (Fig. 5.4(a)). After reduction the mean pixel value igally below~10
(Fig. 5.4(b)). This process is especially important for @amting faint objects, such as
most GRBs, which are close to the background level in an imagea 4uick look at
the overall quality of the reduced imaggsick_imstat is run once again and a plot
is produced of the mean pixel values of each reduced images dtiality plot gives a
rough indication of the consistency of the seeing condgtithmoughout the observing run.
Higher mean pixel values indicate worse seeing conditiolhdarge increase in mean
pixel value at the end of the observing run is usually due &htightening sky of the

approaching dawn (Fig. 5.5).

Figure 5.4: (a) Surface plot of a faint star from a raw imadgeeby Watcher. (b) Surface
plot of the same faint star after the image has been reducetk tNat the background
noise level is reduced.

5.3 Analysis

The heart of thequick suite is the package of photometry scripts. These scrigts au

mate the five main tasks that must be performed in order toysaalstronomical optical
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Figure 5.5: Sample plot indicating overall quality of reddamages. The system au-
tomatically switches to longer exposure lengths throughlbe night, causing a slight
increase in mean pixel values. Note the increase in meahvaikes at the end of the run,
indicating dawn.

data. The first step is to select suitable reference statsifi¢ld of view. Photometry
Is then performed on both the target and the reference staes.resulting instrumental
magnitudes of the reference stars must then be calibratad a&stronomical catalogue
to calculate the apparent magnitude of the target. In oalédetermine the significance
of the source detection the signal to noise ratio and sigmitie level of the target must
also be calculated. These parameters are particularlyriantovhen looking at faint ob-
jects like GRBs. Finally, if no object is detected at the spedifioordinates, the limiting
magnitude of the frame must be calculated (Fig. 5.6). Thg osér input required is the
coordinates of the target object, in right ascension andrdgion, and the initial time of
the eventTy, in JD. This information should be placed in a .roi (regionnérest) file in
the same directory as the images. The final output of thisga®ots two files: one a list
of detections, the other a list of limiting magnitudes. THesfiare arranged so the user

can see all the relevant information at a glance and subadgueeate lightcurves of the
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target object. Each of the main photometry scripts relieseweral core scripts in order

to accomplish its tasks.

Auto
Reference Low Limiting
Star Detection |:> Magnitude
Selection

Apparent Confi

. onfidence

Photometry :> Magnitude :> Calculation |::>
Calculation

Plot
Results

ut

No Limiting
Detection Magnitude

Figure 5.6: Schematic representation of the overall phetonpipeline.

A brief description of the main scripts follows:
e quick ref star: Automatically selects suitable reference stars.

e quick phot: Performs photometry on a list of targets, calculating alga noise
ratio, significance level and converting instrumental miagie to apparent magni-

tude.

e quick lim mag: Calculates the limiting magnitude of the image.

A brief description of the core scripts follows:

e quick time_core: Converts the exposure time of the image from Julian Date (JD)

to seconds and calculates the- Ty, the time since the event started.
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5.3.1 Reference Star Selection

e quick phot_core: Performs photometry on a list of targets in an image and out-
puts the instrumental magnitude, the error on the instragahemagnitude, the mean

background level, the area of the aperture and the courttgwtite aperture.

e quick confidence core: Calculates the signal to noise and significance level of

each target in the image.

e quick appmag_core: Calculates the apparent magnitude of the target objectibase

on the reference stars.

e quick cat_core: Querys a catalogue for the coordinates and magnitudesusf st

within a certain radius of the target object.

5.3.1 Reference Star Selection

To calculate the apparent magnitude of the target objecet afsreference stars must
be selected. The instrumental magnitudes calculated &setlobjects are compared to
the internationally accepted values in a catalogue. Theageeof the dierence is then
applied to the target object to calculate its apparent ntadei A good reference star
must satisfy a set of criteria. The star must be in a catalagdestable (i.e. non-variable).
Its magnitude should be relatively close to the magnituddetarget object and, ideally,
it should be physically close to the target object on the CCE3 {#hto rule out varying

seeing conditions in élierent parts of the frame).

5.3.1.1 Overall vs. Per-Image reference star selection

A given reference star should be well detected in every framee to slight tracking
errors or occasional repositioning of the telescope, aleitiy \Watcher’s relatively small
field of view, it is possible for the target object to sometsukift around the field. This
effect can cause some of the candidate reference stars to firthye @dge of the image
for certain periods of the observation run. In order to mamtonsistency it is desirable

to use the same reference stars throughout the observatioinrpractice, however, this
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5.3.1 Reference Star Selection

limits the user to a very small selection of suitable refeeestars. It also causes good
reference stars to be eliminated due to the fact that theylbeagf the edge of the frame
for a few, or even only one, of the images. With this in mind tsaoipts were written:
one to select the best overall reference stars that appeseig frame; the other to select
the best reference stars on a per-image basis. In the ewrhéoverall method returns
only a small number, or possibly no, suitable referencesstae per-image method can be
used. Both scripts are essentially the sami@eding only in the final selection of suitable
reference stars.

The scriptquick_ref_star starts by querying a catalogue for possible reference stars
The USNO-B1 catalogue was chosen for this task. It is an gllesitalogue containing
over a billion objects and is a combination of various skyeuys over the last 50 years.
It is believed to be complete down to=21 with 0.3 magnitude photometric accuracy
in up to three colours and 0.2 arcsecond astrometric aceatai2000. The core script
quick_cat_core starts by getting the target object coordinates from thiefileo (pro-
vided by the user) and searching the catalogue within aingddius around this region
and within a certain magnitude range. These limits can bagddheasily depending on
the type of target being examined. The WCSTsoht is used to perform this search.
quick_cat_core is also able to automatically retrieve the correct filter magle from
the catalogue to match the filter of the image. When using e €ilter the script chooses
the R band catalogue values. This band was chosen as the CCBtis@nsitive to this
filter. Once the coordinates of possible reference stars haen retrieved from the cata-
loguequick _ref_star then tests the candidates for suitability by running phatynon
the list, calling toquick phot_core. This core script returns the instrumental magnitudes
of each reference star, along with the information necgdsatalculate the significance

of each detection.
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5.3.1.2 Overall Reference Star Selection

After all the images have been testgalick ref star discards any star that was not
detected in alimages. It then callguick confidence core to calculate the signal to
noise and significance level of the remaining candidateanyf of these detections are
weak 3 sigma) they too are discarded. The final output of this s@ip single list of
coordinates and apparent magnitudes of reference starsav@been well-detected in all

images in the data set.

5.3.1.3 Per-Image Reference Star Selection

The per-image method is similar to the overall method buy @plerates on images in-
dividually. It callsquick confidence core to calculate the signal to noise and signif-
icance level of the candidates in the current image and ass@dls any detections that
are weak € 3 sigma). The final output of this script is a separate listazfrdinates and

catalogue apparent magnitudes of reference stars for ediefidiual image in the data set.

5.3.2 Photometry

The photometry scripfquick_phot, consists of four main parts: aperture optimisation,
the photometry algorithm; the signal to noise and signitealevel calculation and the
apparent magnitude calculation. Once the user has inputdbelinates of the target
object along with the start time of the event, in JD, to a .leiduick _phot can begin.
The reference stars can come from the automatic refereacesedection script or they
can be manually entered by the user. The WCSs&gRxy converts the coordinates of
the list of targets from RA and DEC to x and y pixel values fortesage in preparation
for phot to analyse these locations in the following steps. The fingbat of this script

Is an ‘apparentmagnitude’ file of the target and an ‘instrumentahgnitude’ file for each
reference star. Both files have the same structure and cattlimns for: JD, T¥,

Exposure, Magnitude, Magnitude ErrofNsand significance level.
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5.3.2.1 Time

quick phot sets up a time index for the current imagaiick time _core is called to
convert the time of the image from JD to UT and then calculagetime since the start of
the event in seconds. Octave is used for these calculatidres output of this script is a
file containing the time of the image in JD, the time since thet ®f the event in seconds
and the exposure time of the image in seconds. This infoomagi later combined with
magnitude and signal to noise information for the target¢éate a final output file that is

easy for the user to view and plot.

5.3.2.2 Aperture Optimisation

The distribution of light from a star on a CCD is called the P&ptead Function (PSF).
Assuming good optics, proper focusing and good trackinig, BSF is circularly sym-
metric and consists of a Gaussian ‘core’ with a large ‘haldijch is approximated by
a power-law. Since all stars may be treated as point sourfckgho it follows that all
stars in an image have the same size and shape. Due to thef liaoRSF, however, the
intensity of the star fades smoothly to zero with increasadjus with no definite edge.
This presents a problem in aperture photometry: How big @ntage should be used? If
too large an aperture is selected there is a risk of drowhiegetrget in noise related to the
background light. There is also a chance of accidentalljdiog a nearby object within
the aperture, thus contaminating the signal. If too smabl@erture is selected there is a
risk of missing a portion of the signal from the target. Neitlof these scenarios is ac-
ceptable, especially when analysing faint stars. Withithmeind an aperture optimisation
script,quick_ape, was created to test a sequence of apertures and choosesthe be
quick_ape uses a growth curve method to select the best aperture (Fjg.Jnce the
PSF of every star in an image should be the same, the briglefesénce star is chosen.
The script performs photometry on this target, usifug ck_phot_core, and selects an
aperture between a lower and upper limit, which can be sehéyser. Any range of

apertures can be used and the script will loop the procesgnrenting the aperture value

117



5.3.2 Photometry

by a small amount until the upper limit is reached. The sdhph calculates the signal
to noise and significance level of each measurement ugiigk confidence _core.
When all apertures have been measuneikck ape then selects the smallest aperture that
gives the highest significance level as the optimum aperflings value is then used by

quick_phot as the aperture for all the targets in the image, includiegdinget object.
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Figure 5.7: Sample plot of a growth curve used for apertuteragation.

5.3.2.3 Photometry Algorithm

The heart of the photometry procegs;ick phot_core, starts by gathering some initial
information about the image, such as the gain, read noiseperdure. The gain and read
noise are fixed values of the CCD and the optimum aperture islesdd byquick_ape.

The IRAF programphot is used for the actual photometrhot computes accu-
rate centres, background sky values, and fluxes for a lisbjgfcts in the image whose
coordinates are read from an input file. These values aredbeverted to instrumen-
tal magnitudes for each obje®hot computes accurate centres for each object using a

centroid algorithm. The width of the centring box may be dedify the user using the
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5.3.2 Photometry

cbox variable. For bright objects this value may be left largehwitt much consequence,
there is little chance thahot will centre on the wrong object. For faint objects, however,
care must be taken to ensure tipabt centres on the desired object and not a nearby
faint object or even a random noise fluctuation. As Watchenastly involved in GRB
afterglow detection, the centring box can be left small duthé accurate astrometry on
the images provided hyts2 combined with the accurate coordinates and small error box
provided by theSwift satellite (usually+3 arcsec from XRT)Phot calculates the flux

of the object by placing an aperture (calculateddloy ck_ape) around the object. The
integral of the counts within the circular aperture is cotepiuby summing all pixels in
the aperture. To compute the mean background level of thgapeky pixels in an an-
nular region around the object, the dimensions of which eaddfined by the user, are
extracted from the image (s€et.2.1.4). The algorithm used to compute the sky level is
called ‘mode’, which computes the pixel distribution usthg computed mean and me-
dian (and is recommended by several IRAF guides to photoinelhe final flux of the

source is calculated using the equation:

Nstar = Nsum_ A X I\lsky (5-1)

whereNg IS the counts from the target objebly,is the total counts within the aper-
ture, A is the aperture area amdl is the mean sky background level per pixel. This flux
value is then used to calculate the instrumental magnitbitteembject. Several important
values of the output ofhot, specifically the magnitude, the error on the magnitude, the
mean sky background level, the aperture area and the flusthaneextracted using the

IRAF programtxdump.

5.3.2.4 Apparent Magnitude Calculation

The next part ofquick_phot is to convert the instrumental magnitudes calculated by
phot to apparent magnitudesjuick_aphot_core is a short script written primarily in

Octave which is designed automate this process. The instrtahmagnitudes of the
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5.3.2 Photometry

reference stars are compared to their values in the cailmgd the dferences between
these values are calculated. Thitset is then subtracted from the instrumental magnitude
of the target object. The average of this set of values givespparent magnitude of the

target. The equations used for calculating the apparentitag and the errors are given

by:

T _ ((Tinst - (Rlinst - Rlcat)) +...+ (Tinst - (Rnnst - Rn:at))
app —
n

(5.2)

\/(6T.2 1 6R12

inst inst

+O0R12,) + ... + (6 T2, + ORI, + ORI,

inst

n

whereT,,,, is the apparent magnitude of the targets: is the instrumental magnitude
of the targetR ¢ is the instrumental magnitude of the reference ®ay,is the catalogue
magnitude of the reference star am$ the number of stars being used.

The primary goal of thguick software suite is the rapid photometric analysis of tran-
sient astrophysical sources using a robotic telescopeteldre, the method of apparent
magnitude calculation sacrifices some accuracy for speg@rdperly calculate the zero
point magnitude, extinction cfiicient (see§ 4.3.2) and the colour magnitude transfor-
mations (se& 4.3.3) would require constant user input. Careful seleatibatandard
stars and the manual scheduling of regular observatioreseétstars at various airmasses
are required and only at the end of the night would it be péss$dogenerate the graphs
needed to accurately perform high-precision photometrthertarget object. GRBs are
unpredictable, variable objects and it is not prudent tedigbservations for even a short

amount of time.

5.3.2.5 Confidence Level Calculation

The final step in the main photometry processjaf ck_phot is to calculate the confi-
dence level of the detection. Another short script cadfeikck_confidence _core is used

to calculate the signal to noise and significance level oti#tection. The values used are
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taken from the output ofijuick phot_core. The equations used are given by (Mortara

and Fowler, 1981):

| »

G- Nstar

N " (5.4)
\/G * Nstar + A(G - Ngky + t - Nyark + Né)
- Nstar
sigma= —— 5.5
g AN (5.5)

whereNg is the counts from the target object within the apertéyés the aperture
area,Ngyy, is the mean sky background level per pixila« is the noise from the dark

current,G is the gain of the CCD anNr is the read noise of the CCD (s§dé.2.1.4).

5.3.2.6 Limiting Magnitude

If the target object is not detected it is necessary to cateithe magnitude of the faintest
object in the frame to allow an estimate of the upper limithaf thagnitude of the object.
The scriptquick lim mag calculates this upper limit and can be called at two points
during thequick_phot script. If the initial photometry does not detect any objgicthe
coordinates providedquick_phot will run the quick_lim mag script and move on to the
next image. Ifquick phot does detect an object but its significance level is below a
certain threshold then the limiting magnitude script is.rtihis fail-safe protects the user
from spurious detections, e.g. if IRAF accidentally mistak@ndom noise for a star.
quick lim mag starts by searching a catalogue for candidate stars and ismo
ited by radius or magnitude limit. The core scriptick cat_core_lim returns all cat-
alogue stars that could possibly be in the image. It thengsash these candidates to
quick_phot_core which performs photometry on them. Any objects that are mitiaily
detected are discarded. The significance levels of the rengastars are then calculated
usingquick_confidence _core and the results are sorted by magnitugieick 1im mag
then searches through this list for the faintest object wisignificance level above a cer-

tain threshold (usually 3 sigma). The catalogue value of this star is then saved t@h fin
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‘limiting _-magnitude’ output file, containing the columns: JB; Ty, Exposure, Catalogue
Magnitude, Instrumental Magnitude, Instrumental MagaetiError, 3N and Sigma level.
This file fits in with the apparent magnitude file createdghyck phot and both can be

plotted together easily to give both detections and lirgitimgnitudes of the target object.

5.3.3 Miscellaneous Scripts

Along with the main reduction and analysis scripts detaglbdve there are a few smaller
scripts that have been added to tingck suite over time to aid the user in performing

various repetitive tasks.

e quick combine: Often when analysing faint objects the first run of photamet
does not yield results. This can be especially true if thegesaare of a short ex-
posure length, e.g~10s. To increase the signal to noise ratio of faint objeats th
images can be combined. This process increases the chdrecdstection but the
trade-df is a reduction in the temporal resolution of the data. Thalideenario
would be to combine the images in the smallest groups pessitblich would guar-
antee detection while maintaining a high temporal resofutiThe script uses the
IRAF programimcombine to median combine images into any set of groups de-
fined by the user. For example to combine all the images inextdiry into groups
of 3 the commandduick_combine 3’ can be run. This divides the images into
groups of 3, combines them, saves the result to a new diseattst updates the

header of the new image to reflect the new total combined expdsngth.

e quick region: This script creates a ds9 region file of a list of targets Wihscuse-
ful when attempting to evaluate the position of the targgector of the reference
stars. It places a circle around all reference stars andsythe catalogue magni-
tudes underneath each one. It also places a circle arouadaga®f the target object

and prints the word ‘Target’ underneath.

e quick plot: This is a set of scripts to plot the output data frqmick_phot and
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quick_lim mag using Gnuplot. The y-axis displays the brightness of thgetar
in magnitudes and is inverted and the x-axis displays the toihthe observa-
tions and is converted to log scale. Each axis is labelled thie appropriate title
and units. There are variousfidrent versions of the plotting script, for example
quick_plot_object plots the apparent magnitude of the target vs. time, while
quick plot_object_lim sn plots the apparent magnitude with the limiting mag-
nitude vs. time in an upper sub-plot and, in a sub-plot befdats the signal to
noise and significance level vs. time. It is the latter sctfijat is automatically
called at the end ofjuick phot to quickly and cleanly display the result of the

latest analysis.
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Chapter 6

Watcher GRB Observations & Results

6.1 Introduction

Of the 373 GRBs detected by various missions between April £ 20@ July 30 2009
Watcher carried out follow-up observations of 145. 106 @fsth bursts were observed
within 1 day of the trigger, 27 within 1 hour and 10 within 1 mta. A histogram of times
from the GRB trigger to the first Watcher observation for alidtsi observed within 1 day
of the trigger is shown in Fig. 6.1. Where an optical transieas detected or a useful
upper limit could be determined, a notice was distributetthéoGRB community through
the GCN. In some cases, the observations yielded no usetrhmation due to adverse
observing conditions or due to the burst being ‘dark’ ($€e3.4.4).

Response times to GCN alerts are typicall0 s, the fastest response being 12.5sin
the case of GRB070707. Watcher spends a significant portieadi night pointing at
the centre oSwift's current field-of-view. A target in the RTS2 database is dyicaity
updated with the coordinates of the curr&wtift pointing, and its priority is set so that
it will be selected by the scheduler if it is observable. Thne af this strategy is to have
Watcher pointing in approximately the right direction ier to minimise response times

to Swift GRBs.

1317 of these were detected Byift 26 by INTEGRAL, 10 by the IPN, 13 by AGILE and 7 by Fermi.
Statistics were obtained from Jochen Greiner's GRB padp;/ftww.mpe.mpg.dgcg/grbgen.html
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No. of GRBs
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Figure 6.1: Histogram of times from GRB trigger to first Watclodservation for all
GRBs observed by Watcher within 1 day of the trigger. The bie 820.005 hrs, (185s).
Follow-ups to non-GRB GCN alerts are not included.

A summary of Watcher’s highlight follow-up responses to GRBgresented in Table

6.1, showing rapid response times along with detectionugpeér limits.

6.1.1 Detections of GRB Prompt Optical Emission & Afterglows

There are three cases of prompt optical emission detectédbsher while the GRB was
still active: GRB 060526, GRB 060904b and GRB 080905b. The ch&Rk& 060904b,

is described in detail i§ 6.2.

6.1.1.1 GRBO060526

At 16:28:30 UT on May 26, 2006, the BAT instrument on-bo8wiftdetected GRB 060526
(Campana et al., 2006b). The burst was composed of two welratgal episodes of emis-
sion. The first episode consisted of two FRED-like peaksistpdtTo — 3s andly+ 6S
respectively, with the second peak ending@t 13 s. The second episode, fraigt230 s
andTy+270s, was a symmetric pulse peakindat 270 s. The BAT light curve is shown
in Fig. 6.2.
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| GRB | GCN | z | WatcherAGRB | WatcherAGCN | Watcher Result | Watcher GCN|
080928 | 8292 | 1.692 (GCN 8301 3h36m11s 3h34m6s 19.37 m+ 0.11 at 10h 33m 36s 8303
080905b| 8182 - 43s 15s 16.2m+ 0.2 at Im52s 8207
080414 | 7618 - 2m50s 33s >14m 7619
080218b| 7314 - 59s 19s >16m 7316
070621 | 6560 - 40s 24s >179m 6562
070615 | 6537 - 1m22s 45s >15m 6538
070611 | 6494 | 2.04 (GCN 6499) 1m18s 41s 18.53 m+ 0.24 at 35m 48s 6528
070330 | 6232 - 6m 9s 5m 54s >18.2m 6233
060926 | 5612 | 3.208 (GCN 5367 1m1ls 47s >13m 5615
060912b| 5563 - im 50s Upper Limit 5566
060904b| 5505 | 0.703 (GCN 5513 Im 48s 17.1m+ 0.3 at8m1lls 5510
060614 | 5252 | 0.125 (GCN 5276 4h19m 26s 4h19m 8s 19m=+ 0.3 at 7hém 5257
060602b| 5200 - 14m 35s 15s Upper Limit 5199
060526 | 5162 | 3.21 (GCN 5170) 36s 19s 16m+ 0.15at1m 5165

Table 6.1: Summary of the GRB follow-ups and detections bycté&t
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6.1.1 Detections of GRB Prompt Optical Emission & Afterglows

(a) 15-350 keV _|

(d) 50-100 keV |
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Figure 6.2: Background-subtracted BAT light curve of GRB (8® units of countss
(fully illuminated detector)! at 1 s resolution for 5 dierent energy bands from the top to
the bottom: 15-350 keV, 15-25 keV, 25-50 keV, 50-100 keV a@d-350 keV.

Optical and X-ray observations of GRB060526
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Figure 6.3: Combined observations of GRB 060526 including @f@m WatcherSwift
XRT and MDM
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6.1.1 Detections of GRB Prompt Optical Emission & Afterglows

flux density [1Jy]
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10" 10
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Figure 6.4: Fit to the lightcurve of GRB 060526 in X-ray andiocpfNIR r/Rir IJHKg
bands including a total of six energy injections. The stréaay flare is excluded from
the modelling. The light curves have bedfset by constant factor€redit: Jbhannesson
et al. (2009).

The prompt data obtained by Watcher for GRB 060526 is shownguar€ 6.3 along
with data from other optical observatories and 8wift XRT. The dense sampling and
long coverage of the prompt and early afterglow of this GRBehpegrmitted detailed
modelling of the highly variable lightcurve in terms of eggiinjections. The code pro-
posed by 8hannesson et al. (2006) was used to model the aftergloteligle by apply-
ing several energy injection episodes as a possible scetwegixplain the rebrightenings
and shallow decay of the afterglow. Figure 6.4 shows the fitggt?/d.o.f. = 2.8) found
using a model with a total of six energy injections: at 0.00©15, 0.04, 0.09, 0.4 and
0.6 days. The initial energy injected into the outflovEis= 53 x 10* erg?. The energy
injections then add 0.8, 1.7, 2.6, 5, 8, and finally 13 timesititial energy releasg, to

the afterglow, for a total energy release in the afterglod.56f;7 x 10°* erg (Thoene et al.,

2008).
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6.2. GRB060904B

The first four injections are responsible for the shallow@fiow decay between 0.008
and 0.25 days. The quality of the data does not allow to disndate between this four-
injection scenario and a continuous injection (French.ebhgrep.). Also, since there are
no direct indications of injections in the lightcurve, ti@é of each of the four injections
is not well determined. A direct consequence of this is thatenergy of each individual
injection in this phase is not well determined, while theatanergy released is fairly
consistent. The time and energy of the last two injectiorslawever, better constrained

by the data.

6.1.1.2 GRB080905b

GRB 080905b was detected by the Fermi GBM, withog duration (20 - 1000 keV) of
159 s (Fig 6.5(a)) (Bhat et al., 2008). Burst emission up to B30 jersisted up to 90 s
post-trigger (Stroh et al., 2008). In Figure 6.5(c) the Watdightcurve of GRB 080905b
is shown, along with the limiting magnitude in each frame. taNar’s early detections
beginning at § + 50 s are therefore evidence of prompt optical emission adémt with

the weaker second and third pulses of this GRB. The broad opiek between 300
and 600 s post-trigger does not seem to be matched by singlaviour in the X-ray
afterglow lightcurve, which instead exhibits an early ptdecay followed by a flattening
beginning at roughly 250 s and then a further less steep debah begins at roughly
2700s (Fig. 6.5(b)) (Stroh, 2008). Watcher did not deteetafierglow beyond about

8000 s. Further details of these observations are desanldestraro et al., (in prep).

6.2 GRB060904b

On September 4th, 2006 at 02:31:03 UT the BAT instrumentaardbtheSwiftspacecraft
detected GRB 060904b (Grupe et al., 2006). The BAT light c(iFig. 6.6(a)) showed a
double-peak event, with an initial fast rise exponentiaajyepulse followed by a second,

weaker peak J+ 120 s later. The initial peak lasted for 9 s and started 2 srbelfie BAT
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6.2. GRB060904B
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Figure 6.5: (a) GBM lightcurve of GRB 080905 edit: http;Avww.mpe.mpg.decg-
grb080905B.html(b) XRT lightcurve of GRB 080905bGredit: This work made use of
data supplied by the UK Swift Science Data Centre at the Unityav§Leicester (Evans
et al., 2007, 2009)(c) Watcher R lightcurve of GRB 080905b.
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6.2.1 The Optical Afterglow

trigger, while the second peak, detected within the 15-25lk&nd, covered J+ 120 s to

To +220s, peaking atgl+ 155s. The T of the burst (15-350 keV) was 1925 s. Swift
XRT began observing the source atH69 s and detected a major flare coincident with the
2nd pulse of the prompt gamma emission (Fig. 6.6). Grounddaptical follow-up ob-
servations began with ROTSE-IIIc detecting a source atFRd8 h 52 m 50.52 s and Dec
-00° 43’ 30.85” (J2000) with R= 17.3 mag at §, + 18.5 s (Rykdr et al., 2006b). Watcher
automatically responded to the GCN alert and began obsengain R, | and clear (C)
filters at Ty + 63 s, detecting an afterglow candidate at R6.8 mag (Table 6.2). Watcher
continued observations until dawn-e94:18:00 UT. Fugazza et al. (2006) performed op-
tical spectroscopy on the target with VEHFORSL1 at § + 5.15 hours and determined a
redshift of z= 0.703.

6.2.1 The Optical Afterglow

Fig. 6.8 shows the optical lightcurve of GRB 060904b. The agbtemission began to
rise before the end of the prompt phase and a power-law fumetias fit to the data
with a slope ofa; = —0.79 from +90s to+ 550 s post-trigger, reaching=R6.7 mag
(Watcher) at+ 502's. The reduceg? for the fit over this time interval was 0.635 with 6
d.o.f. The flux then declined with a slope @f = 0.81 to R= 18.19 mag (Skvarc, 2006)
at+1380s. The reduceg? for the fit was 1.1 with 15 d.o.f. From this point the flux
remained at a constant level until just before dawn when kéaitcecorded a slight bump
in the lightcurve, peaking at R 17.39 mag. Late observations detected the afterglow
fading with a decay index af, = 1.08 from ~15 hours after the trigger up tel.9 days.
These results are consistent with those found by TAROT @Kédtal., 2008) and are
discussed in detail i§ 6.2.3.2.
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Figure 6.6: (a) BAT lightcurve (counts 0.53, (b) XRT lightcurve (Flux (0.3-
10keV)(ergcm?s™)) and (c) optical lightcurve (mJy) - including data from \Glagr
(black solid squares), ROTSE-IlI (green plus) and TARO™ (Xs and empty squares)
- for 060904b showing the time of the peak of the emission ohdzand.Credit: BAT,
XRT, GCN
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Figure 6.7: Optical lightcurve for 060904b - Watcher data.
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Figure 6.8: Optical lightcurve for 060904b including Wetctdata with data from the
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Figure 6.9: XRT lightcurve for 060904I&Credit: This work made use of data supplied by
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6.2.2 X-Ray Emission

T-To(s) Exp(s) Filter Mag A Mag

63 10 C 1681 0.23
127 10 C 1730 0.24
141 10 I 16.48 0.25
502 10 C 16.70 0.19
626 30 C 1730 0.24
728 30 C 1715 0.14
830 30 Cc 1729 0.22
928 30 c 1718 0.13
1033 30 C 1764 0.22
1137 30 c 1719 0.16
1280 60 R 1742 0.29
1546 30 Cc 1759 0.19
1788 60 I 17.50 0.29
2470 30 C 1768 0.27
2673 30 c 1792 0.28
2991 30 Cc 1739 0.16
3024 60 I 17.49 0.25
3128 60 R 1759 0.37
3194 30 C 1764 0.24
3398 30 C 1756 0.18

Table 6.2: Watcher detections of GRB 060904b. (1§ the time in seconds from the
burst trigger to the start of the exposure, Exp is the dunatiothe exposure, Mag is the
brightness of the OT in magnitudes afvdVlag is the b~ error on the magnitude.

6.2.2 X-Ray Emission

Fig. 6.9 shows the X-ray lightcurve for GRB 060904b, start®g after the BAT trigger
(Grupe et al., 2006). The light curve shows an initial shvalttecay between 77.3 s and
~138s followed by a giant flare with a duration of 490s. Thiseflaas a 0.3-10.0 keV
mean flux of 2x 10° erg s* cm? and a total fluence of.8x 10" erg cnt? (Klotz et al.,
2008). Data taken from before300 s to afte~3500 s excluding the flare, shows a smooth
power-law decay with index,; = 0.86+ 0.05 until ~5000 s. At this point there is a break
and the flux continues to decay with a new indgx = 1.42 + 0.1. There is no evidence

for a plateau phase.
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6.2.3 Discussion
6.2.3.1 The Giant X-Ray Flare

The giant X-ray flare associated with GRB 060904b has beenadaséen many other

GRBs (see Chincarini et al. (2007) for a review). The flare from GR@02b was stud-
ied in detail by (Falcone et al., 2006) and is similar to GRB@®Bb. For example the
spectrum of GRB 060904b during the flare cannot be fit by a péaveras is the case
for GRB 050502b. The temporal decay observed before the farde extrapolated to
~5000 s after the trigger suggesting that the X-ray flare cbalpgroduced by an additional
mechanism, independent of the one generating the undgidfiarglow emission.

Thus the Band model together with a cdf-model were used to accurately model the
spectrum (Klotz et al., 2008). The consistency with the Bamdi@h (or cut-¢f power-
law) suggests that the flare could be caused by the same nisthaowering the prompt
emission, as in a late time internal shock scenario, which suggested to explain the
GRB 050502b giant flare. This combination can be explainechasstiperposition of
a decaying prompt and a rising X-ray afterglow componensuggested by Willingale
et al. (2007) to interpret the typical “steep-flat-steeidpaour of Swift XRT light curves.
The break in the light curve at5000 s could denote the transition from the “flat phase”
to the “steep” afterglow-dominated phase.

The steepening in the X-ray lightcurvadq = 0.56+0.11) at~5000 s is not consistent
with a spectral break within a standard afterglow scenahe étandard steepening is
ax1 — axy = 0.25) nor with an achromatic jet break (the optical light cuext¢rapolates
without a break from~3000 s to late times, see Fig. 6.8). The late-time optica{-tay
temporal decay indicesr{, = ax — a,) also verify the closure relations expected in a
standard afterglow scenario, whep is below the optical band ang is between the

optical and the X-ray band (Zhang ancebtaros (2004)).
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6.2.3.2 Optical Afterglow Behaviour

The optical emission of GRB 060904b was observed to increasegithe whole X-ray
flare, showing a maximum after the end of the flare-a00s. One could consider the
possibility that the X-ray flare is correlated with the opticise. In fact, the broad band
data suggest a temporal sequence, with a flare moving from-tag band to the optical
band (Fig. 6.6). In such a case the X-ray and optical emismierproduced by the same
mechanism (internal shock), with the peak of the emissioningdrom the BAT to optical
bands. Hence, near the peak of the emission one should ¢kpesatme spectro-temporal
behaviour. However, the observed X-ray rise and decay temhplmpes are significantly
steeper than the optical ones. This suggests that the bidicaand the BAT-XRT flare
are not correlated.

A similar rise was observed in the near infrared light cureés$sRB 060418 and
GRB 060607a (Molinari et al., 2007), together with simultaue X-ray emission char-
acterised by the presence of various flares. In these casesptical rise was interpreted
as the peak of the afterglow emission which, in the standandshell case, is predicted
to occur around the deceleration tiryg. ~tyeak (Sari and Piran, 1999c; Kobayashi and
Zhang, 2007). Up to now, only a small fraction of optical eftews has been observed
suficiently early, and time-sampled figiently well for the optical rising to be clearly
identified. Theoretically, if the rise is ascribed to theibegng of the afterglow, in a stan-
dard ISM scenario the temporal index is expected to bg -2 (Sari and Piran, 1999c),
much steeper than our observed valuept= —0.79+ 0.10. In the case of a fireball ex-
panding in a wind environment, the rise could be less stedbso followed by a plateau
(Wu et al., 2003). In such a case, the late optical light cwtveuld decrease with the
same temporal index, or more steeply, than in the X-ray. Hewaef the X-ray emission
at~5000s is interpreted as the link to the “standard” aftergbtvase, then the hypothesis
of an expansion in a wind environment does not agree withateetime observations. In
fact, at Ty + 5000 s, the X-ray decay is steeper than the optical one.

Other scenarios can also explain a late rising of the opaittatglow:
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e An off-axis line of sight (Granot et al., 2002) as was supposed énctise of
GRB 060206 by Whaniak et al. (2006). In this case the X-ray and the opticditlig

curves must follow the same behaviour, which is not the cais&RB 060904b.

e The circumstellar medium could be very dense and the extimeery high at the
beginning of the optical afterglow, and could decreaser laezause of the dust
destruction implied by the burst blast wave (Perna and Lb@®8). This is probably
not the case of GRB 060904b because optical emission wastelkttey ROTSE

during the prompt emission and color indexes do not show axeess neapeak:

e Reverse shock emission. In this scenario, it could be intgedrthat the optical
flare of GRB 060904b at500 s is an optical flash, and the following plateau is the
combined result of forward and reverse shock emission @atiPiran, 1999c).
However, in such a case, the power-law behaviour of bothideeand decay of
the reverse shock optical emission are expected to be sometdeper than those

observed in this case (Sari and Piran, 1999c; Kobayashi hadg, 2007).

e The optical rise and decay temporal indexespf —0.79+ 0.109 andr, = 0.81+
0.12, could be marginally accommodated within a standardg@ée scenario, if

vm Were to cross the optical band during the flare.

6.2.3.3 Optical Plateau

Some GRBs exhibit an optical plateau that consists of a phasergfshallow decay
starting a few minutes after the trigger (typically 5 min e turst rest frame) and lasting
a few more minutes. The plateau can appear simultaneoutsig mptical and in the X-ray
band (e.g GRB 050801; de Pasquale et al. (2007)). In some aas=zsly re-brightening
rather than a plateau is observed, while in other eventstagulaappears in the optical
on longer time-scales, e.g GRB 060206 (Stanek et al., 2007faidini et al., 2006)
having no correlation with any X-ray flattening. GRB 060904bws some evidence of an

optical plateau (Fig. 6.8). Several scenarios could er@ach a plateau. In the standard
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fireball scenario a nearly flat optical light curve (tempatatay indexx = —0.25) can
be produced by the forward shock when the fireball is in thedasling regime with the
observational frequency between the cooling frequeg@&nd the injection frequenoy,
(Sari and Piran, 1999c). This ordering of characteristigssion frequencies cannot be
reconciled with the lateT + 5000 s) optical-to-X-ray data. Another possibility is that
the plateau is produced by a patchy jet, i.e by a collimatexbéil characterised by a
non-uniform distribution of energy (Kumar and Panaite&f0). In such a case a large
bump is expected, followed by a plateau as observed in GRBZ#EOHowever, the same
behaviour should be seen roughly simultaneously in all bawtiich is inconsistent with
the GRB 060904b X-ray data. A last hypothesis for the origirthef optical plateau is
that it is produced by a late energy injection in the firebdlate energy injection can
be ascribed to a long lasting central engine activity, or tefeeshed shock associated
with a short-lived central engine that is releasing its gnexith a variety of Lorentz
factors (Rees and &bzros, 1998). This hypothesis was also proposed by de Pasqual
et al. (2007) to explain the plateau observed simultangongsiptical and X-ray in GRB

050801.

6.2.4 Conclusions

The optical emission of GRB 060904b is found to increase froenend of the prompt
phase, reaching a maximum brightness$yafc = 9.2 min and then decreasing. A large
optical plateau and a huge X-ray flare are also associatddthig burst. It has been
argued that the X-ray flare occurring négd. is produced by extended internal engine
activity. Its presence during the optical rise is thoughb#oonly a coincidence, and is
not related to the optical flare. It is also proposed that titene of the optical plateau of

GRB 060904b, while not completely elucidated, could be eelab late energy injection.
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Chapter 7

Soft y-ray Repeaters and The Curious

Case of SWIFT J19550% 261406

7.1 Introduction

On June 10th 2007 atyE 20:52:26 UT the BAT instrument on-board tBevift satellite
triggered on a possible GRB candidate. Initially the burgtesgped to be a standard cos-
mic GRB (Pagani et al., 2007) with Galactic coordinates (k{$3.5, -1.0). The burst
had a By = 4.6+ 0.4 s, power-law photon index 1.76+0.25 and fluence- 2.4+ 0.4

x 10~" ergcnt? (Tueller et al., 2007). The X-Ray Telescope (XRT) on bo&wift de-
tected an X-ray counterpart 3200 s later (Pagani and Ke20€&) with a column density
slightly lower than the Galactic value. The delay in X-raysetvations was caused by
an Earth limb constraint, which meant the spacecraft coatdiew promptly to the BAT
position.

An optical counterpart was detected by the OPTIMA-Burstrinsent on the 1.3 m
telescope at Kryonerigh 57 s after the trigger with a magnitude of 49.4 (Stefanescu
et al., 2007). The source then faded ungkH76 s, when observations with the fibre-fed,
single-photon-counting high-time-resolution main instent of OPTIMA-Burst showed

a flaring activity that lasted about 80 s and consisted ofetlwefour overlapping spikes
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GRB 070610

Figure 7.1: Optical counterpart of GRB 070610, the only ualcgfued source within the
XRT error circle.Credit: A. J. Castro-Tirado.

and a slow decay (Stefanescu et al., 2007). The counterpartaenfirmed by the 1.5m
OSN telescope in Granada (Spain) 5.87 hours after the Heigst 7.1) with a detected
magnitude of R-21.5 mag (Postigo et al., 2007).

Observations with the Tautenburg 1.34 m Schmidt Telescepexted the optical tran-
sient (OT) in only 3 of 9 images, indicating rapid, shorelivflaring behaviour, atypical
for a GRB afterglow (Kann et al., 2007). Furthermore, the X-a#erglow flux remained
almost constant, with some flares (Fig. 7.2). The unusua\etr of the source in both
the optical and the X-ray regime as well as its location in@agactic plane provide evi-
dence for this being a new transient source located witld@rixalaxy, rather than a cosmic
GRB and its associated afterglow (Kann et al., 2007).

Overall, more than 40 flaring episodes were detected in theabfpand over a time

span of three days, and a faint infrared flare 11 days latesr afhich the source re-
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SWIFT J195509+261406
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Figure 7.2: X-Ray lightcurve of 070610, showing constantawsbur, with small flares.
Credit: httpyAavww.swift.ac.ykrt_curveg0281993ndex.php
turned to quiescence. Radio observations confirmed a Galzattire for the source and
established a lower distance limit 3.7 kpc. It is suggested that the source could be
an isolated magnetar whose bursting activity has been tdeftet optical wavelengths,
and for which the long-term X-ray emission is short-lived ¢€a-Tirado et al., 2008).
In this case, a new manifestation of magnetar activity hasbbecorded and it can be
considered that SWIFT J19558261406 is a link between the ‘persistent’ Seftay
Repeaters (SGRgAnomalous X-ray Pulsars (AXPs) and dim isolated neutrorssta

In this chapter an overview of SGRs and AXPs is presented ttheebbservations
in context. The Watcher observations of the source are itbescin Sectior§ 7.5.2 and

the detailed description and interpretation of the sousteliour is presented in Section

§7.5.3.
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7.2. SOFT GAMMA-RAY REPEATERS

7.2 Soft Gamma-Ray Repeaters

Figure 7.3: Galactic plane distribution of confirmed SGRs &adPs. Credit:
http;/science.nasa.gimewhomfeadline@mstO5mar99la.htm

Softy-ray repeaters (SGRs) were originally thought to be a sufsad& GRBs, with
shorter durations and softer spectra than classical bilMstzets et al., 1981). They dif-
fer from GRBs, however, due to their propensity to produce ipleltoursting episodes
over years (Fig. 7.4), unlike GRBs which have never been seeep®at, and are dis-
tributed along the galactic plane (Fig. 7.3), unlike GRBs Wwhare isotropically dis-
tributed. SGRs have significantly softer spectra than GRBsllyshest described by
a thermal bremsstrahlung model with energies 8D keV. The first SGR was discovered
in 1979, along with two others that year. It was not until teaativation of SGR 1806-20
in 1983, however, that the independent nature of these epuddstinct from GRBs, was
fully appreciated (Laros et al., 1987). The massive flare and 5th 1979 was the most
energeticy-ray emission episode ever recorded at the time (Mazets, dt919). Fig. 7.4
shows a histogram of the flares over the last 15 years of thigemd SGRs. The time in-
tervals between bursting episodes have been shown to bertaghly distributed (Hurley
etal., 1995).

A summary of the confirmed SGRs and AXPs is shown in Table 7.1.

143



144"

Name RA Dec Distance | Period dpP/dt Bsurf Association Lx (2-10keV)
SGR (J2000) (J2000) (kpc) (s) | (10 tlss?t) | (10G) (10%ergs™?)
SGR 1806-20 18h08m39.3295 -20°24 39.94' | 15175 | 7.56 54.9 21 W31 4.4
SGR 0526-66 05h26m00.89s| -66°04 36.3’ 50 8.047 6.5 7.3 SNRN49 2.1
SGR 190614 19h07m14.33s| +09° 19 20.7” 12-15 | 5.169 7.78 6.4 massive star cluster 1.8-2.8
SGR1627-41 16h35m51.84s| -47° 35 23.3’ 11 2.594 1.9 2.2 CTB 33 0.039
AXP
1E 1547.0-5408 15h50m54.11s| -54°18 23.7’ 9 2.069 2.318 2.2 SNR G327.24-0.13 0.031
XTEJ1810-197 18h09m51.08s| -19°43 51.74 5 5.539 0.81 1.7 - 0.39
1E 1048.1-5937 10h50m07.14s| -59°53 21.4’ 2.7 6.452 2.7 4.2 GSH 288.3-0.5-2.8 0.054
1E 2259586 23h01m08.29s| +58° 52 44.458’ 3 6.978 0.048 0.59 SNRCTB 109 0.18
CX0OUJ010043.1-721134 01h00m43.14s| -7 11 33.8’ 57 8.02 1.88 3.9 SMC 0.78
4U 0142+61 01h46m22.44s| +61°45 03.3’ >25 8.68 0.196 1.3 - > 0.53
CX0J164710.2-455216 16h47m10.2s| -45°52 16.9’ 5 10.61 0.24 1.6 Westerlund 1 0.26
1RXSJ170849.0-400910 17h08 m46.87s| -40° 08 52.44’ 8 10.99 1.94 4.7 - 1.9
1E 1841-045 18h41m19.34s| -04°56 11.16’ 8.5j~5 11.77 4.155 7.1 SNR Kes 73 2.2
Table 7.1: Summary of confirmed SGRs and AXPsCredit:

http;Avww.physics.mcgill.¢gulsaymagnetaimain.html
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Figure 7.4: Summary of the flares from the 4 confirmed SGRs fr#i®b 10 2000 Credit:
http;/science.nasa.gimewhomeadline@mstO5mar99la.htm
e SGR 1806-20:The first SGR discovered, SGR 1806-20, was detected by the Ven
era space-craft on January 7th 1979 from a source in thedatstn Sagittarius,
near the Galactic centre. In 1983 the source began a longdpefiintense activ-
ity, with over 100 flares detected (Laros et al., 1987), whitinguished it from
a standard GRB and prompted a review of the nature of this s0@GR 1806-20
flared again on December 27th 2004 (Hurley et al., 2005) arsddetected by the
International Gamma-Ray Astrophysics Laboratory (INTEGRAhe Reuven Ra-
maty High Energy Solar Spectroscopic Imager (RHESSMNiftandy-ray detectors
on board Mars Odyssey. Al s precursor was observed 142 s before the flare, with
a roughly flat-topped profile, which was unusual for an SGRage (Fig. 7.5). The

peak luminosity of the main burst in the first 0.125s was R x 10*'d? ergs™*
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Figure 7.5: Lightcurve of SGR 0526-66, 27th December 20Bdywing a~1 s precursor

142 s before the flareCredit: Mereghetti et al. (2005)
whered;s = (d/15 kpc), andl is the distance to SGR 1806-20 (Hurley et al., 2005).
The likely distance to SGR 1806-20 is80< d;5 < 1, based on the apparent as-
sociation of the SGR with a compact]0 arcsec) stellar cluster at that distance
(Corbel and Eikenberry, 2004). The flare’s luminosity briefkgeeded all the stars
in the Galaxy combined by a factor ef.0°. The flare was followed by a hard X-ray
tail with a 7.56 s pulsation period, suggesting that the enitgr may be a rotating

neutron star.

e SGR0526-66:The extremely bright SGR 0526-66 was detected on 5th Mar¢h 19
(Mazets et al., 1979). This extraordinary event began witkxdremely bright spike
peaking at~10* erg s* (Golenetskii et al., 1984), followed by a 3 minute train of
periodic 8 s pulsations (Fig. 7.6) whose flux decayed in aigggsonential manner
(Feroci et al., 2001). The burst was well localised at theeealgthe supernova
remnant (SNR) N49 in the Large Magellanic Cloud (Cline et al82)9 Over the
next four years, 17 SGR-type bursts were seen from this sgM@azets et al., 1979;

Golenetskii et al., 1984) but no subsequent periodic poisatvere detected. The
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Figure 7.6: Lightcurve of SGR 0526-66, 5th March 1979, simgwperiodic pulsations of
~8s. Credit: Mazets et al. (1979)
high luminosity, strong pulsations, and apparent assoaiatith a SNR strongly
suggested that the source is a young, magnetised neutromitsta spin period of

8s.

e SGR1906r14: The third and final SGR to be discovered in 1979 was SGR 1280
first detected with three flares over two days in mid-Marche $burce remained
quiet until 1992 when it emitted another 3 bursts. On 27thus1d 998, SGR 19014
flared again, this time with one of the brightest events exeorded outside our so-
lar system (Hurley et al., 1999a). This flare was nearly aaadopy of the March
5th event, with both characterised by a brief, hard spike evf/\intensey-rays,
followed by a soft oscillating tail. As shown in Fig. 7.7, tAegust 27th event dis-
played a high initial luminosity and was followed by~800 s long tail with a soft

energy spectrum and a 5.16 s period (Hurley et al., 1999a).

The massive flare allowed SGR 19484 to be accurately localised to just outside
the edge of a young (10,000yr) SNR within our Galaxy (Ferdale 2001). It
Is thought that the supernova that formed this remnant itadax kick velocity of
~1500 - 2000 km$ to the SGR, allowing it to overtake the expanding shell of hot

gas from the supernova.
e SGR 1627-41:Discovered on June 15th, 1998, SGR 1627-41 emitted about 100
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Figure 7.7: The giant flare from SGR 19004 as observed with theray detector aboard

Ulysses (20-150 keV). Note the strong 5.16 s pulsationglglesible during the decay.

Credit: Hurley et al. (1999a)
bursts from June to July 1998 and was detected by severdliteatée.g. CGRO,
Woods et al. (1999b); Ulysses, Hurley et al. (1999b); Windzkts et al. (1999)).
The peak flare had a maximum luminosity~8 x 10*3 ergs s assuming isotropic
emission (Mazets et al., 1999), which is smaller but of alsimmagnitude to the
March 5th 1979 and August 27th 1998 events. However, thig eeergetic burst
differed significantly from the other giant outbursts. It extetino separate initial
pulse with a fast rise time, no extended tail, and no pulsat{fig. 7.8; Mazets et al.
(1999)). The position of the source was found to be condistgh the Galactic su-
pernova remnant G337.0-0.1 (Hurley et al., 1999b). Thetiocavithin the super-
nova remnant suggests that the SGR has a transverse velbe90 - 2000 km st
(Hurley et al., 1999b).

A variety of models have been proposed to explain SGRs, imgjuaccretion onto
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Figure 7.8: The giant flare from SGR 1627-41 whicfiefis from other giant SGR flares,
exhibiting no separate initial pulse with a fast rise time,axtended tail, and no pulsa-
tions. Credit: Mazets et al. (1999)

magnetised neutron stars (Livio and Taam, 1987; Katz el 884), cometary accretion
onto quark stars (Alcock et al., 1986) as well as thermorauc@ergy release on a mag-
netised neutron star (Woosley and Wallace, 1982). Thesesimddiled to adequately
explain both the common recurrent bursts and the occasipaat flares (e.g. the March
5th event). The discovery of persistent X-ray emission ftbenthree known SGRs at the
time aided in the understanding of the nature of SGRs (Murakgal., 1994; Rothschild
etal., 1994; Vasisht et al., 1994). Around the same timenthgnetar modej 7.4 was put
forward to explain the high-luminosity bursts of the SGRsi{Pan and Thompson, 1992;
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Paczynski, 1992; Thompson and Duncan, 1995) and the mmrsiétray emission of both
the SGRs and the AXPs (Thompson and Duncan, 1996). The maetitiwd slow pul-

sations and rapid spin down from the quiescent X-ray copatés of the SGRs. Shortly
after this (Kouveliotou et al., 1998) discovered 7.5 s piidses and rapid spin down in the
X-ray counterpart to SGR 1806-20. This was interpreted agsriagnetic braking of an

isolated neutron star with-a10' G dipole magnetic field (Kouveliotou et al., 1998).

7.3 Anomalous X-Ray Pulsars

Anomalous X-ray Pulsars (AXPs) were first reported by Fahlraad Gregory (1981)
who discovered pulsations from the X-ray source 1E 2885 at the centre of the SNR
CTB 109. The object was originally interpreted as a peculima)binary, with an energy
spectrum much softer than is typical of accreting pulsard,reo optical counterpart. The
source was subsequently found to be spinning down in a seoaaner (Koyama et al.,
1987). AXPs are characterised by several features ingudanarrow range of spin
periods (2 - 125s), fairly constant X-ray luminosities1(® - 10*®ergs?), no (or very
small) long term variability, lack of evidence of binary cpamnions, relatively soft X-ray
spectra, absence of radio emission and a secular spin-doewime-scales of 10— 10°
years (Table 7.1) (Mereghetti, 2008). As noted by ThompsahRuncan (1996), their
‘anomalous’ property is the unclear mechanism powering Xeay emission.

AXPs appear to be too young to be low-mass binaries as somasaoeiated with
SNR and have a small scale height above the Galactic plameR@eadijs et al., 1995).
The AXP 1E 2259586, and subsequently the entire AXP population, was ifiedtwith
isolated magnetars powered by the decay of18°G magnetic field. The principal
competing model postulated that AXPs are neutron starswoded by fossil disks that
were acquired during supernova collapse or during a comemvetope interaction (Cor-
bet et al., 1995; van Paradijs et al., 1995; Chatterjee é2@)Q; Chatterjee and Hernquist,
2000).
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A useful discriminator between the fossil disk and magnetadels is provided by the
detection of optical and near infrared counterparts to tkie#, beginning with 4U 014461
(Hulleman et al., 2000). Dim counterparts have now beercteddor several AXPs, with
an opticallR luminosity typically one thousandth of that emitted in@keV X-rays. This
constrains any remnant accreting disk to be very compachéRs al., 2000). A key pre-
diction of the magnetar model was confirmed by the detectiotri@y bursts similar to
SGR bursts from at least one, and possibly two, AXPs. Two viesgkts were observed
from the direction of 1E 1048.1-5937 (Gauvriil et al., 2002danore than 80 SGR-like
bursts were detected from 1E 22586 during a single, brief(11 ks) observation of the
source (Kaspi et al., 2003). Transient releases of enernggaao power at least 10% of
the X-ray output of 1E 2258686 and a much larger fraction in some other AXPs.

Originally, one of the defining characteristics of AXPs wias steadiness of their X-
ray emission over a fairly narrow range of luminosities$*1:010*¢ erg st. With recent
observations, however, it has become clear that at leafstimal possibly most, magnetar
candidates are variable X-ray sources. Some of the obsgarebility could be driven
by burst activity, but at least a few sources have shown lelhg@ages in luminosity with
little or no detected burst activity. For example, XTE J18BY was discovered in 2003
with a luminosity of~2x10°¢erg s (Ibrahim et al., 2004), but archival observations from
the 1990’s detected the source in a “low state” with a lumigds/o orders of magnitude
smaller (Gotthelf et al., 2004).

The realisation that SGRs and AXPs can enter low states witinlsities of order
10% - 10**erg s for extended periods of time has important implicationstfa total
number of magnetar candidates in the Galaxy. Their dutyecgslbright X-ray sources is
presently unknown, especially as a function of age. Thesglisnuch to be learned about
the similarities and dierences between magnetar candidates in their dim statbetlzar

low-luminosity X-ray sources in the Galaxy such as Isoldteditron Stars.
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7.4 The Magnetar Model

The similarities in the observed properties of SGRs and AX&s rhade it clear that
they are, fundamentally, the same type of object - a neuti@m Jheir distinguishing
characteristics compared to ‘normal’ neutron stars is iti@gnetism is the likely source
of energy for their radiative emissions. The behaviour oRS@nd AXPs is now best
described by the magnetar model, in which the decay of aa-sttong magnetic field
(B > 10" G) powers the high-luminosity bursts and also a substafraation of the
persistent X-ray emission.

Progress in the understanding of these objects was hamfmerethny years by the
lack of detection of radio pulsars with magnetic fields mugbeeding 18 G. It was
noted early on that fields as strong as“1:010'°G could be present in neutron stars as
the result of flux conservation from the progenitor star (\f&o] 1964). The production
of ultra-strong magnetic fields generated in a rotating Si\ipse was also proposed as
a possible catalyst for energetic outflows (LeBlanc and Wiild®70; Symbalisty, 1984).
A related possibility is that ordinary radio pulsars coutshtain intense toroidal magnetic
fields arising from strong ¢lierential rotation in the nascent neutron star (Ardelyan.et a
1987). Later it was realised that appropriate conditiom$rtee dynamo action could exist
in proto-neutron stars (Thompson and Duncan, 1993), lgadithe formation of a class
of ultra-magnetic neutron stars with dissipative progariilistinct from those of radio
pulsars (Duncan and Thompson, 1992).

Young magnetars undergo a rapid spin down due to their straagnetic dipole radi-
ation losses, reaching periods of several seconds in a feygémds years. A turbulent dy-
namo amplification occurring either in a newly bornfeientially rotating proto-neutron
star, or in the convective regions of its progenitor starlddarm very high magnetic
fields, in principle up to 3x 10' G. The dynamo responsible for the high magnetic field
generation requires that magnetars be born with very shtation periods, of the order

of P, ~ 1 -2ms, and that convection is present in the core. This foonagtenario
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7.4. THE MAGNETAR MODEL

was predicted to have the two observational consequence®gmfmetars could have large
spatial velocities, of the order 6f1(®km s and (b) their associated supernovae should
be more energetic than ordinary core collapse supernouagcdh and Thompson, 1992).

Early in their life, magnetars slow down to the point thatitheagnetic energy,
Emag ~ 10¢7 (B/10° G)? (R/10km), is much larger than their rotational energy,0*
(P/55s) (P/10 s s ergs. Such a huge energy reservoir iiisient to power the persis-
tent X-ray emission for10* years. Persistent emission can be induced by the twisting of
the external magnetic field caused by the motions of the istarior, where the magnetic
field is dominated by a toroidal component larger than theres dipole. The twisting
motion of the crust sustains steady electric currents imrtagnetosphere, which provide
an additional source of heating for the surface of the sthp(fipson et al., 2000). The
short, soft bursts can be triggered by cracking of the crassed by the strong magnetic
field. The crust fractures perturb the magnetosphere aadtififeballs. The bursts dura-
tion is dictated by the cooling time, but it depends also @witrtical expansion of surface
layers (Thompson et al., 2002) doddepth of heating (Lyubarsky et al., 2002).

The strong magnetic field~(L0** G) stresses the iron surface of the neutron star, to
which itis anchored. Itis believed that the magnetar irdkfield is tightly wound up in a
toroidal configuration and is up to a factet 0 stronger than the external field (Thompson
etal., 2002). The surface, a crustal lattice with a finiteasimeodulus, undergoes localised
cracking, twisting the field lines and injecting energy itfie magnetosphere (Fig. 7.10).
A twisted, force-free magnetosphere supports electriwaikats flowing along open field
lines in normal pulsars (Thompson et al., 2002). The stromg ©f charged particles
heats the neutron star crust and produces a significanabgépth for resonant cyclotron
scattering in the magnetosphere. Repeated scattering tfiehmal photons emitted at
the star surface can give rise to significant high-enerdy tdi~ 10 - 10* erg.

The magnetar starquakes and twisting magnetic field leadetdormation of an €
corona in the closed magnetosphere. The corona consiskssefdcflux tubes, anchored

on both ends to the neutron star surface and permeated lBntsidriven by the twisting
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motion of their footpoints. The persistent hard X-ray emisextending up te-100 keV
originates in a transition layer between the corona andtmesphere, while the optical
and IR are emitted by curvature radiation in the corona (Bmiotbov and Thompson,
2007). The gradual dissipation of the magnetospheric otgrean also provide plau-
sible mechanisms for the generation of persistent gatty emission (Thompson and
Beloborodov, 2005). In recent years, pulsar searches hayelyaclosed the observa-
tional gap between the dipole fields of radio pulsars and m@gicandidates (Manchester,

2004).

7.4.1 Neutron Stars and Magnetars

Baade and Zwicky (1934) were the first to propose the formaifameutron stars as the
end product of a supernova explosion. Their forward thigkivas not vindicated for
another three decades, with the discovery of the first radisaps by Bell and Hewish
(Hewish et al., 1968). As the core of a massive staf { 8 M,) is compressed during a
supernova, it collapses into a neutron star, with a radiusl@®km. The outer layers of
the star expand rapidly outwards, creating a supernovaaetnleaving the core with a
mass of~1.5 - 2M,. A neutron star is mostly made of a dense liquid of neutront) w
a trace of protons and electrons. The outer layer consisigtotk (~100 m) crust, most
probably composed of heavy atomic ions, such as iron (F&. The angular momentum
of the parent star is mostly preserved during the collapssjlting in a rapid rotational
period which gradually slows down as the star ages (neutimnratation periods have
been observed from 1.4 ms to 30s). For a pure magnetic dipelsate of loss of energy
is related to the angular velocity by:

%(%Iwz) = lww = §M§w4c-3 (7.1)
where M, is the component of the magnetic dipole moment orthogonéheaspin

axis andl is the moment of inertia. The slowdown may be expressed awardaw:
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Figure 7.9: Diagram of the the structure of a neutron star. Credit:
http;/science.msfc.nasa.gnewhomeadlinegmst20may98lL.htm

w = —ko" (7.2)

wherek is a constant and is referred to as the ‘braking index’. If the slowdown
follows Eqg. 7.1 themn = 3. If we assume the pulsar has an angular velocity which
is initially very high, and a constant magnetic field, its agemay be determined by

integrating Eq. 7.2 to give:

t=-(n-1)wov™?=(n-1)PP? (7.3)

whereP is the period of the pulsar.

In some rare supernova explosions, a neutron star is bomanfiast rotation period
(~ms). The fluid in the core, which is rapidly rotating, conwegt and electrically con-
ducting, causes a dynamo to be established which maintaenstitong magnetic field of
the star. Diterential rotation and magnetic braking quickly slow the@#down to the 5
- 10 s range (Thompson and Duncan, 1993). Magnefiagion and dissipation heat the

neutron star surface, which radiates X-rays. The X-ragla8 always present, regardless
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Figure 7.10: Stresses applied to the solid crust of a magfreta the intense magnetic
field creates a twisted dipole magnetic field, generatingiXemission. The twist angle
between the northern and southern hemisphesabig s = 2rad. Dashed lines indicate
the part of the field lines behind the neutron s@uedit: (Thompson et al., 2002)
of the bursting activity, SO magnetars are quiescent X-oayces. In addition, increased
dissipation at the poles creates hot spots on the surfadeg pariodic component whose
amplitude is~10% of the total is superimposed. Thus magnetars are quiggriodic
X-ray sources.

Localised cracking of the crust cannot relieve all the strgkich the magnetic field
exerts on the surface, and it continues to build for decaBles built-up stress eventually
ruptures the surface of the star profoundly, resulting imeatflare. Magnetic field lines

accelerate electrons and positrons, filling the magnetrgphith a hot pair plasma. The

initial spike in the giant flare is radiation from the entireagmetosphere (a field of B
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> 104G is required to contain the pair plasma). Feminute long, periodic component
of the flare comes from hot spots on the surface of the neutaon s

The most direct evidence for the link between SGRs and magnss the discovery
of pulsations in the persistent X-ray flux of SGR 1806-20 hvétperiod of 7.47 s (Kou-
veliotou et al., 1998). These pulsations are most likelyseduby bright and dim zones
on the surface of a neutron star and in its surrounding magpkere rotating in and out
of our view. This pulsar was found to have a large spin-dowa od 2.6x 103syr?
due to magnetic dipole emission. From this, the age of thegouwnd dipolar magnetic
field strength were calculated to be,500 years and 810G, respectively (Kouve-
liotou et al., 1998), in agreement with predictions of thegmetar model. These findings
were reinforced when SGR 19604 became active again in June 1998 after a long period
of quiescence. Rossi X-Ray Timing Explorer (RXTE) observatiohthe source during
the episodes confirmed the pulsation period of 5.16 s and@lsa a secular spin-down
of the pulse period at an average rate ofX10°s s (Kouveliotou et al., 1999). This
spin-down rate was also attributed to magnetic dipole tamtiaand allowed an estimate of
the pulsar dipolar magnetic field, calculated to be X-1®** G. These findings proved the
existence of magnetars, confirmed the theory that SGRs aneatzag and supported sug-
gestions that SGR bursts are caused by neutron star ‘cakaguproduced by magnetic

stresses.

7.5 SWIFT J195509+ 261406

Following the initial detection of SWIFT J1955@261406 as a single ‘GRB’ lasting
about 4.6 s and its bizarre X-ray counterpart, a multi-wawvgth observing campaign
was mounted. Startingl min after the burst trigger time and continuing-ta yr, the
data set includes: Radio observations from RATAN-600 and 1&f&eisberg; Millimetre
observations from Plateau de Bure and IRAM; NIR imaging fro&n8.VLT (including
AO); optical data from Watcher, 0.3m BOOTES-2, 1.5m OSN, m3ALS, 6.0m BTA
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and 8.2 m VLT; X-ray data fronswifyXRT and XMM-Newton. Fig. 7.11 shows a colour
composite optical image of the field taken by the 1.5 m OSNstelpe.

The durations of the flares from SWIFT J19550261406 ranged from tens of sec-
onds to a few minutes and flux amplitudes ranged up to aboutif@®3 the ‘outburst’
baseline flux (or> 10* times the quiescent state). After 13 June, the activity yieta
abruptly and no further flares were seen until 22 June, whexteatime, lower bright-
ness flare was detected in the near-infrared using the 8.2ryn \ge Telescope. A
late-time observation by the XMM-Newton spacecraft73 days after the burst failed
to detect the source, imposing an upper limib{3on any underlying X-ray flux of
Lx < 3.1 x 10**ergcnts? (0.2 - 10keV). The'’CO(J = 1 - 0) spectrum observed
in the direction of SWIFT J195500261406 reveals a molecular cloud (MC) in the range
+25kms?t and+30kms?, inferring a lower limit to the kinematic distance to tBevift

source of 3.7 kpc.

7.5.1 Optical and X-ray Observations

Fig. 7.12 shows the optical and X-ray data taken of SWIFT J295261406 from June
to November 2007. Both light curves show there was strongigcturing the first three
days, reaching a maximum around one day after the ‘GRB’ andugiyddecaying after
the third day until the source became undetectable. The/Xivaervations made [wift
do not overlap with the times of any of the recorded opticaé8aHowever, observations
in both X-ray and optical agree that the strongest flarinyié¢bccurred around one day
after they-ray event. A short{30s) powerful X-ray flare, in which the flux increased by
a factor ofA f/f = 100 on a time-scale aft/t ~ 104, was followed by several optical
flares of similar amplitude. The X-ray data beginning one dfigr the giant flare event
(excluding minor flaring-like activity) can be fitted by a pemlaw decayF o t* with

a = —0.75+ 0.25, consistent with the values seen in the decline phasesaritbmalous
X-ray pulsar XTE J1810-197 (Ibrahim et al., 2004) and thesrant magnetar SGR 1627-
41 (Mereghetti et al., 2006).
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Figure 7.11: Colour composite made from V, Rc and Ic band ingagih SWIFT
J195509+ 261406 at the 1.5m OSN telescope (labelled as OT for optiaatient. Cal-
ibration stars used for the photometry, numbered from 1 toQ@dit: (Castro-Tirado
et al., 2008)

The baseline X-ray luminosity of SWIFT J19556261406 during the first 8,000 s
that followed the initialy-ray spike was~1.2x 10°**(D/5kpd? erg s! whereas the qui-
escent X-ray luminosity was 9.0 x 10°*(D/5kpg?ergs? (0.2 - 10keV) at the late-
time X-ray observation after173 days. The quiescent X-ray luminosity is significantly

smaller than the values e# x 10*3erg s* and~1.3x 10**erg s* derived for SGR 1627-

41 and some anomalous X-ray pulsars, respectively.

7.5.2 Watcher Data

Watcher automatically began observations of SWIFT J1955881406 at 20:53:31 UT,
53.5s after theSwifyBAT detection and continued observing the target througtioa

two nights that followed. The calibration of the Watcher espres was done using two
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Figure 7.12: Optical and X-ray light curves of SWIFT J195561406 (June - Novem-
ber 2007). (a) Optical detections (Ic-band magnitudegdidircles, with 1 error bars)
are shown together with@ upper limits (triangles). (bpwift X-ray data (0.2 - 10keV,
filled circles, with 1o~ error bars) together with the late-timer3limit obtained with
XMM-Newton (triangle).Credit: (Castro-Tirado et al., 2008)

reference stars at the following coordinates (J2000): AtarR.A.= 19:55:07.77, Dee:
+26:16:34.6, withR, = 12.14 andl; = 11.13 and star B at R.A.19:55:28.016, Dee.
+26:13:49.94, witlR, = 13.88 and; = 12.84. In order to compare with observations by
other telescopes, mostly obtained in téand, and taking into account the red colour
of the source, the unfiltered frames were calibrated ukimgference stars. Initially no
optical transient was discovered, but later several briignting episodes were detected.
In total Watcher detected 4 flares not seen by other telesodpeng the night of June
11th (Fig. 7.13). Four other detections are only marginsitiyificant. The brightest flare

detected by Watcher exhibited an increase in brightness fr@low the detection limit of
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Figure 7.13: Bright flares from SWIFT J19556261406 detected by Watcher on 11th
and 12th June 2007. Upper limits vary depending on time dithgeeing quality etc. A
gap in the data exists for2 hrs about midnight due to Watcher automatically respandin
to another GRB alert.

~18 mag to 14.7 mag within a timescale of 2 minutes. The imageékan examined for
cosmic rays and other possible defects and no evidence wad fbat the detection is not

genuine. The full Watcher data is shown in Tables 7.2 and 7.3.

7.5.3 Discussion

The unusual properties of this newly discovered source ntakéicult to classify. One
possibility is that the source is a ‘bursting pulsar’, semifto GRO J1744-28 (Kouveliotou
et al., 1996). HoweverSwiffBAT did not record any othey-ray burst from SWIFT
J195509+ 261406 after the initial one.

A second possibility is based on the proposed similarityhtilack hole candidate
V4641 Sgr (Markwardt et al., 2007; Revnivtsev et al., 2002hisTblack hole, orbiting
an intermediate-mass companion (a B9 subgiant), was swghastthe first member of

the ‘fast X-ray novae’ group (Uemura et al., 2002), and it b@sn proposed that SWIFT
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J195509+ 261406 is a member of this class (Kasliwal et al., 2008). H®wreseveral
lines of evidence indicate otherwise. First, the lack oftfar detections of the baseline
(non-flaring) flux during the outburst phaseyatay (SwifyBAT), millimetre (during the
outburst,<0.6 mJy, 3r) and centimetre wavelengths (Kasliwal et al., 2008) (dytime
decline phase<0.09 mJy, 3r) implies a diterent physical mechanism, because consid-
erabley-ray and radio emission (the latter arising from a collindajet) was recorded
at the time of the V4641 Sgr outbursts (Hjellming et al., 2008s shown in Fig. 7.14,
there is no evidence for an underlying supernova remnannhuaissive star cluster. Four
anomalous X-ray pulsars have been detected at near-idfrareclengthsbut noH-band
counterpart of any SGR is known. SGR 1806-20, which is hidgemore than 30 mag of
visual extinction, was only seen in tikeband when it was in an active state (Israel et al.,
2005). The other three known SGRs have no near-infrared equarts. The near-infrared
limit imposed on the quiescent counterpart of SWIFT J1955R61406 (H> 23; that is,
My > 8.1 assumind =~ 5kpc ande(B-V) = 1.9+ 0.6 towards the source) constrains the
spectral type of any companion to be a main-sequence starspéctral type later than
M5V (that is< 0.12 M,Dahn et al. (2002)) unless the donor was a hydrogen-poori{sem
degenerate star in an ultra-compact X-ray binary with aflperiod less than 1 hr (in't
Zand et al., 2007).

Another method of explaining both the observed baselinedhdthe flaring episodes
in X-ray and optical wavelengths is an ultra-compact lonssnA-ray binary with blobs
of homogeneous synchrotron-emitting plasma of si2®’ cm and magnetic fields of
strength~1C G. This third scheme allows such blobs to be found in a magg@ttorona
which is an extended region of low-density, X-ray irradéhteaterial above and below
the accretion disk (Merloni et al., 2000) or a wind, ratharthn the outer regions of a
collimated jet. Thus, SWIFT J19558261406 could be part of such a system.

The final possibility is that th&wiftsource is an isolated compact object that is a new

magnetar in our Galaxy, which displays activity like thatao$ofty-ray repeater in the

McGill Pulsar Group SGRAXP online catalogue. httpwww.physics.mcgill.capulsaymagnetar
main.html
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Figure 7.14: Deep, late observations of the SWIFT J1955881406 field. (a) Deep
I.-band image obtained with the 6.0 m Big Telescope Altazimughsing SCORPIO)
on 12 October 2007. (b) Ded-band image obtained on 30 September 2007 with the
8.2m Very Large Telescope (using NACO) using laser guideadaptive optics. Both
images show that the source has disappeared. The locatiSMfG-T J195509- 261406

is marked with a circle (error radius of 0.26”). The limitingagnitudes aré. > 23.5 and

H > 23.0.Credit: (Castro-Tirado et al., 2008)

optical and from which only one hard burst was recordeg-mys, near the onset of its
bursting activity. If this is the case, SWIFT J19550261406 is the first SGR detected
at optical wavelengths. This is supported by the burst camatand the timing properties
of the flares (Stefanescu et al., 2008). Fig. 7.15 shows thgnituale distribution of
the optical flares detected in thgband. The flare fluxes are found to be log-normally
distributed similar to the high-energy flares of SGR 1806{a0rley et al., 1995) and
SGR 1900814 (Gogus et al., 1999). The observed data are well fitted by a ttedca

normal distribution (solid line) with
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Figure 7.15: Log-normal distribution of flare fluxes for SWIBT95509+ 261406. The
magnitude distribution of the optical flares detected inltieand is shown. Using all.-
band detections of the source, the flare fluxes are found togadrmally distributed as
seen in the high-energy flares of SGR 1806-20 and SGRABO0supporting the claim
that SWIFT J195509 261406 is a new SGR, although this is not conclusi@redit:
(Castro-Tirado et al., 2008)

A 2xx)?

e v (7.4)
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whereN is the number of flares in a one-magnitude biris the magnitudex, is the

N =

centre of the distributionw is the width andA is the amplitude. The fit is moderately
acceptable withy? = 497 for 35 degrees of freedom, and parameters= 20.80 +
0.61 magw = 2.96 + 0.76 mag andA = 64.5 + 227 The truncation of the distribution is

a natural result of the limiting magnitude of the observagioln addition, intermediate-
duration bursts+1 - 30 s) recorded from SGR 19804 show two events, at7 kpc and
lasting about 1s, displaying unusual hard power-law spesimilar and comparable in
energy,E = (6.5 - 11) x 10*¥erg (Woods et al., 1999a), to GRB 070610, the burst of
y-rays associated with SWIFT J195509261406 E = 1.9 x 10°(D/5kpd? erg) (Tueller
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et al., 2007). Thus, both the initigtray burst duration and the log-normal distribution of
the optical flares strengthen the association ofSwt source with a magnetar, although
the lack of detected persistent X-ray pulses (which wodtmhatietermination of the spin
period derivative and thus the magnetic field) currentlywengs the possibility of proving

the existence of an extreme magnetic field typical of magadta this source.

7.6 Conclusion

A deeper X-ray observation together with a detailed studfutifre activity periods of
SWIFT J195509 261406, including simultaneous X-yayptical monitoring, could shed
light onto its nature and discern whether the source is aa-alimpact low-mass X-ray
binary or an isolated neutron star displaying a new maifest of magnetar activity.
In the latter case, it would represent a link between ‘ptrais SGRAXPs (with Ly <
(2-4)x 10®ergs! and~(0.2 - 5) x 10°°erg s* respectively) and dim isolated neutron
stars (withLx < (2 - 20) x 10*°erg s?) (Treves et al., 2000), and would be one of a few

hundred Galactic magnetars to become active in theyiEtyears (Muno et al., 2008).
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JuneD;(t)((aﬁ UT Filter E(XSF; Mag Date Filter Exp Mag
11.839213 C 120 16.1 June 2007 UT )
: > 16.

11.897882 C 120 >18.6
11.844942 C 120 >16.9

11.899294 C 120 >18.8
11.846366 C 120 >17.2

11.900718 C 120 >18.6
11.847789 C 120 >17.4

11.902153 C 120 >18.7
11.849213 C 120 >17.3

11.903576 C 120 >19.0
11.850637 C 120 >17.7

11.905000 C 120 >18.7
11.852049 C 120 >17.4

11.906412 C 120 >18.6
11.853495 C 120 >17.8

11.907836 C 120 >185
11.854942 C 120 >17.7

11.909259 C 120 >18.7
11.856400 C 120 >17.8

11.910718 C 120 >18.7
11.857870 C 120 >17.6

11.918356 C 120 >18.7
11.859271 C 120 >17.8

11.919769 C 120 >18.0
11.860683 C 120 >17.8

11.921181 C 120 >18.6
11.862106 C 120 >17.9

11.922616 C 120 17.860.18
11.863530 C 120 >18.0

11.924086 C 120 >18.6
11.864942 C 120 >18.1

11.925498 C 120 >18.6
11.866400 C 120 >18.1

11.926910 C 120 >18.9
11.867824 C 120 >18.1

11.928333 C 120 18.480.26
11.869248 C 120 >18.1

11.929757 C 120 >18.9
11.870671 C 120 >18.4

11.931169 C 120 17.260.12
11.872095 C 120 >18.4

11.932593 C 120 >184
11.873507 C 120 >18.2

11.934016 C 120 >19.0
11.874942 C 120 14.790.03

11.935486 C 120 >18.7
11.876366 C 120 >18.4

11.936944 C 120 >19.0
11.877836 C 120 >18.5

11.938426 C 120 >18.7
11.879294 C 120 >18.4

11.939873 C 120 >19.0
11.880706 C 120 >18.1

11.941296 C 120 >19.0
11.882130 C 120 >18.0

11.942720 C 120 18.820.26
11.883553 C 120 >18.3

11.944132 C 120 17.380.09
11.884965 C 120 >18.3

11.945556 C 120 18.44£0.20
11.886389 C 120 >18.5

11.946979 C 120 >18.8
11.887847 C 120 >18.4

11.948426 C 120 >18.8
11.889306 C 120 >18.7

11.949838 C 120 >18.8
11.890775 C 120 >18.6

11.951262 C 120 >18.9
11.892188 C 120 >18.5

11.952685 C 120 >18.6
11.893611 C 120 >18.3

11.954109 C 120 >18.7
11.895023 C 120 >185 11955532 c 120 > 184
11.896458 C 120 >18.9

Table 7.2: Watcher photometric data of the optical coumterpof SWIFT
J195509+ 261406 for the night of June 11th.
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Date Filter Exp Mag

Date Filter Exp Mag
‘]uaneOZiB(zSOl?l;SJ - C 1(2) 17.7 June 2007 T &)
. > 17.
12.132558 C 120 > 18.7
12.086528 C 120 >18.6
12.134016 C 120 > 18.8
12.087975 C 120 >18.9
12.135428 C 120 > 19.1
12.089433 C 120 >184
12.136852 C 120 > 19.0
12.090891 C 120 >18.8
12.138275 C 120 >18.9
12.092373 C 120 >191
12.139688 C 120 > 18.6
12.093831 C 120 >18.9
12.141111 C 120 > 18.7
12.095289 C 120 >18.9
12.142558 C 120 > 18.9
12.096725 C 120 >18.7
12.144016 C 120 > 18.7
12.098206 C 120 >18.9
12.145475 C 120 > 18.9
12.099664 C 120 >18.9
12.146944 C 120 > 18.8
12.101123 C 120 >18.7
12.148391 C 120 > 18.7
12.102569 C 120 >18.8
12.149850 C 120 > 18.8
12.104005 C 120 >18.8
12.151319 C 120 > 18.8
12.105440 C 120 >185
12.152778 C 120 > 18.6
12.106863 C 120 >18.7
12.154236 C 120 > 18.5
12.083704 C 120 >135
12.155671 C 120 > 18.5
12.108287 C 120 >18.6
12.157083 C 120 > 18.4
12.109711 C 120 >19.0
12.158507 C 120 > 18.6
12.111134 C 120 >18.7
12.159931 C 120 > 18.6
12.112558 C 120 >18.7
12.161354 C 120 > 18.5
12.114005 C 120 >18.6
12.162778 C 120 > 18.8
12.115417 C 120 >18.8
12.164213 C 120 > 18.6
12.116840 C 120 >18.8
12.165648 C 120 > 18.2
12.118264 C 120 17.7#0.14
12.167118 C 120 >18.1
12.119676 C 120 >18.7
12.168530 C 120 > 18.4
12.121100 C 120 >19.0
12.169954 C 120 > 17.8
12.122535 C 120 >18.7
12.171377 C 120 > 18.3
12.123947 C 120 >18.8
12.172789 C 120 > 18.0
12.125370 C 120 >18.8
12.174225 C 120 > 17.9
12.126794 C 120 >18.7
12.175648 C 120 >17.9
12.128206 C 120 >18.9
12.177060 C 120 > 17.6
12.129641 C 120 >18.9 12 178484 c 120 > 17.3
12.131111 C 120 >18.9

Table 7.3: Watcher photometric data of the optical coumterpof SWIFT
J195509+ 261406 for the night of June 12th.

167



Chapter 8

Conclusions & Future Work

8.1 Conclusions

Watcher is a robotic optical telescope system capable ofiogrout unmanned long-
term observation plans as well as automated rapid follovelgervations of transient
events, such as GRBs. It was developed on a small budget witiedirmanpower, and
made use of existing commercially available hardware aitideg the open-source robotic
observatory management software RTS2.

The system has been operating fully robotically since Ma&62@nd routinely carries
out early observations of GRB error boxes on timescales af ééiseconds to minutes.
The system has detected 6 optical transients, three of wiech observed while the GRB
was still active iny-rays, and has determined early upper limits to optical simisfor a
number of other GRBs (s&e6.1). Some of the highlights of Watcher’s observations have
been the detection of prompt optical emission from GRB 06CGGR6GRB 060904b and
the detection of multiple flaring episodes from Swift J1985®61406.

The quick software suite was developed as an automated reductiontestdrpetric
analysis pipeline for the rapid production of lightcurvesdstrophysical transient objects,
such as GRBs. It is written ihash and utilises IRAF, Octave and Gnuplot and can be

installed freely on any Linux-based system. The suite wiohed primarily for use with
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data from Watcher but can be easily adapted to accommoditdrdm any telescope. A
modular-based design was used, whereby a number of comiglexdvel ‘main’ scripts

depend on several lower-level ‘core’ scripts.

8.2 Future Work

8.2.1 Watcher

One of the areas in which Watcher has been active, other tiiR @llow-ups, is in
blazar monitoring. Combining optical data with radio andrh@nergy observations can
contribute to the understanding of the continuum emissibblazars. This emission,
which is observed to be extremely intense and to vary rapislithought to originate in
a relativistic plasma jet which is accelerated by a billiofas mass black hole. Watcher
has also been involved in the monitoring of cataclysmicaldds (CVs), in conjunction
with Simon Jé&ery of Armagh Observatory. CVs are close binaries in whichaantass
companion (a star of late spectral type) transfers matentd a compact object, which
may be a white dwarf, neutron star, or black hole. Violenbatsgts are often observed in
these systems. Multi-wavelength observations can can&ito the understanding of the
underlying processes. It is intended to expand Watcherdwement in such monitoring
campaigns in the future. Future observing campaigns cdatiaclude the search for
extrasolar planets using the ‘transit’ method (the pedaimming of a star that occurs
when a close-in planet passes in front of its parent stareasfsem Earth). Another way
in which Watcher’s productivity could be maximised is by betng part of a network of
robotic telescopes. The VOEventNet projeg3(1.6) in particular could allow Watcher
to carry out rapid follow-up observations of other transisources such as supernovae
and microlensing events.

In June 2009 the Apogee AP6e camera on Watcher was replatedmAndor iXon
EMCCD (Electron Multiplying Charged Couple Device) (Fig. 8.BMCCDs operate by

amplifying weak signal events (down to single photons) tmaa level that is well clear
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8.2.1 Watcher

of the read noise floor of the camera, at any readout speedoriamply, this ‘on-chip’
amplification process is realized without sacrificing the@toin collection capability of
the sensor, with back-illuminated sensoffeang up to 95% quantuntiéciency. Unlike a
conventional CCD, an EMCCD is not limited by the readout nois@éefdutput amplifier,
even when operated at high readout speeds. This is achigvadding a solid state
Electron Multiplying (EM) register to the end of the normatisl register. This register
allows weak signals to be multiplied before any readoutendgssadded by the output
amplifier, hence rendering the read noise negligible. TheCEM also makes use of
a frame transfer system, whereby the data is quickly traedfeo a storage area before
being read i the chip (Fig. 8.1). This allows the EMCCD to move on to the nepiosure

very quickly, increasing the duty cycle of the telescope.

Image capture area

starage area

output
amplifier
High voltage electron

multiplylng reglstar

seral shift register

Figure 8.1: (a) The Andor iXon EMCCD. (b) Electrons are transig from the image
capture area to the storage area and are then transferraiygarough the gain stages
making up the multiplication register of an EMCCOredit: www.andor.com

The next upgrade for Watcher would most likely be a largerssbpe and mount. The
NTM-500 (Fig. 8.2(a)), produced by Astelco Systénisa german equatorial mount with
a load capacity of 90 kg (plus counter weights), a maximum slewing speedI6f? s*
and pointing accuracy of 5" RMS. It is designed for robotic use and supports a wide
range of software, with drivers available for both Windowsld.inux. It is ideal for

use with a larger 60 cm telescope, such as the light-weightsi@ial Cassegrain models

lwww.astelco.com
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8.2.2 Automated Reduction & Analysis Software & RTS2

provided by Astelco Systems (Fig. 8.2(b)). A system sucthaswould increase GRB
response times, allow Watcher to probe to deeper magnitagscombined with the

EMCCD, increase temporal resolution.

Figure 8.2: (a) The Astelco NTM-500. (b) The Astelco CladsiCassegrain 60 cm tele-
scope, as seen on Bootes-3 located in New Zeal@retlit: www.astelco.com

8.2.2 Automated Reduction & Analysis Software & RTS2

Currently the main area of human involvement in the Watchersine operations is the
reduction and analysis of data. Part of this process is@raatomated: object frames are
sent to a processing queue as soon as they are taken, andasnedst fit is performed
on them using th@ast program, part of th@d IBARO package (de Ugarte Postigo et al.,
2005), which utilisesExtractor (Bertin and Arnouts, 1996). Astrometric data is then
stored in the database as image metadata, and positiomattons, if necessary, are
fed back to the mount control program. Thaick suite currently reduces the level of
human involvement in the reduction and analysis stages tm@mam. The next step is
to fully integrate this process into RTS2, whereby the systeuld intelligently create
master calibration frames, reduce the raw image frames enfidrpn accurate photometry
on specific targets of interest within the images. This waukshtly improve the speed of

analysis and aid in the production of GCNs.
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Development of RTS2 is ongoing, with additional featured anpport for new de-
vices being added regularly. One key improvement whichasmhed is the addition of a
merit function in the scheduler which will favour targetatlare in the vicinity of the cur-
rentSwift pointing, thereby improving follow-up times to GRB alertsigeated bySwift
Much of the present development work is focused on the dpuedmt of a web-based
GUI for managing observations in order to improve the sy&earser-friendliness. An
increasing number of groups are planning to develop roleksscope systems based on

RTS2.

8.2.3 Education & Outreach

A small robotic telescope can provide a valuable practiteghent to undergraduate as-
tronomy studies (Percy, 2003). The UCD School of Physics éesntly established an
undergraduate degree programme in Physics with AstronardySpace Science. The
course has a substantial emphasis on hands—on experieasganomical techniques,
which will include planning observations with Watcher amalysing the resulting data.
It is also intended that Watcher will contribute to the vecyinae and expanding outreach

programme at Boyden Observatory.

8.2.4 The Future Role of Robotic Telescopes in GRB Astronomy

Robotic optical telescopes are particularly well suitedhte study of GRBs. The un-
predictable and transient nature of these events precthdescheduling of observations
and demands automated responses on the shortest possilsctiles. Smallk({ 1 m)
telescopes are sensitive enough to detect the optical iemissmany cases, particularly
since they can carry out observations at very early timeswameoptical counterpart will
be at its brightest. The enhanced quality of observatiortherSwift era has revealed
unexpected complexity and variety in the optical behaviuGRBs, and has allowed

the early-time regime to be explored in greater detail thas previously possible. The
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complexity of optical light curves in th8wiftera and the unexpectedly large fraction of

bursts for which no optical counterpart has been detectsdsaew questions which will

require a large sample of well-observed bursts to address.

-

Figure 8.3: The Watcher Robotic Telescope including the Aindion EMCCD - Summer
2009.Credit: Riccardo Felletti
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Appendix B

The quick Code

All codes are located ithoméggmeladyappgbin on the SSAMR lab network.

Main Scripts

quick phot

#!/bin/bash

#

# quick phot updated script using quickore scripts (quickphot.core,
quick_calc_core)

# header to be updated

#

# Gary Melady 2205-08

#

# 18-06-09: Removed "exposure” from the titles of output files

# Removed instrumental magnitude output filesno longer
needed

#

# Initial setup

# Threshold sigma level value.

# If the detection level is below this value,

# the script will calculate the limiting magnitude of the iga

thresholdsigma=2

# Make sure there is an input list of targets

roi=‘ls =.roi | head -1' 2>/dev/null

if [ ! $roi ]

then

echo "Need a region of interest file in x.roi containing TO and
coordinates of target”
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25

27

29

31

33

35

37

39

41

43

45

47

49

51

53

55

57

59

61

63

65

67

69

71

73

75

exit
fi

# Get TO from targets file
TO.temp=‘grep TO $roi"

# Check if there is a TO in the file

if [ ! $TO_temp ]

then
echo "Cannot find TO in $roi,
event”
exit
else
TO=${TO,temp#*=}
echo $TO>TO
fi
# Get some info for header

please input initial time of

#(Will only work properly if all images in directory are for asne

object, filter & exposure)
img=‘ls . fits|head -1°

# Check if there are any images
if [ ! $img ]
then
echo "Cannot find any fits
exit
fi

title_fil =‘gethead $img FILTER'
target‘gethead $img OBJECT®

images, exiting”

title _target=‘gethead $img OBJECTawk
#title_exp=‘gethead $img EXPOSURE'

"{print $1.%$2}"°

# Create temp file for heading of magnitude and sn files later

printf "#$title_target\n#Filter=$title_fil \n#JD T=-TO0 EXP MAG MAGERR S

N SIGMA\n” > header

printf "#S$title_target\n#Filter=%title_fil \n#JD TT0O EXP CATMAG
INST.MAG INST_-MAG_ERR S/N SIGMA\n” > lim_header

printf "Performing aperture photometry on:

for img in $x

do
printf "\n - $img”
imgroot=‘fileroot $img"

# Time i

# Calculate FTO
JD=‘gethead $img JD*

nfo

EXPOSURE‘gethead $img EXPOSURE’
printf "$JD $EXPOSUREN” > time_temp

# Call to quicktime_core to calculate FTO
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quick_time_core
77
# Check if it worked
79 if [ ! —e curr.img_time ]
then
81 echo "quick_time_core failed , exiting”
continue
83 fi
85 mv currimg_time $imgroot.time
87| # Photometry
89 # Calculate optimal aperture
quick_ape $img
91 ape=‘awk '{print $1}' $imgroot.apeopt"
93 # Get the coordinates of the targets from the target file
# and convert it to xy coords for each frame
95 rm $imgroot.coor 2/dev/null
97 cat $roi $imgroot.refstar| grep '“["#]' | while read n ra dec
mag
do
99 sky2xy $img $ra $dec|] awk '{print $5,%6}' >> $imgroot
.coor
done
101
# Call to quickphot.core to do the photometry on current image
103 quick phot.core $img $ape
105 # Check if it worked
107 #if [ $? —-ne 0 ]
#then
109 # echo "quick phot.core failed, exiting”
# continue
111 #1i
113 # Rename file so octave can read it later
cp $imgroot.mag.2 currimg_info
115
# 1st Check for Limiting Magnitude——————
117
# If the target was not detected at all calculate the limiting
magnitude of the frame
119
if [ ‘head -1 $imgroot.mag.2| awk '{print $1}'‘ = INDEF ]
121 then
printf " — No detection\n - Calculating limiting
magnitude”
123
# Delete currimg_info generated by quickohot.core
125 # Clean up files from previous runs of quickhot
rm $imgroot.mag curr_.img_info 2>/dev/null
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127

129

131

133

135

137

139

141

143

145

147

149

151

153

155

157

159

161

163

165

167

169

171

173

175

177

fi

# Call to quicklim_mag6 to calculate the limiting
magnitude
quicklim_mag6 $img

# Check if it worked
if [ —-s lim_mag ]

then
cat lim_mag >> lim_mag. dat
rm lim_mag
printf "Done ”
continue
else
echo ” quick_lim_mag6 failed , exiting”

continue
fi

— Calculate apparent magnitudes——————

ect was detected continue with photometry

# Get catalog magnitude values for reference stars from nafrs

"#]' $imgroot.refstar | while read n ra dec mag

echo $mag >> cat.mag

# 1f obj
file

grep [

do

done

# Call t

0 quickaphotcore to do the apparent photometry

#cat curr.img_info
quickaphotcore

# Check
if [ $?
then

fi

if it worked
-ne 0 ]

echo "quick_aphotcore failed”
continue

mv curr.img_app $imgroot.app 2/dev/null

rm catm
# Call t
leve

ag
— Calculate confidence levels———————

0 quickconfidencecore to calculate the gn and sigma
I's

quick_confidencecore

# Check
if [ $?
then

if it worked
-ne 0 ]

echo "quick_confidencecore failed”
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continue
fi

mv curr_.img_sn $imgroot.sn 2/dev/null

————————— Limiting Magnitude Again

# If the sigma level of the source is below a threshold value,
get the limiting magnitude of the image
head-nl $imgroot.sn| while read SN SIG

do
SIGMA="printf %.0f $SIG"
if [ $SIGMA —-le $thresholdsigma ]
then
printf 7 — Detection below threshold\n -
Calculating limiting magnitude”
# Delete currimg_.info quick phot.core
rm $imgroot.mag curr_.img_info 2>/dev/null
# Call to quicklim_mag6 to calculate the
l[imiting magnitude
quick_lim_mag6 $img
fi
done

# Check if it worked

if [ -s lim_mag ]

then
cat lim_mag >> lim_mag. dat
rm lim_mag
printf "Done
continue

fi

Clean up

# Append all info to appropriate files
#Apparent photomtery:
if [ —e $imgroot.app ]

then
echo "*sed -n 1p $imgroot.time* ‘sed-n 1p $imgroot.app
‘ ‘sed -n 1p $imgroot.sn‘'">> app_phot
fi
# Instrumental photometry
i=1
j=‘cat $imgroot.mag.2 2/dev/null | wc —I"*
while [ $i -le $j ]

do

echo "‘sed -n 1p $imgroot.time‘ ‘sed-n "$i"p $imgroot.
mag.2 | awk ’'{print $1,$2'‘ ‘sed -n "$i"p $imgroot
.sn‘” >> inst_phot.$i

i=‘expr $i + 1°
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done

printf ”"Done
done
# Add headers to output files

# Apparent Photometry
if [ —e appphot ]

then
cat header appphot | column -t > apparentmagnitude”
$title_target” " $title _fil”
#else
# printf "\nNo apparent magnitude file found”
fi

# Limiting magnitudes
if [ —e lim_mag.dat ]

then
cat lim_header limmag.dat | column -t > limiting_magnitude”
$title_target” " $title _fil”
#else
# printf "\nNo limiting magnitude file found”
fi

rm currimg_x 2>/dev/null

rm =.COOr =.pPerror =.sn =.app =.time =.ubl x.apeopt 2>/dev/null
rm header lim= TO uparm« catmag tim« app.x inst_x 2>/dev/null
rm =.mag: 2>/dev/null

# Plot the results
if [ —e apparentmagnitude”$title _target” . "$title _fil” ] & [ -e
limiting_magnitude” $title _target” " $title _fil” ]
then
gquick plot_object lim_sn

elif [ —e apparentmagnitude” $title_target” " $title _fil” ]
then
quick plot_.sn apparentmagnitude” $title _target” " $title _fil”

elif [ —e limiting_magnitude”$title _target” "$title fil” ]
then

gquick plot_.lim_sn limiting.magnitude” $title _target”
$title_fil”

fi

printf "\nDone \n”
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quick reduce

#!/bin/bash

#

# Program to do a quick grb images reduction using iraf.

# Place images in directory "images”

# Place darks in directory "darks”

# Place flats in directory "flats”

# Check darkgflats for problems (e.g. very high counts) using imstat.

# Run program from directory above those created.

#

# Program requirements: fitsname.sh, iraf

#

# Summary:

# — Combines darks into master darks based on exposure.

# — Subtracts master darks from all target images based on expes

# — Flat fields all target images based on filter.

#

# Gary Melady June 2007

#

# 21-06-07 Changed from "imcombine” to "darkcombine” to create mast
darks.

# 21-06-07 Changed from "imarith” to "ccdproc” to dark subtract objet
images .

# 21-06-07 Added flat field processing (flatcombine and ccdproc)

# 04-08-07 Fixed flat fielding in reduction

# 12-12-07 Fixed iraf problem in ubuntu (iraf hates tabs for some
reason)

# 31-01-08 Added sorting of reduced images by filter

# 01-02-08 Added way to remove bad darks (i.e. mean pixel counts above
some threshold)

# 23-02-08 Changed from fitsname.sh to quigckame (much faster)

# Completely removed ability to do dark
subtraction only if no flats are found

# 08-04-08 Added trimming and bad pixel mask to all images

#

#

# Combine the darks to form master darks for each exposuregtén

# For grb’s exposures are 10s, 30s, 60s and 120s.

dir="pwd"

dark=‘pwd‘/darks
flat="pwd‘/ flats
image=‘pwd‘/images

# To change/ add exposures/filters do it here
exposure”l 5 10 20 30 60 120"

filter="B VR | C”

# Threshold settings for deciding what’'s a good dark flat
dark lim =500 # upper limit for mean pixel value of darks
flat_Iim =500 # lower limit for mean pixel value of flats

# Bad pixel mask
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#echo "Starting image reduction”
echo ” Darks "

# Test to see if darks directory exists
if [ -d $dark ]

then
cd $dark
# Test for anomalous (high value) darks and move to trash ifamés
above $darklim
if [ -d trash ]
then
echo "Quality of darks already tested”
else
printf "Testing quality of darks”
quick_.imstat =. fits &>/dev/null
grep '"["#]' imstat.dat | while read image npix mean stdev
min max
do
meank${ mean %}
printf ”.”
if [ $meanl-ge $darklim ]
then
mkdir trash &>/dev/null
printf "\n — Mean value of $image= $mean> $dark.lim -
moving to $darktrash”
mv $image trash
fi
done
printf "Done\n”
fi
# Test if we need to rename the darks
Is *T«.fits > dnam.dat 2/dev/null
if [ —s dnam.dat ]
then
echo "Darks already renamed”
else
#echo "Renaming darks”
quick_.name x. fits #&>/dev/null
fi
rm dnam. dat
# Trim the images (top 4 rows, right most column)
# Fix the bad pixels (as described in badpixmask.dat above)
# Test if darks need to be trimmed
Is tbpx.fits > dtbp.dat 2-/dev/null
if [ —s dtbp.dat ]
then
echo "Darks already trimmed”
else
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echo "Trimming the darks...”
Is «.fits > list.dat 2>/dev/null

ccdproc @list.dat outpwH’'tbp_@Ilist.dat” ccdtype

fixpix — oversca trim+ zerocor- darkcor- flatcor—
trimsec="[1:1023,1:1020]"

| ecl | grep ERROR

rm list.dat dtbp.dat logfile up 2>/dev/null

echo "$exp s master dark already exists”

x="ls tbpx_"$exp”. fits 2>/dev/null |head -1

echo "Creating master $exp s dark...”

darkcombine @dark$exp’'.dat output”mdark. '$exp’. fits”
="median” reject"crreject” process gain="8.0"

echo 'noao
imred
ccdred
unlearn ccdproc
logout’
fi
mkdir originals 2/dev/nul
mv darks«. fits originals 2>/dev/null
# Combine darks using iraf darkcombine
for exp in $exposure
do
if [ —e mdark”$exp”. fits ]
then
else
I.I: [ _e H$X” ]
then
Is thp«_"$exp”. fits > dark "$exp”. dat
echo 'noao
imred
ccdred
unlearn darkcombine
logout’ | ecl | grep ERROR
# Clean up
rm $dark/ «. dat
#else
#echo "Cannot find any $exp s darks”
fi
fi
done
cd $dir
else
echo "Cannot find ’'darks’ directory”
echo "Exiting”
exit
fi

# Combine flats to form master flats based on filter

# Filters are $filter

but for grb’s it’'s usually C.
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echo ” Flats "

# Test to see if flats directory exists
# TO DO get mkskycor working to eliminate illumination graedit
if [ -d $flat ]
then
cd $flat

# Test for anomalous (low value) flats and move to trash if
mean is below $flatlim
if [ -=d trash ]
then
echo "Quality of flats already tested”
else
printf "Testing quality of flats”
quickimstat =.fits &>/dev/null

grep '"["#] imstat.dat | while read image npix mean stdev
min max
do
meant${mean %}
printf 7.”
if [ $meanl-le $flat_lim ]
then
mkdir trash &/dev/null
printf "\n —— Mean value of $image= $mean< $flat_lim -
moving to $flat/trash”
mv $image trash
fi
done
printf "Done\n”
fi

# Test if we need to rename the flats
Is «T=«.fits > fnam.dat 2-/dev/null
if [ —s fnam.dat ]
then
echo "Flats already renamed”
else

#echo "Renaming flats”

quick_.name . fits #&>/dev/null
fi
rm fnam.dat

# Trim the images (top 4 rows, right most column)
# Fix the bad pixels (as described in badpixmask.dat above)

# Test if flats need to be trimmed
Is tbpx.fits > ftbp.dat 2>/dev/null
if [ -s ftbp.dat ]
then

echo "Flats already trimmed”
else

echo "Trimming the flats ...
Is *.fits > list.dat 2>/dev/null
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echo 'noao

imred

ccdred

unlearn ccdproc

ccdproc @list.dat output’tbp_@Ilist.dat” ccdtype”” fixpix -
oversca- trim+ zerocor- darkcor- flatcor- trimsec="
[1:1023,1:1020]"

logout’ | ecl | grep ERROR

fi

rm list.dat ftbp.dat logfile up 2>/dev/null
mkdir originals 2/dev/null
mv flats.fits originals 2>/dev/null

# Combine flats using iraf flatcombine
#echo "Creating master flats”

for fil in $filter

do
if [ —e mflat."$fil”. fits ]
then
echo "$fil band master flat already exists”
else
x="ls tbpx_"$fil".fits 2 >/dev/null |head -1
if [ -e "$x" ]
then
echo "Creating master $fil band flat...”
Is thp«_"$fil”. fits > flat_"$fil”.dat
echo 'noao
imred
ccdred
unlearn flatcombine
flatcombine @flat’ $fil '. dat output="mflat._
$fil '. fits” combine="median” reject”
crreject” process gain="8.0"
logout’ | ecl | grep ERROR
# Clean up
rm S$flat/=. dat
#else
#echo "Cannot find any $fil band flats”
fi
fi
done
cd $dir
else
echo "Cannot find ’'flats’ directory”
echo "Exiting”
exit
fi
echo ” Images "
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# Process target images
258 # Flat field and subtract master darks from images according filter
and exposure
# Test to see if images directory exists
260 if [ —-d $image ]
then
262 cd $image
x=‘ls =x.fits 2>/dev/null | head -1°
264 if [ —e "$x" ]
then
266
# Test if we need to rename the images
268 Is «T«.fits > inam.dat 2-/dev/null
if [ —s inam.dat ]
270 then
echo "Images already renamed”
272 else
#echo "Renaming images”
274 gquickname x. fits #&>/dev/null
fi
276
# Trim the images (top 4 rows, right most column)
278 # Fix the bad pixels (as described in badpixmask.dat
above)
280 # Test if images need to be trimmed
Is tbpx.fits > itbp.dat 2>/dev/null
282 if [ —s itbp.dat ]
then
284 echo "Images already trimmed”
else
286 echo "Trimming the images...”
Is *.fits > list.dat 2>/dev/null
288
echo 'noao
290 imred
ccdred
292 unlearn ccdproc
ccdproc @list.dat outpw'tbp_@list.dat”
ccdtype="" fixpix — oversca trim+ zerocor-
darkcor- flatcor— trimsec="[1:1023,1:1020]"
294 logout’ | ecl | grep ERROR
fi
296
rm list.dat itbp.dat logfile up 2>/dev/null
298 mkdir originals 2/dev/null
#mv dark«. fits originals
300
cp $dark/mdark =. fits $image
302 cp $flat/ mflat_=. fits $image
304 for fil in $filter
do
306 fla=‘ls mflat_"$fil”. fits 2 >/dev/null |head -1°
#echo "Master flat: $fla”
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else

else

fi

if [ —e "$fla” ]
then

for exp in $exposure

do
dar=‘Is mdark "$exp”. fits 2>/dev/null | head -1
#echo "Master dark: $dar”
img=‘ls =_"$fil” _"$exp”. fits 2>/dev/null |head -1

#echo "test: $img”

if [ —e "$dar” ]
then
if [ —e "$img” ]
then
echo "Performing $fil band $exp s image reduction

Is tbhp:_"$fil” _"$exp”. fits > image " $fil” _"$exp”.
dat

# Do not put ”.fits” at the end of the name of the
master flat
echo 'noao

imred

ccdred

unlearn ccdproc

ccdproc @image’ $fil * _’$exp’. dat output
fd_@image ' $fil * _'$exp’. dat fixpix— oversca

— trim- zerocor- dark="mdark_'$exp’. fits”
flat="mflat_’ $fil "
logout’ | ecl | grep ERROR

#else
#echo "No $fil band $exp s exposure images found”
fi

#else
#echo "Cannot find $exp s master dark Cannot
perform $fil band $exp s image reduction”
fi
done
#else
#echo "Cannot find $fil band master flat Cannot perform
$fil band flat fielding”
fi
done

cd $dir
echo "Cannot find any fits images in $image”

echo "Exiting”
exit
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echo "Cannot find

'images’ directory”

echo "Exiting”
exit

fi
# Move reduced images to $imageeduced
cd $image
# Remove master darks and flats
rm me.
if [ —e reduced ]
then

mv fd_«.fits reduced 2>/dev/null
else

mkdir reduced

mv fd_x.fits reduced 2>/dev/null
fi
# Keep the original unreduced files in
if [ —e originals ]
then

mv «. fits originals/
else

fi

# Organise reduced

mkdir originals
mv . fits originals/

cd $image/reduced
# Quick check on quality of all reduced
. fits > check.dat 2/dev/null

images by filter

images found,

grep _$fil >$fil.dat

Is
if [ —s check.dat ]
then
quickimstat —p =. fits
else
echo "No reduced
# Clean up
rm =.dat
cd $image
rm x.dat
exit
fi
for fil in $filter
do
for imgl in =.fits
do
echo $imgl |
# Organise by filter

if

[ -s $fil.dat ]
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410 then
mkdir $fil 2>/dev/null

412 mv $imgl $fil
fi
414, done
#cd $imagereduced
416/ done

418 # Clean up
rm x.dat
420 cd $image
rm =.dat
422
cd $dir

424 printf "\n”

echo "Original images saved to $imageriginals”
426 echo "Reduced images saved to $imageeduced”
printf ”\nDone\n”
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quick reference_star

#1/bin/bash

#

# Program to:

# — automatically select reference stars from a catalogue

# — detect the stars in all the input fits images

# — remove any stars that are not detected in all frames

# — remove the stars that are detected but have low sigma leveéldqb
thresholdsigma)

# — output list of useable reference stars in target file for useth
guick_phot

#

# Requirements:

# — quick.time_core, quickcat.core_.ref, quickphot.core,
guick_.confidencecore , quickregion

# — iraf (phot, txdump)

# — wcstools (scat, gethead, fileroot, sky2xy)

# — octave

# — coordinates of target in x.targets file (placed in currentird

#

# Gary Melady 2312-08

#

# — 17-06-09 Fixed 3 bugs:

# — changed "exit” to "continue” in success tests

# — made sure the word INDEF is removed from all files needed by
octave

# — made provision for the posibility that no suitable referemnc
stars are found

#

# For filtering by sigma level

# (The sigma threshold number must be an integer)

thresholdsigma=2

# Get input file

target‘ls x.roi|head —-1'

# Check if a roi file exists
if [ ! $target ]
then
echo "Cannot find roi file”
echo "Exiting”
exit
fi
# Get TO (Tzero) from input file
TO_temp=‘cat $target |grep TO*
# Check if there is a TO in the file
if [ ! $TO_temp ]
then
echo "Cannot find TO in $targets , please input initial time of
event”
exit
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49 else

T0=${T0,temp#*:}

51 echo $TO>TO

fi

53

# Get filter (only works if all images are the same filter in éh
current dir)

55/ imgl=‘ls =«.fits|head -1°

57/# Check if there are any images

if [ ! $imgl ]
59| then
echo "Cannot find any fits images, exiting”
61 exit
fi
63

filter =‘gethead $imgl FILTER®
65
# Get coordinates of target

67| ra="grep '"["#]' $target | grep object | awk ’{print $2}"°
dec=‘grep '"["#]' S$target | grep object | awk ’'{print $3}'"
69
# Search The Catalogue

71

printf "Searching catalogue for reference stars around RA: $ra C.DE
$dec, in filter S$filter”

73 quick.cat.core_ref $ra $dec $filter

75/# Check if it worked

if [ ! —-s refstar.dat ]
77/ then
echo "Cannot find refstar.dat, quickat.core failed”
79 echo "Exiting”
exit
81| fi

83| printf "\nPerforming aperture photometry on:”
# Do photometry on all targets in all images, calculate/ms and sigma
85/ # filter results to remove inappropriate candidates

87| for img in $=x

do
89 printf "\n - $img”
91| # Initial info
93 imgroot=‘fileroot $img"
95 # Calculate FTO
JD=‘gethead $img JD'
97 EXPOSURE ‘gethead $img EXPOSURE'
printf "$JD $EXPOSUREN” > time_temp
99
# Call to quicktime.core to calculate FTO
101 quicktime_core
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103 # Check if it worked
if [ $?2 —ne 0 ]

105 then
echo "quick_time_core failed , exiting”
107 continue
fi
109
mv curr.img_time $imgroot.time
111
# Photometry
113
# Get the coordinates of the targets from the target file
115 # and convert it to xy coords for each frame
117 grep '"[#]' refstar.dat | while read ra dec mag
do
119 sky2xy $img $ra $dec|] awk '{print $5,%6' >> $imgroot
.coor
done
121

# Call to quickphot.core to do the photometry on current image
123 gquick phot_.core $img

125 # Check if it worked
#if [ $? -ne 0 ]
127 #then
# echo "quick phot.core failed, exiting”
129 # exit
#1i
131

# Organise result into file with columns: CARA, CATDEC,
CATMAG, INSTMAG, INSTERROR

133 i=1

cat refstar.dat| while read RA DEC CATMAG
135 do

echo "$RA $DEC $CATMAG ‘sed -n "$i”"p $imgroot.mag.3awk
"{print $1,%$2"°" >> $imgroot.ref.1

137 i=‘expr $i + 1°

done
139

# Clean up file so octave can read it later remove lines that
contain the word "INDEF”

141 grep -v INDEF $imgroot.mag.2> $imgroot.mag.3
grep —-v INDEF $imgroot.ref.1> $imgroot.ref.2
143 cp $imgroot.mag.3 curimg_info
145(# 00 Calculate confidence levels————————
147 # Call to quickconfidencecore to calculate the gn and sigma
levels
quick_confidencecore
149
# Check if it worked
151 if [ $? —ne 0 ]

195



153

155

157

159

161

163

165

167

169

171

173

175

177

179

181

183

185

187

189

191

193

195

197

199

201

203

then

echo "quick_confidencecore failed, exiting”
continue
fi
mv currimg-sn $imgroot.sn
# Clean up files
# Append confidence results onto x.ref.2 file
# With cols: CATRA, CATDEC, CATIMAG, INSTMAG, INSTERROR, SN
, SIGMA
i=1
cat $imgroot.ref.2 | while read RA DEC CATMAG IMAG IERR
do
echo "$RA $DEC $CATMAG $IMAG S$IERR ‘sed -n "$i"p
$imgroot.sn‘” >> $imgroot.ref.3
i="expr $i + 1°
done
# Check if the sigma level is above the $threshaodigma
# If so, keep the star, if not delete it.
i=1
cat $imgroot.ref.3 | while read RA DEC CATMAG IMAG IERR SN SIG
do
SIGMA="'printf %.0f $SIG"
if [ $SIGMA —ge $thresholdsigma ]
then
printf "$i $RA $DEC” >> S$imgroot.refstar
printf 7 %.3f " $CATMAG >> $imgroot.refstar
printf ”"\n” >> $imgroot. refstar
i="expr $i + 1°
fi
done
# Check if any suitable reference stars were found
if [ —s $imgroot.refstar ]
then
# Create region file of reference stars
quickregion $imgroot.refstar %/dev/null
else
printf 7 — No suitable reference stars found, moving
image to trash- "
mkdir trash &-/dev/null
mv $imgroot. fits trash
fi
printf "Done”
done
# Clean up
#rm =.coor x.mag: *.time x.ref.x x.sn 2>/dev/null
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#rm refstars TO timex upx currsx
205
printf "\nDone\n"
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Core Scripts

quick_ape
#1/bin/bash

#

# Script to calculate the optimal aperture for photometry
#

# Gary Melady 26-01-09

#

# Aperture range
apemin=2.5
apemax=5.5
apestep=0.3

# Create integer counters for the while loop

# (it can’t handle floating point numbers lame)
j-temp=‘echo "($apemax — $apemin)/$apestep + 1”|bc —I*
j='printf %.0f $j_temp "

printf " .(”"
printf "Aperture optimization”

for img in $x

do
#printf "\n - $img”
imgroot=‘fileroot $img"

# Make sure there is an input list of targets
targets=$imgroot.refstar
if [ ! $targets ]
then
echo "Need a list of targets in $imgroot.refstar file”
continue
fi

# Get coordinates in xy
rm $imgroot.coor 2/dev/null
head -1 $targets | while read n ra dec mag
do
sky2xy $img $ra $dec|] awk '{print $5,%6}' >> $imgroot
.coor
done

i=1
ape=$apemin
while [ $i —-le $j ]
do
# Run photometry on the image also passing the aperture
size
quick-phot.core $img $ape

#printf " $ape
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# Save output to different file
mv $imgroot.mag.2 "$imgroot””"$ape”. ape
cp "$imgroot”_."$ape”.ape currimg_info
rm $imgroot.mag.1
# Call to quickconfidencecore to calculate the $n
and sigma levels
gquick.confidencecore
# Check if it worked
if [ $? —-ne 0 ]
then
echo "quick_confidencecore failed”
continue
fi
mv curr.img.sn "$imgroot”_"$ape”.apesn 2>/dev/null
obj=1 #Temp counter
# Organise results by object and aperture with cols:
APERTURE SN SIGMA
cat "$imgroot” _"$ape”.apesn | while read SN SIGMA
do
echo "$ape $SN $SIGMA” >> "$imgroot” _object."$obj
".ape.sn
obj="expr $obj + 1°
done
# Increment counters
ape=‘echo "$ape + $apestep”|bc -1
i=‘expr $i + 1°
done
# Select the aperture that gives the highest sigma
sort —-rk3 "$imgroot”_object "$obj”.ape.sn | head -1 > "$imgroot
".ape.opt
ape=‘awk '{print $1}’ $imgroot.apeopt"
printf "Aperture=$ape)”
#printf "Done”
done
# Clean up
rm =.ape =.apesn curr.img_info upx =.coor

#printf "Done\n”
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quick aphot _core

#1/bin/bash
#
# quick aphotcore
#
# Script to calculate apparent photometry of target object & frame
# This is a core script to be called by other scripts
#
# Requirements:
# — Octave
# — outputs from quickphot.core
#
# Gary Melady 03-06-08
#
# Test for existance of necessary files:
if [ ! —e curr.img_info ]
then
echo "quick_aphotcore: Cannot find currimg_info, exiting”
exit
fi
if [ ! —e catmag ]
then
echo "quick_aphotcore: Cannot find catmag, exiting”
exit
fi
printf ”.”
# Calculations for apparent magnitude:
# grb value:
# average ((grb-(refl-magl)) ,...,(grb-(refn—-magn)))
# grb error:
# average ((sqrt(grberr"2+refl_err~2) ,...,sqrt(grherr’2+refn_err~2)))

echo 'format short;

#cat.mag.err=0.3 #Catalogue error

load currimg_info;
targetinst_mag=curr_.img_info(1,1);
targetinst_.mag.err=curr_img.info(1,2);
instmag=curr_img_info (:,1);
instmag_err=curr_img_info (:,2);

load catmag;

# Create blank arrays for later
index=zeros(size(catmag));
app.magtemp=zeros(size (index));
appmag.err.temp=zeros(size(index));

for i=1:length(catmag);
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app.magtemp (i)=(targetinst. mag-(inst_mag (i+1)-cat.mag
(i)));
#app.mag.err_temp (i)=(sqrt(targetinst.mag.err 2+
inst.mag_err(i+1)"2+cat_.mag.err"2));
app-mag-err_temp (i)=(sqrt(targetinst_-mag-err”2+
inst_mag.err(i+1)°2));
endfor;

appmag=mean(appmagtemp);
app-mag.err=mean(appmag.err_temp);

# save to files

appmag.obj=[app-mag, appmag.err];

save —text curr.img_app.temp appmag.obj;
quit '| octave I»/dev/null
# Cut the comment lines off

grep '"["#]' curr_img_.app-temp > curr_img._app 2>/dev/null
rm curr.img_app.temp 2>/dev/null
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quick cat_core_lim

1/#!/bin/bash
3| #
# quickcat_core_lim
5/# Program to search a catalogue and provide results for pdsei
l[imiting magnitudes
# Based on filter of input image
E::
# Gary Melady 1206-08
9| #
# 26-06-09 Took out averaging between R1, R2, Bl, B2 columns in UY8MO
cat, just using col R2 B2 now
11 # (col2 is more recent observations)
#
13
if [ ! $1 ]
15| then
echo "Please enter image for catalogue search”
17 echo Exiting
exit
19 fi
21/ # Get the centre coordinates of each image and search the loagae for
all stars in the field using scat (wcstools)
23
# Initial variables
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bright mag_lim=14

faint_mag._lim =20

numstar=500

#echo "Searching catalogue for stars in $1”

for img in $x

do
printf ".”
imgroot=‘fileroot $img"
# Get some initial info
JD=‘gethead $img JD'
EXPOSURE‘gethead $img EXPOSURE'
FILTER='gethead $img FILTER'
if [ $FILTER =V ]
then
echo "Catalogue USNGB1 does not have info for $FILTER
band magnitudes”
exit
fi
# Get targets from catalogue-
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# Catalogue search parameters

# Get ra and dec coordinates of centre pixel

XAXIS=‘gethead $img NAXIS1®
XPLATE='gethead $img XPLATE®
YAXIS='gethead $img NAXIS2'
YPLATE='gethead $img YPLATE®

imagex$[ XAXIS / 2 ] #pixels
imagey=$[ YAXIS / 2] #pixels
catradius‘echo "sqrt (($imagex = $XPLATE) "2 + ($imagey =

$YPLATE) "2)” | bc —-1*' #arcsec

#echo

"Radius= $catradius”

of image

ra='xy2sky $img $imagex $imagey| awk '{print $1}""
dec="xy2sky $img $imagex $imagey| awk '{print $2}""
#echo "RA= $ra DEC = $dec”

#printf "$img centre = $ra $dec”

# Set the path to search the usABl catalogue

export UB1LPATH=http ://tdc-ww. harvard.eddcgi—bin/scat

# Search the catalogue
scat —-jw —o $imgroot -m2 $brightmag.lim[, $faint_-mag.lim] -r

$catradius-c ubl —n $numstar $ra $dec

# Check if
I —e $imgroot.ubl ]

if [
then

fi

echo "quick_cat.core_lim:

it worked

exit

# USNG-B1 outoputs a file with cols:

etc
# USNO doesn’t have V band info (TODO)

# Test for

H —

# Create output file with cols RA DEC MAG

if col

Sort results by filter

"99.99” in cols
is 99.99 don’'t use that target

if [ $FILTER =C ] || [ $FILTER = R ]

then

cat $imgroot.ubl | awk '{print $2,%$3,%$7’ >> $imgroot.

i=1

cat $imgroot.lim_all_"$FILTER” _radec |

do

lim_all_"$FILTER” _radec

dec ml

magE${m1% .}
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if [ $magl = 99 ]

then
mag$m1l
echo "‘sed —-n "$i"p $imgroot.lim_all_"$FILTER”
_radec | awk ’'{print $1,%$2'‘ $mag” >>
$imgroot.lim_all_"$FILTER” _radec?
fi
i=‘expr $i + 1°
done

elif [ $FILTER = B ]

then
cat $imgroot.ubl | awk '{print $2,%$3,%$8' >> $imgroot.
lim_all_"$FILTER” _radec
i=1
cat $imgroot.lim_all_"$FILTER” _-radec | while read ra
dec ml1 m2
do
magE$S{ml% x}
if [ $magl = 99 ]
then
mag$ml
echo "‘sed —-n "$i"p $imgroot.lim_all_"$FILTER”
_radec | awk ’'{print $1,%$2'‘ $mag”’ >>
$imgroot. lim_all _"$FILTER” _radec?
fi
i="expr $i + 1°
done
elif [ $FILTER = | ]
then

cat $imgroot.ubl | awk '{print $2,%$3,$8' >> $imgroot.
lim_all_"$FILTER” _radec

i=1
cat $imgroot.lim_all_"$FILTER” _-radec | while read ra
dec ml
do
magE$S{ml% .}
if [ $magl = 99 ]
then
mag=$m1
echo "‘sed —-n "$i"p $imgroot.lim_all_”
$FILTER” _radec | awk ’'{print $1,%$2
}'* $mag” >> $imgroot.lim_all_”
$FILTER” _radec?2
fi
i="expr $i + 1°
done
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done

#else

# echo "Catalogue USNEB1 does not have

band magnitudes”
exit
fi

info for $FILTER

sort —k3 $imgroot.lim_all_"$FILTER” _radec2 > $imgroot.lim_all_"

$FILTER” _-radecsorted
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quick cat_core ref

#1/bin/bash

#

# quick cat_core_ref

# Program to search a catalogue around an input RA and DEC foospible

reference stars

# Filters by radius and magnitude limits.

# Outputs to x.dat

#

# Gary Melady 1206-08

#

# 26-06-09 Took out averaging between R1, R2, Bl, B2 columns in UY8NO

cat, just using col R2 B2 now

# (col2 is more recent observations)

.

if [ ! $1 ]

then
echo "Please enter coordinates and filter for catalogue search”
echo Exiting
exit

fi

# Initial variables

ra=$1

dec$2

FILTER=$%$3

#echo "Searching catalogue for stars around RA: $ra DEC: &deén filter
$FILTER”

# Catalogue search parameters
bright mag_lim=14
faint_mag._lim =17

numstar=500

catradius=300

imgrootrefstar

# Get targets from catalogue
# Set the path to search the usABl catalogue
export UBL1PATH=http ://tdc—-wwv. harvard.edycgi—-bin/scat

# Search the catalogue
scat —-jw —o $imgroot -m2 $brightmag.lim[, $faint_.mag.lim] -r $catradius
—c ubl -n $numstar $ra $dec

# Check if it worked

if [ ! —s $imgroot.ubl ]

then
echo "quick_cat.core_ref failed, exiting”
exit

fi

printf ”.”
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# Sort results by filter

# USNG-B1 outoputs a file with cols: ID RA DEC B1 R1 B2 R2 | etc
# USNO doesn’t have V band info (TODO)
# Only using B2, R2 and |

# Test for "99.99” in cols
# — if col is 99.99 don’'t use that target
# Create output file with cols RA DEC MAG

if [ $FILTER =C ] || [ $FILTER = R ]
then
cat $imgroot.ubl | awk ’'{print $2,$3,$7%’ >> $imgroot.lim_all_”"
$FILTER” _radec

i=1
cat $imgroot.lim_all_"$FILTER” _-radec | while read ra dec ml
do
magE${m1% x}
if [ $magl = 99 ]
then
mag=$m1l
echo "‘sed —-n "$i"p $imgroot.lim_all_"$FILTER”
_radec | awk ’'{print $1,%$2'‘ $mag” >>
$imgroot. lim_all_"$FILTER” _radec?
fi
i=‘expr $i + 1°
done
printf ”.”
elif [ $FILTER = B ]
then
cat $imgroot.ubl | awk '{print $2,$3,%$6 ' >> $imgroot.lim_all_”
$FILTER” _radec
i=1
cat $imgroot. lim_all_"$FILTER” _-radec | while read ra dec ml
do
magE${m1% x}
if [ $magl = 99 ]
then
mag=$m1
echo "‘sed -n "$i"p $imgroot.lim_all_"$FILTER”
_radec | awk ’'{print $1,%$2'‘ $mag”’ >>
$imgroot. lim_all _"$FILTER” _radec?
fi
i="expr $i + 1°
done
printf ".”
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elif [ $FILTER = | ]
then
cat $imgroot.ubl | awk '{print $2,%$3,$8"' >> $imgroot.lim_all_"
$FILTER” _radec
i=1
cat $imgroot. lim_all_"$FILTER” _-radec | while read ra dec ml
do
magE${ml% .}
if [ $magl = 99 ]
then
mag$ml
echo "‘sed —-n "$i"p $imgroot.lim_all_"$FILTER”
_radec | awk ’'{print $1,%$2'* $mag” >>
$imgroot. lim_all_"$FILTER” _radec?
fi
i=‘expr $i + 1°
done
printf ”.”
#else
# echo "Catalogue USNEB1 does not have info for $FILTER band
magnitudes”
# exit
fi

sort —k3 $imgroot.lim_all_"$FILTER” _-radec2 > $imgroot.dat
printf ”.”
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quick _confidence_core

#1/bin/bash
#
# quick confidencecore
#
# Script to calculate signal to noise
objects in a frame
# This is a core script to be called by other
#
# Requirements:
# — Octave
# — outputs from quickphot.core
#
# Gary Melady 2#05-08
#
# Test for existance of necessary files:
if [ ! —e curr.img_info ]
then
echo "quick_confidencecore:
exit
fi
printf ”.”
# Do the calculations for sigma and/® in octave
# Equations:
# flux = (total counts in aperture)—-((mean backroundj(aperture area))
# s/n = (flux)xgain / sqrt((flux)xgain + (aperture area)((mean
backround )}gain + (dark current)xexposure+ (read noise)”"2))
# sigma= (flux) / sqrt((mean backroundy(aperture area))
# sigma= (flux / (aperture area))/ (mean background)
echo "format short;
gain=8; #Gain
rn=13; #Read-noise
dark=1.5; #Dark Current
load curcimg_info;
msky=curr_img_info (:,3);
areacurr_img_info (:,4);
flux=curr_img_info (:,5);
# Define length of cols for signglnoise etc
sn=zeros(size(currimg_info (:,1)));
sigma=zeros (size(currimg_info (:,1)));
signakzeros(size(currimg_info (:,1)));
noise=zeros(size(currimg_info (:,1)));
for i=1l:length(sn);
# Signal to Noise Ratio
signal (i =flux (i) «xgain;
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noise(i)=sqrt((flux(i)xgain)+area (i)«((msky(i)xgain)+

dark+rn"2));

sn(i)=signal (i)/noise(i);
# Sigmal level
sigma(i)xflux(i)/sqrt(area(i)msky(i));
#merr(i)=1.085%noise (i)/signal(i);
endfor;
# Save to a file
sn=[sn,sigmal;
save —text curr.img_sn_.temp sn;
quit’ | octave I»/dev/null
# Cut the comment lines off

grep '"["#]' curr_img_sn_.temp > curr_.img-sn 2>/dev/null

rm currimg_sn_.temp 2>/dev/null
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quick imstat

#1/bin/bash

H*H

Program to print out the images statistics of all the
current directory
Requirements: iraf, gnuoplot, fits images

#
#
# Gary Melady 16-02-08
.

images the

dir="pwd"
rm imstat.dat list 2/dev/null
if [ ! $1 ]
then
echo "Please input fits files for analysis”
echo "-p to plot results”
exit
elif [ $1 == "-p” ] & [ ! $2 ]
then
echo "Please input fits files for analysis”
echo "-p to plot results”
exit
elif [ $1 == "-p” ]
then
plot=yes
Is $ > list 2>/dev/null
else
plot=no
Is $+« > list 2>/dev/null
fi
if [ -s list ]

then
echo 'images
imutil
unlearn imstat
imstat @list
logout’ |cl >imstat.iraf.dat
else
printf "No fits images foundn”
printf "Exiting\n”
exit
fi

# Create temp file for heading of imstat.dat
printf "#$%dir\n#IMAGE NPIX MEAN STDDEV MIN MAX\n">header

# Trim off the iraf fat from the output file

x=‘cat imstat.iraf.dat|jwc —I°

sed —n '15,'$x'p;’'$x’'q’ imstat_iraf.dat > imstatbody.dat
cat header imstatbody.dat | column -t > imstat.dat
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if [ $plot == "no” ]
then
cat imstat.dat
fi
if [ $plot == "yes” ]
then
echo 'set xlabel "Image Number”
set ylabel "Counts”
plot \
"imstat.dat” u\
(($3) \
t "Mean Pixel Value”
set term post color
set output "quality_plot.ps”
replot’ | gnuplot —persist
fi
# Clean up

rm list header imstats =*.par
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quick lim mag

#1/bin/bash

#
# Program to get the limiting magnitude of a frame
# — searches catalogue for all stars in frame (between magné&ubdmits

)

# — detects the sigma levels of all objects

# — finds the dimmest star with sigma level of 3

#

# Requirements:

# — iraf (phot, txdump)

# — wcstools (scat, fileroot, gethead, sky2xy, xy2sky)
# — octave

#

# Gary Melady 2304-08

#

# For filtering by sigma level (must be an integer)
thresholdsigma=4

if [ ! $1 ]

then
echo "Please input fits files to calculate limiting magnitude”
exit

fi

#printf "\n - Calculating limiting magnitude of $1”

# Get the centre coordinates of each image and search the lomgpae for

all stars in the field using scat (wcstools)
# Get the instrumental magnitude of each target using phota(fi)
# Calculate the sigma levels using octave
# Filter the results to get the faintest detection above
$thresholdsigma

for img in $=x
do

# Get some initial info
imgroot=‘fileroot $img"
JD=‘gethead $img JD*
EXPOSURE-‘gethead $img EXPOSURE'
FILTER=‘gethead $img FILTER®
XAXIS=‘gethead $img NAXIS1®
YAXIS=‘gethead $img NAXIS2*

# Get targets from catalogue

# Call to quickcat.core to generate file with cols RA DEC MAG
(in appropriate filter)
guick_cat_.core_lim $img

# Check if it worked
if [ ! —e $imgroot.ubl ]
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then
echo "quick_cat.core_lim failed , exiting”
continue

fi

Detect targets in the image

# Get the coordinates of the targets from the target file
# and convert it to xy coords for each frame

cat $imgroot.lim_all_"$FILTER” _-radecsorted | while read ra dec
mag
do
coor=‘sky2xy $img $ra $dec| awk '{print $5,%6}""
echo "$coor $mag” >> $imgroot. lim_all_"$FILTER” _xy
done

# Only take targets that are on the ccd

i=1
cat $imgroot.lim_all_"$FILTER” xy | while read x y mag
do
# Get integer values of x and y positions
Xint=${x%.x}
yint=${y%.x}
if [ $xint —ge 0 ] & [ $xint —le $XAXIS ] && [ $yint -
ge 0 ] & [ $yint —le SYAXIS ]
then
sed —n "$i"p $imgroot.lim_all_"$FILTER” _xy >>
$imgroot.lim_onframe "$FILTER” _xy
fi
i=‘expr $i + 1°
done

cp $imgroot.limonframe "$FILTER” _xy $imgroot.coor

# Call quick phot.core to the photometry on current image
quick_phot_.core $img

# Check if it worked
#if [ $? -ne 0 ]

#then

# echo "quick phot.core failed”
# exit

#Ei

# Remove targets that weren’'t detected

i=1
cat $imgroot.mag.2| while read mag magerr msky area flux
do
if [ "$mag” '= INDEF ] & [ "$mag_err” != INDEF ] && [
"$msky” != INDEF ] & [ "$area” != INDEF ] && [ "
$flux” = INDEF ]
then
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# Create list of detected targets with cols:
INSTMAG INSTMAG_ERR MSKY AREA FLUX
echo "‘sed -n "$i"p $imgroot.mag.2 ‘" >> $imgroot.
lim_detectedtargetsinfo

# Create list of catalogue magnitudes of detected

targets
echo "‘sed -n "$i"p $imgroot.lim_onframe "$FILTER” _xy
| awk '{print $3}''" >> $imgroot.

lim_detectedtargetscatmag

fi
i="expr $i + 1°
done

# Rename file so octave can read it later
#grep —v INDEF $imgroot.limdetectedtargets.info >
curr_img_info

cp $imgroot.limdetectedtargetsinfo curr.img_info

—————————— Calculate confidence levels——————

# Call to quickconfidencecore to calculate the gn and sigma
levels
quick confidencecore

# Check if it worked

if [ $? —-ne 0 ]

then
echo "quick_confidencecore failed”
exit

fi

mv curr.img_sn $imgroot.sn

Clean up the columns

# Save all the data into one file with cols: JD-TO EXP
CATMAG INSTMAG INSTMAG_ERR SN SIGMA

i=1

j=‘cat $imgroot.lim_detectedtargetsinfo | wc -1

while [ $i -le $j ]

do

echo "‘sed -n 1p $imgroot.time‘ ‘sed-n "$i"p $imgroot.
lim_detectedtargetscatmag ‘ ‘sed-n "$i"p $imgroot
.lim_detectedtargetsinfo | awk '{print $1,%$2"""
sed -n "$i"p $imgroot.sn‘” >> $imgroot.lim_mag_all

# Check if the line has a sigma $thresholdsigma
tail -1 $imgroot.limmag.all | while read JD TmTO EXP
CAT MAG INST_.MAG INST_.MAG_ERR SN SIGMA
do
# Take the integer part of sigma value
sigma3${SIGMA%.x}

215



144

146

148

150

152

154

156

158

160

162

164

166

# Round the sigma value to the nearest whole

#sigma=‘printf %.0f $SIGMA®
if [ "$sigma” —ge "$thresholdsigma” ]
then
echo "‘tail -1 $imgroot.limmag.all*”
>> $imgroot.lim_mag.overthresh
fi
done
i="expr $i + 1°
done
if [ —e $imgroot.limmag.overthresh ]
then
tail -1 $imgroot.limemag.overthresh>> lim_mag
else
printf "\n Limiting magnitude search failed”
fi
done
rm x.mag: =.limx 2>/dev/null

#printf "Done\n”
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quick name

#1/bin/bash

#

# Program to rename fits images based on target type

# Requirements: wcstools (gethead)

#

# Image types:

# O = Object

# G = GRB

# f = flat

# d = dark

#

# Gary Melady 2202-08

.

if [ ! $1 ]

then
echo "Please input fits files to rename”
exit

fi

printf "Renaming images”

for img in $x

do
TARTYPE=‘gethead $img TARTYPE' 2/dev/null
IMAGETYP=‘gethead $img IMAGETYP' 2/dev/null
OBJECT=‘gethead $img OBJECTawk '{print $1.$2}'‘ 2 >/dev/null
FILTER='gethead $img FILTER®' 2/dev/null
EXPOSURE‘gethead $img EXPOSURE' 2/dev/null
TIME='gethead $img DATEOBS' 2>/dev/null
# Rename objects
if [ $STARTYPE == "0” ] || [ $TARTYPE == "G” ]
then
mv $img "$OBJECT--"$TIME” _"$FILTER” _"$EXPOSURE" . fits
2>/dev/ null
# Rename the flats
elif [ $TARTYPE == "f" ]
then
mv $img "$IMAGETYP"—-"$TIME” _"$FILTER". fits 2>/dev/ null
# Rename darks
elif [ $TARTYPE == "d” ]
then
mv $img "$IMAGETYP"—-"$TIME” _"$EXPOSURE". fits 2>/dev/
null
fi
printf ”.”
done

printf "Done\n”
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quick phot_core

#1/bin/bash

gquick_ phot.core

Program to do photometry using iraf phot

This script is a core to be called by other
(e.g. quickphot, quickreferencestar , quickl

Requirements:
— iraf (phot, txdump)
- wcstools (gethead)

Gary Melady 2205-08

HFHHHHFHHHHHHHFH

img=$1
ape=$2

imgroot=‘fileroot $img"

# Test for existance of necessary files:

scripts
im_mag)

if [ ! —e $imgroot.coor ]
then
echo "quick_phot.core: Cannot find $imgroot.coor”
echo Exiting
exit
fi
printf ”.”
# For phot
annulus10
dannulus=10
cbox=8

apemultiplier=1.4 # Set to 1 for faint objects
aperture given as input)

gainval=8

rnoise.val=13

# Get some initial info

(only used

if no

JD=‘gethead $img JD*

EXPOSURE ‘gethead $img EXPOSURE'
FILTER='gethead $img FILTER'
MAGZERO=‘gethead $img MA&ERO*

# Calculate aperture, gain and readnoise
# Aperture

if [ -z $ape ]
then
PMHM=‘gethead $img PNVHM'
# Quick and dirty fix if PAHM= 0
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if [ $FWHM == 0 ]
then

PWVHM=3.5
fi

ape=‘echo "$FWHM = $apemultiplier” | bc -I*
fi

# Gain and read-noise
NCOMBINE=‘gethead $img NCOMBINE'
if [ ! $NCOMBINE ]
then

NCOMBINE=1
fi

gain="echo "$NCOMBINE = $gain_.val” | bc -1
rnoise=‘echo "$rnoise_val / sqrt($NCOMBINE)” | bc -1

#printf "\n ncombine= $NCOMBINE gain= $gain readnoise= $rnoise fwhm
= $FWHM aperture = $ape\n”

# Detect targets in image

# Perform the photometry on the image at the list of coords imroot
.coor

echo 'noao

digiphot

daophot

phot '$img’ '$imgroot’.coor '$imgroot’'.mag.1l calgoscentroid chox’
$cbox’ salgoriEmode annulus’$annulus’ dannule'$dannulus’ readnoi
='$rnoise’ epadu’'$gain’ apertur="$ape’ zmag'$MAG_ZERO’ sigma=0
veri-

# Use txdump to sort out data from ’'$imgroot’.mag.1

bye

bye

digiphot

ptools

unlearn txdump

txdump ’'$imgroot '.mag.1l MAG,MERR,MSKY,AREA,FLUXexpr=yes > '$imgroot .
mag. 2

#txdump ’'$imgroot '.mag.l MSKY,SUM,AREA,FLUX expes > '$imgroot’'.sn

#txdump ’'$imgroot '.mag.1l PERROR expyes > '$imgroot . perror

logout’ |ecl |grep ERROR
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quick time _core

#1/bin/bash

quick time_core

H H H R

cols: JD T-TO EXPOSURE

Requirements:
— Octave

Gary Melady 27#05-08

HHHHFHH

# Test for existance of necessary files:

if [ ! —e time.temp ]

then
echo "quick_time_core: Cannot find timetemp”
echo "Exiting”
exit

fi

# Test if necessary files are present

if [ ! —-e TO ]

then
echo "quick_time_core: Cannot find TO”"
echo "Exiting”
exit

fi

printf ”.”

# Calculate FT0 and output to file (time) with cols:

echo 'format long;

load timetemp
jd=time_temp (:,1);
exp=time_temp (:,2);
load TO
Tzerc=TO(1,1);
TmTCGround ((timetemp (:,1)»Tzero)*86400);
time=[jd ,TmTO, exp];
save —text curr.img_time_temp time;
quit’ | octave I»/dev/null
grep '"["#]' curr_img_time_temp > curr_img_time

rm curr.img_time_temp

220

Program to calculate T minus Tzero for event and output tolefiwith

JD -TO EXP



11

13

15

17

19

21

23

25

27

29

31

33| i

35

37

39

41

43

45

47

49

Supplementary Scripts

quick combine

#1/bin/bash

#

# Program to combine reduced images in groups.

# Assumes all images in directory are of the same filter type.

# This program will combine images in groups specified by theer.

# e.g. "quick.combine 10" will stack images in groups of 10.

#

# Gary Melady July 2007

#

# 06-08-07 Added new exposure time calculation and ability to write

# to the fits header.

# 26-02-08 Added another (faster) way of exposure time calculation
using wcstools

# (gethead, sethead)

#

# Program requirements: iraf, wcstools (gethead, sethead)

#

# Test to see if a number was input by the user

if [ $# —eq 0 ]

then
echo "Please specify the size of the groups of images to combine”
echo "e.g. ’'quick—-combine 10’ combines the images in groups of 10"
exit

fi

tot=‘ls =x.fits|wc —I°
echo "Stacking $tot images in groups of $1”

mkdir temp 2>/dev/null
mkdir stack$1l 2>/dev/null

i=1
j="echo $[ $tot / $1 ]°

# Test to see if no. of images is evenly divided by the no. ofugso

k=*echo $[ $tot % $1 ]°
if [ $k != 0 ]
then
j='expr $j + 1°
#echo "New j = $j”
fi
while [ $i —-le $j ]
do
echo "Stacking group $i of $j...~
Is =.fits 2>/dev/null | head -$1 > list$i.dat

# Combine images using iraf imcombine
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imcombine @list’$i’'.dat output”stack '$1’'_'$i’. fits” combine="

exp-total="echo $[ $exp.counter + $exp_total

echo 'images
imutil
unlearn imcombine
median” outtype"real” offsets="wcs”
logout’ |ecl |grep ERROR#1>/dev/null
# Calculate new exposure time of image
exp-counter=0
exp.total=0
imname=‘cat list$i.dat"’
for img in $imname
do
exp.counter=‘gethead $img exposure'
done
sethead staclkl $i.fits EXPOSURE $exp_total
sethead stacksl $i.fits EXPTIME=$exp_total
mv $imname temp
mv stack$1_$i.fits stack$l #2>/dev/null
i=‘expr $i + 1°
done
# Rename stacked images based on fits

cd stack $1
quickname =. fits
cp ../ x.roi . &>/dev/null

cd - &>/dev/ null

# Clean up
rm listx.dat 2>/dev/null
mv tempg =

rm —r temp/ upx

echo "Done”
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quick exptime

#1/bin/bash

#

# Program to quickly copy EXPOSURE value to EXPTIME in

image

# Requirements:

# — EXPOSURE keyword in header

# — wcstools (gethead, sethead)

#

# Gary Melady 1802-07

#

if [ ! $1 ]

then
echo "Please input .fits file”
exit

fi

echo "Copying EXPOSURE value to EXPTIME for:”

for img in $=x
do
exp=‘gethead $img EXPOSURE'

sethead $img EXPTIMESexp

echo "$img EXPTIME = $exp”|column -t
done
echo Done

223

head®fr fits



11

13

15

17

19

21

23

25

27

29

31

quick plot
#1/bin/bash

#
# Program to plot output
# Requirements— gnuplot,
#

file from quickhot
output file from quickphot

# Gary Melady
#
if [ ! $1 ]
then
echo "Please specify input file”
exit
fi
echo "#set logs x
set xlabel "T-TO”
set ylabel "Magnitude”
set yrange [x:x] reverse
plot \
TSN U\
($2+$3/2) :\
($4):\
($3/2) :\
($5) \

w xye t "Target”

set term post color

set output "'$1’ _plot.ps”

replot’ |

ghuplot —persist
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quick plot object_lim sn

#1/bin/bash

#

# Program to plot:

# — magnitudes of target object with errors in upper plot

# — signal / noise and sigma information in bottom plot

# Requirements: output from quicghot (apparentmagnitudeobject),
gnuplot

#

# Gary Melady 04-02-08

#H

rm apparentmagnitude «.ps 2>/dev/null

a=‘ls apparentmagnitudex 2>/dev/null | head -1°
[='Is limiting _magnitudex 2>/dev/null | head -1'

if [ ! $a]&&T[ ! $I]

then
echo "quick_plot_objectlim_sn: Cannot find any files to plot,
exiting”
exit
else
cp "$a” app 2/dev/null
cp "$I” lim 2>/dev/null
fi
echo '# setup initial conditions

set grid

set bars 1

set Imargin 10

set rmargin 2

set xlabel "T-TO [s]”
#set format x "%.0810°%T”"
set logs x

set multiplot

#H.
# Plot 1 lower gn plot
set title "

# Set size and origin of lower plot
set size 1,0.3
set origin 0.0,0.1

# You need this so that the plots fit together
set bmargin 1
set tmargin O

set ylabel "Confidence”
set mytics 1

plot \
"app” u \
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($2+%3/2) :\
($6) \

pt 1 t "Signal / Noise”, \

"app” u \
($2+%$3/2) :\

($7) \

pt 2 t "Sigma”, \
"lim” u \
($2+$3/2) :\

($7) \

pt 1 not, \

"lim” u \

($2+$3/2) :\

($8) \

pt 2 not

#

# Plot 2 (upper magnitude plot)

# Remove xaxis labels (they are already printed in 1st plot)

set xlabel

set format x "”
#set logs x

#set xlabel "T-TO”"

set ylabel "Magnitude”
set yrange [«:x] reverse

# Set size and origin of upper plot

set size 1,0.55

set origin 0.0,0.4

# You need this so that the plots fit together

set bmargin 0
set tmargin 1

set ytics 0.5
set mytics 1

plot \
"app” u \
($2+%$3/2) :\
($4) 1\
($3/2) :\
($5) \

w xye t "Watcher”,

"lim” u |\
($2+%$3/2) :\
($4) 1\
($3/2) \
w xe pt 10

unset multiplot

\

[t -1 t "Watcher Limiting Magnitude”
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108 set term postscript enhanced color
set output "'$a’.ps”
110 replot’| gnuplot —persist

112 rm apparent.ps 2>/dev/ null
rm app lim 2>/dev/null

227



11

13

15

17

19

21

23

25

27

29

31

33

35

37

39

41

43

45

47

quick region

#1/bin/bash

#

# Program to turn list of targets in x.targets file into ds9 gen

file

# Requirements: wcstools (skycoor)

#

# Gary Melady 2#02-08

.

if [ ! $1 ]

then
echo "Please input target file to generate ds9 region file”
exit

fi

# Remove previous files and create header

rm $target.reg 2/dev/null

printf "global color=green font\"helvetica 10 norma\” select=1
highlite=1 edit=1 move=1l delete=1 include=1 fixed=0 sourcé nfk5\n”

>> header
printf "Creating region files\n”
for tar in $x
do
target=‘fileroot S$tar"
grep '"["#]' $tar | while read n ra dec mag
do
if [ $n == "object” ]
then
# Convert ra dec coords to xy
ral=‘skycoor —d $ra $dedawk ’'{print $1}'"
decl=‘skycoor -d $ra $dedawk ’'{print $2}"°
text.dec="echo "$decl - 0.01"|bc -I*
echo annulus\($ral,h $decl,10”\,15\"\) >>
body_$target
echo "# text($ral, $textdec) text={Target}” >>
body_$target
else
ral=‘skycoor —-d $ra $dedawk '{print $1}'°
decl=‘skycoor —d $ra $dedawk '{print $2}'°
text.dec=‘echo "$decl - 0.005”|bc -I*
echo circle\(%$ral,h $decl,8"\) >> body_S$target
echo "# text(%ral, $textdec) text={$mag” >>
body_$target
fi
done

cat header body$target > $target.reg
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49 printf "$tar ——> S$target.regn”
done

51
rm header body

53| echo Done
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coord conv

#1/bin/bash

.
# Program to convert ra and dec from sexagesimal to decimal.

# Gary Melady 36-05-2007
#

echo "Program to convert ra and dec from sexagesimal to decimal”

# Read in coordinates
echo -n "Please enter RA coordinates in HH MM SS:
read ra_hr ra.min ra.sec

echo —-n "Please enter DEC coordinates in DD MM SS:
read dec.deg decmin decsec

n N

echo

# Perform calculations (must pipe to bel for floating point
operations)

radec="echo "($ra_hr«15)+(($ramin/60)+15)+(($ra.sec/3600)*15)"|bc —I"*

echo "RA: $ra_hr $ramin $rasec ——> $ra.dec”

# Check if dec is positive or negative

if [ $dec.deg —gt 0 ]

then
dec.dec=‘echo "($dec.deg)+($decmin/60)+($dec.sec/3600)"| bc I
echo "DEC: $decdeg $decmin $decsec ——> $decdec”

else
dec.dec=‘echo "($dec.deg)-($decmin/60)—-($dec.sec/3600)"|bc —I*
echo "DEC: $decdeg $decmin $decsec ——> $decdec”
fi

eChO n N
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mag2jy
#1/bin/bash

# To convert magnitude and errors to jansky

# Magnitude and error values must be in cols 4 and 5

if [ ! -e $1 ]
then

echo "No input file found”

exit
fi

echo "Converting $1 magnitudes to janskys...”

title_target=‘cat $1|head -1°

printf "#$title_target\n#jy\n#T-TO[d] EXP[s] MAG MAGERR Jy[mJy] JyERR

[mIy]\n” > header
awk ‘{print $2,%$3,%4,%5' > body
file=‘fileroot $1°

grep “["#] $1 |

echo 'format short
zp=2941; # Zero Point for Bessel Foand
#zp=3781; # Zero
#zp=1823; # Zero
#zp=4130; # Zero
#zp=2635; # Zero

load body;
obs=body(:,1);
exp=body (:,2);
mag=body (:,3) ;
mag.err=body (: ,4);

Point
Point
Point
Point

for Bessel Aband
for Bessel 4band
for Bessel -Bband
for Bessel dband

jy=zeros(size(body(:,1)));
jy_full=zeros(size(body(:,1)));
jy_err=zeros(size(body(:,1)));

jy_err_full=zeros(size (body(:,1)
mag.err_high=zeros(size (body(:,1
magerr_low=zeros(size (body(:,1)

for i=1:length(jy);

endfor;

# Magnitude

)
)))s
))s

in mJy

jy -full (i)=zp*(107(-0.4xmag(i)));

jy=jy _full «1000;

# Error in mJdy
mag.err_high (i)=mag(i)+mag.err(i);
magerr_low (i)=mag(i)-mag.err(i);

jy_err_full (i) =((zp*107(-0.4«mag.err_low (i))) —(zp
x107(-0.4«mag.err_high(i))))/2;

jy-err=jy _err_full «1000;
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# Save to a file

result=[obs ,exp,mag, magrr,jy,jy_-err];
save —text bodyjy result;

quit’ | octave I»/dev/null

grep '"["#]' body_jy > "$file” _body

cat header "$file”_body | column -t > "$file” _jy.dat

# Clean up
rm body header ”"$file” body

echo "Done”
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