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Abstract

Gamma-ray bursts (GRBs) are intense eruptions of high-energyγ-radiation and are the

most luminous events observed in the Universe. Ranging in duration from milliseconds

to hundreds of seconds, they have isotropic energies of∼1053 erg. They are thought to

be produced by the collapse of a stellar object into a compactremnant accompanied by

a rotating accretion disk, with radiation emitted by two anti-parallel collimated jets of

material.

The unpredictable nature of GRBs precludes the scheduling of observations and de-

mands automated responses on the shortest possible time-scales. Robotic optical tele-

scopes are particularly well suited to the study of the optical afterglows of these events.

Small (< 1 m) telescopes are sensitive enough to detect the optical emission in many cases,

particularly since they can carry out observations at very early times when an optical coun-

terpart will be at its brightest. Presented in this thesis isthe development, installation and

operation of the Watcher system. Watcher is a 40 cm robotic optical telescope dedicated to

GRB follow-up observations. The system has been operating fully robotically at Boyden

Observatory in South Africa since March 2006, and has carried out extensive observations

in response to GRB alerts generated by theSwiftsatellite and other missions.

In order to contribute to the highly competitive field of GRB research it is necessary

to have a streamlined, rapid and efficient analysis framework for robotic telescope data.

This thesis also presents the development of such a framework for the Watcher project:

ThequickSoftware Analysis Suite. Based primarily on IRAF, thequicksuite is a custom

built reduction and analysis pipeline. It includes functions for performing photometry,

xii



calculating signal/noise ratios and querying astronomical catalogues for the automatic

selection of suitable reference stars.

A summary of the GRB follow-up observations that have been performed to date

by Watcher is also presented, including GRB 060526, GRB 060904b and GRB 080905b.

Finally, the unusual case of SWIFT J195509+261406 is described in detail. Initially

appearing to be a standard cosmic GRB, more than 40 flaring episodes were detected from

the source in the optical band over a time span of three days, and a faint infrared flare 11

days later, after which the source returned to quiescence. Radio observations confirmed

a Galactic nature for the source and established a lower distance limit of∼3.7 kpc. It is

suggested that the source could be an isolated magnetar whose bursting activity has been

detected at optical wavelengths, and for which the long-term X-ray emission is short-lived.

If this is the case, a new manifestation of magnetar activityhas been recorded and it can

be considered that SWIFT J195509+261406 is a link between the ‘persistent’ Softγ-ray

Repeaters (SGRs)/ Anomalous X-ray Pulsars (AXPs) and dim isolated neutron stars.
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Chapter 1

Introduction to Gamma-Ray Bursts

1.1 Introduction

Gamma-ray bursts (GRBs) were discovered accidentally in the late 1960’s by the US Vela

satellites. These satellites were designed to monitor potential violations of the US-Soviet

nuclear test-ban treaty but instead detected brief flashes of highly energeticγ-ray radiation

(Klebesadel et al., 1973). The burst durations ranged from milliseconds to hundreds of

seconds and the emission extended up to energies of∼1 MeV. The first GRB lightcurve

detected by Vela 4 is shown in Fig. 1.1.

Figure 1.1: GRB 670702, the first gamma-ray burst lightcurve,detected by the Vela 4
satellite on July 2 1967.Credit: Klebesadel et al. (1973).
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The relatively crude imaging and localisation capabilities of γ-ray instruments at the

time made progress towards the understanding of GRBs difficult. As additional Vela satel-

lites were launched with better instruments, the inexplicable detections ofγ-ray bursts

continued. By analysing the different arrival times of the bursts detected by different

satellites, it was possible to determine rough estimates for the sky positions of certain

bursts and definitively rule out a terrestrial or solar origin. The intensity of the photon

fluxes observed suggested a nearby origin and early theoriesproposed a link to neutron

stars within our own Galaxy (e.g. Higdon and Lingenfelter, 1990). In 1991 however,

NASA launched theCompton Gamma Ray Observatory(CGRO) with a dedicated GRB

instrument on board called BATSE (the Burst Alert And Transient Source Experiment).

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

Figure 1.2: The spatial distribution in Galactic coordinates of the 2704 bursts ob-
served by BATSE, which shows the isotropic nature of the GRB distribution. Credit:
http://www.batse.msfc.nasa.gov/batse/grb/skymap/

The positions of the bursts detected by BATSE shows an isotropic distribution over

the entire sky (Fig. 1.2), rather than clustered around a particular direction, for example

along the Galactic disk (Meegan et al., 1992). This suggested a cosmological origin for
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GRBs, rather than a Galactic one. The idea was strengthened by the cumulative peak flux

distribution of BATSE GRBs (Fig. 1.3). The power-law slope of−3/2 at high fluxes in

thelog(N)− log(P) plot (whereN is the number of bursts andP is the peak flux) indicates

a homogeneous distribution in a Euclidean space model. The slope becomes shallower at

lower fluxes, implying a relative under abundance of faint sources detected.

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

Predictions were made regarding the possibility of afterglow counterparts at longer

wavelengths following the prompt emission (e.g. Paczynskiand Rhoads, 1993) caused as

the ejectedγ-ray producing material interacts with the surrounding environment. How-

ever, ground-based multi-wavelength follow-up observations were hampered by the poor

localisation capabilities ofγ-ray instruments and long time delays before these localisa-

tions were made available. GRB localisations were greatly improved with the launch of

the Italian-Dutch satellite BeppoSAX. Launched in 1997, BeppoSAX detected the first

X-ray afterglow (Costa et al., 1997) about 8 hours after the burst onset of GRB 970228.
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Its more accurate and rapid localisation also allowed for ground-based follow-up obser-

vations to be made, which resulted in the first detection of a GRB optical afterglow (van

Paradijs et al., 1997). Optical spectroscopy performed on the afterglow of a subsequent

burst, GRB 970508 (Frail et al., 1997), provided a redshift ofz = 0.835, thus confirming

the cosmological origin of GRBs for the first time. Distance measurements allowed the

energy output of the bursts to be constrained, with a typicalburst having an isotropic en-

ergy of∼1053 erg. More recent theories and observations suggest that GRB emission is

not isotropic but rather in the form of beamed jets (with an opening angle of 1/Γ, where

Γ is the Lorentz factor of the outflow), which reduces the energy requirement to∼1051 erg

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

1.2 GRB Classification

To further understand the nature of GRBs and their progenitors, efforts were made to

classify bursts. A study of the large BATSE catalogue revealed a bimodal distribution

based on the prompt emission duration (Kouveliotou et al., 1993). This division is based

on theT90 of the burst, the time over which 90% of theγ-rays are detected. Fig. 1.4 shows

a dip at∼2 s, which strongly suggests two distinct groups, short (< 2 s) and long (>2 s)

GRBs. This∼2 s minimum is also apparent in spectral hardness vs. duration studies,

where the hardness is defined as a ratio of the counts in the detectors’ high energy band to

the counts in its low energy band. Fig. 1.5 (Qin et al., 2000) shows that short GRBs tend

to be spectrally harder, i.e. have a higher proportion of high-energy photons, while long

GRBs tend to be somewhat spectrally softer.

Since the two peaks of the distribution can be modelled as twooverlapping log-normal

distributions (Quilligan et al., 2002), classification into ‘short’ and ‘long’ bursts may not

be as straightforward asT90 <2 s or T90 >2 s. Donaghy et al. (2006) states that the

dividing time should be at∼5 s and several papers propose a third sub-division of GRBs

with intermediate duration (Horváth et al., 2006). To add to this, a significant number of
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Figure 1.4: T90 duration distribution of the GRBs in the BATSE 4B Catalogue. The
distribution is bimodal and consists of the two overlappinglognormal distributions of
short (T90 <2 s) and long (T90 >2 s) GRBs.Credit: Paciesas et al. (1999).

short GRBs may be incorrectly classified. The GRBs in question have extended, spectrally

soft emission which can last for tens to hundreds of seconds after the initial short pulse.

About 1/3 of the BATSE short bursts exhibit this behaviour (Norris and Bonnell, 2006).

Other indicators that may be used to aid in GRB classification,i.e. short-hard or long-

soft, include the spectral lag, the host galaxy type and the detection or non-detection of an

accompanying supernova (Donaghy et al., 2006).

1.2.1 Temporal Properties

GRB lightcurves are highly variable and complex in nature, displaying rapid changes

in flux over time-scales as short as milliseconds (McBreen et al., 2001; Quilligan et al.,

2002). Fig. 1.6 shows a sample of long-duration GRB lightcurves from the BATSE cata-

logue illustrating some of the possible variations in temporal structure. While the majority

of lightcurves are highly variable, many are smooth and exhibit a rapid rise and slower

decay, known as a Fast Rise Exponential Decay (FRED). Some rarecases involve a pre-
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Figure 1.5: BATSE hardness ratio (HR)–T90 correlation showing the two distinct classes
of GRBs. Short GRBs are shown as squares and tend to be spectrally harder. Long GRBs
are shown as circles are in general spectrally softer. The dotted lines are the regression
lines for the short and long GRBs and the solid line is the regression line for the whole
sample.Credit: Qin et al. (2000).

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

followed by an apparent restart of the central engine with subsequent emission.

1.2.2 Spectral Properties

Prompt emission spectra for both long and short bursts tend to be relatively simple, non-

thermal spectra spanning a broad energy range. Weak GRBs are best fit by a single power-

law, due to the limited statistics, given by:

N(E) = AEα (1.1)

whereN(E) is the photon flux (photons cm−2 s−1), α is the photon index andA is the

amplitude (photons cm−2 s−1 keV−1). When statistics are good enough, GRB spectra can

be well described by the Band model (Band et al., 1993), an empirical model consisting
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Figure 1.6: Sample lightcurves of long-duration GRBs detected by BATSE, showing the
diversity in temporal structure observed in bursts.Credit: http://heasarc.nasa.gov).

of two smoothly connected power-laws of the form:
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whereα is the low energy photon index,β is the high energy photon index andE0

is the break energy. Working from a sample of 156 bright BATSEbursts, Preece et al.

(2000) determined typical values for the low-energy power-law index to be around -1 and

the high-energy power-law index to be around -2.2. The typical E0 value is distributed

lognormally within a narrow range around∼240 keV (Fig. 1.7).

The peak energy (EP) 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 be represented by plotting theν Fν
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1.2.2 Spectral Properties

Figure 1.7: Distributions of the spectral parameters for the low-energy power-law index
α, the high-energy power-law indexβ and the break energyE0 obtained by using the Band
model on spectral fits of the brightest 156 BATSE GRBs.Credit: Preece et al. (2000).
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Figure 1.8: The differential photon spectrum andν Fν spectrum of the prompt emission of
GRB 990123 detected by BATSE, OSSE, COMPTEL and EGRET.Credit: Briggs et al.
(1999).

spectrum (orE2 N(E)), whereν is the photon energy andFν is the specific energy flux.

EP is related to the break energyE0 by EP = (2+ α)E0 whenβ < −2. This spectral shape

is valid both for integrated emission over the whole burst duration and for the emission

during shorter segments of the burst. Fig. 1.8 shows a photonspectrum andν Fν spectrum

of the bright burst GRB 990123. Long GRBs tend to evolve from hardto soft over time,

with the prompt emission (the first∼2 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) was discovered by Heise

et al. (2001) to have very similar observational characteristics to GRBs. The XRFs have

a larger X-ray fluence thanγ-ray fluence thus they have a lowerνFν peak energy (EP ≤

30 keV). There is also an intermediate group of bursts withEP values between XRFs and

GRBs called X-Ray Rich GRBs (XRRs). There is a continuum of spectral properties
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and similar duration distributions (Sakamoto et al., 2005)across these three groups of

transients, suggesting a similar origin. The lowEP values may arise due to an intrinsic

property of the source e.g. an under-powered central engine. Another possible explanation

for XRFs is that they are ‘typical’ GRBs at very high redshifts. This possibility has been

ruled out however, by confirming the redshifts of a number of XRFs. An alternative

hypothesis is that XRFs/ 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 GRBs, including the de-

tection of an 18 GeV photon by the EGRET instrument on-board CGRO (Dingus, 2003).

Tentative evidence for TeV emission has been reported by ground-based very high energy

air-shower telescopes in the cases of GRB 970417a by MILAGRITO(Atkins et al., 2003)

and GRB 971110 by the GRAND array (Poirier et al., 2003). The processes whereby

such high energy emission can be produced are still poorly understood and theFermi

satellite, with its advanced high-energy detectors, will allow GRB high energy emission

to be studied in much greater detail.

1.3 Empirical Correlations

Due to increased ground-based spectroscopic follow-up measurements, GRBs with robust

redshifts are increasing in number, e.g. GRB 090423 withz = 8.2, allowing astronomers

to potentially use GRBs for cosmological study. It was initially thought that GRBs could

not be used as standard candles since the measured isotropicenergies for typical long

bursts range from∼1050 to ∼1054 erg. Frail et al. (2001) find that, if the beaming effect is

taken into account, the corrected energies cluster around astandard energy of∼1051 erg.

In an attempt to ascertain distance estimates for bursts of unknown redshift, a number of

correlations have been proposed based on the observed properties of some of the events

with known redshifts.
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The Lag-Luminosity Relation The spectral lag is the time delay between the arrival

of high-energy and low-energyγ-ray photon emission and is a common feature of most

GRBs (e.g. Norris et al. (2000); McBreen et al. (2006); Hakkila et al. (2007)). It is a

natural consequence of the hard to soft spectral evolution observed in GRBs (Kocevski

and Liang, 2003). The spectral lag of a burst can be measured by cross-correlation of

the lightcurves in the low and high energy channels of a detector. The peak of the cross-

correlation function then corresponds to the spectral lag of the GRB. Norris et al. (2000)

reported an anti-correlation between the spectral lag and the isotropic peak luminosity

of GRBs, based on a limited sample of 6 long-duration GRBs detected by BATSE and

BeppoSAX. This implies that bursts with long lags are intrinsically weaker than short-

lag bursts and allows the correlation to be used, in principle, as a distance indicator for

long GRBs. Short bursts, however, are inconsistent with the correlation and tend to have

exclusively very small or negligible lags (e.g. Norris and Bonnell (2006); Yi et al. (2006)).

On this basis, spectral lag has been suggested as one of the indicators to determine whether

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

The Amati Relation A correlation betweenEP, the peak energy in theνFν spectrum

measured in the source frame, andEiso, the isotropic energy emitted inγ-rays was iden-

tified by Amati et al. (2002). Originally based on a sample of 12 GRBs detected by

BeppoSAX, the relation was subsequently extended to GRBs detected by HETE-2 (Lamb

et al., 2004; Sakamoto et al., 2006). The HETE-2 detections also included a number of

XRFs, providing further evidence of a link between XRFs and GRBs.Short GRBs are

shown to be inconsistent with the relation (Amati, 2006), providing 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 provided by achromatic temporal

breaks in the afterglow lightcurve. A correlation has been found between the luminosity of

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

11



1.4. PROGENITORS

Figure 1.9: The Amati relation (black symbols) shows the correlation betweenEP and
the equivalent isotropic energy,Eiso. The Ghirlanda relation (red, green and blue sym-
bols) shows the correlation betweenEP and the collimation-corrected energy,Eγ. Credit:
http://www.brera.inaf.it

jet break times and therefore smaller jet opening angles (Frail et al., 2001; Panaitescu and

Kumar, 2001). A modification of the Amati relation, correcting for this collimation effect,

was proposed by Ghirlanda et al. (2004). It provides a bettercorrelation betweenEP and

the collimation-corrected energy emitted inγ-rays,Eγ (Fig. 1.9).

1.4 Progenitors

Any model to describe the central engine of a GRB clearly must take the observed prop-

erties into account. Variability of the prompt emission canbe of a time scale as short as

1 ms, which requires a compact object (see§ 2.1.2). The typical duration of a GRB is

12



1.4. PROGENITORS

much longer than the variability time scale, suggesting prolonged central engine activity

which may be explained by an accretion mechanism. The central engine must be capa-

ble of producing a collimated, relativistic outflow in the form of a jet (see§ 2.1.1) and

must also be able to produce the huge amount ofγ-ray energy observed (∼1051 erg). This

energy is comparable to the binding energy of a compact object.

The only known objects capable of supplying such a large release of energy in such

a short time-scale are compact objects, such as neutron stars or black holes, surrounded

by a massive accretion disk (∼0.1 M⊙). The accretion disk can form from the remnant

stellar material during the formation of the compact objectitself and can account for the

prolonged central engine activity and variability in the lightcurves.

Energy from the compact-object/accretion-disk system is converted into a relativistic

jet. This energy is provided either by the binding energy of the torus or the rotational

energy of the compact object itself. Usov (1992) suggests analternative method of en-

ergy extraction to the accretion method, involving a Poynting flux dominated relativistic

flow provided by the rotational and magnetic energy of a newborn neutron star. The tem-

perature of accreted matter increases before falling into ablack hole and energy may be

extracted from the system in the form of neutrinos. The baryon density at the poles of

the rotating compact object is reduced and neutrinos from opposite sides of the accretion

disk will be likely to annihilate here. This process produces e± pairs in the jet and helps

to collimate the outflow (Fig. 1.10; MacFadyen and Woosley (1999)).

An alternative method of energy extraction is described by the Blandford-Znajek

mechanism (Blandford and Znajek, 1977), which describes howtorque is applied to the

accretion disk by magnetic field lines threaded throughout the black hole. The torque is in

the opposite direction to the rotation of the black hole and can cause Poynting-dominated

jets to be ejected at the poles.
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Figure 1.10: Neutrinos from opposite sides of the accretiondisk annihilate over
the poles of a compact object creating ane± pair. Credit: http://www.mpa-
garching.mpg.de/lectures/ADSEM/WS0304Kretschmer.pdf

1.4.1 Collapsars

The leading model for the formation of long GRBs is the collapsar model. It involves the

collapse of the iron core of a rapidly rotating massive star (≥ 30 M⊙). The core collapse

produces a black hole of∼2-3 M⊙ and the remaining stellar matter forms an accretion

disk of∼0.1 M⊙, formed by the angular momentum of the star (Woosley, 1993).The disk

is formed along the rotational axis of the black hole, reducing the density at the rotational

poles. This facilitates the formation of jets, which are further collimated by their passage

through the stellar mantle. As the jet emerges through the stellar surface it has a high

Lorentz factor. Internal and external shocks subsequentlyproduce the GRB and afterglow

respectively (e.g. Ḿesźaros and Rees, 1993) after the jet has traversed several stellar radii.

The Lorentz factor of the jet can be highly variable, most likely due to instabilities in the

accretion disk which causes a variable accretion rate.

The collapsar model has a significant amount of observational evidence to support it.

There is strong evidence of a link between long GRBs and massivestars. The discovery of

GRB 030329 and its associated supernova SN 2003dh (Hjorth et al., 2003; Stanek et al.,

2003) has secured the link between long GRBs and stellar collapse. Supernovae observed
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since then have been determined to be Type Ib/c, which are characterised by a lack of

hydrogen absorption lines, consistent with the predictionof progenitor stars that have lost

their hydrogen envelopes. Studies of GRB host galaxies have found that long GRBs occur

exclusively in regions of active star formation in star-forming galaxies, such as irregular

galaxies and in the arms of spiral galaxies (Fig. 1.11; Bloom et al. (2002)). Due to the

short lives of massive stars (≤ 107 yr) they collapse close to the region in which they

were formed and so are never found in regions where star formation has ceased. This

implies that long GRBs are expected to occur in galaxies undergoing star formation but

not early type galaxies. The hosts of long GRBs are observed to be predominantly blue,

sub-luminous, star-forming galaxies, indicating a significant abundance of young, massive

stars (Le Floc’h et al., 2003). GRBs tend to be located at the very brightest regions of their

host galaxies (Fruchter et al., 2006) which also suggests that GRBs are produced by the

most massive stars.

1.4.2 Binary Compact Object Mergers

Binary mergers of compact objects are the leading progenitormodel for short GRBs (e.g.

Blinnikov et al. (1984); Eichler et al. (1989); Paczynski (1991); Narayan et al. (1991);

Fryer et al. (1999)). These events also result in a black-hole/accretion-disk system and

occur when binary stars lose energy and coalesce as their orbits decay. This energy loss

is thought to occur naturally due to the emission of gravitational radiation, provided the

binary system remains bound and is not disrupted by a supernova. Both stars must have

originally been in the mass range of∼8 M⊙- 25 M⊙ to form neutron stars. Due to the scale

of the energy released in a GRB, the preferred models involve two neutron stars (Eichler

et al., 1989), or a neutron star and a black hole (Paczynski, 1991). The system is rotating

rapidly when it merges, resulting in a black hole of∼2.4 M⊙, with the necessary angular

momentum to form a neutron rich accretion disk of∼0.1 M⊙- 0.2 M⊙. The event occurs

within a few seconds, which accounts for the short duration of these bursts. No supernova

is expected to accompany the merger, as there is no conventional star to explode.
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Most of the energy released during a merger (∼1053 erg) is emitted in the form of low

energy neutrinos and gravitational waves. The remaining energy is sufficient to power

a short burst however, and is only a fraction of the energy released during the merger

(∼1051 erg; Rees (1999)). The relativistic outflow may be driven by neutrino annihilation

producinge± pairs, which in turn produceγ-rays (Eichler et al., 1989). The favoured en-

ergy source for this process is a massive accretion disk surrounding a black hole (Jaroszyn-

ski, 1996).

The rate of binary star mergers is estimated to be∼10−6 yr−1 galaxy−1 (Narayan et al.,

1991) which agrees with the rate of short GRBs (Piran, 1992). With a typical long lifetime

of ∼108 - 109 yr (Narayan et al., 1992), these mergers are expected to occur far from

the place of birth of the compact object due to their high spatial velocities and also an

occasional kick velocity provided by supernovae during their evolution. This is not always

the case however, as there is evidence for a population of short lived binaries with very

close orbits and lifetimes of∼105 yr (Belczynski et al., 2002), so that mergers may occur

close to their birth site. Short GRBs tend to occur in early typehost galaxies, such as

ellipticals, with some occurring in star forming regions. At least some short GRBs have

been detected on the outskirts of elliptical galaxies, e.g.GRB 050509 (Gehrels et al.,

2005) and some have been found in star forming galaxies, e.g.GRB 050709 (Fox et al.,

2005) (Fig. 1.11). The star formation rate in these galaxies, however, has been found

to be less intense than in typical host galaxies of long GRBs. Studies by Berger (2008)

show that short GRB host galaxies exhibit higher luminosities and higher metallicities

than those of long GRBs, and are not consistent with a young population. Supernovae

have never been associated with any short GRBs, despite deep observations of a number

of nearby bursts.

1.4.3 The GRB-Supernova Connection

The collapsar model predicts the collapse of a massive star (∼30 M⊙) to a compact object

as a mechanism to produce long GRBs. The resulting release of energy must lead to the
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Figure 1.11: Host galaxies of long GRBs are typically irregular and with a high star-
formation rate. Short GRBs have been observed on the outskirtsof elliptical galaxies and
also in star forming regions.Credit: Gehrels et al. (2007).

ejection of the star’s envelope at high velocities, producing a supernova (SN). The SN

emission is non-relativistic, spherical and∼1051 erg is emitted over weeks and months.

Once the cosmological origin of long GRBs was firmly established (Metzger et al., 1997),

the total isotropic energy inγ-rays was determined to be∼1051 erg, comparable to the

total kinetic energy in a supernova explosion. The association of long GRBs with active

star-formation indicated massive stellar death as a likelyprogenitor, further hinting at a

supernova connection.

An association between GRBs and SNe was initially proposed long before a con-

nection was verified observationally (Colgate, 1968; Paczynski, 1986). The first strong

evidence for such an association came with the detection of the highly unusual super-

nova SN 1998bw (Galama et al., 1998), which was spatially andtemporally coincident

with GRB 980425. The observed properties of the prompt GRB emission were fairly typ-

ical but a very bright, peculiar SN, was also detected in the host galaxy at a redshift of
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z = 0.0085. This low redshift burst, at a distance of∼ 35 Mpc, was very under luminous,

with an isotropicγ-ray energy of 8.5±0.1×1047 erg, more than three orders of magnitude

fainter than typical long bursts. An X-ray source in the galaxy allowed for a more refined

localisation of the burst and tightened the correlation between the GRB and the SN. The

probability of the association between GRB 980425 and SN 1998bw being a chance co-

incidence has been estimated to be∼10−4 (Galama et al., 1998). Therefore this detection

provided the first convincing evidence for the link between long-duration GRBs and SNe.

This link has subsequently been confirmed with the direct spectroscopic detection

of SN 2003dh associated with GRB 030329 atz = 0.1685 (Hjorth et al., 2003; Stanek

et al., 2003). The bright, slowly fading afterglow (R∼13 mag) and low redshift of the

burst made it well suited to extensive spectroscopic follow-ups . Additional spectroscopic

and photometric studies of the afterglow several days afterthe burst (Della Valle, 2005;

Matheson, 2005; Fynbo et al., 2004) showed a deviation from apure power-law decay and

the emergence of broad SN spectral features (e.g. Hjorth et al., 2003). As the afterglow

faded, a red supernova bump became prominent, showing remarkable similarity to SN

1998bw. Several other GRBs have been reported to be associatedwith SNe, based on

spectroscopic as well as lightcurve signatures, includingGRB 031203 (Bailyn et al., 2003;

Malesani et al., 2004), GRB 021211 (Della Valle et al., 2003),and GRB 050525 (Della

Valle et al., 2006b).

Short-duration GRBs are not expected to have associated SN emission if the prevail-

ing merger theory for their origin is correct. Secure limitson the lack of SN emission

have been placed on several short bursts, including GRB 050509b (Bloom et al., 2005;

Hjorth et al., 2005a) and GRB 050609 (Fox et al., 2005; Hjorth et al., 2005b). After-

glow observations are therefore consistent with the mergerhypothesis for short GRBs at

present.

The validity of the theory that all long GRBs are associated with SNe was called into

question with the detections of two nearbySwift GRBs without SNe, GRB 060505 at

z = 0.089 (Fynbo et al., 2006; Ofek et al., 2007) and GRB 060614 atz = 0.125 (Fynbo
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et al., 2006; Gal-Yam et al., 2006; Della Valle et al., 2006a). Due to their proximity and

apparent membership of the long duration class (T90 of 4± 1 s and 102± 1 s respectively

(Hullinger et al., 2006; Barthelmy et al., 2006)), SN searches were initiated by many

observers, which failed to detect a SN down to limits∼100 times fainter than the proto-

typical SN1998bw. The lack of an associated SN to such deep limits may be evidence

for a new phenomenological type of massive stellar death. Ithas been suggested that

these bursts may be related to merger events like short bursts and 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 various physical processes and

explain the vast diversity found in both the prompt emissionand subsequent afterglows.

Most models involve the collapse of a stellar object, the creation of an accretion disk and a

pair of jets which interact with the circumburst medium. Considering the massive release

of energy involved in a GRB (∼1053 erg isotropic) the progenitor must be a compact object

such as a black hole or neutron star, since no other object is capable of such emission over

such a short time-scale. The compactness problem (§2.1.2) dictates that the outflow must

be moving relativistically, with a Lorentz factor ofΓ ≥ 100. Taking into account the rel-

ativistic beaming factor (see§ 2.1.1), the total energy required for a GRB is decreased to

∼1051 erg (Frail et al., 2001), since the material is beamed into anangle of 1/Γ rather than

being emitted isotropically. The energy must be dissipatedwithin this collimated, rela-

tivistic jet for the release of the prompt and afterglow emission. Dissipation is thought to

occur in the form of collisionless shocks. Most models are based on synchrotron radiation

from relativistic electrons accelerated within these shocks.
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2.1.1 Jets

The outflow emitted from the central engine moves relativistically and is collimated along

the axis of rotation of the central engine. The outflow is referred to as a jet and is a

common structure in astrophysical objects, including active galactic nuclei and micro-

quasars. The geometric opening angle of the jet is calledθ j. When a source is radiating

isotropically in its own rest frame but moving relativistically in the observer frame, the

emitted radiation is beamed into a small cone about its direction of motion. If the object

is moving with a bulk Lorentz factorΓ, the relativistic opening angle is 1/Γ. The effect

of relativistic beaming of the jet reduces the required energy output of the burst from 1053

to 1051 erg. The interaction between the geometric and relativistic opening angles can

produce measurable effects in the afterglow lightcurve.

Figure 2.1: The collimated outflow from the GRB, with a geometric opening angleθ j, is
moving with a bulk Lorentz factorΓ. The jet is relativistically beamed with an opening
angle of 1/Γ. As the jet slows the relativistic beaming effects decrease until the relativistic
cone eventually becomes wider than the geometric, causing the ‘jet break’.

Initially the jet is moving with a large Lorentz factor and isthus highly beamed, with

1/Γ < θ j. At this point the fireball evolution appears similar to the isotropic case, as an

observer can only detect emission from within the relativistic cone. Under these condi-

tionsΓ is predicted to decay as a power-law proportional to the radiusr and the afterglow
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lightcurve decays as a power-law∝ t−1. The relativistic beaming effects decrease as the

jet slows down, due to interaction with the inter-stellar medium, and the relativistic cone

gradually expands (Fig. 2.1). When the relativistic cone eventually becomes wider than

the geometric opening angle, i.e. 1/Γ > θ j, thenΓ changes to decay as an exponent of

the radius and the late-time afterglow lightcurve decays much faster, as a power-law∝ t−2

(Sari and Piran, 1999a). The ‘jet break’ in the power-law lightcurve is a hydrodynamical

effect and should occur in all wavelengths simultaneously. Thetime at which the break

occurs is an important measurement as it can be used to calculate the opening angle,θ j, of

the jet.θ j can then be used, along with the isotropic energyEiso, to infer the geometrically

corrected energy radiated inγ-rays,Eγ, given by (Piran, 2005):

Eγ =
θ2j

2
Eiso (2.1)

2.1.2 The Compactness Problem

The short time-scale variability of GRB prompt emission implies that the source ofγ-

ray emission must be smaller than cδt, whereδt is the variability time-scale. The radius

of the compact source combined with the observed photon energies of∼1 MeV imply a

high photon density at the source. At this densityγγ interactions would producee± pairs

which creates a large optical depth, meaning high-energy photons should not be observed.

However, the photon spectra observed from GRBs are predominantly non-thermal, which

implies an optically thin source region.

This apparent contradiction can be resolved by invoking a relativistic expansion of

the outflow, with a Lorentz factor ofΓ. The effect of relativistic beaming confines the

view of the source to 1/Γ, meaning that the source may be a factor ofΓ2 larger and still

maintain the same short time scale variability. The incoming photons have also been blue-

shifted in the observer frame, due to the relativistic Doppler effect, which also results in

the appearance of higher observed energies. This means thatthere is a smaller fraction of

photons energetic enough to undergo pair production and contribute to opacity. In order
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to eliminate the compactness problem, the source of a typical burst becomes optically thin

for Lorentz factorsΓ ≥ 100 (Piran, 2005). Baryonic contamination of the outflow must

be kept low, however, as the motion will cease to be relativistic if the 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 observed spectral behaviour of GRBs

(Lloyd and Petrosian, 2000) and is currently considered thedominant mechanism for en-

ergy dissipation. Synchrotron emission occurs when a relativistic charged particle, usually

an electron, is accelerated in a magnetic field and cools rapidly, emitting a high energy

photon. The direction of motion of the electron must have a component perpendicular to

the magnetic field (i.e. a non-zero pitch angle). One characteristic feature of synchrotron

radiation is the polarisation of the emission, which has been tentatively observed in sev-

eral bursts (McGlynn et al., 2007). The strength of the magnetic field plays an important

role in the emission, however a high level of polarisation can be produced from either a

uniform magnetic field in the jet or a random magnetic field in the plane of the shock.

Tavani (1996) details a synchrotron shock model which predicts an optically thin syn-

chrotron spectrum from a power-law electron energy distribution with a sharp minimum

cut off energy and an isotropic pitch angle distribution. This provides a good fit to many

observed spectra, but requires modification to explain someof features of the low en-

ergy spectra (Preece et al., 2002). A large range of low-energy spectral behaviour can be

explained when taking into account an anisotropic electronpitch angle distribution and

the effects of synchrotron self-absorption (Lloyd-Ronning and Petrosian, 2002). A vari-

ation on synchrotron radiation is jitter radiation, which involves emission from electrons

in small-scale, non-uniform magnetic fields (Medvedev, 2000). This approach can ac-

count for the rapid spectral variability and hard to soft evolution 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 observed spectral features of GRBs.
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2.2. THE FIREBALL MODEL

Inverse Compton scattering occurs when a relativistic electron scatters off a photon. The

electron may deposit a fraction of its energy to the photon inthe collision, thus boosting

the photon to higher energies by factor ofγ2
e, whereγe is the electron Lorentz factor (Piran

et al., 2008). The types of spectra observed in GRBs could be produced by inverse Comp-

ton scattering of synchrotron emission (Panaitescu and Mésźaros, 2000). An alternative

method forγ-ray production is the synchrotron self-Compton process. This involves the

photons that were originally created in the synchrotron mechanism being up-scattered to

higher energies by the same electrons initially responsible for their creation. This effect is

dominant at low photon energies and high photon energies.

2.2 The Fireball Model

The standard theoretical framework for the interpretationof GRB emission is called the

fireball model (Ḿesźaros, 2002) and has been extremely successful at describingthe ob-

served properties of the prompt and afterglow emission. Thebasic premise of the model

is the formation of a relativistically expanding, high-temperature outflow of matter, called

a fireball, which is created from the release of a large amountof energy from a compact

region over a short period of time, irrespective of the nature of the progenitor. Prompt

γ-ray emission is produced by collisionless internal shockswithin the fireball. As the

fireball progresses into the surrounding external medium itshock heats electrons in the

medium, which results in the longer wavelength afterglow emission. The model is shown

schematically in Fig. 2.2.

With an observed luminosity greatly exceeding the Eddington luminosity, the radi-

ation pressure within the fireball is sufficient to allow it to expand relativistically (e.g.

Paczynski, 1986). The bulk Lorentz factorΓ of the fireball increases linearly until reach-

ing a maximum value, after which it remains constant. The fireball consists mainly of an

e± plasma andγ-rays, with a smaller component of baryons. The relativistic expansion

of the fireball implies a low baryonic component, as the baryonic load determines the ex-
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2.2.1 Internal Shocks

Figure 2.2: Schematic of the Fireball Model. Promptγ-ray emission is created by internal
shocks, while the longer-wavelength afterglow emission occurs at larger radii as the inter-
action of the relativistic outflow with the external local medium decelerates the fireball.
Credit: http://gsfc.nasa.gov.

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

thin at a radius of∼1012− 1013 cm. A thermal component to the spectrum is introduced at

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

2.2.1 Internal Shocks

The central engine of a GRB is variable and emits matter in shells. The overall Lorentz

factor of the outflow will reach a constant value, but each shell within the jet develops its

own Lorentz factor. When a shell of a lower Lorentz factor is overtaken by one with a

higher Lorentz factor, a shock is formed. The shocks are collisionless, i.e. the transition

from pre-shock to post-shock states occurs on a length scalemuch smaller than a particle

collisional mean free path. The synchrotron radiation produced within the shocks is the

non-thermalγ-radiation observed in the prompt emission (Piran, 2005). Magnetic inho-

mogeneities in the shock region cause the electrons within the shell to undergo multiple
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reflections, becoming flash-heated and Fermi accelerated. The higher energy electrons

then radiateγ-rays due to synchrotron emission within the magnetic field.The shocks

form within the jet itself and are not affected by the external medium. The multiple emis-

sion episodes and high variability seen in GRB lightcurves can be successfully explained

by the internal shock model.

2.2.2 External Shocks

As the fireball progresses away from the central engine it sweeps up matter from the

surrounding medium. At a radius of∼1016 − 1018 cm the internal shells have combined

into a single relativistic shell and the amount of matter swept-up from the external medium

becomes significant enough to decelerate the fireball. This creates a shock front that

moves through the external medium, heating the matter therein to extreme temperatures

(e.g. Rees and Ḿesźaros, 1992). These flash-heated particles are accelerated to relativistic

speeds and then radiate via synchrotron emission, producing the afterglow emission of the

GRB, which shifts to progressively lower wavelengths as the fireball decelerates. Even in

the presence of a low-density surrounding medium, the external shock 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 also creates a reverse shock, which

propagates back into the ejecta (Mésźaros and Rees, 1997; Sari and Piran, 1999b). These

two shocks are separated by a contact discontinuity and the energy contained in both are

comparable. The reverse shock is short-lived and has a lowertemperature than the internal

shock. It is mildly relativistic and as it crosses back over the remnant star it heats and

accelerates electrons. The reverse shock takes tens of seconds to sweep through the ejecta

and produce a bright flash. The lower Lorentz factor of the shock predicts emission in

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

due to the fact that the shock only crosses the shell once, producing a single flash. The

shocked hot matter then expands adiabatically and the emission weakens and shifts to

lower frequencies. A reverse shock generated optical flash was observed simultaneously

with γ-ray emission in GRB 990123 (Sari and Piran, 1999a). If the jetis Poynting-flux-

dominated, the large magnetic pressure prevents the formation of a strong reverse shock.

2.3 GRB Afterglows

A multi-wavelength GRB afterglow, from X-ray to radio, was predicted before the dis-

covery of GRB 970508 which was the first GRB observed to have a radio afterglow (Frail

et al., 1997). With a measured redshift of z= 0.835 it confirmed an unambiguous cos-

mological origin for GRBs. The Italian/Dutch satellite BeppoSAX revealed more of the

cosmological nature of bursts with the identification of thefirst X-ray afterglow in 1997

(Costa et al., 1997). With a more accurate localisation of theburst the first success-

ful follow-up observations at optical wavelengths were made possible (van Paradijs et al.,

1997). There is also extensive observational evidence for collimated emission from GRBs,

provided by breaks in the X-ray or optical lightcurves of their afterglows. This break is

commonly interpreted as a jet break enabling an estimate of the jet opening angle.

The quality of GRB afterglow observations has dramatically improved in theSwift

era. TheSwift mission combines improved sensitivity to GRBs with multi–wavelength

instruments and, crucially, rapid localisation and slewing capabilities, which has led to

routine observations of GRBs at X-ray and UV/optical wavelengths∼100 s from the trig-

ger. These capabilities have allowed the prompt and early afterglow phases to be explored

in far greater detail than was previously possible.Swiftalso provides GRB positions with

unprecedented speed and accuracy, which has greatly assisted ground-based follow-up

observations with robotic optical/IR 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 ambient medium and is decelerated,

the resulting forward shock propagates into the ambient medium. This generates the long-

lived multi-wavelength afterglow, while a short-lived reverse shock propagates back into

the ejecta. Most of the fireball kinetic energy is transferred into the shocked external

medium. The fireball Lorentz factor evolves with radiusr and with observer’s timet as:

Γ ∝ r−3/2 ∝ t−3/8, r ∝ t1/4 (2.2)

Γ ∝ r−3 ∝ t−3/7, r ∝ t1/7 (2.3)

The first case describes adiabatic fireball evolution in which the energy is constant,

which is generally valid at late times (∼hours). The second case describes radiative evolu-

tion, in which a significant fraction of the kinetic energy islost due to radiative processes

(Mésźaros and Rees, 1997). This phase is thought to apply to the prompt emission and

early afterglow.

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

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

N(γe) ∝ γ−p
e , γe > γm (2.4)

whereγm is the minimum Lorentz factor of the distribution. The lowerlimit is set

by the assumption that a constant fraction of the shock thermal energy is acquired by the

electrons in the shock. The electrons radiate via the synchrotron process to produce the

afterglow spectrum shown in Fig. 2.3. The spectrum is composed of a series of broken

power-laws connected at the characteristic frequenciesνa, νm, andνc. At frequencies

below the self-absorption frequencyνa, the flux undergoes synchrotron self-absorption

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

cross-section is higher at longer wavelengths and so as the observing frequency increases,

the total flux density increases. Aboveνa, self-absorption effects are no longer significant

and the underlying power-law distribution is recovered. The synchrotron frequencyνm

corresponds to the typical electron Lorentz factor, which is determined by the minimum

Lorentz factorγe,min. Since electrons cool on time-scales∝ γ−1
e , electrons withγe > γc

(corresponding toνc, the cooling frequency) cool very rapidly. This gives rise to two types

of spectra. Fast-cooling occurs during the prompt emissionand early afterglow, where

νm > νc, i.e. the typical electron frequency is much higher than thecooling frequency

(Fig. 2.3a). Slow-cooling is dominant whenνm < νc, which describes the afterglow at

late times (Fig. 2.3b). The transition from fast to slow cooling occurs at a timet0 when

νm = νc . For a given observed frequency, eithert0 > tm > tc (typical for high frequencies),

or t0 < tm < tc, wheretm andtc are the times when the break frequenciesνm andνc cross

the observed frequencyν.

Given values for the isotropic equivalent energy of the initial explosion and the micro-

physical parameters (p, ǫe, ǫB, andζe), and for a certain fireball Lorentz factor evolution

(i.e. adiabatic or radiative), the temporal evolution of the characteristic frequencies can be

determined. The observed light curve at a specific frequency(in the observer frame) can

then be described by the temporal variation of the characteristic frequencies and ofFν,max,

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

Fν(t, ν) ∝ tανβ (2.5)

whereα andβ are the temporal and spectral decay indices (Sari et al., 1998).

Observational evidence has proved the simple afterglow model to be successful. It is

based, however, on a number of simple assumptions that need to be modified in order to

explain some features of the lightcurves. The fireball is taken to be isotropic, resulting

from an impulsive injection of energy from the central engine, and the density of the

external medium into which the forward shock propagates is assumed to be constant.

However, it is more likely that the surrounding environmentcould be a stellar wind, such
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2.3.1 Afterglow Emission

Figure 2.3: Synchrotron spectrum of a relativistic shock with a power–law electron energy
distribution. (a) Fast cooling, which is expected at early times (t < t0). Self–absorption
is important belowνa. The frequenciesνm, νc, andνa decrease with time as indicated; the
scalings above the arrows correspond to an adiabatic evolution, and the scalings below,
in square brackets, correspond to a fully radiative evolution. (b) Slow cooling, which is
expected at late times (t > t0). The evolution in this case is always adiabatic.Credit: Sari
et al. (1998)
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as in the collapse of a Wolf-Rayet star. Predictions for a forward shock moving through

such an environment suggest a steeper decline in the opticalafterglow 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 simplify the analysis, and are not

expected to be realistic in all cases, though they work remarkably well for many events.

Many authors have proposed modifications to the simple afterglow model by considering

cases in which the first-order assumptions are not satisfied.Table 2.1 shows the expected

temporal and spectral indices corresponding to the forwardshock spectral regimes in the

simple afterglow model, and also presents values for some modified cases, as well as cases

where the electron power-law index 1< p < 2 (e.g. Dai and Cheng (2001)). Some of

the main modifications are discussed below (for further details see Zhang and Ḿesźaros

(2004)).

Wind Medium

The simple afterglow model assumes that the forward shock propagates into a constant

density ISM. However, the massive star progenitor which hasbeen proposed for long

GRBs suggests that the ambient medium may be a stellar wind environment, as seen in

Wolf-Rayet stars. The density profile of such an environment isρ ∝ r−2. The optical after-

glow in this case is expected to decline more steeply than forthe simple fireball (Chevalier

and Li, 1999, 2000). Concurrent X-ray, optical, and radio afterglow observations are par-

ticularly useful for distinguishing between the wind and ISM environments.

Energy Injections

If the central engine is still active when the fireball is decelerated (the onset of the af-

terglow), or if the ejecta shells have a range of bulk Lorentzfactors, then shells emitted

later or with lower Lorentz factors can catch up and refresh the forward shock (Rees and
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β α (p > 2, p ∼ 2.3) α(β) α (1 < p < 2, p ∼ 1.5) α(β)

ISM, slow cooling

ν < νa 2 1
2

17p−26
16(p−1) ∼ −0.06

νa < ν < νm
1
3

1
2 α =

3β
2

p+2
8(p−1) ∼ 0.9

νm < ν < νc − p−1
2

3(1−p)
4 ∼ −1.0 α =

3β
2 −3(p+2)

16 ∼ −0.7 α =
3(2β−3)

16

ν > νc − p
2

2−3p
4 ∼ −1.2 α =

3β+1
2 −3p+10

16 ∼ −0.9 α =
3β−5

8

ISM, fast cooling

ν < νa 2 1 1
νa < ν < νc

1
3

1
6 α =

β

2
1
6 α =

β

2

νc < ν < νm −1
2 −1

4 α =
β

2 −1
4 α =

β

2

ν > νm − p
2

2−3p
4 ∼ −1.2 α =

3β+1
2 −3p+10

16 ∼ −0.9 α =
3β−5

8

Wind, slow cooling

ν < νa 2 1 13p−18
8(p−1) ∼ 0.4

νa < ν < νm
1
3 0 α =

3β−1
2

5(2−p)
12(p−1) ∼ 0.4

νm < ν < νc − p−1
2

1−3p
4 ∼ −1.5 α =

3β−1
2 − p+8

8 ∼ −1.2 α =
2β−9

8

ν > νc − p
2

2−3p
4 ∼ −1.2 α =

3β+1
2 − p+6

8 ∼ −0.9 α =
β−3

4

Wind, fast cooling

ν < νa 2 2 2
νa < ν < νc

1
3 -2

3 α = −β+1
2 -2

3 α = −β+1
2

νc < ν < νm −1
2 −1

4 α = −β+1
2 −1

4 α = −β+1
2

ν > νm − p
2

2−3p
4 ∼ −1.2 α =

3β+1
2 − p+6

8 ∼ −0.9 α =
β−3

4

Jet, slow cooling

ν < νa 2 0 3(p−2)
4(p−1) ∼ −0.8

νa < ν < νm
1
3 −1

3 α = 2β − 1 8−5p
6(p−1) ∼ 0.2

νm < ν < νc − p−1
2 −p ∼ −2.3 α = 2β − 1 − p+6

4 ∼ −1.9 α =
2β−7

4

ν > νc − p
2 −p ∼ −2.3 α = 2β − p+6
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2

Table 2.1: Predicted temporal and spectral indicesα andβ from various afterglow models,
following the conventionFν ∝ tανβ. The assumptionνa < min(νm, νc) is made.Credit:
Zhang and Mészáros (2004)

Mésźaros, 1998). Generally, a total injection energy comparable to that of the impulsive

energy in the initial fireball is required to make a detectable signature in the afterglow

light curves (Zhang and Ḿesźaros, 2002). Energy injections can produce a variety of

signatures in afterglow light curves, including flattening, bumps, and temporal breaks on

cessation of energy injection.
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2.3.3 X-Ray Afterglows

Before the launch of theSwift satellite, observed X-ray afterglow lightcurves were char-

acterised by a single power-law decay given by:

FX(t, ν) = tα νβ (2.6)

whereα andβ had typical values of∼ -0.9 and∼1.4 respectively (Piro et al., 2002).

The early afterglow period from∼ 102 to ∼ 104 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 firsttime. Consistent X-ray

observations at early times revealed an unexpectedly complex structure and have led to

a canonical X-ray afterglow lightcurve which consists of a number of distinct power-law

segments. The main lightcurve features are shown in Fig. 2.4(Zhang et al., 2006) and

consist of 5 main components, which may not all be present in all bursts.

• I Steep decay phase:A steep decay phase is first observed, which is usually

smoothly connected to the promptγ-ray emission (phase 0), with a temporal de-

cay slope∼ −3 or steeper, extending to∼ 102 − 103 s. The spectral slope is usually

different from those of the later afterglow phases. The initial steep decay is gener-

ally interpreted as being late prompt emission due to the curvature effect when the

prompt emission ceases abruptly (Kumar and Panaitescu, 2000; Zhang et al., 2007).

The conical geometry of the GRB jet results in the emission at large angles to our

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

• II Shallow decay phase:The temporal decay slope is typically∼ −0.5 or flatter,

extending to∼ 103 − 104 s, when a temporal break is observed before the normal

decay phase. The shallow decay is thought to be related to theexternal shock,

possibly due to energy injection from the jet when low-Γ shells pile up behind a

decelerating high-Γ shell (Rees and Ḿesźaros, 1998), continuous energy injection
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2.3.3 X-Ray Afterglows

Figure 2.4: Canonical X-ray afterglow lightcurve based onSwift XRT data. The phase
”0” denotes the promptγ-ray emission. Segments I and III are most commonly observed
and they are marked with solid lines. The other three components are only observed in
a fraction of bursts and are marked as dashed lines. Typical temporal indices (α) are
indicated in the figure.Credit: Zhang et al. (2006).

from the central engine at later times (Zhang et al., 2006), or a delay in transfer of

energy from the fireball to the surrounding medium.

• III Normal decay phase: The normal decay phase usually follows the predictions

of the standard afterglow model, with a temporal decay slopeof ∼ −1.2, and seems

to be in agreement with predictions of the standard afterglow model (Mésźaros and

Rees, 1997).

• IV Post jet-break phase:Occasionally observed following the normal decay phase,

this final break is the so-called jet break with a typical temporal decay slope of∼ −2

it is in agreement with predictions of the jet model.

• V X-ray flares: Observed in nearly half of GRB afterglows, occasionally with

multiple flares in a single burst. Rise and decay slopes are typically very steep

(Burrows et al., 2005a).

34
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2.3.3.1 X-Ray Flares

Since the launch ofSwift, X-ray flares have been observed in∼50% ofSwiftGRBs with

early X-ray afterglow observations. The overall energy emitted in X-rays is usually a

few percent of the promptγ-ray emission, but there have been cases fromSwift where

flares have been observed with a comparable flux to theγ-ray emission. The flares can

occur from hundreds of seconds after the prompt emission to up to a day later and have

been observed in long and short duration GRBs. They are generally superimposed on the

underlying decay in the steep or shallow phases of the X-ray afterglow. The rise and fall

times of the flares are much shorter than the time since the burst onset and the flares tend

to soften with time, with later flares being broader and less energetic than earlier ones.

A number of interpretations for X-ray flaring have been proposed, such as refreshed

external shocks (Zhang and Mésźaros, 2002) and late-time central engine activity, either

continued or restarted (Zhang et al., 2006). The observed characteristics imply an internal

shock origin, which would require just a fraction of the total prompt emission energy to

explain the flares. The internal shock model can explain the rapid rise and decay of the

flares, because the trigger time for the flare has to be reset every time the central engine

restarts. The fact that the flares are observed 102 − 103 s after the prompt emission sug-

gests that there is a long period of time before the central engine restarts, which must be

explained by the theoretical models. Suggestions for restarting the central engine include

fragmentation or gravitational instabilities, either in the star’s envelope or the accretion

disk, or different binary progenitors in the case of short GRBs, e.g. NS-BH mergers or

white dwarf-NS mergers, both of which would cause extended accretion (e.g. King et al.,

2007).

2.3.4 Optical Afterglows

Observations of optical afterglows since the launch ofSwifthave revealed early faintness

to be more the norm than the exception, contrary to previous expectations. In pre-Swift
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observations, the late-time optical flux was described by:

FO(t, ν) = tα νβ (2.7)

with typical values ofα ∼ −1 andβ ∼ −0.7 (Zhang and Ḿesźaros, 2004). Late

breaks in the optical afterglow light curves have been observed in a number of cases,

interpreted as jet breaks e.g. GRB 990510, (Harrison et al., 1999). Optical afterglow

behaviour in general has been unexpectedly complex and varied at early times (Panaitescu

and Vestrand, 2008) and reverse shock optical flashes have been much less common than

had been suggested by previous early optical observations.There is also a large fraction

of GRBs that have no detectable afterglows at optical wavelengths, called “dark bursts”

(§ 2.3.4.4).

Some GRBs show significant rebrightenings e.g. GRB 060206 (Woźniak et al., 2006)

and GRB 060607a (Nysewander et al., 2007) and short time scalevariability (e.g. Stanek

et al., 2007). Others have plateau phases during which the flux stays approximately con-

stant e.g. GRB 050801 (Rykoff et al., 2006a) and GRB 060210 (Stanek et al., 2007). Pro-

posals for possible explanations for the observed optical afterglow characteristics include:

refreshed external shocks, long-lived activity of the central engine and density variations

in the external medium (Rees and Mésźaros, 1998; Wang and Loeb, 2000). Early optical

afterglow lightcurves can be divided into 4 types: fast-rising with an early peak, slow-

rising with a late peak, flat plateaus and steep decays (Panaitescu and Vestrand, 2008). In

most cases, the optical afterglow fades after several weeks. At this stage, the afterglow be-

comes significantly dimmer than its host galaxy, and the lightcurve reaches a plateau stage

corresponding to the host galaxy emission. In several cases, a “bump” in the lightcurve is

observed at late times, usually interpreted as evidence foran underlying supernova.

The luminosities of optical afterglows have a bimodal distribution (e.g. Kann et al.,

2006). The majority of afterglows belong to the brighter of the two populations, while low

redshift afterglows are, on average, less luminous than more distant ones. This provides

possible evidence for the existence of a nearby, sub-luminous population of GRBs as
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proposed by several authors (Norris, 2002; Soderberg et al., 2004; Foley et al., 2008).

2.3.4.1 Reverse Shock Emission

GRB 060111b was a bright, double-peaked burst detected bySwift (Perri et al., 2006),

with T90 = 59± 1 s. A ∼13th mag, rapidly decaying, optical transient was detected at

∼T0+29 s by both the ROTSE-III and TAROT robotic telescopes (Yostet al., 2006; Klotz

et al., 2006a). The high-time resolution light curve obtained by TAROT revealed a lack of

fine time structure during the decay of the optical flare, while theγ-ray light curve showed

a peak during the same time interval. The clear anti-correlation between the optical and

γ-ray flux rules out a common emission mechanism, and the rapid(α = 2.4) decay of the

optical afterglow unambiguously identifies the reverse shock as the source of the prompt

optical emission (Klotz et al., 2006c).

GRB 060117 was an extremely intense burst detected bySwift(Campana et al., 2006a),

with T90 = 16±1 s. Observations by the robotic telescope FRAM, beginning atT0 +124 s,

detected a very bright optical transient atR = 10.1 mag (Kub́anek et al., 2006a; Jelı́nek

et al., 2006a). The early optical emission decayed rapidly,and later observations by other

instruments failed to detect an optical or radio transient (Nysewander et al., 2006; Schmidt

et al., 2006), setting strong limits on the fluxes which indicated an unexpectedly rapid fur-

ther decay. Jelı́nek et al. (2006b) interpreted the light curve as a transition between reverse

and forward shock emission, with a relatively steep electron-distribution indexp ≃ 3.0.

Evidence for a transition from the reverse shock to forward shock phase was also present

in the optical emission from GRB 050525a (Shao and Dai, 2005),the first bright, low-

redshift burst to be observed by both the narrow field instruments onSwift, resulting in

one of the most comprehensive multiwavelength descriptions of the early evolution of a

GRB afterglow (Fig. 2.5).

Several bursts for which early optical data is available have displayed no evidence

of reverse shock emission. The ROTSE-IIIa robotic telescope detected prompt optical

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

the prompt optical detections of GRB 990123 and GRB 041219a, this was just the third

GRB that had been detected optically while still active inγ-rays, and the first detection

for a burst of average duration and luminosity. The early optical behaviour showed no

similarity to that of either GRB 990123 or GRB 041219a. No correlation with theγ-ray

emission was observed, and the prompt optical emission was well fitted by a backward

extrapolation of the afterglow at late times, indicating a very rapid rise of the forward

shock emission, and a negligible contribution from internal shocks (Rykoff et al., 2005).

Early dominance of the forward shock emission was also suggested by the simple power-

law decay observed from very early times in GRB 061007 (Mundell et al., 2007), which

reached a peak magnitude ofR ∼ 10.3. The well-sampled early optical light curves of

GRB 060418 and GRB 060607a were shaped by the forward shock only(Fig. 2.6), and

by determining the time at which the afterglow peaked, Molinari et al. (2007) could infer

the original Lorentz factor of the fireball to be∼400.
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(a) (b)

Figure 2.6: NIR and X-ray light curves of (a) GRB 060418 and (b)GRB 060607a. The
dotted lines show the fit of a broken power-law model to the NIRdata.Credit: Molinari
et al. (2007).

2.3.4.2 Emission from Internal Shocks

An alternative to the reverse shock interpretation was proposed for the bright optical flare

observed from GRB 050904. This burst had a spectroscopicallymeasured redshift of

6.29± 0.01 (Kawai et al., 2005) and a bright optical counterpart was detected during the

γ-ray emission in unfiltered observations by TAROT (Boër et al., 2006), beginning 86 s

after the trigger. The 30 cm BOOTES telescope failed to detectan optical counterpart

at early times in its R-band observations (Jelı́nek et al., 2005), since the high redshift

placed the Lyα cutoff redward of the R-band. GRB 050904 was similar to GRB 990123

in that it had a large isotropic equivalent energy, high intrinsic peak energy, and displayed

similar optical behaviour. Unlike GRB 990123 however, an X-ray flare was observed

contemporaneous with the optical flare. While the optical flare can be accounted for in the

context of the reverse shock model, this emission process isexpected to have a negligible

contribution in the X-ray band. Wei et al. (2006) suggest that, with the proper parameters,

both the optical and X-ray flashes can be explained by the lateinternal shock model, first

proposed by Fan et al. (2005) to interpret the prompt emission from GRB 041219a.

Further confirmation of a link between prompt emission atγ-ray and optical wave-

lengths was discovered in GRB 050820a. This burst was composed of an initial period
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of γ-ray emission fromT0 − 17 s toT0 + 22 s (Page et al., 2005), followed by a second,

larger episode of emission fromT0 + 217 s toT0 + 270 s, and was detected by bothSwift

(Cummings et al., 2005) and KONUS-Wind (Pal’shin and Frederiks, 2005). The RAP-

TOR robotic telescope responded to the GCN alert based on the initial BAT trigger, and

subsequently detected optical emission contemporaneous with the main outburst of en-

ergy inγ-rays. These observations reveal faint optical emission that suddenly flares and

varies erratically, tracking theγ-ray emission, before fading over the course of the next

hour (Vestrand et al., 2006). Comparison of the optical andγ-ray lightcurves allowed the

determination of the temporal relationship and relative strength of the two optical com-

ponents, one which tracks theγ-ray 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 the jet create theγ-rays, exter-

nal shocks produce the long-lived afterglow, and a reverse external shock with a lower

temperature can propagate back into the ejecta to produce the prompt optical emission

(Sari and Piran, 1999b). The robotic telescope ROTSE (Robotic Optical Transient Search

Experiment) observed a bright optical flash concurrent withtheγ-ray emission for GRB

990123, reaching∼9th magnitude 47 seconds after the onset of the burst (Akerlof et al.,

1999). The prompt optical andγ-ray emission were not correlated (Fig. 2.8b), suggest-

ing that the optical emission was not the low-energy tail of the promptγ-ray emission

and was instead emitted in a different physical region. This is consistent with the reverse

shock theory (Sari and Piran, 1999a). Conversely, correlated optical andγ-ray emission

were detected in GRB 041219a (Fig. 2.8a) indicating that theywere 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 crosses). The blue dashed line
shows the predicted prompt optical component obtained by scaling the KONUS-Windγ-
ray flux measurements, after re-binning to the same time intervals as the RAPTOR mea-
surements, by a factorFopt/Fγ = 7.4 × 10−6 and converting to the R-band equivalent
magnitude. The solid red line shows the model early afterglow component, with a refer-
ence timet0 set to the start of the second, more intenseγ-ray pulse. The green trace shows
the sum of these prompt and early afterglow components. The dashed red line shows
an afterglow component with the same flux-rise timescale as the dominant afterglow, but
with a reference time set to the onset of the precursor pulse,and an amplitude given by
the ratio of theγ-ray fluence for the precursor pulse to that of the main pulse.Credit:
Vestrand et al. (2006).

2.3.4.4 Dark GRBs

A significant proportion of GRBs do not have a detectable afterglow, even though deep

observations down to∼21 - 22 magnitudes are carried out for most events within 24 hours

of the burst (Coward et al., 2008). Of the 432 GRBs detected bySwift up to May 2009,

356 have been observed by UVOT and 135 have resulted in UV/optical detections. Taking

ground-based follow-ups into account, the number of UV/optical/IR detections rises to
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Figure 2.8: Comparison of theγ-ray and prompt optical light curves for GRB 041219a
and GRB 990123. (a) For GRB 041219a the optical flash was correlated with theγ-rays
suggesting a similar origin for both. (b) For GRB 990123 the optical emission does not
follow that of theγ-rays and is consistent with the reverse shock theory.Credit: Vestrand
et al. (2005).

248, or∼57% of the total number ofSwift GRBs1. Several possible explanations for

these dark GRBs have been proposed, such as extinction factorsrelating to the GRB

environment, host galaxy type and redshift.

One possible explanation is that optical emission may have been present, but decayed

rapidly to below detectable limits by the time observationsbegan (Groot et al., 1998;

Li et al., 2003; Berger et al., 2002), or may have been intrinsically faint to begin with

(e.g. Li et al., 2003). The lack of a sufficiently deep detection limit may also be due to

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

1Statistics were obtained from theSwiftGRB table: http://swift.gsfc.nasa.gov/docs/swift/archive/grb table.html
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moon, or the field’s proximity to nearby bright stars or the moon. This idea is supported

by the detections of radio transients without optical transients (Hurley et al., 2002), and

by the association of GRBs with star-forming regions, which are dusty, optically-thick

environments. Within the burst environment dust obscuration may be due to a high gas

column density (e.g. Lamb, 2001; Castro-Tirado et al., 2007)or dust in the host galaxy

along the line of sight to the GRB (∼10% of dark events, Piro et al. (2002)). Since GRBs

are at cosmological distances, there may also be significantforeground extinction due

to the inter-stellar medium (ISM) (Paczynski, 1998). A low-density ambient medium

can result in a sub-luminous afterglow (Groot et al., 1998),since the afterglow peak flux

depends on the square root of the density of the ambient medium, leading to reduction of

the afterglow peak flux by several magnitudes with respect tobursts that occur in higher

density regions (Ḿesźaros and Rees, 1997). Some fraction of bursts are expected to be

located beyondz & 5, so that the UV band is redshifted to optical wavelengths (Fynbo

et al., 2001; Jakobsson et al., 2004). However, GRBs at high redshift can only account

for ∼10% of these dark bursts (e.g. Gorosabel et al., 2004; Castro-Tirado et al., 2006b).

Roming et al. (2006) used early observations ofSwift GRB afterglows to investigate the

most probable cause of dark GRBs. They found that∼25% of the bursts were extincted

by Galactic dust,∼25% were obscured by absorption in the GRB environment and∼30%

were most probably affected by Ly-α absorption at high redshift. Rapid temporal decay

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

The fireball model provides a good description of the basic properties of observed after-

glow behaviour. Other models, such as the Cannonball model (Dar and de Ŕujula, 2004),

have not been developed to the same extent and do not offer the predictive power of the

fireball model. However the simplified view of the simple fireball model does not explain

some of the more complex afterglow behaviour described hereand additional work is

required to explain the richness of features observed in theX-ray 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 observe completely autonomously.

Such telescopes require significantly advanced telescope control systems, drives and en-

coders to facilitate the location of targets. Unlike an automated telescope, which requires a

manually input list of targets to observe every night, the robotic telescope can generate its

own dynamic observing schedule based on information in its database. Parameters such

as the priority of a target and its altitude during the night are all taken into account. This

scheduling is also flexible enough to respond to external requests or events, such as new

transient sources or activity, and return to its regular schedule when these observations

are complete. Targets are located with a combination of high-precision pointing and star

pattern recognition. To confirm that the target has been successfully acquired the system

can compare the latest image to a catalogue, which provides feedback if corrections are

required. The system must also be capable of safely dealing with an array of external local

events, such as bad weather, power failure or the failure of akey component. The system

can also be accessed and controlled remotely, if required, and provide 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 ground-based astronomical hardware

has traditionally been directed toward high-profile, large-scale projects which aim to build

bigger and bigger telescopes. However, at the other end of the scale, an ever-growing num-

ber of science programmes are being carried out by smaller instruments operated in an

automated or robotic manner. Scientists have found their research programmes hampered

by the inflexibility and limited availability of observing time at large telescopes, and have

devoted considerable effort to developing robotic systems better suited to their scientific

requirements. Such instruments have become increasingly sophisticated due to a variety

of technological advances, in particular the advent of CCD detectors and the widespread

availability of powerful, affordable computers since the early 1990s. Overviews of the

technological and scientific advances being made in the areaof robotic telescope astron-

omy since the mid 1990s are given by Henry and Eaton (1994); Bode (1995); Chen et al.

(2001); Oswalt (2003).

The main advantage of robotic telescopes lies in their flexibility, which allows sources

to be studied in ways that are not possible with traditional facilities where observing runs

are limited to a few nights at a time (Eaton et al., 2003). The study of variable sources

like active galactic nuclei (AGN) (van Breda, 1995) and variable stars (Szabados, 2003)

greatly benefits from long-term monitoring programmes thatrobotic facilities can carry

out so effectively. Rapid, automated response capabilities also makerobotic telescopes

ideally suited to observations of transient sources like supernovae 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 a target in seconds, opening up a

previously unexplored regime in the time-domain study of transient sources (Andersen

and Pedersen, 2004). Robotic telescopes also excel at carrying out surveys. Cosmological

studies of the large-scale structure of the universe have been based on catalogues made by

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

Based on the theoretical models forγ-ray bursts, which predicted the presence of GRB

counterparts, McNamara et al. (1995) concluded that optical follow-up work required

deep imaging of GRB fields with response times of the order of minutes or less. In order

to carry out such rapid follow-up observations observers required precise GRB positions

to be calculated rapidly and distributed throughout the community. This triggered the

development of the BATSE COordinates DIstribution NEtwork (BACODINE), a system

to determine the positions of GRBs detected by BATSE and transmit the positions to sites

worldwide on a time-scale of seconds (Barthelmy et al., 1995). The BACODINE system

was subsequently expanded to include and distribute coordinates of GRBs detected by

other orbiting high-energy observatories (Fig. 3.1) and was renamed the Gamma-ray burst

Coordinates Network (GCN) (Barthelmy et al., 1998). Every source of GRB detection and

localisation information that has come online in the intervening years has been added to

the GCN so that it now provides accurate locations over a rangeof response times (Table

3.1).

Figure 3.1: The Gamma-ray burst Coordinates Network (GCN).Credit:
http://gcn.gsfc.nasa.gov
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SOURCE TIME DELAY ERROR BOX RATE
Fermi-GBM ∼10 s 15′ 20/month
Fermi-LAT 2–32 s 10–100′ ∼5/year

Fermi-LAT REFINED 2–6 hr 5–30′ ∼5/year
AGILE WAKEUP ∼30 m ∼30′′ 5–10/year
AGILE GROUND 1–2 hr 3′′ 5–10/year
AGILE REFINED ∼2–5 hr 3′′ 5–10/year

Swift-BAT 13–30 s 1–3′ 2–5/week
Swift-XRT 30–80 s 7′′ 2–5/week

Swift-UVOT 1–3 hr 2′′ 1–3/week
INTEGRAL WAKEUP ∼1 m > 10′ 1/month
INTEGRAL REFINED 1–2 m ∼5′ 1/month
INTEGRAL OFFLINE 1–3 hr < 5′ 1/month

IPN 0.5–1.5 days 5–20′ 3/month
RXTE-ASM 1–2 hr 4′ × 15− 150′ ∼8/year
RXTE-PCA 3–5 hr 6–40′ ∼6/year

Table 3.1: Details of active GRB satellite missions includedin the GCN. ‘WAKEUP’
refers to the initial automated localisation of the burst. ‘REFINED / GROUND / OF-
FLINE’ can refer to either further automated pipeline processing of the burst, usually
done when more data becomes available, or manual analysis ofthe burst, performed by
ground personnel.Credit: http://gcn.gsfc.nasa.gov

A key feature of the modern GCN system is the distribution of GCNCirculars, short

messages from researchers summarising observations that have been made, results, and

plans for future observations, thereby allowing the follow-up community to make opti-

mum use of the resources at its disposal. Another product which has recently been made

available is the GCN Report. This is a short (1 - 2 page) final description of the observa-

tions and results of a group’s follow-up efforts on a specific burst. The main purpose of

these reports is to facilitate the publication of data which, by itself, would not be sufficient

for a paper, and also to allow theSwift team to distribute theirγ-ray, X-ray, and optical

lightcurves in a more timely manner. All GCN Circulars and Reports are archived on a

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

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

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

below.

• INTEGRAL: The INTEGRAL satellite is an ESA mission primarily designed for

high-resolution spectroscopy, imaging and accurate positioning of sources in theγ-

ray domain (Winkler et al., 2003). Its main scientific objectives include studies of

γ-ray line processes in stellar nucleosynthesis and large-scale structures, the high-

energy physics of compact objects, andγ-ray bursts. It is capable of providing

rapid and precise localisations to enable afterglow studies. The main instruments

are the high-resolution spectrometer, SPI (20 keV - 8 MeV, Vedrenne et al. (2003)),

and a high angular resolution imager called IBIS (15 keV - 10 MeV, Ubertini et al.

(2003)). INTEGRAL is also capable of multi-wavelength observations with its X-

ray monitor (JEM-X, Lund et al. (2003)) and Optical Monitoring Camera (OMC,

Mas-Hesse et al. (2003)). All three of INTEGRAL’s high-energy instruments use

coded aperture techniques to image, localise and resolveγ-ray sources.

• HETE-2: The High Energy Transient Explorer (HETE-2) is a multi-wavelength

mission dedicated to observations and localisations ofγ-ray bursts (Ricker et al.,

2003). It is equipped with a wide fieldγ-ray detector, FREGATE (1 - 500 keV,

Atteia et al. (2003)), and two coded aperture X-ray detectors, the Wide-field X-

ray Monitor (WXM, 2 - 25 keV, Kawai et al. (2003)), and the Soft X-ray Camera

(SXC, 0.5 - 10 keV, Villasenor et al. (2003)), which can determine GRB positions

accurate to 10′ and 30′′ respectively. GRB locations are calculated by on-board

software in real time for immediate relay to the GCN, within seconds of the burst

trigger. Automated analysis engines process raw data, after it has been transmitted

to the MIT control centre, and generate refined positions, typically 15 mins - 2 hours

post-burst.

• AGILE: Launched by the Italian Space Agency in April 2007 (Tavani etal., 2006)
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the primary goals of the AGILE mission is the broadband detection of GRBs and

the study of implications for particle acceleration and high energy emission. AGILE

is also engaged in studies of AGN, Galactic compact objects,supernova remnants,

and unidentifiedγ-ray sources. Its main characteristic is its ability to simultane-

ously image sources atγ-ray and hard X-ray energies over a wide field of view

with arcminute angular resolution. On-board triggering and localisation algorithms

detect bursts and calculate positions, which are rapidly transmitted to ground. It

has two primary instruments, the Gamma-Ray Imaging Detector(GRID), with an

energy range of 30 MeV - 50 GeV and an angular resolution of 15′, and the hard

X-ray monitor Super-AGILE, with an energy range of 10 - 40 keVand an angular

resolution of 2− 3′.

• Swift: Launched into low-earth orbit in November 2004 NASA’sSwift mission

(Gehrels et al., 2004) is a multi-wavelength observatory dedicated to the study of

GRBs. As well as determining burst locations with unprecedented accuracy and

speed,Swiftcan also study the little known regime of very early X-ray andUV/op-

tical emission due to its rapid, autonomous slewing capabilities. Swift is the first

GRB mission to cover the UV/optical wavelength range and includes a wide-field

γ-ray Burst Alert Telescope (BAT), an X-Ray Telescope (XRT), and a UV/opti-

cal telescope (UVOT). BAT (Barthelmy et al., 2005) is a large FOV γ-ray detector

which provides GRB triggers and initial positions accurate to ∼3′. Its sensitivity

spans the energy range from 15 - 500 keV, with an energy resolution of ∼7 keV.

The XRT (Burrows et al., 2005b) is a broad-band (0.2 - 10 keV) X-ray imager de-

signed to measure fluxes, spectra and light curves of GRBs and their afterglows,

and in particular to provide rapid and accurate positional information. The instru-

ment uses a focusing X-ray telescope and a single thermoelectrically cooled CCD

detector yielding a field of view of 23′ × 23′. For a typical GRB, positions accurate

to 7′′ are obtained within 30 s of target acquisition. UVOT (Roming et al., 2005) is a

30 cm modified Ritchey-Chrètien telescope designed for the photometric and spec-
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troscopic study of GRB UV/optical counterparts in the 170 - 600 nm wavelength

range. The instrument is equipped with filter wheels carrying 11 broadband colour

filters, UV/optical grisms, and a clear filter. The telescope’s 17′ FOV is co-aligned

with the XRT. The telescope’s main function is to perform broadband UV/optical

photometry of GRB counterparts from early (∼100 s) to late times, and provide

finding charts accurate to 0.3′′ within ∼300 s for ground-based follow-up observa-

tions. Photometric redshifts can be measured for bursts in the range 1.5 < z < 4.5

(the Lyman-α cutoff is shifted beyond UVOT’s sensitivity range forz ≥ 5). Low-

resolution grism spectroscopy can be performed on bright bursts, which can also

facilitate redshift determinations.

• Fermi: The key scientific objectives of Fermi (de Angelis, 2001) areto understand

the mechanisms of particle acceleration in AGNs, pulsars and SNRs, to resolve

the γ-ray sky at high energies, to determine the high energy behaviour of GRBs

and other transients, and to probe dark matter and the composition of the early

Universe (Panaitescu, 2008). It comprises of two main instruments, the Large Area

Telescope (LAT) and the Gamma-ray Burst Monitor (GBM) (Meeganet al., 2007).

LAT operates in the range 20 MeV - 300 GeV and has a FOV of 2.4 sr,with the

ability to localise GRBs to 10′ or less. GBM consists of 12 NaI detectors operating

in the energy range 8 keV - 1 MeV, which will provide burst triggers and locations,

and two BGO detectors observing in the energy range 150 keV - 30MeV. The LAT

and GBM can independently trigger on GRBs and spectra will be jointly fit when

possible.

3.1.5 Robotic Telescope Systems

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

of robotic optical telescopes for GRB follow-up observations. With the launch ofSwiftthe

availability of accurate GRB localisations at unprecedented response times and regularity
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have made such instruments particularly relevant. Different scientific goals and varying

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

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

described below.

• ROTSE-III: The ROTSE-III telescope system is a worldwide network of 4 iden-

tical instruments at different longitudes (Texas, Namibia, Turkey, and Australia),

which can provide continuous coverage of the night sky (Akerlof et al., 2003). Each

ROTSE-III system is made up of a 45 cm telescope and a detectorwith a 2 k× 2 k

Marconi CCD chip, resulting in a total field of view of∼2◦× 2◦. The mount was

based on a commercially available model which was modified toprovide high slew-

ing speeds (35◦ s−1 in both axes), which allows it to begin imaging targets within

seconds of receiving alerts.

• REM: REM is a 60 cm telescope with a fast slewing capability (60◦ in 5 s), operat-

ing in the La Silla Observatory, Chile, since June 2003 (Antonelli and Team, 2005).

The telescope is equipped with a high throughput Infrared Camera (REMIR) and an

optical imaging spectrograph (ROSS) which are simultaneously fed by a dichroic.

This allows for the collection of high S/N data in a large spectral range (0.45 -

2.3µm).

• TAROT: The 25 cm TAROT telescopes consists of two instruments, one at the

Calern Observatory in France and another, TAROT-S, at the ESOfacility at La

Silla. The relatively small size of these telescopes allowsfor slewing speeds of up

to 80◦ s−1, resulting in extremely short target acquisition times of 1- 1.5 s (Boer

et al., 2003). TAROT-S serves as a very rapid wide-field companion to the REM

experiment.

• PROMPT: The PROMPT experiment is a robotic telescope system comprising six

40 cm telescopes (Reichart et al., 2005) located at the Cerro Tololo Inter-American

Observatory, Chile. Each telescope uses a Paramount ME mount(see§ 3.2.6) and
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can slew at 7◦ s−1. Five of the telescopes are designed for imaging and are fitted with

Alta U47+ cameras by Apogee, with each one optimised for a different wavelength

range from NIR through to UV, while the sixth is equipped witha polarimeter.

The system’s capabilities for simultaneous multi-colour imaging enable it to con-

struct spectral energy distributions across 8 filter bands and estimate photometric

redshifts.

• RAPTOR: The RAPTOR experiment (Vestrand et al., 2002) links togethereight

wide-field monitoring and three narrow-field response telescopes to act as an au-

tonomous system capable of identifying optical transientsand carrying out follow-

up observations in real-time. The wide-field monitoring system has a FOV of∼1300

square degrees with a resolution of∼35′′ and is spread over a large geographical

area,∼38 km2, providing stereoscopic images of the same field. Real-time proces-

sors instantly analyse the wide-field images and the positions of interesting tran-

sients are fed back to the mount controllers with instructions to point the narrow-

field telescopes at the transient. The narrow-field instruments can perform simulta-

neous multi-colour imaging, low-resolution spectroscopy, and polarimetry.

• BOOTES: The BOOTES network (Castro-Tirado et al., 2004) is a system of wide-

field imagers and narrow field response telescopes located inSouthern Spain. The

wide-field imagers consist of commercial 50 mm wide-field lenses (Nikkor, Japan)

attached to two ST8 CCD cameras (Santa Barbara Instruments Group, USA). Each

pair of the BOOTES wide-field cameras is mounted atop a 0.3 m LX 200 Meade

telescope (Meade, USA), allowing long integrations of a previously selected region.

The four cameras monitor the same region of the sky, both in the I and V bands.

BOOTES-1 is located at El Arenosillo (Huelva) and BOOTES-2 at the Estacion

Experimental de La Mayora (Malaga), 240 km apart. BOOTES-IR (Castro-Tirado

et al., 2006a), located at Observatorio de Sierra Nevada in Spain, is a 60 cm Ritchey-

Chr̀etien telescope equipped with high-throughput NIR camera featuring a HAWAII
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HgCdTe Infrared detector array. BOOTES-IR has a blue-band enhanced optical

CCD at one of the telescope’s Nasmyth foci along with the NIR camera, using

a dichroic to split the incoming light into visible and infrared, thereby allowing

simultaneous observations in two bands. It is capable of slew speeds of 10◦ s−1 and

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

3.1.6 Robotic Telescope Networks

The next level of sophistication is an intelligent network,capable of identifying interesting

phenomena and communicating with other instruments to request observations (Vestrand

et al., 2004). The advantages of observing with robotic telescopes can be multiplied by

combining individual instruments into networks. In its simplest form, a network can com-

prise several independent instruments operated by the sameinstitution or collaboration.

These systems can be distributed around the world with the aim of constantly monitor-

ing the night sky (e.g. ROTSE-III), or can operate at the samesite in order to perform

simultaneous multi-colour photometry, spectroscopy, and/or polarimetry (e.g PROMPT).

Common communication protocols are essential to the operation of advanced networks.

One format which has been widely adopted is VOEvent, an XML-based protocol designed

to communicate information on transient events (White et al., 2006). The VOEventNet1

project combines information on transient events from manyorganisations and observing

programmes and distributes alerts in the VOEvent format (Drake et al., 2006). Instru-

ments on the network can then feed their results back into thesystem using the same

messaging format. VOEvent alerts are openly available to the astronomical community,

and currently provide information on supernovae, GRBs, and microlensing events.

1http://voeventnet.org/
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3.2 Watcher System Description

3.2.1 Boyden Observatory

Boyden Observatory is located at 29◦ 08′ 20′′ South, 26◦ 24′ 20′′ East, 26 km from the

city of Bloemfontein, South Africa. It has a long history of astronomy, going back as far

as 1927 when it was initially set up as Harvard University’s Southern Observatory. There

are several telescopes on site, including a 13 inch refractor, a solar telescope and the

original, recently refurbished, 1.5 m telescope (Fig. 3.2). The University of the Free State

Physics Dept., along with a group of local contributors called The Friends of Boyden,

have recently finished a visitors’ centre at the observatorywhich includes an indoor and

outdoor auditorium, exhibition area, viewing platforms and cooking facilities (for the

occasional “brai” or BBQ). There is also a house on the site for an astronomer.

Figure 3.2: Layout of Boyden Observatory.Credit: Juan Olivier.

The site was chosen for 2 main reasons; location and weather.Although there are

many robotic telescopes in operation worldwide, there are relatively few in the south-
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ern hemisphere (ROTSE-IIIc is the only other GRB robotic telescope in southern Africa,

located at the HESS site in Namibia (Fig. 3.3)). This leaves asizeable gap when consid-

ering prompt GRB follow-up. When choosing a location for Watcher, this gap was taken

into account and South Africa was deemed to be a suitable siteto increase sky coverage.

The other major factor was seeing conditions. While the site is relatively close to a city,

it remains sufficiently remote to maintain low levels of light pollution. Weather condi-

tions in the area are also favourable, especially during thewinter, when the chances of

cloud cover are minimal. Conditions, however, degrade during the summer months, with

frequent afternoon thunder storms and a higher chance of cloud and rain. Lightning pro-

tection is provided by a lightning-conductor in the centre of the grounds. Another positive

factor was access to on-site support by technicians from theUniversity, which proves in-

valuable for maintenance and repair. The observatory also provides internet access via a

microwave link to the University. Finally, the 1.5 m telescope may also be made available

for follow-up observations of particularly interesting targets.

The main system components were tested in UCD before being shipped to Bloem-

fontein. A temporary structure was erected on the roof of theSchool of Physics building

which allowed the basic functions of the mount, telescope and CCD to be tested. Watcher

was installed to Boyden Observatory over the course of three on-site visits. The first trip

(July 19 - July 31 2005) dealt primarily with the installation of the instruments and the set

up of the PCs. On the second trip (September 09 - October 21) thetelescope was prop-

erly balanced, polar aligned and the pointing capabilitiesof the mount were examined.

However bad weather and interface problems between the mount and the control software

caused delays. The third trip (March 13 - April 04 2006) allowed for the installation of a

new mount (a Paramount ME) and the resolution of all other problems. The system began

operations during the final week of March 2006.
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Figure 3.3: Map of southern Africa showing the location of the Boyden Observatory and
the site of the H.E.S.S. high-energyγ-ray project in Namibia, where the ROTSE–IIIc
robotic telescope is located.Source: Google maps.

3.2.2 Dome

The Watcher building consists of three rooms; the control room, the telescope room and a

small storage room (Fig. 3.4). The building itself was refurbished and modified to better

suit the needs of an unattended telescope. The roof is of a roll-back design and originally

was operated via a manual winch. A three-phase motor poweredby a Hitachi SJ 100

Series Inverter was attached to the winch and controlled with custom electronics built in

the UCD workshops. This can be operated from a handset or from the computer. Micro-

switches at either end of the roof’s tracks act as boundary points to stop the motor and

also serve to report the status and position of the roof to thecontrol software.

The roof itself had to be significantly modified to ensure thatthere was no possibility

that the telescope could ever come into contact with it. The original horizontal support

beams were changed to an angular design (Fig. 3.5) and careful consideration was given

to the full range of motion of the telescope. The telescope room measures 4.9 m× 4.6 m

× 2.82 m and the instrument itself is mounted on a 2 m high pier. This allows Watcher to
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Figure 3.4: Front and side views of the Watcher building. Thefront room, with the roll-
off roof, houses the telescope, while the control room housing the computers and other
equipment is at the rear. The top image shows the building prior to refurbishment.
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observe down to an altitude of∼8◦ in the east and west. In the north and south directions

it is obstructed slightly by the previously mentioned lip (∼17◦ altitude) and the rolled back

roof (∼25◦ altitude) respectively.

Figure 3.5: Watcher with the roof opened. The redesigned roof structure allows Watcher
to observe close to the horizon while removing the possibility of a collision.

3.2.3 Telescope

The optical tube assembly (OTA) on Watcher is a single 40 cm Classical Cassegrain

reflecting telescope (Fig. 3.6), provided by Optical Guidance Systems.2 A Classical

Cassegrain arrangement consists of a concave parabolic primary mirror and a convex hy-

perbolic secondary mirror positioned at the focus of the primary. The secondary mirror

then focuses light back down through an opening in the primary mirror onto a detector

(Fig. 3.7). This design serves to reduce spherical and chromatic aberration, especially for

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

2www.opticalguidancesystems.com
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Aperture 40 cm
Focal Length 570 cm

f/ratio f/14.25
Secondary Diameter 10.8 cm

Back Focus 25.4 cm
Tube Diameter 49.5 cm
Tube Length 137.16 cm

Focuser Tube Internal Diameter 6.35 cm
Weight 42 kg

Table 3.2: OGS 40 cm Classical Cassegrain specifications

bines magnesium and aluminium to create a lightweight but thermally stable structure.

This allows fast slewing of the OTA with the ability to reach any part of the sky in under

30 s. Detailed characteristics are presented in Table 3.2.

Figure 3.6: The OGS 40 cm Classical Cassegrain telescope

Figure 3.7: The Classical Cassegrain telescope design
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3.2.4 CCD

The detector used is an Apogee AP6e CCD supplied by Apogee Instruments.3 It consists

of a scientific grade (< 100 bad pixels) array of 1024× 1024, 24µm pixels. It has a

gain of 8e−/ADU and a typical readnoise of∼13 - 15e− rms. It can read out an image

in 1.5 s and is connected to a computer via a PCI card, which alsoprovides the power.

The speed of this readout is important, especially during time-sensitive observations such

as GRBs. Thermoelectric cooling maintains the chip at−20.0 ± 1◦C at which the dark

current is∼1.5e− pixel−1 s−1. The chip itself is a front-illuminated Kodak KAF-1001e with

a quantum efficiency greater than 50% over the visible spectrum (from 520 to 840 nm, see

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

Array Size (pixels) 1024 x 1024
Pixel Size 24 x 24µm
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

3www.ccd.com
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Figure 3.8: Kodak KAF-1001e quantum efficiency curve.Credit www.ccd.com

3.2.5 Field of View

Two important properties of any telescope are the field of view and the plate scale. The

field of view is a measure of the size of the area of the sky that is covered per image.

The plate scale is a measure of how much sky is imaged per pixel. For a CCD user it is

convenient to measure this property in arcsec per pixel. To calculate the plate scale we

take the focal length of the primary mirror,f in mm, and the CCD pixel size,µ in microns,

and use the equation (Howell, 2000a):

P =
206265× µ
1000× f

(3.1)

whereP is the plate scale in arcsec pixel−1; 206,265 is the number of arcseconds in

1 radian4 and 1000 is the conversion factor between millimetres and microns. The plate

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

41 radian= 57.3◦ = 3,438′ = 206,265′′
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For Watcher this results in a plate scale of 0.86′′ pixel−1, and a field of view of 14.8′ ×

14.8′ .

3.2.6 Mount

One of the most important parts of a robotic telescope is an accurate and reliable mount.

The Paramount ME is a world-leading, high-end amateur mount. Movement is controlled

by the MKS 4000 control system which employs brushless DC servomotors which can

take instrument loads of 70 kg. These research-grade motorsprovide fast slew speeds of

up to 7◦ s−1 with consistent torque and are designed to be almost frictionless, ensuring

a long life span even when taking into account extended periods of operation. Periodic

error in the movement of the gears can be corrected in software and errors that occur due

to the stopping of the mount after slewing, called backlash,are virtually zero. With a good

pointing model in operation the mount can achieve a pointingaccuracy of∼30′′ .

Figure 3.9: Paramount ME.Credit www.bisqe.com
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Two of the most important aspects of the mount, from a remote observatory point of

view, are the in-built safety features and the “AutoHome” system. AutoHome is an au-

tomated initialization process that slews both the right ascension and declination axes of

the mount to a mechanically fixed position, called the Home Position. The control system

must perform this step every time the mount is turned on so that the absolute position

of the mount can be established (to the nearest one-third arcsecond). After homing, the

mount “knows” its orientation and therefore cannot be slewed into the pier. The right

ascension limits are approximately 5 degrees past the meridian in each direction (east and

west) and in declination the limit is approximately -90 degrees. Homing also ensures that

if there is ever a loss of power the mount can re-establish itsposition without human in-

tervention. The mount motors are also equipped with currentlimiters, which means if the

mount is accidentally slewed into a stationary object (e.g.the roof or pier) the movement

is immediately aborted. Another convenient feature is through-the-mount cabling, which

allows cables to be tidied and reduces drag on the OTA, as wellas the chance of cables

becoming entangled.

3.2.7 Filter Wheel

The Optec IFW5 filter wheel consists of 5× 50 mm diameter filters (Fig. 3.10). These

contain the Bessell (Bessell, 1995) photometric filter set of B,V, R, I and clear (Fig. 3.11).

Changing filters takes∼3 s per slot. The system is connected to the computer via a handset

and can be controlled either from this handset or from the PC. It is mounted at the primary

focus of the telescope and the CCD is then mounted to it. The two are then secured with

an additional custom mounting bracket, fixed to the drawtubeof the telescope at one end

and the base-plate of the CCD at the other (Fig. 3.12). The wheelhas become unreliable,

probably due to dust (as of summer 2008) and has been set to only take images in clear

until a replacement can be installed.

5www.optecinc.com
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Figure 3.10: IFW filter wheel system.Credit www.optecinc.com

3.2.8 Focuser

The Robofocus is a basic stepper motor used to drive the telescope’s existing focusing

mechanism. It is attached to the secondary mirror at the front of the telescope, replacing

the original motor supplied which could not be computer controlled. It is mounted at the

centre of the support structure holding the secondary mirror in place and black masking

tape is used to minimise any light scatter that could be caused by the white power cable.

3.2.9 Weather station

To prevent damage to the system a reliable and accurate method of monitoring weather

conditions is needed. The Davis Instruments Vantage Pro6 wireless weather station is

solar-powered and provides a suite of detectors including arain collector, temperature

and humidity sensors and an anemometer. Additional to theseare a precipitation event

6www.davisnet.com/weather
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(a) B-band

(b) V-band

(c) R-band

(d) I-band

Figure 3.11: Transmission curves for the Bessell BVRI filters
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Figure 3.12: Detailed view of the rear of the telescope including the filter wheel, CCD and
custom mounting bracket. Note the Robofocus was later moved to the secondary focus at
the front of the telescope.

detector, provided by ROBOsky7, and a cloud sensor, which was custom manufactured

in the Czech Republic. The cloud sensor consists of two sheets of temperature probes

thermally separated by a heat sink. It works by detecting thedifference in temperature

between the ground and the sky. A clear sky at night is cooler than the ground by a certain

amount, which reduces when clouds pass overhead. With proper calibration this system

gives an accurate report of cloud cover.

The system is mounted on the roof of a small auditorium opposite the Watcher build-

ing and connects wirelessly to a receiver placed inside the dome. This receiver is then

wired into one of the computers in the control room and also contains barometric, temper-

ature and humidity sensors. The system is capable of automatically responding to adverse

weather conditions by ceasing observations and closing thedome. It then waits for an

hour before attempting to open the dome again, to allow conditions to improve. It will

7www.robosky.com
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also, as a safety precaution, shut the dome if communications with the weather station are

lost. All weather logs are recorded to a database and are accessible through a convenient

web interface.

3.2.10 Computers

Two Pentium 4 computers, watcher1 and watcher2, are used to control and coordinate

the instruments. Each consists of a 2.4 Ghz processor, 512 Mbof RAM, DVD re-writer,

40 GB system disk and a 200 GB data disk. The data disk on watcher1 serves as the

current image archive and is backed up to the data disk on watcher2. A 750 GB external

hard disk is also attached to watcher2 to facilitate more long term backups of older data.

For reasons of reliability, security and enhanced networking both machines are running

distributions of Linux, Suse8 9.2 on watcher1 and Suse 10.3 on watcher2 (watcher2 is a

newer version as it suffered a hard drive failure in early 2008 and the operating system had

to be reinstalled). Watcher1 is also dual-bootable with Windows XP, which is convenient

for running Windows-based telescope control and modellingsoftware.

Responsibilities are divided between each machine but the central server is located on

watcher1, which coordinates the various hardware and software components. Further de-

tails can be seen in Table 3.4. Network connection is provided by a dedicated microwave

link from the observatory to the University of the Free Statein central Bloemfontein. This

allows remote access to the system via secure shell (ssh9) and also allows Watcher to

email updates, and emergencies, to the Watcher team. It alsoprovides access to the GCN,

which gives Watcher the freedom to respond automatically and rapidly to GRBs without

any human intervention.

Watcher1 Roof Focuser Filter Wheel UPS
Watcher2 CCD Mount Weather Station Webcam

Table 3.4: Division of hardware control between computers

8www.opensuse.com
9www.openssh.com
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3.2.11 UPS

The Uninterruptible Power Supply used for Watcher is an MGE Systems Pulsar Evolution

2200.10 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 failure the UPS is more than

capable of running the entire observatory for about an hour,which allows enough time

for main power to be restored in most cases. The load on the UPSin this case is∼20%

of its full capacity, leaving ample room for the system to be upgraded with additional

components at a later date. Closing the roof, parking the telescope and safely powering

down the computers and all other components consumes∼2% of the total battery power.

The computers are designed to reboot when main power is restored and are set to restart

the system automatically. During a longer power outage the UPS is programmed to shut

down the system when the battery charge reaches 30%. This margin is left purposely large

to cope with the unlikely event that the mains power might be restored for a short amount

of time, with the system booting to a fully operational status and then the mains power

fails again. This remaining charge allows the UPS to safely shut the system down once

again in this case.

3.3 Software

3.3.1 RTS2

The observatory control software used on Watcher is called RTS211 (Kubánek et al.,

2006b) It was designed primarily by Petr Kubánek for use on the BART robotic tele-

scope (Jelı́nek et al., 2004) in the Czech Republic. From the humble beginnings of a

final-year computer science project, it is now responsible for the complete operations of

the BOOTES telescope network (Castro-Tirado et al., 2006a) inSpain, the FRAM tele-

scope (BenZvi et al., 2007) at the Pierre Auger Observatory, Argentina and Watcher in

10www.mgeups.com
11http://lascaux.asu.cas.cz/rts2
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South Africa. It is written in C++ (an object orientated programming language) which is

highly modular and allows for the easy addition of new hardware support. The targets are

stored in a PostgreSQL database, which is extremely fast andconfigurable, and several

user scripts are provided for database management. RTS2 hasa particular emphasis on

GRB follow-up observations and has the capability to monitorthe GCN for news of new

bursts, which it can then automatically observe. It is designed for the Linux platform and

is open source and freely available.

One of the most crucial aspects of a robotic observatory is the ability for the system

to automatically schedule a list of targets to observe. There are various approaches to the

problem of scheduling (Granzer, 2004) each with their own advantages and disadvantages.

Currently RTS2 bases its scheduling decisions on several factors; target altitude, lunar

distance, time since last observation, number of observations and priority. Priority is a

value set by the user that assigns merit to a target. The higher the priority the higher the

chance the target will be observed. This means that the user does not need to interrupt

the automatic scheduling routine when observations of a specific target are desired, the

system will intelligently choose the best time to make the observations. Taking all these

values into account the scheduler uses an algorithm to select targets in real time, including

taking calibration frames at dawn and dusk. However, this makes it difficult to predict

which targets will be chosen on a given night and at what timesthey will be observed.

There are two methods to ensure observations of a target at a specific time. The first

is to disable the scheduler completely and manually select the target. This requires the

user to be logged in to the system at the appropriate time and to re-enable the scheduler

afterwards to resume automatic observations. The second isto create an observation plan,

detailing each target id and the start and end times of each observation. Under automatic

scheduling a new GRB will be assigned the highest priority, overriding all other targets

in the database. This priority diminishes slowly over the following ∼48 hours to ensure

follow-up observations are made.

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

to aid user control. A schematic representation of RTS2 is shown in Fig. 3.13

3.3.1.1 Hardware Control

Each piece of hardware is managed by its own device daemon.12 These daemons sit above

the drivers of each component and provide a common communication method for oper-

ating hardware and returning status reports. This framework allows client programs to

request operations from the hardware without the need for that client to have any knowl-

edge of what type of hardware is being used. The following device daemons are currently

being used on Watcher:

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

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

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

• rts2-focusd-robofocus: controls the Robofocus focuser

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

3.3.1.2 Observation Control

There are two main scripts that handle actual observations;rts2-selector andrts2-executor.

rts2-selector chooses the next target to be observed from the database (theautomatic

scheduler) whilerts2-executor coordinates the observation, selecting the filter and ex-

posure for the camera. After the image has been takenrts2-imgproc attempts to get

astrometry on the image, using a combination of a package called astrometry.net13 and

the custom designed Jibaro astrometry package (de Ugarte Postigo et al., 2005). If this

process is successful the image is saved to a directory on thehard drive to await further

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

12A “daemon” is a program that runs in the background, rather than under the direct control of a user.
13www.atrometry.net
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astrometry again in the morning. Another program,rts2-grbd, waits for incoming alerts

from the GCN. A new GRB is processed by creating a new target in the database based on

the information contained in the alert. This new target is given the highest priority and so

will immediately be selected by the scheduler. All of these daemons interact extensively

with the database by reading data on the targets and writing new information on recent

observations and images.

3.3.1.3 Central Server

The central server oversees management of the whole observatory and is responsible for

tying together hardware control and client scripts. Every device daemon registers with the

central server in order to be accessible by the various client programs. A client program

contacts the central server which then passes the request for information or actions on to

the devices. The devices can also make requests of the central server, for example if the

weather station detects bad weather it reports the status tothe central server, which then

closes the roof and parks the telescope. It is also responsible for managing the time states

of the observatory (day, evening, dusk, night, dawn, morning, day).

rts2-mon is a monitoring program that displays, and updates in real time, information

on the status of the central server, all connected devices and all running client programs.

It is based on ncurses, a programming library used to write text-based user interfaces

which resemble graphical user interfaces (GUIs). This can be run in a terminal which,

when run remotely, results in much less latency than a conventional GUI. It is possible to

control various items viarts2-mon including; switching the server on and off, changing

the currently selected filter and adjusting the cooling temperature of the CCD. It is also

possible to disable the scheduler and manually select targets from the database through

rts2-mon. Work is currently in progress onrts2-soap, a program to facilitate access to

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

A variety of command-line tools are included in RTS2 for accessing and updating the

database.rts2-targetlist allows the user to see a list of all targets in the database.

rts2-targetinfo provides more detailed information on an individual target, such as

coordinates, priority, observation sequence and a table detailing the altitude of the target

at each hour of the day. With the toolrts2-target it is possible to change certain

values associated with the target, including enabling or disabling the target, changing the

priority or changing the observation script (the sequence of exposures and filters used

to observe the target).rts2-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 called theMeteo package.14 It is a free

suite of programs designed to gather information from the weather station and display it

in a series of graphs. The station is polled once every secondand the data stored in a

MySQL15 database. It can be viewed using a set of dynamically createdgraphs and a

PHP-based browser interface. This information is also passed to the RTS2 central server

which decides if it is safe to continue observing. In the event of bad weather (if it is

raining or the wind-speed is above a certain safety threshold) or if communications with

the weather station are lost, the central server will put theobservatory into astandby state.

In this state the roof is closed and the telescope is parked, but the CCD is still kept cool in

the event that conditions improve and observations can resume.

3.3.2.2 UPS

The UPS is managed by the Network UPS Tools16 (NUT) package. NUT is an open source

suite of programs which provides a common interface for monitoring and administering

UPS hardware over a network. The main UPS daemon,upsd, manages communications

between the driver and the various client programs on the network. The main client pro-

gram isupsmon, which monitors the status of the UPS and manages the safe shut-down

of the PC when the battery level reaches a critical state. User scripts can also be run at

shutdown usingupsmon. The current status of the UPS (e.g. battery charge, load etc.) can

be viewed usingupsc.

Since the UPS is connected to watcher1, it acts as the master UPS server. All other

computers on the network are slaves and only communicate with watcher1, not the UPS

directly. A simple C program,rts2-upsshutdown, was written to connect to the central

14http://meteo.othello.ch
15http://www.mysql.com
16www.netowrkupstools.org
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server and switch it to theoff state. In this state the observatory is shut down completely,

the roof is closed, the telescope is parked and the CCD is no longer kept cooled. This

program is run byupsmon on watcher1 in the event that the battery charge becomes critical

(set to 30%), before safely shutting down all other computers on the network.

3.3.2.3 Automated SMS System

For any robotic telescope concerned with GRBs the most crucialtime is when observa-

tions begin on a new GRB. The data must be reduced and analysed asquickly as possible

so that a GCN can be published. To facilitate this an automatedSMS17 alert system was

designed as part of this work. In the event that Watcher begins observing a new GRB

a text message containing details of the burst is sent to the Watcher team. The system is

based on the fact that Watcher sends emails to users when starting a new GRB observation

(among other events). When an email matching certain keywords is received in Dublin,

an SMS is sent. This email keyword search is made easy due to the fact that our team has

its own dedicated email server (bermuda.ucd.ie).

The text messages themselves are sent using an open-source script calledo2sms18.

o2sms is a command line program designed to send SMS messages usingthe websites

of Irish mobile phone operators. It supports all three majorIrish operators - O2 Ireland,

Vodafone Ireland and Meteor Ireland. Each of these operators provide∼300 free text

messages from their websites every month. It is important tonote that the SMS is sent

from the operator website, not from a physical mobile phone.So there is no need to leave

a phone connected to a computer, although the system does require an active account with

one of these providers.

The system works by scanning every email received for a certain set of key words

(specifically “start GRB observation”). This is done on the email server itself using a

procmail19 script. Once a match is made the script parses several piecesof information

17Short Message Service or more commonly known as a Text Message
18http://www.mackers.com/projects/o2sms/
19http://www.procmail.org/
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from the body of the email, including the burst name, coordinates, current airmass, which

satellite detected the burst and Watcher’s response time tothe alert. It then passes these

values to a short bash script, calledmailtosms, which organises them into a message.

The final part is handled by a perl script calledsendsms.pl. To prevent multiple text

messages being sent about the same burstsendsms.pl will first compare the name of the

new GRB to a “blacklist”. This is a list of older bursts that text messages have already

been sent about. If the new GRB is not on that list it will send the message created by

mailtosms to the Watcher team usingo2sms. It will then add the burst name to the

blacklist.

The system has worked well for over a year and was recently upgraded to include the

details of the GRB it is reporting on (the original version only reported the name of the

burst being observed). Future planned upgrades for the system include sending an SMS

alert for events other than GRB observations, such as hardware failure, the loss of mains

power or the roof closing due to bad weather.

3.4 Conclusions

The rapid, automated response capabilities of robotic telescopes make them ideally suited

to observations of transient sources like GRBs. Small robotictelescopes can begin observ-

ing a target in seconds, opening up a previously unexplored regime in the time-domain

study of transient sources. Since May 2006, Watcher has routinely carried out early ob-

servations of GRB error boxes on time-scales of tens of seconds to minutes. The system

has detected 6 optical transients, three of which were observed while the GRB was still

active inγ-rays, and has determined early upper limits to optical emission for a number

of other GRBs (see§ 6.1).
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Chapter 4

CCD Photometry

4.1 Introduction

Charged Couple Devices (CCDs) have revolutionised modern astronomy. They will take

their place in astronomical history along with other important technological advances

such as the telescope, the prism, photographic plates and diffraction gratings. The in-

creasing use and availability of CCDs for astronomical imagery has resulted in several

major impacts upon modern observational astronomy. One impact is that CCDs provide

the astronomer with a digital output that can be easily stored, copied and transported. In

addition, digital images can be easily manipulated by computers enabling the observer to

apply powerful tools that can highlight subtleties not obvious in the original image as well

as allowing for the development of software that can automatically process and analyse

the images.

CCDs have also allowed users of small to medium sized telescopes to make valuable

contributions to observational astronomy. For many imaging projects there are advantages

to using a smaller sized telescope, including better accessibility for long term survey work

(e.g. searching for extra-solar planets) and better ability to react to targets of opportunity

(e.g. GRBs). In order to fully understand the signal on a CCD image, it is necessary to first

understand how a CCD works (§ 4.2) and its various limitations. General considerations
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regarding photometry are presented in§ 4.3. Firstly a brief overview is given of the

celestial coordinate system (§ 4.1.1) and the magnitude scale (§ 4.1.2).

4.1.1 The Celestial Coordinate System

The coordinate system used to describe the positions of objects in the sky is based on

an extension of the longitude and latitude system used on thesurface of the Earth. It

is convenient to imagine all stellar objects as lying on the inside surface of an infinitely

large celestial sphere, with the Earth at the centre (Fig. 4.1). Extending the north and

south poles from the Earth gives the north and south celestial poles. Similarly the celestial

equator is an extension of the Earth’s equator. Longitude isrepresented by right ascension

(RA) and latitude by declination (δ). Declination is measured in degrees, minutes and

seconds with 0◦ at the equator and±90◦ at the north and south poles. Right ascension

is measured in hours, minutes and seconds eastwards from Greenwich, London. The

celestial sphere is divided into 24 hours of RA and the relationship between RA andδ is

given by: 1 hour of RA= 15 cosδ 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 specific to their observing site.

The zenith is the point on the celestial sphere that is directly overhead. The meridian

is an imaginary line from the north celestial pole to the south through the zenith. The

altitude of an object is the angle between the local horizon and that object on the celestial

sphere. At most locations on Earth (except close to the poles), when an object crosses

the meridian (or transits) it is at its highest altitude. During the time needed by the Earth

to complete a rotation around its axis (a sidereal day), the Earth moves a short distance

(approximately 1◦) along its orbit around the sun. Therefore, after a siderealday, the Earth

still needs to rotate a small extra angular distance before the sun reaches the same position

in the sky relative to the Earth. A solar day is, therefore, nearly 4 minutes longer than a

sidereal day. When the local sidereal time is equal to the object’s RA the object will be

on the meridian. This is the best time to observe the source asthe amount of atmospheric
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Figure 4.1: The celestial sphere.Credit: www.onr.navy.mil.

absorption (airmass) is minimised.

The Earth’s pole precesses in space because of the torque of the Sun, Moon and planets

with a period of nearly 26,000 yr, or an angular rate of∼55′′ yr−1. Because of this vari-

ation, the coordinates of a cosmic body only have meaning when theepochis specified.

Astronomers are currently using the J2000 epoch.

Astronomers use a system of dates called the Julian Day. Thissystem was adopted in

order to make it easier to work with different calendars and to unify different historical

chronologies. It is defined as the number of days and the fraction of the day since Green-

wich noon, January 1st, 4713 BC. It is also convenient for astronomers as the day changes

at noon, rather than midnight.
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4.1.2 The Magnitude System

The astronomical magnitude system provides a measure of thebrightness of a celestial ob-

ject. It is based on a star catalogue compiled by the ancient Greek astronomer Hipparchus

∼200 BC. Hipparchus made visual observations of stars and placed the brightness of each

on a scale from 1 to 6, with 1 being the brightest and 6 the faintest. When the technology

was later developed to make accurate measurements of the brightness (or flux) of stars

the magnitude scale was found to be logarithmic, with a difference of 1 magnitude corre-

sponding roughly to 2.5 times the difference in brightness. This scale was formalised by

Pogson (Pogson, 1856) where he defined 5 magnitudes to be a difference of exactly 100

times in flux. Thus each magnitude step is defined to be a factorof 2.512 (
5√
100) change

in brightness.

The magnitude scale is defined by the equation:

m1 −m2 = −2.5log10

(

f1
f2

)

(4.1)

wherem1 andm2 are the magnitudes of the objects of interest andf1 and f2 are the

fluxes (erg s−1 cm−2) for those objects. For this system to be useful a zero point for the

scale was needed. The star Vega was chosen as the reference point and given the magni-

tude of 0.00. Thus the magnitude of any other star is just the flux ratio between that star

and Vega:

m1 = −2.5log10

(

f1
fVega

)

(4.2)

• Instrumental magnitude: This is the raw measurement for the magnitude of a

source. It is specific to a particular set of conditions including telescope, CCD,

observing location, airmass, weather, position of the moonetc.

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

comparison of the instrumental magnitudes to known standard stars.
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• 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 the absolute magnitude both the

apparent magnitude and the distance to the source are required.

4.1.3 Filters

A CCD is sensitive to light over a broad range, from infrared through to ultra-violet

(Fig. 4.4). To isolate certain parts of the spectrum for scientific measurement a set of

standard filters is normally used. One common set of filters isthe UBVRI (ultra-violet,

blue, visible, red and infrared) system developed by Johnson, Kron and Cousins (Bessell,

1979). This set usually consists of 5 coloured glass filters.Coloured glass filters use

chemical dye to restrict the wavelengths that they transmit. Most coloured glasses are

cutoff filters, i.e. they only allow light above (or below) a certainwavelength. Origi-

nally a bandpass filter, i.e. a filter that only passes light between some upper and lower

wavelength limit, was created by combining two coloured glass filters. One filter served

to only pass wavelengths below some upper limit, the second only allowed wavelengths

above some lower limit. The glasses were joined together with optical cement, which

eliminated two air-glass interfaces. Modern bandpass filters are composed of many thin

layers of dielectric materials, which have differing refractive indices to produce construc-

tive and destructive interference in the transmitted light. In 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 silicon.It consists of an ar-

ray of metal insulation semiconductor (MIS) capacitors (called pixels) in close proximity

(Fig. 4.2). If an incoming photon of light strikes a pixel andis within a certain wavelength

(or energy) range it will be absorbed by the silicon. This absorption causes the semicon-

ductor to liberate a valence electron, via the photoelectric effect, and promote it to the
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Figure 4.2: CCD image sensor.Credit: www.fujifilm.com.

conduction band. Silicon has a bandgap energy of 1.14 electron volts (eV) and a useful

photoelectric effect range of 1.1 to about 10 eV, corresponding to a wavelengthrange from

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

to ∼4 eV (∼11,000 to 3,000 Å)1 generate single electron-hole pairs in the semiconductor,

whereas those of higher energy (up to 10 eV) produce multiplepairs. The CCD appears

transparent to photons above and below these limits.

At the end of an exposure the stored charge must be read out from the CCD. The

charge in each pixel is shifted serially along the columns ofthe CCD from one pixel to

the next (Fig. 4.3). In the AP6e CCD used on Watcher each charge transfer is∼99.997%

efficient. The charge in the top row of pixels is shifted off the CCD to another row of pixels

called the output shift register. This row is not exposed to light and is the bridge between

the CCD and the output electronics. The charge in each pixel in the output shift register

is read out one pixel at a time as a voltage value. These voltage values are typically in the

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

1The conversion from wavelength to energy (in eV) of a photon is given by: E= 12,407/ λ (Å)
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then digitised by an analogue to digital converter to produce the output signal in analogue

to digital units (ADU) also known as counts. The conversion,from incoming photons to

digital counts, is dependant on certain factors specific to each CCD including: quantum

efficiency, gain, readout noise, dark current and the dynamic range of the chip. Each of

these is discussed in turn below.

Figure 4.3: The basic layout of a three-phase two-dimensional CCD. The sequence 1, 2,
3 on each set of electrodes indicates the normal direction ofcharge transfer in the parallel
and serial registers.Credit: Mackay (1986).

4.2.1 CCD Characteristics

“The only uniform CCD is a dead CCD” - Mackay (1986). Due to slight errors in the man-

ufacturing process and imperfections on the initial silicon wafer, every CCD is slightly

different. The characteristics of each CCD must be measured and understood before ac-

curate scientific measurements can be made. Many of these non-uniformities, such as

variations in quantum efficiency across the chip, can be reduced/ removed with proper

calibration frames. Others, such as the readout noise, cannot be removed and must be

factored into the uncertainty on the final measurement.
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4.2.1.1 Quantum Efficiency

CCDs are sensitive over a range of wavelengths. The total spectral range over which a

detector is sensitive is called the bandpass. The efficiency with which the sensor converts

an incoming photon into a photo-electron is called its quantum efficiency (QE). This ef-

ficiency varies over the bandpass but is typically over 50% for half of the spectral range

and would normally peak at∼75% (see Fig. 3.8 for the QE curves of the KAF-1001e

chip used in the AP6e CCD on Watcher). This response is governedby the material used

to create the CCD, i.e. silicon, and the configuration type of CCD,i.e. a thin or thick

detector, front-side or back-side illuminated, etc. Most standard 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 reflected off the surface (although more specialised

X-Ray CCDs have been developed for missions such as XMM-Newton). Fig. 4.4 shows a

comparison of the various quantum efficiency curves for different types of CCDs over the

visible spectrum.

Figure 4.4: Sample quantum efficiency curves for back and front illuminated CCDs.
Credit: www.ccd.com.

A CCD is manufactured from a single, integrated wafer of silicon. All the gate struc-

tures and surface channel layers are located on the front side while the back side, which
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is just bulk silicon, is usually covered with gold foil. For afront-illuminated device in-

coming photons strike the front side of the detector passingthrough the surface gate struc-

tures before being absorbed by the silicon, reducing the overall QE of the chip. A front-

illuminated CCD is usually about 300 microns thick, making it susceptible to cosmic ray

absorption but providing a flatter imaging surface (Fig. 4.5). For a back-illuminated de-

vice the detector is mounted upside down and photons strike the back of the chip. The

device is first thinned to∼15 microns by various etching techniques before being mounted

in a rigid substrate. The advantage of this set up is that the incoming photons are absorbed

directly by the silicon, rather than having to first pass through the gate structures, greatly

improving the QE of the device and improving the response to shorter wavelength light.

However, the thinning of the chip results in shallower pixelwell depths and is more ex-

pensive to produce (Fig. 4.5).

Figure 4.5: Front and Backside illuminated CCDs. Credit:
http://www.astro.virginia.edu/class/oconnell/astr511/lec11-f03.html.

4.2.1.2 Gain & Readout noise

Readout noise is the noise associated with the readout electronics of a CCD. It is added to

each pixel as the electrons are transferred from the CCD image area to the storage device.
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For a CCD with a fixed gain value there are two indistinguishablecomponents to readout

noise2. The first is from random fluctuations due to the electronics while the second is

introduced during the analogue to digital (A/D) conversion process (see§ 4.2.1.3) and

occurs in the on-chip amplifier and A/D converter. These two sources combine to give

a statistical distribution of the noise for each pixel centred on a mean value. This dis-

tribution is not necessarily Gaussian (Merline and Howell,1995). The physical size and

temperature of the on-chip amplifier play a large role in the level of the readout noise. The

readout speed is also a factor since a faster readout resultsin a hotter amplifier which in-

creases noise (Janesick and Elliott, 1992). Modern CCDs have areadout noise of around

10 electrons per pixel. The value for the AP6e is 13e− pixel−1.

The gain of a CCD is the number of electrons required in a pixel toregister as one

ADU in the A/D converter. The gain directly affects the dynamic range of the CCD

and also introduces an inherent uncertainty in the measurement of the incident flux. A

large gain setting may be desirable to make use of the full dynamic range of a CCD

but it also means that a large number of photo-electrons is required to generate 1 ADU.

A stellar magnitude calculation for a star, covering tens ofpixels, could have a large

uncertainty introduced at this level of gain. In general thegain 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 temperature ofthe CCD. Thermal exci-

tations in the silicon of the detector may, if high enough, promote electrons out of the

valence band. These electrons will then be stored in the pixel well and are indistinguish-

able from electrons due to incoming photons. After an image has been read off the chip

it is impossible to separate these electrons from the electrons generated by a light source.

To minimise dark current it is necessary to cool the CCD. It is also important to keep the

temperature stable as even a slight change can affect the dark current considerably. There

2These components can be separated for any device for which the gain is adjustable.
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are two principle methods of cooling a CCD. In major professional observatories a CCD

is cooled to about -100◦C by using liquid nitrogen. The temperature is then usually kept

constant (±0.1◦C) by the use of a small on-board heater. This method is expensive and

requires regular refills of liquid nitrogen, which is not feasible for a remote, robotic obser-

vatory. A more cost efficient method is thermoelectric cooling, which merely requires an

electrical power source to operate. Most commercial CCDs use Peltier cooling (Martinez

and Klotz, 1998) and can achieve temperatures from -20◦C to -50◦C,±1◦C. Typical values

of dark current in modern thermoelectrically cooled CCDs are below 5 electrons per pixel

per second (the dark current on the AP6e is 1.5e− pixel−1 s−1).

4.2.1.4 Signal To Noise

For a CCD, the signal to noise ratio (S/N) of a detection provides a measure of the sig-

nificance of that detection. A high S/N means that the source signal is well above the

combined sources of noise. This calculation is especially important when trying to iden-

tify faint sources, such as some GRBs. For sources close to the level of the background,

the S/N will be the major factor in determining whether a source hasbeen detected and

the reliability of that detection.

For a bright target the dominant source of uncertainty is thephoton noise. The photon

noise is described by Poisson statistics, therefore for a signalN, the associated noise term

is just
√

N. The simplest form of the S/N equation, in which the only source of noise

considered is photon noise, is given by:

S
N
=

Nstar√
Nstar

=
√

Nstar (4.3)

whereNstar is the signal from the star alone. This signal can be from an individual

pixel, or from a number or pixels. Most often a source is measured by placing an aperture

around the source and counting the total number of ADU from the pixels within that area.

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

the noise and the other sources of noise need to be taken into account. The background, or
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sky, level may be another source of noise in an image. It is extremely variable and caused

by sources such as urban light pollution, the moon, high level cloud and the airmass.

To minimise this noise observations must be made from a dark site i.e. away from an

urban area and/or at high altitude. Physical variations across the CCD can also affect the

measured background level in different areas of the chip. A source-free region on the

CCD is needed to measure the background level of the sky. Most software packages make

estimates of the background by placing an annulus around thesource. This annulus is

typically centred on the source but does not include any signal from the source itself. The

software then uses this selection region to determine the mean sky pixel level in ADUs.

A larger area is preferred as this provides a better background estimation but taking too

large an area may include another nearby star so care must be taken, especially in crowded

fields (Fig. 4.6).

Figure 4.6: In aperture photometry an aperture is used around the source to calculate
the signal from the source and a surrounding annulus is used to estimate the background
level. Credit: http://www.astro.physik.uni-goettingen.de/ hessman/ImageJ/Book/Measur-
ing Brightness/.

The dark current associated with the CCD is also described by Poisson statistics and

the dark noise increases as a function of time. The final source of noise is the readout
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noise, which behaves as a shot noise source rather than a Poisson noise source, and there-

fore is entered into the equation as the value itself and not the square root of the value

as Poisson noise sources are. Taking all of these sources into account gives the “CCD

Equation” (Mortara and Fowler, 1981):

S
N
=

G · Nstar
√

G · Nstar + npix(G · Nsky+ t · Ndark + N2
R)

(4.4)

The signal component of this equation is given byNstar, the signal from the star, mul-

tiplied byG, the gain of the CCD, to convert the value from ADU to the total number of

photons collected from the source. The noise component comprises the photon noise from

the source in photons (Nstar multiplied by the gainG), the sky background level in photons

(Nsky multiplied by the gainG), the dark current (Ndark multiplied by the exposure length,

t) and the readnoise squared,N2
R. The latter three components must be multiplied by the

number of pixels under consideration, i.e. the area of the aperture used to determineNstar.

A more complete version of the “CCD Equation” is given in Merline and Howell

(1995):

S
N
=

G · Nstar
√

G · Nstar + npix(1+
npix

nB
)(G · Nsky+ t · Ndark + N2

R+G2σ2
f )

(4.5)

This equation contains two extra terms and is most appropriate in cases of high back-

ground level, poor sampling of the background level or largegain values. The first extra

termnB is the number of pixels used to determine the background level. From equation

4.5 it is clear that using as many pixels as possible (within reason) is preferred. The term,

G2σ2
f , is used to account for the quantisation error introduced within the A/D converter,

whereσ f is an estimate of the 1-sigma error introduced during the conversion from elec-

trons to ADU. It is based on how the A/D converter behaves when dealing with pixels

that do not have enough electrons to result in a full ADU step (e.g. a pixel with 4 elec-

trons when using a gain of 8). Under the assumption that a charge level that is half way

between two output ADU levels has an equal chance of being assigned to the lower or
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the higher ADU value,σ f is calculated to be approximately 0.289 (Merline and Howell,

1995). Using a high gain value will increase this source of noise.

In discussing other important applications of array detector technology (e.g. infrared

CCDs) a term is missing from Eq. 4.5 to take account of the impacts of residual response

variations among pixels after flat-field correction. These residual variations are due to

slight differences among pixels in their relative spectral response combined with the fact

that the flat-fielding source spectrum will not in general match the target source or the sky

spectrum. These residual fluctuations can be at the few % level, and in high-background

situations, or for bright sources, can become the dominant determining factor in maximum

achievable precision, leading quickly to a saturation of achievable S/N as a function of

integration/ observation time. To take this effect into account the following term would

need to be added to the other variance terms under the root sign in the denominator of

Eq. 4.5:

G2 · a2((Nstar + nB · Nsky)
2 + (nB · Nsky)

2) (4.6)

wherea is the rms residual pixel-to-pixel response fluctuation after flat-fielding. This

term is the variance on the differential 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 photoelectrons that each pixel

can register before being filled (or saturated). The dynamicrange is often represented as

a log ratio of the well depth to the readout noise in decibels.This is given by the equation

(Howell, 2000b):

DynamicRange= 20× log10

(Dwell

RN

)

(4.7)

whereDwell is the well depth in electrons andRN is the read noise in electrons. For
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the AP6e the dynamic range is 20× log10(185000/13)= 83dB.

This ratioDwell/RN also gives an indication of the number of digitization levels that

might be appropriate for a given sensor. For the KAF–1001E used in the AP6e, the ratio

of well depth to read noise is∼185,000/13 = 14,230. The number of digitization levels

is dependent on the number of bits used in the A/D converter. The total range of values

that a specific number of bits can represent is given by 2bits. The AP6e CCD has a 14-

bit A/D converter, which gives 214 = 16,384 meaning it can represent numbers between

0 and 16,384 which adequately covers the dynamic range of thepixels. The CCD can

be saturated by overloading either the pixel well capacity or the A/D value. The pixel

saturation is given by the well depth divided by the gain. TheA/D saturation is given by

the number of digitization levels multiplied by the gain. For the AP6e pixel saturation

will occur at a value of 185,000/8 = 23,125 ADU and the A/D saturation occurs at

16,384× 8 = 131,072 input photo-electrons.

One of the advantages of a CCD is that it has a linear response over a large range.

This means that the relationship between input value (charge collected in each pixel) and

output value (digital number, or counts, stored in the output image) is linear over most of

the dynamic range of the chip. A CCD can, however, become non-linear at the high end

of the input values. Most professional CCDs reach one of the twosaturation limits (either

pixel full well capacity or A/D saturation) before they enter the non-linear regime of the

chip. However care must be taken to ensure this is the case, especially if a chip has an

adjustable gain setting (which changes the saturation levels). It is important to know the

linear range of the CCD and to be aware of the fact that even though some pixels may not

be saturated they may still be within the non-linear range and therefore unusable.

4.2.2 Calibration Frames

A raw CCD image contains a mixture of two types of information, signal due to photons

from astronomical sources and unwanted noise due to both background and electronic

sources. In an attempt to account for the noise in an image several calibration frames

91



4.2.2 Calibration Frames

must be taken. Once the images have been ‘cleaned’, or reduced, they can be used in

scientific analysis. The different calibration frames needed for astronomical photometry

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 due to the

on-chip amplifiers. This occurs as low level variation between pixels across the entire

array. The bias should remain constant over time and the rms of the bias value is the

read-out noise of the CCD. A bias frame is taken by leaving the shutter of the CCD

closed and exposing for a time of zero (or as close to it as the settings on the CCD will

allow). To accurately sample the bias level it is recommended to create a master bias

frame, consisting of the average of at least 10 bias frames. These can be taken at any

stage during an observing run.

Dark Frame: A dark frame is primarily a measure of the thermal noise (darkcurrent -

see§4.2.1.3) of a CCD. It also contains information about hot or dead pixels on the CCD

and the level of cosmic ray strikes at an observing site. If the CCD is cooled using liquid

nitrogen then the dark current is usually negligible and a dark frame is unnecessary. For

thermoelectrically cooled CCDs, however, there may be a considerable dark current and a

sequence of dark frames is required. The dark current of a CCD isrelated to the length of

the exposure, therefore it is necessary to take dark frames for the same exposure lengths

as the object frames. A dark frame is taken by leaving the shutter closed and exposing the

CCD for the same time as the object frames (e.g. if a mix of 10 s, 30s, and 60 s images

are planned during the night dark frames corresponding to these exposure lengths must be

taken). Multiple dark frames should be averaged to create master darks for each exposure

length required. The dark current depends on the temperature of the CCD so dark frames

should only be taken once the CCD has been cooled to its operational temperature. It can

also change with time so darks should be taken frequently e.g. at the start and end of
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every observing run. In an ideal situation a dark frame wouldbe taken before and after

every object frame, however this would severely affect the duty cycle of the CCD. Since

the dark frame is created with the shutter closed it also contains the bias level of the CCD,

so it is unnecessary to take separate bias and dark frames. Fig. 4.7 shows an example of a

dark frame.

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

4.2.2.2 Flat Fields

A flat field image serves to correct several different problems related to a CCD image.

The main purpose of a flat field is to account for quantum efficiency variations across the

pixel array. Each pixel has a slightly different QE value and responds differently to the

incoming wavelengths of light due to variations in manufacturing. The flat field is also

used to compensate for any image vignetting due to the optical tube assembly and dust

accumulation on any of the optical surfaces. Ideally, a flat field image consists of uniform

illumination of every pixel by a light source of identical spectral response to that of the

target images. Since the CCD also responds differently across the range of the bandpass,

a flat field needs to be taken for each filter to be used. It is alsonecessary to have a
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high enough S/N level in the frames, in order to identify true fluctuations across the chip,

but not so high as to saturate the pixels. In practice it is extremely difficult to achieve a

‘perfect’ flat field.

There are two methods of taking flats; dome flats and sky flats (Massey and Jacoby,

1992). A dome flat is taken by pointing the telescope at the underside of the closed

dome, or a projector screen. This surface is illuminated with a bright light source and

the telescope is pointed directly at the bright spot. A sky flat is an image of the sky at

dawn or dusk, when there is enough ambient light to illuminate the CCD but not enough

to saturate it. Neither of these methods replicate the spectral conditions of night-time

imaging exactly but are accurate enough for most astronomical requirements, such as

photometry and spectroscopy. As with the dark and bias frames, many flats should be

taken in each filter and then averaged to create a set of masterflat field frames. Fig. 4.8

shows an example of a flat field.

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

The final reduction of an astronomical image is a relatively simple process. Taking several

sets of the calibration frames described above – bias, dark frame and flat field – provides

the user with a good base for creating master calibration frames. It is these master frames

that are ultimately applied to each image frame. The calibration equation is given by

(Gullixson, 1992):

Reduced Image=
Raw Image− Dark

(Flat − Dark)
(4.8)

The dark frame must be subtracted from both the raw image and the flat frame as

both have been affected by the dark current and bias level. The signal level in the flat

is arbitrary, as it depends on the twilight sky etc., so the dark-subtracted flat field is nor-

malised to 1. The dark-subtracted raw object image is then divided by this normalised,

dark-subtracted flat field. This results in a clean, flattened, ‘reduced’ image ready for

scientific analysis.

4.3 Photometry

Photometry is the measure of the brightness of a source. Modern astronomical photometry

essentially boils down to the conversion of the flux (counts)of a source on a CCD image

to the standard magnitude system. Once the image has been taken and properly reduced,

the ‘instrumental’ magnitude of the target is calculated. The effect of the atmosphere on

both the brightness and colour of the target object must thenbe taken into account. Using

multiple observations of standard stars at different airmasses and in different filters it is

possible to correct the measured instrumental magnitude. These corrections result in the

apparent magnitude of the object if the atmosphere were not present (or at zero airmass).

Standard stars are carefully selected to have known magnitudes and colours. They

are stable (i.e. non-variable) and are of an acceptable brightness (i.e. bright enough to
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be easily detected but not so bright as to saturate the CCD). Themost commonly used

stars that fulfil the above criteria are the Landolt standardstars (Landolt, 1992) which

and are located close to the celestial equator, making them visible to observatories from

both hemispheres. They are distributed in groups approximately every 1 hour in right

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

4.3.1 Instrumental Magnitude

Instrumental magnitude is a measurement of the brightness of a star that is specific to an

instrument. It is dependant on many factors, such as the telescope and CCD, the atmo-

spheric seeing conditions, the airmass, the colour of the object and the sky brightness (due

to urban light pollution or the proximity of the moon). It would be rare for two different

observations of the same source to result in the same instrumental magnitude. The basic

process of obtaining an instrumental magnitude is made easydue to the digital nature of

CCDs. Each pixel contains a count level representing the number of photons that struck

the pixel during the exposure. To calculate the total flux from the target the counts from

all the pixels that contain that target are summed. It must also be noted that each pixel

contains information from both the target and the sky background level. An estimation of

the average background level is then made and subtracted from the total flux to give the

signal from the target.

The instrumental magnitude of the measurement is then calculated using the equation:

mI = −2.5 log10

(

Nap− AapSsky

texp

)

(4.9)

wheremI is the instrumental magnitude,Nap is the total counts in the aperture,Aap the

area of the aperture in pixels,Ssky the sky background level per pixel andtexp 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 point spread function (PSF).

It is assumed that all stars are point sources of light since their angular sizes are smaller

than the diffraction limit of most small optical telescopes. With this inmind it is possible

to make the assumption that all stars have the same shape and size on the CCD. The PSF

is a plot of the flux vs. the radius of a star in an image (Fig. 4.9). The shape is radially

symmetric, with a Gaussian ‘core’ and a large ‘halo’ surrounding it, which approximates

to a power law. The angular size of the PSF can be characterized by the full width at half

maximum (FWHM), which is the diameter of the core when the flux falls to half the peak

value. There is no ‘end’ to the PSF, it declines asymptotically to zero with increasing

radius.

4.3.1.2 Aperture

When measuring the signal from a star it is important to include as much of the source

light as possible. Since the PSF has no definite edge, it is difficult to say where the light

from the star ends and the background sky level begins. When counting the flux from a

star an ‘aperture’ is used as a boundary area. Choosing an aperture is an important factor

in photometry. Too small an aperture results in the possibility of excluding legitimate light

from the star. Choosing too large an aperture means includinga large area of background,

which increases the noise of the measurement. It also risks including another nearby

star, thus contaminating the measurement. The optimum aperture size will depend on the

seeing conditions in each image. A growth curve of aperture sizes is the most accurate

way to determine which aperture size will yield the highest S/N ratio (Howell, 1989). (As

a rough guide an aperture value of∼1.4× FWHM of the PSF is usually a good starting

point.) The aperture size should be kept constant for a givenframe when measuring

standard stars for comparison.

97



4.3.1 Instrumental Magnitude

(a) Radial plot

(b) Contour plot

Figure 4.9: Sample point spread function of a star observed by Watcher.
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4.3.2 Airmass and The Atmospheric Extinction Coefficient

The Earth’s atmosphere absorbs light. As a target moves fromthe zenith to the hori-

zon throughout the night, the amount of atmosphere that light from the target must pass

through increases. The thickness of the atmosphere is called the airmass and has a direct

relation on the brightness and colour of a celestial object.To calculate the airmass at a

particular altitude it is necessary to first assume that the Earth is flat and that the atmo-

sphere is a uniform layer above the Earth’s surface. The length of the light path through

the atmosphere varies as the secant of the angle of the objectfrom the observer’s zenith

(θZ). An object at the zenith has the least amount of atmosphere to pass through and is

given the airmass value of 1. The amount of absorption at the zenith depends upon the

height of the observatory above sea level, the quality of thelocal sky, the amount of light

pollution etc. The equation used to calculate the airmass isgiven by:

secθZ =
1

[sinλ sinδ + cosλ cosδ cosh]
(4.10)

whereλ is the latitude of the observatory,δ is the declination of the target andh is the

hour angle of the object at the time of the observation (converted from units of time to

degrees). This equation is accurate for most positions in the sky, except near the horizon

where the curvature of the Earth is not negligible. The correction term (∆X) is given by:

∆X = 0.00186(secθZ − 1)+ 0.002875(secθZ − 1)2 + 0.0008083(secθZ − 1)3 (4.11)

The final equation for airmass is written as:

X = secθZ − ∆X (4.12)

Most modern observatory computer systems, including RTS2 on Watcher, are capable

of automatically calculating the zenith angle and airmass of a target and of writing this
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information into the header of the image.

Photometrists characterise the opacity of the atmosphere by a quantity called the ex-

tinction coefficient (K). This is the ratio of flux incident on the surface of the atmosphere

( finc) to the observed flux (fobs) at the zenith, expressed in magnitudes. To determine the

value ofK a sequence of observations of standard stars is made during an observation run.

The observed fluxes of these standard stars are measured at various different airmasses as

they transit across the sky. Once enough points have been taken (as many as possibly over

as wide a range of airmass as possible) a graph can be producedof instrumental magnitude

vs. airmass. The extinction coefficient is given by the slope of this graph. It is necessary

to generate graphs for each filter being used. This correction is then applied to the instru-

mental magnitudes of the target object (and the standard stars) to calculate their values at

zero airmass (0AM), i.e. outside the atmosphere. For a giveninstrumental magnitudemI ,

observed at airmassX in, say, theV filter with a determined extinction coefficientKV, the

correction equation is given by:

m0AM
I (V) = mI (V) − XKV (4.13)

The extinction coefficient is a measure of how the sky affects a particular filter and

is independent of the colour of the target star. It can vary over short time-scales and

can change over the course of a week. The humidity levels, changing weather and the

changing seasons can all have a noticeable effect on its value. Individual events, such as

a nearby volcanic eruption or sandstorm, can also have an effect. It is good practice to

make measurements of the atmospheric extinction every night.

4.3.3 Colour Transformation Equations

The filters of any standard system are never uniformly transmissive across their band-

passes, and so they attenuate spectral energy by an amount depending on the spectral

shape of the target source. Also, the relative spectral response in the bandpasses of the
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4.3.3 Colour Transformation Equations

working system never matches exactly that of the standard system (e.g. Landolt). There-

fore, to convert measured instrumental magnitude values tothe standard system, transfor-

mation equations are derived which relate the instrumentalcolours to the standard colours.

To do this it is necessary to make multiple observations of standard stars, e.g. the Landolt

standards whose magnitudes and colours are well known. These equations take the form

(the example used is for V – R but the equation is the same for most colours):

(V − R)S = K′(V − R)0AM
I + M0 (4.14)

where (V − R)S is the known colour index in the standard system,K′ is the colour

dependant coefficient (which depends on the colour sensitivity of the filters, the CCD and

the optical system) andM0 is the instrumental offset. (V − R)0AM
I is defined to be:

(V − R)0AM
I = m0AM

I (V) −m0AM
I (R) (4.15)

wherem0AM
I (V) is the instrumental magnitude at zero airmass in theV filter. To cal-

culateK′ andM0 it is necessary to observe a set of standard stars of different colours in

a range of filters over a range of airmasses. It is then possible to plot the instrumental

colours (corrected to zero airmass) vs. the standard colours of the standard stars (e.g.

(V − R)0AM
I vs. (V − R)S). The slope and intercept of this graph gives the value ofK′

andM0 respectively. The points should lie along a well defined straight line, with a small

scatter about the line. For an optical system that is close tothe standard system,K′ should

be close to 1.00 andM0 should be close to 0.00.

To determine the relationship between the instrumental magnitudes, e.g.m0AM
I (V),

and the standard system apparent magnitudes,V, the following equation is used:

V = m0AM
I (V) + VZP (4.16)

whereVZP is the zero point magnitude in theV filter and usually has some colour

dependence. This is determined by plottingVZP using the above equation for standard
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stars that span a wide range of colour. This should result in alinear relationship of the

form:

VZP = V0
ZP+ c(V − R) (4.17)

whereV0
ZP is the zero point for a star of colour= 0.00 andc is the colour dependence.

The final relation betweenV andm0AM
I (V) is then given by:

V = m0AM
I (V) + [V0

ZP + c(V − R)] (4.18)

4.4 Conclusions

Modern CCDs have made the process of the measurement of the brightness of celestial ob-

jects into a robust science. Once a good understanding of theCCD behaviour is obtained

and proper calibration frames are recorded, it is a relatively straightforward process to

carry out the necessary data reduction to allow apparent magnitudes 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 GRB research it is necessary to

have a streamlined, rapid and efficient analysis framework for robotic telescope data. A

number of different analysis applications were examined for the Watcher project, but none

were considered fully suitable. The ideal system would needto be able to handle large

amounts of data, require a minimum of user input, be capable of mathematical computa-

tion and be able to produce high quality lightcurves. It would also be advantageous if the

system were free and easy to install on any linux pc. Packageswith graphical user inter-

faces, such as Gaia,1 require the user to analyse each image manually, which is extremely

labour intensive for large amounts of data. A command line application like IRAF2 (Im-

age Reduction and Analysis Facility) seemed more suitable for dealing with our needs but

is notoriously difficult to use. In the end it was deemed necessary to custom builda reduc-

tion and analysis pipeline, based on IRAF, which would satisfy our needs, be relatively

easy to use and would produce fast and accurate results.

1http://star-www.dur.ac.uk/ pdraper/gaia/gaia.html
2http://iraf.noao.edu/
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The quick suite is broken into 3 main parts; reduction, analysis and miscellaneous

tools. Each of the larger main scripts relies on several smaller “core” scripts. This makes

it easier to implement changes to certain functions, as the edits only need to be made in

the core script, rather than each main script individually.Core scripts include functions

for performing photometry, calculating signal/noise ratios and querying an astronomical

catalogue in order to select reference stars. Although somecan be run as standalone

applications, most of them are designed in conjunction withthe main scripts and cannot

be run on their own.

Figure 5.1: Overall schematic representation of thequickphotometry pipeline.

5.1.1 Suite Overview

Since no individual application was suitable, it was decided to tie together several appli-

cations for the multiple tasks needed in thequick suite. In order to do this a framework

was required to act as a root program, executing the various applications and passing in-

formation and commands to them.Bash3 is the shell, or command language interpreter,

3http://www.gnu.org/software/bash/
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supplied with most distributions of linux. It is a relatively basic programming language

but can be easily scripted and does not require a high level ofprogramming skill. It has

the ability to queue a list of commands and pass them to another application, as if the

user were typing them manually. It also has many tools for operating on text files, such as

splitting or combining columns of data from different sources, making it easy to produce

high quality tables of results which the user can assess and graph. In order to achieve our

goals, 3 different applications are employed: IRAF, Octave and Gnuplot. Some programs

from the WCSTools suite are also used, mostly for image header manipulation. The full

code listing for thequicksuite is presented in Appendix A.

5.1.1.1 IRAF

IRAF is the industry standard in image reduction and analysis. It was originally written by

the IRAF programming group at the National Optical AstronomyObservatories (NOAO),

but has grown over the years to include a huge array of astronomical tasks, from spec-

tral analysis to radial velocity calculations. It is freelyavailable for all major operating

systems, but is relatively difficult to install. As powerful as IRAF is, it also has some

downsides. Due to its reliance on the older style command shell xgterm it is quite diffi-

cult to use, especially on large amounts of data. While scripts can be written within IRAF,

it is not amenable to large scale automation. Finally the output files from certain tasks in

IRAF are of a non-standard form and it can be time consuming forthe user to extract and

graph the relevant information.

5.1.1.2 Octave

Octave4 is a powerful, high-level, command line program similar to Matlab. Octave is,

however, distributed under the General Public License (GPL) and is freely available on

most linux systems. It is mainly aimed at numerical computations and can be easily

scripted frombash.

4http://www.gnu.org/software/octave/
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5.1.1.3 Gnuplot

Gnuplot5 is a command-line driven interactive data and function plotting utility for most

major operating systems. It is an extremely powerful 2D and 3D plotter and is freely

available and easily installed. Gnuplot has its own scripting language, which is very

convenient for saving templates of graph layouts, and can also be executed from within a

bash script.

5.1.1.4 WCSTools

WCSTools6 is a package of programs and a library of utility subroutineswhich is mainly

aimed at setting and using the world coordinate systems (WCS) in the headers of astro-

nomical images. It is freely available and is maintained by the Smithsonian Astrophysical

Observatory. The main WCSTools utility used in thequicksoftware suite issky2xywhich

converts a coordinate from right ascension and declinationto x and y pixels for each spe-

cific image. This means that it is not necessary for the user toknow where in the frame

the target object is located (provided the astrometry is accurate). The other utilities used

includegethead andsethead, which can retrieve and edit image header information,

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

5.2 Reduction

The reduction script,quick reduce, is designed to take in a list of raw images and cal-

ibration frames and produce a set of clean, calibrated images. The purpose of the script

is to get the images ready for analysis with a minimum of user input. A small amount of

preparation is required to run this program. The user must place the images, darks and

flats in specific, separate directories to make it easy for theprogram to find and differen-

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

5http://www.gnuplot.info/
6http://tdc-www.harvard.edu/wcstools/
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components: applying a bad pixel mask and trimming some rowsand columns from all

frames; renaming all frames to a more user-friendly convention; testing the quality of the

calibration frames; making a master dark and master flat and finally using the new master

dark and flat to reduce the image frames. Each of these components is now described in

more detail.

Figure 5.2: Schematic representation of the reduction pipeline, quick reduce.

5.2.1 Bad Pixel Mask & Trim

Applying a bad pixel mask is done using thefixpix parameter ofccdproc in IRAF.

This algorithm takes regions of bad pixels and replaces themby linear interpolation from

neighbouring pixels.Fixpix can also be used on bad rows or columns. The direction

of interpolation can be specified either horizontally for a column or vertically for a row.

The bad pixels may be specified by a pixel mask, an image or a text file. For the mask

or image, values of zero indicate good pixels and other values indicate bad pixels to be

replaced. The text file consists of lines with four fields, thestarting and ending columns

and the starting and ending lines. Any number of regions may be specified. Currently it

is not deemed necessary to apply a bad pixel mask to Watcher data.
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The images can also be trimmed using thetrim parameter inccdproc. Trimming

an image completely removes rows and columns from the frame,as opposed to “fixing”

them usingfixpix. If the trim parameter is set, the input image will be trimmed to

the image section given by the parametertrimsec.7 Since the dimensions of calibration

frames must match image frames, this trimming is applied to all frames.

5.2.2 Renaming

All images taken with Watcher (or any system using RTS2) are named with the date and

time (to the nearest millisecond) at which the image was taken. This ensures that no

file name can be duplicated but makes it difficult to see specific information about the

image at a glance. The scriptquick name renames images based on information found

in the image header. It is written inbash and makes use of thegethead program from

WCSTools to access the image headers.quick name places important information such

as time, exposure, filter and target name into the file name to make it easier for the user to

quickly evaluate the data. Information on the type of image is extracted from the header

i.e. whether it is a dark, flat or a data frame, and then the file is renamed using the relevant

information for each image type.

• A dark frame is renamed to “Dark- -TimeExposure.fits”

e.g. ‘20060724043937-0910.fits’→ ‘dark- -2006-07-24T04:39:37.91060.fits’

• A flat frame is renamed to “Flat- -TimeFilter.fits”

e.g. ‘20060724044233-0404.fits’→ ‘flat- -2006-07-24T04:42:33.404B.fits’

• An image is renamed to “(Object Name)- -TimeFilter Exposure.fits”

e.g. ‘20060726233824-0641.fits’→ ‘PKS2155-304- -2006-07-26T23:38:24.641R 60.fits’

Renaming also makes organisation of the data on the command line much easier as

information such as filter or exposure is now in the file name and it is no longer necessary

7E.g. In Watcher’s case (1024× 1024 pixels) we settrimsec = [1:1023,1:1020] which cuts off the 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 necessary to combine as many dark

and flat frames as possible. Selecting suitable calibrationframes can be very laborious

if the user has to manually examine a large number of images inorder to identify the

few problem frames. To automate this processquick reduce performs a filtering of all

calibration frames using another script calledquick imstat. quick imstat makes use

of theimstat program in IRAF to generate some basic statistics on the frames, such as

the total number of pixels, the mean pixel value, the standard deviation of the mean pixel

value and the minimum and maximum pixel values.quick reduce uses the mean pixel

value of each frame to decide whether to remove that frame or not. For darks it is more

desirable to have a lower mean pixel value, around the average background level of the

images, to highlight the low level thermal and electronic noise so a maximum threshold is

set (see§ 4.2.2.1). Any dark frame with a mean pixel value above that threshold will be

removed to a trash directory. Fig. 5.3(a) shows an example ofa good quality master dark

frame taken with Watcher. A good master dark should have an even distribution of noise,

with no gradients or areas of higher/ lower response and should not contain any cosmic-

ray strikes. For flats the opposite is true; it is more desirable to have a higher mean pixel

value, above the average background level of the images, so aminimum threshold is set.

A good flat frame must be sufficiently well illuminated to highlight any regular artefacts

which may affect an image, such as rings caused by dust on any of the opticalsurfaces or

a non-linear illumination gradient across the CCD (see§ 4.2.2.2). Fig. 5.3(b) shows an

example of a good quality flat field taken with Watcher. A threshold of roughly twice the

noise of an image is usually sufficient to ensure this. Any flat frame with a mean pixel

value below this threshold is removed to a trash directory. The master darks and master

flats should still be manually examined for stars or unusual artefacts to ensure good image

reduction.
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5.2.4 Creating Master Calibration Frames

After unsuitable calibration frames have been removed fromthe lists of darks and flats,

quick reduce then creates a master dark and master flat. Two similar programs are used

in IRAF to accomplish this.Darkcombine is used to create master darks and organises

the resulting frames by exposure length.Flatcombine is used to create master flats and

organises the resulting frames by filter. These programs aremerely specialised cases of

IRAF’s imcombine program, with the specific settings needed to create darks and flats

already selected. In both cases a median combine is used, which preserves the value of

each pixel to two decimal places for greater accuracy. A cosmic-ray rejection (crreject)

algorithm is also applied to filter out cosmic rays from the frames.

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

5.2.5 Image Reduction

The final step of thequick reduce script is to actually reduce the target images. At

this point there will exist a master dark for each exposure length supplied and a master

flat for each filter supplied. Care must be taken to apply the master calibration frame of

the correct exposure length and filter appropriate to a givenimage. The IRAF program

ccdproc is used to reduce the images (see§ 4.2.2.3), this time specifying the appropriate

master dark and master flat. This process is looped until all combinations of exposures
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and filters have been dealt with. The resulting reduced images are then saved to a new

directory and renamed to indicate that they have been reduced, trimmed and that a bad

pixel mask has been applied if required. Fig. 5.4 shows the surface plots of a faint star

from an image before and after reduction. For Watcher the mean pixel value of a raw

image is∼475 (Fig. 5.4(a)). After reduction the mean pixel value is usually below∼10

(Fig. 5.4(b)). This process is especially important for enhancing faint objects, such as

most GRBs, which are close to the background level in an image. As a quick look at

the overall quality of the reduced imagesquick imstat is run once again and a plot

is produced of the mean pixel values of each reduced image. This quality plot gives a

rough indication of the consistency of the seeing conditions throughout the observing run.

Higher mean pixel values indicate worse seeing conditions.A large increase in mean

pixel value at the end of the observing run is usually due to the brightening sky of the

approaching dawn (Fig. 5.5).

Figure 5.4: (a) Surface plot of a faint star from a raw image taken by Watcher. (b) Surface
plot of the same faint star after the image has been reduced. Note that the background
noise level is reduced.

5.3 Analysis

The heart of thequick suite is the package of photometry scripts. These scripts auto-

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

data. The first step is to select suitable reference stars in the field of view. Photometry

is then performed on both the target and the reference stars.The resulting instrumental

magnitudes of the reference stars must then be calibrated toan astronomical catalogue

to calculate the apparent magnitude of the target. In order to determine the significance

of the source detection the signal to noise ratio and significance level of the target must

also be calculated. These parameters are particularly important when looking at faint ob-

jects like GRBs. Finally, if no object is detected at the specified coordinates, the limiting

magnitude of the frame must be calculated (Fig. 5.6). The only user input required is the

coordinates of the target object, in right ascension and declination, and the initial time of

the event,T0, in JD. This information should be placed in a .roi (region ofinterest) file in

the same directory as the images. The final output of this process is two files: one a list

of detections, the other a list of limiting magnitudes. The files are arranged so the user

can see all the relevant information at a glance and subsequently create lightcurves of the
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target object. Each of the main photometry scripts relies onseveral core scripts in order

to accomplish its tasks.

Figure 5.6: Schematic representation of the overall photometry pipeline.

A brief description of the main scripts follows:

• quick ref star: Automatically selects suitable reference stars.

• quick phot: Performs photometry on a list of targets, calculating signal to noise

ratio, significance level and converting instrumental magnitude to apparent magni-

tude.

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

A brief description of the core scripts follows:

• quick time core: Converts the exposure time of the image from Julian Date (JD)

to seconds and calculates theT − T0, the time since the event started.
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• quick phot core: Performs photometry on a list of targets in an image and out-

puts the instrumental magnitude, the error on the instrumental magnitude, the mean

background level, the area of the aperture and the counts within the aperture.

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

each target in the image.

• quick appmag core: Calculates the apparent magnitude of the target object based

on the reference stars.

• quick cat core: Querys a catalogue for the coordinates and magnitudes of stars

within a certain radius of the target object.

5.3.1 Reference Star Selection

To calculate the apparent magnitude of the target object, a set of reference stars must

be selected. The instrumental magnitudes calculated for these objects are compared to

the internationally accepted values in a catalogue. The average of the difference is then

applied to the target object to calculate its apparent magnitude. A good reference star

must satisfy a set of criteria. The star must be in a catalogueand stable (i.e. non-variable).

Its magnitude should be relatively close to the magnitude ofthe target object and, ideally,

it should be physically close to the target object on the CCD (this is to rule out varying

seeing conditions in different 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 frame. Due to slight tracking

errors or occasional repositioning of the telescope, alongwith Watcher’s relatively small

field of view, it is possible for the target object to sometimes drift around the field. This

effect can cause some of the candidate reference stars to drop off the edge of the image

for certain periods of the observation run. In order to maintain consistency it is desirable

to use the same reference stars throughout the observation run. In practice, however, this
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limits the user to a very small selection of suitable reference stars. It also causes good

reference stars to be eliminated due to the fact that they maybe off the edge of the frame

for a few, or even only one, of the images. With this in mind twoscripts were written:

one to select the best overall reference stars that appear inevery frame; the other to select

the best reference stars on a per-image basis. In the event that the overall method returns

only a small number, or possibly no, suitable reference stars, the per-image method can be

used. Both scripts are essentially the same, differing 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 all-sky catalogue containing

over a billion objects and is a combination of various sky surveys over the last 50 years.

It is believed to be complete down to V=21 with 0.3 magnitude photometric accuracy

in up to three colours and 0.2 arcsecond astrometric accuracy at J2000. The core script

quick cat core starts by getting the target object coordinates from the .roi file (pro-

vided by the user) and searching the catalogue within a certain radius around this region

and within a certain magnitude range. These limits can be changed easily depending on

the type of target being examined. The WCSToolscat is used to perform this search.

quick cat core is also able to automatically retrieve the correct filter magnitude from

the catalogue to match the filter of the image. When using the clear filter the script chooses

the R band catalogue values. This band was chosen as the CCD is most sensitive to this

filter. Once the coordinates of possible reference stars have been retrieved from the cata-

loguequick ref star then tests the candidates for suitability by running photometry on

the list, calling toquick phot core. This core script returns the instrumental magnitudes

of each reference star, along with the information necessary to calculate the significance

of each detection.
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5.3.1.2 Overall Reference Star Selection

After all the images have been testedquick ref star discards any star that was not

detected in allimages. It then callsquick confidence core to calculate the signal to

noise and significance level of the remaining candidates. Ifany of these detections are

weak (< 3 sigma) they too are discarded. The final output of this script is a single list of

coordinates and apparent magnitudes of reference stars that have 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 but only operates 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 also discards any detections that

are weak (< 3 sigma). The final output of this script is a separate list of coordinates and

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

5.3.2 Photometry

The photometry script,quick phot, consists of four main parts: aperture optimisation,

the photometry algorithm; the signal to noise and significance level calculation and the

apparent magnitude calculation. Once the user has input thecoordinates of the target

object along with the start time of the event, in JD, to a .roi file quick phot can begin.

The reference stars can come from the automatic reference star selection script or they

can be manually entered by the user. The WCSToolsky2xy converts the coordinates of

the list of targets from RA and DEC to x and y pixel values for each image in preparation

for phot to analyse these locations in the following steps. The final output of this script

is an ‘apparentmagnitude’ file of the target and an ‘instrumentalmagnitude’ file for each

reference star. Both files have the same structure and containcolumns for: JD, T-T0,

Exposure, Magnitude, Magnitude Error, S/N and significance level.
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5.3.2.1 Time

quick phot sets up a time index for the current image.quick time core is called to

convert the time of the image from JD to UT and then calculate the time since the start of

the event in seconds. Octave is used for these calculations.The output of this script is a

file containing the time of the image in JD, the time since the start of the event in seconds

and the exposure time of the image in seconds. This information is later combined with

magnitude and signal to noise information for the target to create 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 PointSpread Function (PSF).

Assuming good optics, proper focusing and good tracking, this PSF is circularly sym-

metric and consists of a Gaussian ‘core’ with a large ‘halo’,which is approximated by

a power-law. Since all stars may be treated as point sources of light it follows that all

stars in an image have the same size and shape. Due to the halo of the PSF, however, the

intensity of the star fades smoothly to zero with increasingradius with no definite edge.

This presents a problem in aperture photometry: How big an aperture should be used? If

too large an aperture is selected there is a risk of drowning the target in noise related to the

background light. There is also a chance of accidentally including a nearby object within

the aperture, thus contaminating the signal. If too small anaperture is selected there is a

risk of missing a portion of the signal from the target. Neither of these scenarios is ac-

ceptable, especially when analysing faint stars. With thisin mind an aperture optimisation

script,quick ape, was created to test a sequence of apertures and choose the best.

quick ape uses a growth curve method to select the best aperture (Fig. 5.7). Since the

PSF of every star in an image should be the same, the brightestreference star is chosen.

The script performs photometry on this target, usingquick phot core, and selects an

aperture between a lower and upper limit, which can be set by the user. Any range of

apertures can be used and the script will loop the process, incrementing the aperture value
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by a small amount until the upper limit is reached. The scriptthen calculates the signal

to noise and significance level of each measurement usingquick confidence core.

When all apertures have been measuredquick ape then selects the smallest aperture that

gives the highest significance level as the optimum aperture. This value is then used by

quick phot as the aperture for all the targets in the image, including the target object.

Figure 5.7: Sample plot of a growth curve used for aperture optimisation.

5.3.2.3 Photometry Algorithm

The heart of the photometry process,quick phot core, starts by gathering some initial

information about the image, such as the gain, read noise andaperture. The gain and read

noise are fixed values of the CCD and the optimum aperture is calculated byquick ape.

The IRAF programphot is used for the actual photometry.Phot computes accu-

rate centres, background sky values, and fluxes for a list of objects in the image whose

coordinates are read from an input file. These values are thenconverted to instrumen-

tal magnitudes for each object.Phot computes accurate centres for each object using a

centroid algorithm. The width of the centring box may be defined by the user using the
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cbox variable. For bright objects this value may be left large without much consequence,

there is little chance thatphot will centre on the wrong object. For faint objects, however,

care must be taken to ensure thatphot centres on the desired object and not a nearby

faint object or even a random noise fluctuation. As Watcher ismostly involved in GRB

afterglow detection, the centring box can be left small due to the accurate astrometry on

the images provided byrts2 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 (calculated byquick ape) around the object. The

integral of the counts within the circular aperture is computed by summing all pixels in

the aperture. To compute the mean background level of the image, sky pixels in an an-

nular region around the object, the dimensions of which can be defined by the user, are

extracted from the image (see§ 4.2.1.4). The algorithm used to compute the sky level is

called ‘mode’, which computes the pixel distribution usingthe computed mean and me-

dian (and is recommended by several IRAF guides to photometry). The final flux of the

source is calculated using the equation:

Nstar = Nsum− A× Nsky (5.1)

whereNstar is the counts from the target object,Nsumis the total counts within the aper-

ture,A is the aperture area andNsky is the mean sky background level per pixel. This flux

value is then used to calculate the instrumental magnitude of the object. Several important

values of the output ofphot, specifically the magnitude, the error on the magnitude, the

mean sky background level, the aperture area and the flux, arethen extracted 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 magnitudes.quick aphot core is a short script written primarily in

Octave which is designed automate this process. The instrumental magnitudes of the
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reference stars are compared to their values in the catalogue and the differences between

these values are calculated. This offset is then subtracted from the instrumental magnitude

of the target object. The average of this set of values gives the apparent magnitude of the

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

by:

Tapp =
((Tinst − (R1inst − R1cat)) + ... + (Tinst − (Rninst − Rncat))

n
(5.2)

δTapp =

√

(δT2
inst + δR12

inst + δR12
cat) + ... + (δT2

inst + δRn2
inst + δRn2

cat)

n
(5.3)

whereTapp is the apparent magnitude of the target,Tinst is the instrumental magnitude

of the target,Rinst is the instrumental magnitude of the reference star,Rcat is the catalogue

magnitude of the reference star andn is the number of stars being used.

The primary goal of thequicksoftware suite is the rapid photometric analysis of tran-

sient astrophysical sources using a robotic telescope. Therefore, the method of apparent

magnitude calculation sacrifices some accuracy for speed. To properly calculate the zero

point magnitude, extinction coefficient (see§ 4.3.2) and the colour magnitude transfor-

mations (see§ 4.3.3) would require constant user input. Careful selectionof standard

stars and the manual scheduling of regular observations of these stars at various airmasses

are required and only at the end of the night would it be possible to generate the graphs

needed to accurately perform high-precision photometry onthe target object. GRBs are

unpredictable, variable objects and it is not prudent to divert observations for even a short

amount of time.

5.3.2.5 Confidence Level Calculation

The final step in the main photometry process ofquick phot is to calculate the confi-

dence level of the detection. Another short script calledquick confidence core is used

to calculate the signal to noise and significance level of thedetection. The values used are
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taken from the output ofquick phot core. The equations used are given by (Mortara

and Fowler, 1981):

S
N
=

G · Nstar
√

G · Nstar + A(G · Nsky+ t · Ndark + N2
R)

(5.4)

sigma=
Nstar

√

A · Nsky

(5.5)

whereNstar is the counts from the target object within the aperture,A is the aperture

area,Nsky is the mean sky background level per pixel,Ndark is the noise from the dark

current,G is the gain of the CCD andNR is the read noise of the CCD (see§ 4.2.1.4).

5.3.2.6 Limiting Magnitude

If the target object is not detected it is necessary to calculate the magnitude of the faintest

object in the frame to allow an estimate of the upper limit of the magnitude 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 objectat the

coordinates providedquick phot will run thequick 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 run. This fail-safe protects the user

from spurious detections, e.g. if IRAF accidentally mistakes random noise for a star.

quick lim mag starts by searching a catalogue for candidate stars and is not lim-

ited by radius or magnitude limit. The core scriptquick cat core lim returns all cat-

alogue stars that could possibly be in the image. It then passes all these candidates to

quick phot core which performs photometry on them. Any objects that are not initially

detected are discarded. The significance levels of the remaining stars are then calculated

usingquick confidence core and the results are sorted by magnitude.quick lim mag

then searches through this list for the faintest object witha significance level above a cer-

tain threshold (usually>3 sigma). The catalogue value of this star is then saved to a final

121



5.3.3 Miscellaneous Scripts

‘limiting magnitude’ output file, containing the columns: JD,T−T0, Exposure, Catalogue

Magnitude, Instrumental Magnitude, Instrumental Magnitude Error, S/N and Sigma level.

This file fits in with the apparent magnitude file created byquick phot and both can be

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

5.3.3 Miscellaneous Scripts

Along with the main reduction and analysis scripts detailedabove there are a few smaller

scripts that have been added to thequick suite over time to aid the user in performing

various repetitive tasks.

• quick combine: Often when analysing faint objects the first run of photometry

does not yield results. This can be especially true if the images are of a short ex-

posure length, e.g.∼10 s. To increase the signal to noise ratio of faint objects the

images can be combined. This process increases the chances of a detection but the

trade-off is a reduction in the temporal resolution of the data. The ideal scenario

would be to combine the images in the smallest groups possible, which would guar-

antee detection while maintaining a high temporal resolution. The 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 in a directory into groups

of 3 the command ‘quick combine 3’ can be run. This divides the images into

groups of 3, combines them, saves the result to a new directory and updates the

header of the new image to reflect the new total combined exposure length.

• quick region: This script creates a ds9 region file of a list of targets which is use-

ful when attempting to evaluate the position of the target object or of the reference

stars. It places a circle around all reference stars and prints the catalogue magni-

tudes underneath each one. It also places a circle around thearea of the target object

and prints the word ‘Target’ underneath.

• quick plot: This is a set of scripts to plot the output data fromquick phot and
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quick lim mag using Gnuplot. The y-axis displays the brightness of the target

in magnitudes and is inverted and the x-axis displays the time of the observa-

tions and is converted to log scale. Each axis is labelled with the appropriate title

and units. There are various different 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 below,plots the signal to

noise and significance level vs. time. It is the latter scriptthat is automatically

called at the end ofquick phot to quickly and cleanly display the result of the

latest analysis.

123



Chapter 6

Watcher GRB Observations & Results

6.1 Introduction

Of the 373 GRBs detected by various missions between April 1 2006 and July 30 20091,

Watcher carried out follow-up observations of 145. 106 of these bursts were observed

within 1 day of the trigger, 27 within 1 hour and 10 within 1 minute. A histogram of times

from the GRB trigger to the first Watcher observation for all bursts observed within 1 day

of the trigger is shown in Fig. 6.1. Where an optical transientwas detected or a useful

upper limit could be determined, a notice was distributed tothe GRB community through

the GCN. In some cases, the observations yielded no useful information due to adverse

observing conditions or due to the burst being ‘dark’ (see§ 2.3.4.4).

Response times to GCN alerts are typically∼30 s, the fastest response being 12.5 s in

the case of GRB 070707. Watcher spends a significant portion ofeach night pointing at

the centre ofSwift’scurrent field-of-view. A target in the RTS2 database is dynamically

updated with the coordinates of the currentSwift pointing, and its priority is set so that

it will be selected by the scheduler if it is observable. The aim of this strategy is to have

Watcher pointing in approximately the right direction in order to minimise response times

to SwiftGRBs.

1317 of these were detected bySwift, 26 by INTEGRAL, 10 by the IPN, 13 by AGILE and 7 by Fermi.
Statistics were obtained from Jochen Greiner’s GRB page: http://www.mpe.mpg.de/ jcg/grbgen.html
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Figure 6.1: Histogram of times from GRB trigger to first Watcher observation for all
GRBs observed by Watcher within 1 day of the trigger. The bin size is 0.005 hrs, (18 s).
Follow-ups to non-GRB GCN alerts are not included.

A summary of Watcher’s highlight follow-up responses to GRBs is presented in Table

6.1, showing rapid response times along with detections andupper limits.

6.1.1 Detections of GRB Prompt Optical Emission & Afterglows

There are three cases of prompt optical emission detected byWatcher while the GRB was

still active: GRB 060526, GRB 060904b and GRB 080905b. The case of GRB 060904b,

is described in detail in§ 6.2.

6.1.1.1 GRB 060526

At 16:28:30 UT on May 26, 2006, the BAT instrument on-boardSwiftdetected GRB 060526

(Campana et al., 2006b). The burst was composed of two well separated episodes of emis-

sion. The first episode consisted of two FRED-like peaks starting atT0 − 3 s andT0 + 6 s

respectively, with the second peak ending atT0+13 s. The second episode, fromT0+230 s

andT0+270 s, was a symmetric pulse peaking atT0+270 s. The BAT light curve is shown

in Fig. 6.2.
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GRB GCN z Watcher∆GRB Watcher∆GCN Watcher Result Watcher GCN

080928 8292 1.692 (GCN 8301) 3h 36m 11s 3h 34m 6s 19.37 m± 0.11 at 10h 33m 36s 8303
080905b 8182 - 43s 15s 16.2 m± 0.2 at 1m 52s 8207
080414 7618 - 2m 50s 33s ≥ 14 m 7619
080218b 7314 - 59s 19s ≥ 16 m 7316
070621 6560 - 40 s 24s ≥ 17.9 m 6562
070615 6537 - 1m 22s 45s ≥ 15 m 6538
070611 6494 2.04 (GCN 6499) 1m 18s 41s 18.53 m± 0.24 at 35m 48s 6528
070330 6232 - 6m 9s 5m 54s ≥ 18.2 m 6233
060926 5612 3.208 (GCN 5367) 1m 1s 47s ≥ 13 m 5615
060912b 5563 - 1m 50s Upper Limit 5566
060904b 5505 0.703 (GCN 5513) 1m 48s 17.1m± 0.3 at 8m 11s 5510
060614 5252 0.125 (GCN 5276) 4h 19m 26s 4h 19m 8s 19 m± 0.3 at 7h 6m 5257
060602b 5200 - 14m 35s 15s Upper Limit 5199
060526 5162 3.21 (GCN 5170) 36s 19s 16m± 0.15 at 1m 5165

Table 6.1: Summary of the GRB follow-ups and detections by Watcher.
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Figure 6.2: Background-subtracted BAT light curve of GRB 060526 in units of counts s−1

(fully illuminated detector)−1 at 1 s resolution for 5 different energy bands from the top to
the bottom: 15-350 keV, 15-25 keV, 25-50 keV, 50-100 keV and 100-350 keV.

Figure 6.3: Combined observations of GRB 060526 including data from Watcher,Swift
XRT and MDM
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Figure 6.4: Fit to the lightcurve of GRB 060526 in X-ray and optical/NIR r′Ri′ IJHKS

bands including a total of six energy injections. The strongX-ray flare is excluded from
the modelling. The light curves have been offset by constant factors.Credit: Jóhannesson
et al. (2009).

The prompt data obtained by Watcher for GRB 060526 is shown in Figure 6.3 along

with data from other optical observatories and theSwift XRT. The dense sampling and

long coverage of the prompt and early afterglow of this GRB have permitted detailed

modelling of the highly variable lightcurve in terms of energy injections. The code pro-

posed by J́ohannesson et al. (2006) was used to model the afterglow lightcurve by apply-

ing several energy injection episodes as a possible scenario to explain the rebrightenings

and shallow decay of the afterglow. Figure 6.4 shows the bestfit (χ2/d.o.f. = 2.8) found

using a model with a total of six energy injections: at 0.006,0.015, 0.04, 0.09, 0.4 and

0.6 days. The initial energy injected into the outflow isE0 = 5+3
−2 × 1049 erg2. The energy

injections then add 0.8, 1.7, 2.6, 5, 8, and finally 13 times the initial energy releaseE0 to

the afterglow, for a total energy release in the afterglow of1.5+1.1
−0.7×1051 erg (Thoene et al.,

2008).
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The first four injections are responsible for the shallow afterglow decay between 0.008

and 0.25 days. The quality of the data does not allow to discriminate between this four-

injection scenario and a continuous injection (French et al. in prep.). Also, since there are

no direct indications of injections in the lightcurve, the time of each of the four injections

is not well determined. A direct consequence of this is that the energy of each individual

injection in this phase is not well determined, while the total energy released is fairly

consistent. The time and energy of the last two injections are, however, better constrained

by the data.

6.1.1.2 GRB 080905b

GRB 080905b was detected by the Fermi GBM, with a T90 duration (20 - 1000 keV) of

159 s (Fig 6.5(a)) (Bhat et al., 2008). Burst emission up to 100 keV persisted up to 90 s

post-trigger (Stroh et al., 2008). In Figure 6.5(c) the Watcher lightcurve of GRB 080905b

is shown, along with the limiting magnitude in each frame. Watcher’s early detections

beginning at T0 + 50 s are therefore evidence of prompt optical emission coincident with

the weaker second and third pulses of this GRB. The broad optical peak between 300

and 600 s post-trigger does not seem to be matched by similar behaviour in the X-ray

afterglow lightcurve, which instead exhibits an early steep decay followed by a flattening

beginning at roughly 250 s and then a further less steep decaywhich begins at roughly

2700 s (Fig. 6.5(b)) (Stroh, 2008). Watcher did not detect the afterglow beyond about

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

6.2 GRB 060904b

On September 4th, 2006 at 02:31:03 UT the BAT instrument on-board theSwiftspacecraft

detected GRB 060904b (Grupe et al., 2006). The BAT light curve(Fig. 6.6(a)) showed a

double-peak event, with an initial fast rise exponential decay pulse followed by a second,

weaker peak T0 + 120 s later. The initial peak lasted for 9 s and started 2 s before the BAT
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Figure 6.5: (a) GBM lightcurve of GRB 080905b (Credit: http://www.mpe.mpg.de/ jcg/-
grb080905B.html) (b) XRT lightcurve of GRB 080905b (Credit: This work made use of
data supplied by the UK Swift Science Data Centre at the University of Leicester (Evans
et al., 2007, 2008)) (c) Watcher RC lightcurve of GRB 080905b.

130



6.2.1 The Optical Afterglow

trigger, while the second peak, detected within the 15-25 keV band, covered T0 +120 s to

T0 + 220 s, peaking at T0 +155 s. The T90 of the burst (15-350 keV) was 192± 5 s.Swift-

XRT began observing the source at T0 +69 s and detected a major flare coincident with the

2nd pulse of the prompt gamma emission (Fig. 6.6). Ground based optical follow-up ob-

servations began with ROTSE-IIIc detecting a source at RA= 03 h 52 m 50.52 s and Dec=

-00◦ 43’ 30.85” (J2000) with R= 17.3 mag at T90 +18.5 s (Rykoff et al., 2006b). Watcher

automatically responded to the GCN alert and began observations in R, I and clear (C)

filters at T0 +63 s, detecting an afterglow candidate at R= 16.8 mag (Table 6.2). Watcher

continued observations until dawn at∼04:18:00 UT. Fugazza et al. (2006) performed op-

tical spectroscopy on the target with VLT+ FORS1 at T0 +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 optical emission began to

rise before the end of the prompt phase and a power-law function was fit to the data

with a slope ofα1 = −0.79 from +90 s to+550 s post-trigger, reaching R=16.7 mag

(Watcher) at+502 s. The reducedχ2 for the fit over this time interval was 0.635 with 6

d.o.f. The flux then declined with a slope ofα2 = 0.81 to R= 18.19 mag (Skvarc, 2006)

at +1380 s. The reducedχ2 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 Watcher recorded a slight bump

in the lightcurve, peaking at R= 17.39 mag. Late observations detected the afterglow

fading with a decay index ofα4 = 1.08 from∼15 hours after the trigger up to∼1.9 days.

These results are consistent with those found by TAROT (Klotz et al., 2008) and are

discussed in detail in§ 6.2.3.2.
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6.2.1 The Optical Afterglow

Figure 6.6: (a) BAT lightcurve (counts 0.5 s−1), (b) XRT lightcurve (Flux (0.3-
10 keV)(erg cm−2 s−1)) and (c) optical lightcurve (mJy) - including data from Watcher
(black solid squares), ROTSE-III (green plus) and TAROT (red X’s and empty squares)
- for 060904b showing the time of the peak of the emission in each band.Credit: BAT,
XRT, GCN
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6.2.1 The Optical Afterglow

Figure 6.8: Optical lightcurve for 060904b including Watcher data with data from the
GCN Credit: (Rykoff et al., 2006b; Grupe et al., 2006; Klotz et al., 2006b; Skvarc,2006;
Oates and Grupe, 2006; Mescheryakov et al., 2006; Greco et al., 2006; Prymak et al.,
2006; Soyano et al., 2006; Asfandyarov et al., 2006)

Figure 6.9: XRT lightcurve for 060904b.Credit: This work made use of data supplied by
the UK Swift Science Data Centre at the University of Leicester(Evans et al., 2007, 2008)
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T - T0 (s) Exp (s) Filter Mag ∆ Mag
63 10 C 16.81 0.23
127 10 C 17.30 0.24
141 10 I 16.48 0.25
502 10 C 16.70 0.19
626 30 C 17.30 0.24
728 30 C 17.15 0.14
830 30 C 17.29 0.22
928 30 C 17.18 0.13
1033 30 C 17.64 0.22
1137 30 C 17.19 0.16
1280 60 R 17.42 0.29
1546 30 C 17.59 0.19
1788 60 I 17.50 0.29
2470 30 C 17.68 0.27
2673 30 C 17.92 0.28
2991 30 C 17.39 0.16
3024 60 I 17.49 0.25
3128 60 R 17.59 0.37
3194 30 C 17.64 0.24
3398 30 C 17.56 0.18

Table 6.2: Watcher detections of GRB 060904b. T-T0 is the time in seconds from the
burst trigger to the start of the exposure, Exp is the duration of the exposure, Mag is the
brightness of the OT in magnitudes and∆Mag is the 1σ error on the magnitude.

6.2.2 X-Ray Emission

Fig. 6.9 shows the X-ray lightcurve for GRB 060904b, starting69 s after the BAT trigger

(Grupe et al., 2006). The light curve shows an initial shallow decay between 77.3 s and

∼138 s followed by a giant flare with a duration of 490 s. This flare has a 0.3-10.0 keV

mean flux of 2.2×10−9 erg s−1 cm−2 and a total fluence of 8.8×10−7 erg cm−2 (Klotz et al.,

2008). Data taken from before∼300 s to after∼3500 s excluding the flare, shows a smooth

power-law decay with indexαx1 = 0.86±0.05 until∼5000 s. At this point there is a break

and the flux continues to decay with a new indexαx2 = 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 been observed in many other

GRBs (see Chincarini et al. (2007) for a review). The flare from GRB050502b was stud-

ied in detail by (Falcone et al., 2006) and is similar to GRB 060904b. For example the

spectrum of GRB 060904b during the flare cannot be fit by a power-law, as is the case

for GRB 050502b. The temporal decay observed before the flare can be extrapolated to

∼5000 s after the trigger suggesting that the X-ray flare couldbe produced by an additional

mechanism, independent of the one generating the underlying afterglow emission.

Thus the Band model together with a cut-offmodel were used to accurately model the

spectrum (Klotz et al., 2008). The consistency with the Band model (or cut-off power-

law) suggests that the flare could be caused by the same mechanism powering the prompt

emission, as in a late time internal shock scenario, which was suggested to explain the

GRB 050502b giant flare. This combination can be explained as the superposition of

a decaying prompt and a rising X-ray afterglow component, assuggested by Willingale

et al. (2007) to interpret the typical “steep-flat-steep” behaviour ofSwiftXRT light curves.

The break in the light curve at∼5000 s could denote the transition from the “flat phase”

to the “steep” afterglow-dominated phase.

The steepening in the X-ray lightcurve (∆α = 0.56±0.11) at∼5000 s is not consistent

with a spectral break within a standard afterglow scenario (the standard steepening is

αx1 − αx2 = 0.25) nor with an achromatic jet break (the optical light curveextrapolates

without a break from∼3000 s to late times, see Fig. 6.8). The late-time optical-to-X-ray

temporal decay indices (αxo = αx − αo) also verify the closure relations expected in a

standard afterglow scenario, whenνm is below the optical band andνc is between the

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

The optical emission of GRB 060904b was observed to increase during the whole X-ray

flare, showing a maximum after the end of the flare at∼500 s. One could consider the

possibility that the X-ray flare is correlated with the optical rise. In fact, the broad band

data suggest a temporal sequence, with a flare moving from theγ-ray band to the optical

band (Fig. 6.6). In such a case the X-ray and optical emissionare produced by the same

mechanism (internal shock), with the peak of the emission moving from the BAT to optical

bands. Hence, near the peak of the emission one should expectthe same spectro-temporal

behaviour. However, the observed X-ray rise and decay temporal slopes are significantly

steeper than the optical ones. This suggests that the optical flare and the BAT-XRT flare

are not correlated.

A similar rise was observed in the near infrared light curvesof GRB 060418 and

GRB 060607a (Molinari et al., 2007), together with simultaneous X-ray emission char-

acterised by the presence of various flares. In these cases, the optical rise was interpreted

as the peak of the afterglow emission which, in the standard thin shell case, is predicted

to occur around the deceleration timetdec ∼tpeak (Sari and Piran, 1999c; Kobayashi and

Zhang, 2007). Up to now, only a small fraction of optical afterglows has been observed

sufficiently early, and time-sampled sufficiently well for the optical rising to be clearly

identified. Theoretically, if the rise is ascribed to the beginning of the afterglow, in a stan-

dard ISM scenario the temporal indexα1 is expected to be≤ −2 (Sari and Piran, 1999c),

much steeper than our observed value ofα1 = −0.79± 0.10. In the case of a fireball ex-

panding in a wind environment, the rise could be less steep and also followed by a plateau

(Wu et al., 2003). In such a case, the late optical light curveshould decrease with the

same temporal index, or more steeply, than in the X-ray. However, if the X-ray emission

at∼5000 s is interpreted as the link to the “standard” afterglowphase, then the hypothesis

of an expansion in a wind environment does not agree with the late time observations. In

fact, at T0 +5000 s, the X-ray decay is steeper than the optical one.

Other scenarios can also explain a late rising of the opticalafterglow:
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• An off-axis line of sight (Granot et al., 2002) as was supposed in the case of

GRB 060206 by Wózniak et al. (2006). In this case the X-ray and the optical light

curves must follow the same behaviour, which is not the case for GRB 060904b.

• The circumstellar medium could be very dense and the extinction very high at the

beginning of the optical afterglow, and could decrease later because of the dust

destruction implied by the burst blast wave (Perna and Loeb,1998). This is probably

not the case of GRB 060904b because optical emission was detected by ROTSE

during the prompt emission and color indexes do not show a redexcess neartpeak.

• Reverse shock emission. In this scenario, it could be interpreted that the optical

flare of GRB 060904b at∼500 s is an optical flash, and the following plateau is the

combined result of forward and reverse shock emission (Sariand Piran, 1999c).

However, in such a case, the power-law behaviour of both the rise and decay of

the reverse shock optical emission are expected to be somewhat steeper than those

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

• The optical rise and decay temporal indexes ofα1 = −0.79±0.109 andα2 = 0.81±

0.12, could be marginally accommodated within a standard afterglow scenario, if

νm 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 phase ofvery shallow decay

starting a few minutes after the trigger (typically 5 min in the burst rest frame) and lasting

a few more minutes. The plateau can appear simultaneously inthe optical and in the X-ray

band (e.g GRB 050801; de Pasquale et al. (2007)). In some casesan early re-brightening

rather than a plateau is observed, while in other events a plateau appears in the optical

on longer time-scales, e.g GRB 060206 (Stanek et al., 2007; Monfardini et al., 2006)

having no correlation with any X-ray flattening. GRB 060904b shows some evidence of an

optical plateau (Fig. 6.8). Several scenarios could explain such a plateau. In the standard
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fireball scenario a nearly flat optical light curve (temporaldecay indexα = −0.25) can

be produced by the forward shock when the fireball is in the fast cooling regime with the

observational frequency between the cooling frequencyνc and the injection frequencyνm

(Sari and Piran, 1999c). This ordering of characteristic emission frequencies cannot be

reconciled with the late (T0 +5000 s) optical-to-X-ray data. Another possibility is that

the plateau is produced by a patchy jet, i.e by a collimated fireball characterised by a

non-uniform distribution of energy (Kumar and Panaitescu,2000). In such a case a large

bump is expected, followed by a plateau as observed in GRB 060904b. However, the same

behaviour should be seen roughly simultaneously in all bands, which is inconsistent with

the GRB 060904b X-ray data. A last hypothesis for the origin ofthe optical plateau is

that it is produced by a late energy injection in the fireball.Late energy injection can

be ascribed to a long lasting central engine activity, or to arefreshed shock associated

with a short-lived central engine that is releasing its energy with a variety of Lorentz

factors (Rees and Ḿesźaros, 1998). This hypothesis was also proposed by de Pasquale

et al. (2007) to explain the plateau observed simultaneously in optical and X-ray in GRB

050801.

6.2.4 Conclusions

The optical emission of GRB 060904b is found to increase from the end of the prompt

phase, reaching a maximum brightness attpeak = 9.2 min and then decreasing. A large

optical plateau and a huge X-ray flare are also associated with this burst. It has been

argued that the X-ray flare occurring neartpeak is produced by extended internal engine

activity. Its presence during the optical rise is thought tobe only a coincidence, and is

not related to the optical flare. It is also proposed that the nature of the optical plateau of

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

Soft γ-ray Repeaters and The Curious

Case of SWIFT J195509+261406

7.1 Introduction

On June 10th 2007 at T0 = 20:52:26 UT the BAT instrument on-board theSwiftsatellite

triggered on a possible GRB candidate. Initially the burst appeared to be a standard cos-

mic GRB (Pagani et al., 2007) with Galactic coordinates (l, b)= (63.5, -1.0). The burst

had a T90 = 4.6± 0.4 s, power-law photon index= 1.76±0.25 and fluence= 2.4±0.4

x 10−7 erg cm−2 (Tueller et al., 2007). The X-Ray Telescope (XRT) on boardSwift de-

tected an X-ray counterpart 3200 s later (Pagani and Kennea,2007) with a column density

slightly lower than the Galactic value. The delay in X-ray observations was caused by

an Earth limb constraint, which meant the spacecraft could not slew promptly to the BAT

position.

An optical counterpart was detected by the OPTIMA-Burst instrument on the 1.3 m

telescope at Kryoneri T0+ 57 s after the trigger with a magnitude of 19±0.4 (Stefanescu

et al., 2007). The source then faded until T0+ 476 s, when observations with the fibre-fed,

single-photon-counting high-time-resolution main instrument of OPTIMA-Burst showed

a flaring activity that lasted about 80 s and consisted of three to four overlapping spikes
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Figure 7.1: Optical counterpart of GRB 070610, the only uncatalogued source within the
XRT error circle.Credit: A. J. Castro-Tirado.

and a slow decay (Stefanescu et al., 2007). The counterpart was confirmed by the 1.5 m

OSN telescope in Granada (Spain) 5.87 hours after the burst (Fig. 7.1) with a detected

magnitude of R∼21.5 mag (Postigo et al., 2007).

Observations with the Tautenburg 1.34 m Schmidt Telescope detected the optical tran-

sient (OT) in only 3 of 9 images, indicating rapid, short-lived flaring behaviour, atypical

for a GRB afterglow (Kann et al., 2007). Furthermore, the X-ray afterglow flux remained

almost constant, with some flares (Fig. 7.2). The unusual behaviour of the source in both

the optical and the X-ray regime as well as its location in theGalactic plane provide evi-

dence for this being a new transient source located within the Galaxy, rather than a cosmic

GRB and its associated afterglow (Kann et al., 2007).

Overall, more than 40 flaring episodes were detected in the optical band over a time

span of three days, and a faint infrared flare 11 days later, after which the source re-
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7.1. INTRODUCTION

Figure 7.2: X-Ray lightcurve of 070610, showing constant behaviour, with small flares.
Credit: http://www.swift.ac.uk/xrt curves/00281993/index.php.

turned to quiescence. Radio observations confirmed a Galactic nature for the source and

established a lower distance limit of∼3.7 kpc. It is suggested that the source could be

an isolated magnetar whose bursting activity has been detected at optical wavelengths,

and for which the long-term X-ray emission is short-lived (Castro-Tirado et al., 2008).

In this case, a new manifestation of magnetar activity has been recorded and it can be

considered that SWIFT J195509+261406 is a link between the ‘persistent’ Softγ-ray

Repeaters (SGRs)/ Anomalous X-ray Pulsars (AXPs) and dim isolated neutron stars.

In this chapter an overview of SGRs and AXPs is presented to setthe observations

in context. The Watcher observations of the source are described in Section§ 7.5.2 and

the detailed description and interpretation of the source behaviour 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 andAXPs. Credit:
http://science.nasa.gov/newhome/headlines/ast05mar991a.htm.

Soft γ-ray repeaters (SGRs) were originally thought to be a sub-class of GRBs, with

shorter durations and softer spectra than classical bursts(Mazets et al., 1981). They dif-

fer from GRBs, however, due to their propensity to produce multiple bursting episodes

over years (Fig. 7.4), unlike GRBs which have never been seen torepeat, and are dis-

tributed along the galactic plane (Fig. 7.3), unlike GRBs which are isotropically dis-

tributed. SGRs have significantly softer spectra than GRBs, usually best described by

a thermal bremsstrahlung model with energies of∼30 keV. The first SGR was discovered

in 1979, along with two others that year. It was not until the reactivation of SGR 1806-20

in 1983, however, that the independent nature of these sources, distinct from GRBs, was

fully appreciated (Laros et al., 1987). The massive flare on March 5th 1979 was the most

energeticγ-ray emission episode ever recorded at the time (Mazets et al., 1979). Fig. 7.4

shows a histogram of the flares over the last 15 years of the confirmed SGRs. The time in-

tervals between bursting episodes have been shown to be lognormally distributed (Hurley

et al., 1995).

A summary of the confirmed SGRs and AXPs is shown in Table 7.1.
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Name RA Dec Distance Period dP/dt Bsur f Association L x (2-10 keV)
SGR (J2000) (J2000) (kpc) (s) (10−11 s s−1) (1014 G) (1035 erg s−1)

SGR 1806-20 18 h 08 m 39.329 s -20◦ 24′ 39.94′′ 15.1+1.8
−1.3 7.56 54.9 21 W31 4.4

SGR 0526-66 05 h 26 m 00.89 s -66◦ 04′ 36.3′′ 50 8.047 6.5 7.3 SNR N49 2.1
SGR 1900+14 19 h 07 m 14.33 s +09◦ 19′ 20.1′′ 12 - 15 5.169 7.78 6.4 massive star cluster 1.8 - 2.8
SGR 1627-41 16 h 35 m 51.84 s -47◦ 35′ 23.3′′ 11 2.594 1.9 2.2 CTB 33 0.039

AXP
1E 1547.0-5408 15 h 50 m 54.11 s -54◦ 18′ 23.7′′ 9 2.069 2.318 2.2 SNR G327.24-0.13 0.031
XTE J1810-197 18 h 09 m 51.08 s -19◦ 43′ 51.74′′ 5 5.539 0.81 1.7 - 0.39
1E 1048.1-5937 10 h 50 m 07.14 s -59◦ 53′ 21.4′′ 2.7 6.452 2.7 4.2 GSH 288.3-0.5-2.8 0.054
1E 2259+586 23 h 01 m 08.29 s +58◦ 52′ 44.45′′ 3 6.978 0.048 0.59 SNR CTB 109 0.18

CXOU J010043.1-721134 01 h 00 m 43.14 s -72◦ 11′ 33.8′′ 57 8.02 1.88 3.9 SMC 0.78
4U 0142+61 01 h 46 m 22.44 s +61◦ 45′ 03.3′′ > 2.5 8.68 0.196 1.3 - > 0.53

CXO J164710.2-455216 16 h 47 m 10.2 s -45◦ 52′ 16.9′′ 5 10.61 0.24 1.6 Westerlund 1 0.26
1RXS J170849.0-400910 17 h 08 m 46.87 s -40◦ 08′ 52.44′′ 8 10.99 1.94 4.7 - 1.9

1E 1841-045 18 h 41 m 19.34 s -04◦ 56′ 11.16′′ 8.5+1.5
−1 11.77 4.155 7.1 SNR Kes 73 2.2

Table 7.1: Summary of confirmed SGRs and AXPs.Credit:
http://www.physics.mcgill.ca/ pulsar/magnetar/main.html
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7.2. SOFT GAMMA-RAY REPEATERS

Figure 7.4: Summary of the flares from the 4 confirmed SGRs from 1975 to 2000.Credit:
http://science.nasa.gov/newhome/headlines/ast05mar991a.htm.

• 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 the constellation Sagittarius,

near the Galactic centre. In 1983 the source began a long period of intense activ-

ity, with over 100 flares detected (Laros et al., 1987), whichdistinguished it from

a standard GRB and prompted a review of the nature of this source. SGR 1806-20

flared again on December 27th 2004 (Hurley et al., 2005) and was detected by the

International Gamma-Ray Astrophysics Laboratory (INTEGRAL), the Reuven Ra-

maty High Energy Solar Spectroscopic Imager (RHESSI),Swiftandγ-ray detectors

on board Mars Odyssey. A∼1 s precursor was observed 142 s before the flare, with

a roughly flat-topped profile, which was unusual for an SGR episode (Fig. 7.5). The

peak luminosity of the main burst in the first 0.125 s was L= 2 × 1047 d2
15 erg s−1
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7.2. SOFT GAMMA-RAY REPEATERS

Figure 7.5: Lightcurve of SGR 0526-66, 27th December 2004, showing a∼1 s precursor
142 s before the flare.Credit: Mereghetti et al. (2005).

whered15 = (d/15 kpc), andd is the distance to SGR 1806-20 (Hurley et al., 2005).

The likely distance to SGR 1806-20 is 0.8 < d15 < 1, based on the apparent as-

sociation of the SGR with a compact (∼10 arcsec) stellar cluster at that distance

(Corbel and Eikenberry, 2004). The flare’s luminosity brieflyexceeded all the stars

in the Galaxy combined by a factor of∼103. The flare was followed by a hard X-ray

tail with a 7.56 s pulsation period, suggesting that the progenitor may be a rotating

neutron star.

• SGR 0526-66:The extremely bright SGR 0526-66 was detected on 5th March 1979

(Mazets et al., 1979). This extraordinary event began with an extremely bright spike

peaking at∼1045 erg s−1 (Golenetskii et al., 1984), followed by a 3 minute train of

periodic 8 s pulsations (Fig. 7.6) whose flux decayed in a quasi-exponential manner

(Feroci et al., 2001). The burst was well localised at the edge of the supernova

remnant (SNR) N49 in the Large Magellanic Cloud (Cline et al., 1982). Over the

next four years, 17 SGR-type bursts were seen from this source(Mazets et al., 1979;

Golenetskii et al., 1984) but no subsequent periodic pulsations were detected. The
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Figure 7.6: Lightcurve of SGR 0526-66, 5th March 1979, showing periodic pulsations of
∼8 s.Credit: Mazets et al. (1979).

high luminosity, strong pulsations, and apparent association with a SNR strongly

suggested that the source is a young, magnetised neutron star with a spin period of

8 s.

• SGR 1900+14: The third and final SGR to be discovered in 1979 was SGR 1900+14,

first detected with three flares over two days in mid-March. The source remained

quiet until 1992 when it emitted another 3 bursts. On 27th August 1998, SGR 1900+14

flared again, this time with one of the brightest events ever recorded outside our so-

lar system (Hurley et al., 1999a). This flare was nearly a carbon-copy of the March

5th event, with both characterised by a brief, hard spike of very intenseγ-rays,

followed by a soft oscillating tail. As shown in Fig. 7.7, theAugust 27th event dis-

played a high initial luminosity and was followed by a∼300 s long tail with a soft

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

The massive flare allowed SGR 1900+14 to be accurately localised to just outside

the edge of a young (10,000 yr) SNR within our Galaxy (Feroci et al., 2001). It

is thought that the supernova that formed this remnant imparted a kick velocity of

∼1500 - 2000 km s−1 to the SGR, allowing it to overtake the expanding shell of hot

gas from the supernova.

• 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 1900+14 as observed with theγ-ray detector aboard
Ulysses (20-150 keV). Note the strong 5.16 s pulsations clearly visible during the decay.
Credit: Hurley et al. (1999a).

bursts from June to July 1998 and was detected by several satellites (e.g. CGRO,

Woods et al. (1999b); Ulysses, Hurley et al. (1999b); Wind, Mazets et al. (1999)).

The peak flare had a maximum luminosity of∼8× 1043 ergs s−1 assuming isotropic

emission (Mazets et al., 1999), which is smaller but of a similar magnitude to the

March 5th 1979 and August 27th 1998 events. However, this very energetic burst

differed significantly from the other giant outbursts. It exhibited no separate initial

pulse with a fast rise time, no extended tail, and no pulsations (Fig. 7.8; Mazets et al.

(1999)). The position of the source was found to be consistent with the Galactic su-

pernova remnant G337.0-0.1 (Hurley et al., 1999b). The location within the super-

nova remnant suggests that the SGR has a transverse velocityof ∼200 - 2000 km s−1

(Hurley et al., 1999b).

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

magnetised neutron stars (Livio and Taam, 1987; Katz et al.,1994), cometary accretion

onto quark stars (Alcock et al., 1986) as well as thermonuclear energy release on a mag-

netised neutron star (Woosley and Wallace, 1982). These models failed to adequately

explain both the common recurrent bursts and the occasionalgiant flares (e.g. the March

5th event). The discovery of persistent X-ray emission fromthe three known SGRs at the

time aided in the understanding of the nature of SGRs (Murakami et al., 1994; Rothschild

et al., 1994; Vasisht et al., 1994). Around the same time, themagnetar model§ 7.4 was put

forward to explain the high-luminosity bursts of the SGRs (Duncan and Thompson, 1992;
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Paczynski, 1992; Thompson and Duncan, 1995) and the persistent X-ray emission of both

the SGRs and the AXPs (Thompson and Duncan, 1996). The model predicted slow pul-

sations and rapid spin down from the quiescent X-ray counterparts of the SGRs. Shortly

after this (Kouveliotou et al., 1998) discovered 7.5 s pulsations and rapid spin down in the

X-ray counterpart to SGR 1806-20. This was interpreted as the magnetic braking of an

isolated neutron star with a∼1015 G dipole magnetic field (Kouveliotou et al., 1998).

7.3 Anomalous X-Ray Pulsars

Anomalous X-ray Pulsars (AXPs) were first reported by Fahlman and Gregory (1981)

who discovered pulsations from the X-ray source 1E 2259+586 at the centre of the SNR

CTB 109. The object was originally interpreted as a peculiar X-ray binary, with an energy

spectrum much softer than is typical of accreting pulsars, and no optical counterpart. The

source was subsequently found to be spinning down in a secular manner (Koyama et al.,

1987). AXPs are characterised by several features including: a narrow range of spin

periods (2 - 12 s), fairly constant X-ray luminosities (∼1035 - 1036 erg s−1), no (or very

small) long term variability, lack of evidence of binary companions, relatively soft X-ray

spectra, absence of radio emission and a secular spin-down on time-scales of 103 − 105

years (Table 7.1) (Mereghetti, 2008). As noted by Thompson and Duncan (1996), their

‘anomalous’ property is the unclear mechanism powering their X-ray emission.

AXPs appear to be too young to be low-mass binaries as some areassociated with

SNR and have a small scale height above the Galactic plane (van Paradijs et al., 1995).

The AXP 1E 2259+586, and subsequently the entire AXP population, was identified with

isolated magnetars powered by the decay of a∼1015 G magnetic field. The principal

competing model postulated that AXPs are neutron stars surrounded by fossil disks that

were acquired during supernova collapse or during a common-envelope interaction (Cor-

bet et al., 1995; van Paradijs et al., 1995; Chatterjee et al.,2000; Chatterjee and Hernquist,

2000).
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A useful discriminator between the fossil disk and magnetarmodels is provided by the

detection of optical and near infrared counterparts to the AXPs, beginning with 4U 0142+61

(Hulleman et al., 2000). Dim counterparts have now been detected for several AXPs, with

an optical/IR luminosity typically one thousandth of that emitted in 2-10 keV X-rays. This

constrains any remnant accreting disk to be very compact (Perna et al., 2000). A key pre-

diction of the magnetar model was confirmed by the detection of X-ray bursts similar to

SGR bursts from at least one, and possibly two, AXPs. Two weakbursts were observed

from the direction of 1E 1048.1-5937 (Gavriil et al., 2002) and more than 80 SGR-like

bursts were detected from 1E 2259+586 during a single, brief (∼11 ks) observation of the

source (Kaspi et al., 2003). Transient releases of energy appear to power at least 10% of

the X-ray output of 1E 2259+586 and a much larger fraction in some other AXPs.

Originally, one of the defining characteristics of AXPs was the steadiness of their X-

ray emission over a fairly narrow range of luminosities 1035 - 1036 erg s−1. With recent

observations, however, it has become clear that at least half, and possibly most, magnetar

candidates are variable X-ray sources. Some of the observedvariability could be driven

by burst activity, but at least a few sources have shown largechanges in luminosity with

little or no detected burst activity. For example, XTE J1810-197 was discovered in 2003

with a luminosity of∼2×1036 erg s−1 (Ibrahim et al., 2004), but archival observations from

the 1990’s detected the source in a “low state” with a luminosity two orders of magnitude

smaller (Gotthelf et al., 2004).

The realisation that SGRs and AXPs can enter low states with luminosities of order

1033 - 1034 erg s−1 for extended periods of time has important implications forthe total

number of magnetar candidates in the Galaxy. Their duty cycle as bright X-ray sources is

presently unknown, especially as a function of age. There isstill much to be learned about

the similarities and differences between magnetar candidates in their dim states, and other

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

The similarities in the observed properties of SGRs and AXPs has made it clear that

they are, fundamentally, the same type of object - a neutron star. Their distinguishing

characteristics compared to ‘normal’ neutron stars is thatmagnetism is the likely source

of energy for their radiative emissions. The behaviour of SGRs and AXPs is now best

described by the magnetar model, in which the decay of an ultra-strong magnetic field

(B > 1014 G) powers the high-luminosity bursts and also a substantialfraction of the

persistent X-ray emission.

Progress in the understanding of these objects was hamperedfor many years by the

lack of detection of radio pulsars with magnetic fields much exceeding 1013 G. It was

noted early on that fields as strong as 1014 - 1015 G could be present in neutron stars as

the result of flux conservation from the progenitor star (Woltjer, 1964). The production

of ultra-strong magnetic fields generated in a rotating SN collapse was also proposed as

a possible catalyst for energetic outflows (LeBlanc and Wilson, 1970; Symbalisty, 1984).

A related possibility is that ordinary radio pulsars could contain intense toroidal magnetic

fields arising from strong differential rotation in the nascent neutron star (Ardelyan et al.,

1987). Later it was realised that appropriate conditions for true dynamo action could exist

in proto-neutron stars (Thompson and Duncan, 1993), leading to the formation of a class

of ultra-magnetic neutron stars with dissipative properties distinct from those of radio

pulsars (Duncan and Thompson, 1992).

Young magnetars undergo a rapid spin down due to their strongmagnetic dipole radi-

ation losses, reaching periods of several seconds in a few thousands years. A turbulent dy-

namo amplification occurring either in a newly born, differentially rotating proto-neutron

star, or in the convective regions of its progenitor star could form very high magnetic

fields, in principle up to 3× 1017 G. The dynamo responsible for the high magnetic field

generation requires that magnetars be born with very short rotation periods, of the order

of Po ∼ 1 − 2 ms, and that convection is present in the core. This formation scenario
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was predicted to have the two observational consequences (a) magnetars could have large

spatial velocities, of the order of∼103 km s−1 and (b) their associated supernovae should

be more energetic than ordinary core collapse supernovae (Duncan and Thompson, 1992).

Early in their life, magnetars slow down to the point that their magnetic energy,

Emag ∼ 1047 (B/1015 G)2 (R/10 km)3, is much larger than their rotational energy,∼1046

(P/5 s) (Ṗ/10−11 s s−1) ergs. Such a huge energy reservoir is sufficient to power the persis-

tent X-ray emission for∼104 years. Persistent emission can be induced by the twisting of

the external magnetic field caused by the motions of the star interior, where the magnetic

field is dominated by a toroidal component larger than the external dipole. The twisting

motion of the crust sustains steady electric currents in themagnetosphere, which provide

an additional source of heating for the surface of the star (Thompson et al., 2000). The

short, soft bursts can be triggered by cracking of the crust caused by the strong magnetic

field. The crust fractures perturb the magnetosphere and inject fireballs. The bursts dura-

tion is dictated by the cooling time, but it depends also on the vertical expansion of surface

layers (Thompson et al., 2002) and/or depth of heating (Lyubarsky et al., 2002).

The strong magnetic field (∼1014 G) stresses the iron surface of the neutron star, to

which it is anchored. It is believed that the magnetar internal field is tightly wound up in a

toroidal configuration and is up to a factor∼10 stronger than the external field (Thompson

et al., 2002). The surface, a crustal lattice with a finite shear modulus, undergoes localised

cracking, twisting the field lines and injecting energy intothe magnetosphere (Fig. 7.10).

A twisted, force-free magnetosphere supports electrical currents flowing along open field

lines in normal pulsars (Thompson et al., 2002). The strong flow of charged particles

heats the neutron star crust and produces a significant optical depth for resonant cyclotron

scattering in the magnetosphere. Repeated scattering of thethermal photons emitted at

the star surface can give rise to significant high-energy tails of ∼1040 - 1041 erg.

The magnetar starquakes and twisting magnetic field lead to the formation of an e±

corona in the closed magnetosphere. The corona consists of closed flux tubes, anchored

on both ends to the neutron star surface and permeated by currents driven by the twisting
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motion of their footpoints. The persistent hard X-ray emission extending up to∼100 keV

originates in a transition layer between the corona and the atmosphere, while the optical

and IR are emitted by curvature radiation in the corona (Beloborodov and Thompson,

2007). The gradual dissipation of the magnetospheric currents can also provide plau-

sible mechanisms for the generation of persistent softγ-ray emission (Thompson and

Beloborodov, 2005). In recent years, pulsar searches have largely closed the observa-

tional gap between the dipole fields of radio pulsars and magnetar candidates (Manchester,

2004).

7.4.1 Neutron Stars and Magnetars

Baade and Zwicky (1934) were the first to propose the formationof neutron stars as the

end product of a supernova explosion. Their forward thinking was not vindicated for

another three decades, with the discovery of the first radio pulsars by Bell and Hewish

(Hewish et al., 1968). As the core of a massive star (∼4 - 8 M⊙) is compressed during a

supernova, it collapses into a neutron star, with a radius of∼10 km. The outer layers of

the star expand rapidly outwards, creating a supernova remnant, leaving the core with a

mass of∼1.5 - 2 M⊙. A neutron star is mostly made of a dense liquid of neutrons, with

a trace of protons and electrons. The outer layer consists ofa thick (∼100 m) crust, most

probably composed of heavy atomic ions, such as iron (Fig. 7.9). The angular momentum

of the parent star is mostly preserved during the collapse, resulting in a rapid rotational

period which gradually slows down as the star ages (neutron star rotation periods have

been observed from 1.4 ms to 30 s). For a pure magnetic dipole the rate of loss of energy

is related to the angular velocityω by:

d
dt

(

1
2

Iω2

)

= Iωω̇ =
2
3

M2
⊥ω

4c−3 (7.1)

whereM⊥ is the component of the magnetic dipole moment orthogonal tothe spin

axis andI is the moment of inertia. The slowdown may be expressed as a power-law:
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Figure 7.9: Diagram of the the structure of a neutron star. Credit:
http://science.msfc.nasa.gov/newhome/headlines/ast20may981.htm

ω̇ = −kωn (7.2)

wherek is a constant andn is referred to as the ‘braking index’. If the slowdown

follows Eq. 7.1 thenn = 3. If we assume the pulsar has an angular velocity which

is initially very high, and a constant magnetic field, its age, t, may be determined by

integrating Eq. 7.2 to give:

t = −(n− 1)−1ωω̇−1 = (n− 1)−1PṖ−1 (7.3)

whereP is the period of the pulsar.

In some rare supernova explosions, a neutron star is born with a fast rotation period

(∼ms). The fluid in the core, which is rapidly rotating, convecting, and electrically con-

ducting, causes a dynamo to be established which maintains the strong magnetic field of

the star. Differential rotation and magnetic braking quickly slow the period down to the 5

- 10 s range (Thompson and Duncan, 1993). Magnetic diffusion and dissipation heat the

neutron star surface, which radiates X-rays. The X-radiation is always present, regardless
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Figure 7.10: Stresses applied to the solid crust of a magnetar from the intense magnetic
field creates a twisted dipole magnetic field, generating X-ray emission. The twist angle
between the northern and southern hemisphere is∆ΦN−S = 2 rad. Dashed lines indicate
the part of the field lines behind the neutron star.Credit: (Thompson et al., 2002).

of the bursting activity, so magnetars are quiescent X-ray sources. In addition, increased

dissipation at the poles creates hot spots on the surface, and a periodic component whose

amplitude is∼10% of the total is superimposed. Thus magnetars are quiescent, periodic

X-ray sources.

Localised cracking of the crust cannot relieve all the stress which the magnetic field

exerts on the surface, and it continues to build for decades.The built-up stress eventually

ruptures the surface of the star profoundly, resulting in a giant flare. Magnetic field lines

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

initial spike in the giant flare is radiation from the entire magnetosphere (a field of B
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> 1014 G is required to contain the pair plasma). The∼5 minute long, periodic component

of the flare comes from hot spots on the surface of the neutron star.

The most direct evidence for the link between SGRs and magnetars was the discovery

of pulsations in the persistent X-ray flux of SGR 1806-20, with a period of 7.47 s (Kou-

veliotou et al., 1998). These pulsations are most likely caused by bright and dim zones

on the surface of a neutron star and in its surrounding magnetosphere rotating in and out

of our view. This pulsar was found to have a large spin-down rate of 2.6×10−3 s yr−1

due to magnetic dipole emission. From this, the age of the pulsar and dipolar magnetic

field strength were calculated to be∼1,500 years and 8×1014 G, respectively (Kouve-

liotou et al., 1998), in agreement with predictions of the magnetar model. These findings

were reinforced when SGR 1900+14 became active again in June 1998 after a long period

of quiescence. Rossi X-Ray Timing Explorer (RXTE) observations of the source during

the episodes confirmed the pulsation period of 5.16 s and alsofound a secular spin-down

of the pulse period at an average rate of 1.1×10−10 s s−1 (Kouveliotou et al., 1999). This

spin-down rate was also attributed to magnetic dipole radiation and allowed an estimate of

the pulsar dipolar magnetic field, calculated to be 2 - 8×1014 G. These findings proved the

existence of magnetars, confirmed the theory that SGRs are magnetars and supported sug-

gestions that SGR bursts are caused by neutron star ‘crustquakes’ produced by magnetic

stresses.

7.5 SWIFT J195509+261406

Following the initial detection of SWIFT J195509+261406 as a single ‘GRB’ lasting

about 4.6 s and its bizarre X-ray counterpart, a multi-wavelength observing campaign

was mounted. Starting∼1 min after the burst trigger time and continuing to∼1 yr, the

data set includes: Radio observations from RATAN-600 and 100 mEffelsberg; Millimetre

observations from Plateau de Bure and IRAM; NIR imaging from 8.2 m VLT (including

AO); optical data from Watcher, 0.3 m BOOTES-2, 1.5 m OSN, 1.34m TLS, 6.0 m BTA
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and 8.2 m VLT; X-ray data fromSwift/XRT and XMM-Newton. Fig. 7.11 shows a colour

composite optical image of the field taken by the 1.5 m OSN telescope.

The durations of the flares from SWIFT J195509+261406 ranged from tens of sec-

onds to a few minutes and flux amplitudes ranged up to about 100times the ‘outburst’

baseline flux (or≥ 104 times the quiescent state). After 13 June, the activity decayed

abruptly and no further flares were seen until 22 June, when a late-time, lower bright-

ness flare was detected in the near-infrared using the 8.2 m Very Large Telescope. A

late-time observation by the XMM-Newton spacecraft∼173 days after the burst failed

to detect the source, imposing an upper limit (3σ) on any underlying X-ray flux of

LX ≤ 3.1 × 10−14 erg cm2 s−1 (0.2 - 10 keV). The12CO(J = 1 − 0) spectrum observed

in the direction of SWIFT J195509+ 261406 reveals a molecular cloud (MC) in the range

+25 km s−1 and+30 km s−1, inferring a lower limit to the kinematic distance to theSwift

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 J195509+261406 from June

to November 2007. Both light curves show there was strong activity during the first three

days, reaching a maximum around one day after the ‘GRB’ and gradually decaying after

the third day until the source became undetectable. The X-ray observations made bySwift

do not overlap with the times of any of the recorded optical flares. However, observations

in both X-ray and optical agree that the strongest flaring activity occurred around one day

after theγ-ray event. A short (∼30 s) powerful X-ray flare, in which the flux increased by

a factor of∆ f / f ≈ 100 on a time-scale of∆ t/t ≈ 10−4, was followed by several optical

flares of similar amplitude. The X-ray data beginning one dayafter the giant flare event

(excluding minor flaring-like activity) can be fitted by a power-law decayF ∝ tα with

α = −0.75± 0.25, consistent with the values seen in the decline phase of the anomalous

X-ray pulsar XTE J1810-197 (Ibrahim et al., 2004) and the transient magnetar SGR 1627-

41 (Mereghetti et al., 2006).
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Figure 7.11: Colour composite made from V, Rc and Ic band imaging of SWIFT
J195509+261406 at the 1.5m OSN telescope (labelled as OT for optical transient. Cal-
ibration stars used for the photometry, numbered from 1 to 10. Credit: (Castro-Tirado
et al., 2008)

The baseline X-ray luminosity of SWIFT J195509+261406 during the first 8,000 s

that followed the initialγ-ray spike was∼1.2×1034 (D/5kpc)2 erg s−1 whereas the qui-

escent X-ray luminosity was≤ 9.0 × 1031 (D/5kpc)2 erg s−1 (0.2 - 10 keV) at the late-

time X-ray observation after∼173 days. The quiescent X-ray luminosity is significantly

smaller than the values of∼4×1033 erg s−1 and∼1.3×1035 erg s−1 derived for SGR 1627-

41 and some anomalous X-ray pulsars, respectively.

7.5.2 Watcher Data

Watcher automatically began observations of SWIFT J195509+261406 at 20:53:31 UT,

53.5 s after theSwift/BAT detection and continued observing the target throughout the

two nights that followed. The calibration of the Watcher exposures was done using two
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Figure 7.12: Optical and X-ray light curves of SWIFT J195509+261406 (June - Novem-
ber 2007). (a) Optical detections (Ic-band magnitudes, filled circles, with 1σ error bars)
are shown together with 3σ upper limits (triangles). (b)Swift X-ray data (0.2 - 10 keV,
filled circles, with 1σ error bars) together with the late-time 3σ limit obtained with
XMM-Newton (triangle).Credit: (Castro-Tirado et al., 2008)

reference stars at the following coordinates (J2000): starA at R.A.= 19:55:07.77, Dec.=

+26:16:34.6, withRc = 12.14 andIc = 11.13 and star B at R.A.= 19:55:28.016, Dec.=

+26:13:49.94, withRc = 13.88 andIc = 12.84. In order to compare with observations by

other telescopes, mostly obtained in theIc-band, and taking into account the red colour

of the source, the unfiltered frames were calibrated usingIc reference stars. Initially no

optical transient was discovered, but later several bright, flaring episodes were detected.

In total Watcher detected 4 flares not seen by other telescopes during the night of June

11th (Fig. 7.13). Four other detections are only marginallysignificant. The brightest flare

detected by Watcher exhibited an increase in brightness from below the detection limit of
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Figure 7.13: Bright flares from SWIFT J195509+261406 detected by Watcher on 11th
and 12th June 2007. Upper limits vary depending on time of night, seeing quality etc. A
gap in the data exists for∼2 hrs about midnight due to Watcher automatically responding
to another GRB alert.

∼18 mag to 14.7 mag within a timescale of 2 minutes. The image has been examined for

cosmic rays and other possible defects and no evidence was found that 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 makeit difficult to classify. One

possibility is that the source is a ‘bursting pulsar’, similar to GRO J1744-28 (Kouveliotou

et al., 1996). However,Swift/BAT did not record any otherγ-ray burst from SWIFT

J195509+261406 after the initial one.

A second possibility is based on the proposed similarity to the black hole candidate

V4641 Sgr (Markwardt et al., 2007; Revnivtsev et al., 2002). This black hole, orbiting

an intermediate-mass companion (a B9 subgiant), was suggested as the first member of

the ‘fast X-ray novae’ group (Uemura et al., 2002), and it hasbeen proposed that SWIFT
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J195509+261406 is a member of this class (Kasliwal et al., 2008). However, several

lines of evidence indicate otherwise. First, the lack of further detections of the baseline

(non-flaring) flux during the outburst phase atγ-ray (Swift/BAT), millimetre (during the

outburst,<0.6 mJy, 3σ) and centimetre wavelengths (Kasliwal et al., 2008) (during the

decline phase,<0.09 mJy, 3σ) implies a different physical mechanism, because consid-

erableγ-ray and radio emission (the latter arising from a collimated jet) was recorded

at the time of the V4641 Sgr outbursts (Hjellming et al., 2000). As shown in Fig. 7.14,

there is no evidence for an underlying supernova remnant or amassive star cluster. Four

anomalous X-ray pulsars have been detected at near-infrared wavelengths1 but noH-band

counterpart of any SGR is known. SGR 1806-20, which is hiddenby more than 30 mag of

visual extinction, was only seen in theK-band when it was in an active state (Israel et al.,

2005). The other three known SGRs have no near-infrared counterparts. The near-infrared

limit imposed on the quiescent counterpart of SWIFT J195509+261406 (H> 23; that is,

MH > 8.1 assumingD ≈ 5 kpc andE(B−V) = 1.9± 0.6 towards the source) constrains the

spectral type of any companion to be a main-sequence star with spectral type later than

M5V (that is≤ 0.12 M⊙Dahn et al. (2002)) unless the donor was a hydrogen-poor (semi-)

degenerate star in an ultra-compact X-ray binary with orbital period less than 1 hr (in’t

Zand et al., 2007).

Another method of explaining both the observed baseline fluxand the flaring episodes

in X-ray and optical wavelengths is an ultra-compact low-mass X-ray binary with blobs

of homogeneous synchrotron-emitting plasma of size∼107 cm and magnetic fields of

strength∼105 G. This third scheme allows such blobs to be found in a magnetised corona

which is an extended region of low-density, X-ray irradiated material above and below

the accretion disk (Merloni et al., 2000) or a wind, rather than in the outer regions of a

collimated jet. Thus, SWIFT J195509+ 261406 could be part of such a system.

The final possibility is that theSwiftsource is an isolated compact object that is a new

magnetar in our Galaxy, which displays activity like that ofa softγ-ray repeater in the

1McGill Pulsar Group SGR/AXP online catalogue. http://www.physics.mcgill.ca/ pulsar/magnetar/-
main.html
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Figure 7.14: Deep, late observations of the SWIFT J195509+ 261406 field. (a) Deep
Ic-band image obtained with the 6.0 m Big Telescope Altazimuthal (using SCORPIO)
on 12 October 2007. (b) DeepH-band image obtained on 30 September 2007 with the
8.2 m Very Large Telescope (using NACO) using laser guide-star adaptive optics. Both
images show that the source has disappeared. The location for SWIFT J195509+ 261406
is marked with a circle (error radius of 0.26”). The limitingmagnitudes areIc > 23.5 and
H > 23.0.Credit: (Castro-Tirado et al., 2008)

optical and from which only one hard burst was recorded inγ-rays, near the onset of its

bursting activity. If this is the case, SWIFT J195509+261406 is the first SGR detected

at optical wavelengths. This is supported by the burst durations and the timing properties

of the flares (Stefanescu et al., 2008). Fig. 7.15 shows the magnitude distribution of

the optical flares detected in theIc-band. The flare fluxes are found to be log-normally

distributed similar to the high-energy flares of SGR 1806-20(Hurley et al., 1995) and

SGR 1900+14 (Göğüş et al., 1999). The observed data are well fitted by a truncated

normal distribution (solid line) with
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Figure 7.15: Log-normal distribution of flare fluxes for SWIFTJ195509+261406. The
magnitude distribution of the optical flares detected in theIc-band is shown. Using allIc-
band detections of the source, the flare fluxes are found to be log-normally distributed as
seen in the high-energy flares of SGR 1806-20 and SGR 1900+14, supporting the claim
that SWIFT J195509+261406 is a new SGR, although this is not conclusive.Credit:
(Castro-Tirado et al., 2008)
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whereN is the number of flares in a one-magnitude bin,x is the magnitude,xc is the

centre of the distribution,w is the width andA is the amplitude. The fit is moderately

acceptable withχ2 = 49.7 for 35 degrees of freedom, and parametersxc = 20.80 ±

0.61 mag,w = 2.96± 0.76 mag andA = 64.5± 22.7 The truncation of the distribution is

a natural result of the limiting magnitude of the observations. In addition, intermediate-

duration bursts (∼1 - 30 s) recorded from SGR 1900+14 show two events, at∼7 kpc and

lasting about 1 s, displaying unusual hard power-law spectra similar and comparable in

energy,E = (6.5 − 11)× 1039 erg (Woods et al., 1999a), to GRB 070610, the burst of

γ-rays associated with SWIFT J195509+261406 (E = 1.9×1039(D/5kpc)2 erg) (Tueller
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et al., 2007). Thus, both the initialγ-ray burst duration and the log-normal distribution of

the optical flares strengthen the association of theSwiftsource with a magnetar, although

the lack of detected persistent X-ray pulses (which would allow determination of the spin

period derivative and thus the magnetic field) currently prevents the possibility of proving

the existence of an extreme magnetic field typical of magnetars for this source.

7.6 Conclusion

A deeper X-ray observation together with a detailed study offuture activity periods of

SWIFT J195509+261406, including simultaneous X-ray/optical monitoring, could shed

light onto its nature and discern whether the source is an ultra-compact low-mass X-ray

binary or an isolated neutron star displaying a new manifestation of magnetar activity.

In the latter case, it would represent a link between ‘persistent’ SGRs/AXPs (with LX <

(2− 4)× 1035 erg s−1 and∼(0.2− 5)× 1035 erg s−1 respectively) and dim isolated neutron

stars (withLX < (2− 20)× 1030 erg s−1) (Treves et al., 2000), and would be one of a few

hundred Galactic magnetars to become active in the past∼104 years (Muno et al., 2008).
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Date Filter Exp Mag
June 2007 UT (s)

11.839213 C 120 > 16.1
11.844942 C 120 > 16.9
11.846366 C 120 > 17.2
11.847789 C 120 > 17.4
11.849213 C 120 > 17.3
11.850637 C 120 > 17.7
11.852049 C 120 > 17.4
11.853495 C 120 > 17.8
11.854942 C 120 > 17.7
11.856400 C 120 > 17.8
11.857870 C 120 > 17.6
11.859271 C 120 > 17.8
11.860683 C 120 > 17.8
11.862106 C 120 > 17.9
11.863530 C 120 > 18.0
11.864942 C 120 > 18.1
11.866400 C 120 > 18.1
11.867824 C 120 > 18.1
11.869248 C 120 > 18.1
11.870671 C 120 > 18.4
11.872095 C 120 > 18.4
11.873507 C 120 > 18.2
11.874942 C 120 14.79± 0.03
11.876366 C 120 > 18.4
11.877836 C 120 > 18.5
11.879294 C 120 > 18.4
11.880706 C 120 > 18.1
11.882130 C 120 > 18.0
11.883553 C 120 > 18.3
11.884965 C 120 > 18.3
11.886389 C 120 > 18.5
11.887847 C 120 > 18.4
11.889306 C 120 > 18.7
11.890775 C 120 > 18.6
11.892188 C 120 > 18.5
11.893611 C 120 > 18.3
11.895023 C 120 > 18.5
11.896458 C 120 > 18.9

Date Filter Exp Mag
June 2007 UT (s)

11.897882 C 120 > 18.6
11.899294 C 120 > 18.8
11.900718 C 120 > 18.6
11.902153 C 120 > 18.7
11.903576 C 120 > 19.0
11.905000 C 120 > 18.7
11.906412 C 120 > 18.6
11.907836 C 120 > 18.5
11.909259 C 120 > 18.7
11.910718 C 120 > 18.7
11.918356 C 120 > 18.7
11.919769 C 120 > 18.0
11.921181 C 120 > 18.6
11.922616 C 120 17.86± 0.18
11.924086 C 120 > 18.6
11.925498 C 120 > 18.6
11.926910 C 120 > 18.9
11.928333 C 120 18.43± 0.26
11.929757 C 120 > 18.9
11.931169 C 120 17.26± 0.12
11.932593 C 120 > 18.4
11.934016 C 120 > 19.0
11.935486 C 120 > 18.7
11.936944 C 120 > 19.0
11.938426 C 120 > 18.7
11.939873 C 120 > 19.0
11.941296 C 120 > 19.0
11.942720 C 120 18.82± 0.26
11.944132 C 120 17.33± 0.09
11.945556 C 120 18.41± 0.20
11.946979 C 120 > 18.8
11.948426 C 120 > 18.8
11.949838 C 120 > 18.8
11.951262 C 120 > 18.9
11.952685 C 120 > 18.6
11.954109 C 120 > 18.7
11.955532 C 120 > 18.4

Table 7.2: Watcher photometric data of the optical counterpart of SWIFT
J195509+261406 for the night of June 11th.
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Date Filter Exp Mag
June 2007 UT (s)

12.085116 C 120 > 17.7
12.086528 C 120 > 18.6
12.087975 C 120 > 18.9
12.089433 C 120 > 18.4
12.090891 C 120 > 18.8
12.092373 C 120 > 19.1
12.093831 C 120 > 18.9
12.095289 C 120 > 18.9
12.096725 C 120 > 18.7
12.098206 C 120 > 18.9
12.099664 C 120 > 18.9
12.101123 C 120 > 18.7
12.102569 C 120 > 18.8
12.104005 C 120 > 18.8
12.105440 C 120 > 18.5
12.106863 C 120 > 18.7
12.083704 C 120 > 13.5
12.108287 C 120 > 18.6
12.109711 C 120 > 19.0
12.111134 C 120 > 18.7
12.112558 C 120 > 18.7
12.114005 C 120 > 18.6
12.115417 C 120 > 18.8
12.116840 C 120 > 18.8
12.118264 C 120 17.77± 0.14
12.119676 C 120 > 18.7
12.121100 C 120 > 19.0
12.122535 C 120 > 18.7
12.123947 C 120 > 18.8
12.125370 C 120 > 18.8
12.126794 C 120 > 18.7
12.128206 C 120 > 18.9
12.129641 C 120 > 18.9
12.131111 C 120 > 18.9

Date Filter Exp Mag
June 2007 UT (s)

12.132558 C 120 > 18.7
12.134016 C 120 > 18.8
12.135428 C 120 > 19.1
12.136852 C 120 > 19.0
12.138275 C 120 > 18.9
12.139688 C 120 > 18.6
12.141111 C 120 > 18.7
12.142558 C 120 > 18.9
12.144016 C 120 > 18.7
12.145475 C 120 > 18.9
12.146944 C 120 > 18.8
12.148391 C 120 > 18.7
12.149850 C 120 > 18.8
12.151319 C 120 > 18.8
12.152778 C 120 > 18.6
12.154236 C 120 > 18.5
12.155671 C 120 > 18.5
12.157083 C 120 > 18.4
12.158507 C 120 > 18.6
12.159931 C 120 > 18.6
12.161354 C 120 > 18.5
12.162778 C 120 > 18.8
12.164213 C 120 > 18.6
12.165648 C 120 > 18.2
12.167118 C 120 > 18.1
12.168530 C 120 > 18.4
12.169954 C 120 > 17.8
12.171377 C 120 > 18.3
12.172789 C 120 > 18.0
12.174225 C 120 > 17.9
12.175648 C 120 > 17.9
12.177060 C 120 > 17.6
12.178484 C 120 > 17.3

Table 7.3: Watcher photometric data of the optical counterpart of SWIFT
J195509+261406 for the night of June 12th.
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Chapter 8

Conclusions & Future Work

8.1 Conclusions

Watcher is a robotic optical telescope system capable of carrying out unmanned long-

term observation plans as well as automated rapid follow-upobservations of transient

events, such as GRBs. It was developed on a small budget with limited manpower, and

made use of existing commercially available hardware and utilises the open-source robotic

observatory management software RTS2.

The system has been operating fully robotically since May 2006, and routinely carries

out early observations of GRB error boxes on timescales of tens of seconds to minutes.

The system has detected 6 optical transients, three of whichwere observed while the GRB

was still active inγ-rays, and has determined early upper limits to optical emission for a

number of other GRBs (see§ 6.1). Some of the highlights of Watcher’s observations have

been the detection of prompt optical emission from GRB 060526and GRB 060904b and

the detection of multiple flaring episodes from Swift J195509+261406.

The quick software suite was developed as an automated reduction and photometric

analysis pipeline for the rapid production of lightcurves for astrophysical transient objects,

such as GRBs. It is written inbash and utilises IRAF, Octave and Gnuplot and can be

installed freely on any Linux-based system. The suite was intended primarily for use with
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data from Watcher but can be easily adapted to accommodate data from any telescope. A

modular-based design was used, whereby a number of complex high-level ‘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 than GRB follow-ups, is in

blazar monitoring. Combining optical data with radio and high energy observations can

contribute to the understanding of the continuum emission of blazars. This emission,

which is observed to be extremely intense and to vary rapidly, is thought to originate in

a relativistic plasma jet which is accelerated by a billion solar mass black hole. Watcher

has also been involved in the monitoring of cataclysmic variables (CVs), in conjunction

with Simon Jeffery of Armagh Observatory. CVs are close binaries in which a low-mass

companion (a star of late spectral type) transfers materialonto a compact object, which

may be a white dwarf, neutron star, or black hole. Violent outbursts are often observed in

these systems. Multi-wavelength observations can contribute to the understanding of the

underlying processes. It is intended to expand Watcher’s involvement in such monitoring

campaigns in the future. Future observing campaigns could also include the search for

extrasolar planets using the ‘transit’ method (the periodic dimming of a star that occurs

when a close-in planet passes in front of its parent star as seen from Earth). Another way

in which Watcher’s productivity could be maximised is by becoming part of a network of

robotic telescopes. The VOEventNet project (§ 3.1.6) in particular could allow Watcher

to carry out rapid follow-up observations of other transient sources such as supernovae

and microlensing events.

In June 2009 the Apogee AP6e camera on Watcher was replaced with an Andor iXon

EMCCD (Electron Multiplying Charged Couple Device) (Fig. 8.3).EMCCDs operate by

amplifying weak signal events (down to single photons) to a signal level that is well clear
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of the read noise floor of the camera, at any readout speed. Importantly, this ‘on-chip’

amplification process is realized without sacrificing the photon collection capability of

the sensor, with back-illuminated sensors offering up to 95% quantum efficiency. Unlike a

conventional CCD, an EMCCD is not limited by the readout noise of the output amplifier,

even when operated at high readout speeds. This is achieved by adding a solid state

Electron Multiplying (EM) register to the end of the normal serial register. This register

allows weak signals to be multiplied before any readout noise is added by the output

amplifier, hence rendering the read noise negligible. The EMCCD also makes use of

a frame transfer system, whereby the data is quickly transfered to a storage area before

being read off the chip (Fig. 8.1). This allows the EMCCD to move on to the next exposure

very quickly, increasing the duty cycle of the telescope.

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

The next upgrade for Watcher would most likely be a larger telescope and mount. The

NTM-500 (Fig. 8.2(a)), produced by Astelco Systems1, is a german equatorial mount with

a load capacity of> 90 kg (plus counter weights), a maximum slewing speed of∼100◦ s−1

and pointing accuracy of< 5′′ RMS. It is designed for robotic use and supports a wide

range of software, with drivers available for both Windows and Linux. It is ideal for

use with a larger 60 cm telescope, such as the light-weight Classical Cassegrain models

1www.astelco.com
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provided by Astelco Systems (Fig. 8.2(b)). A system such as this would increase GRB

response times, allow Watcher to probe to deeper magnitudesand, combined with the

EMCCD, increase temporal resolution.

Figure 8.2: (a) The Astelco NTM-500. (b) The Astelco Classical Cassegrain 60 cm tele-
scope, as seen on Bootes-3 located in New Zealand.Credit: www.astelco.com

8.2.2 Automated Reduction & Analysis Software & RTS2

Currently the main area of human involvement in the Watcher’sroutine operations is the

reduction and analysis of data. Part of this process is already automated: object frames are

sent to a processing queue as soon as they are taken, and an astrometric fit is performed

on them using thepast program, part of theJIBARO package (de Ugarte Postigo et al.,

2005), which utilisesSExtractor (Bertin and Arnouts, 1996). Astrometric data is then

stored in the database as image metadata, and positional corrections, if necessary, are

fed back to the mount control program. Thequick suite currently reduces the level of

human involvement in the reduction and analysis stages to a minimum. The next step is

to fully integrate this process into RTS2, whereby the system could intelligently create

master calibration frames, reduce the raw image frames and perform accurate photometry

on specific targets of interest within the images. This wouldgreatly improve the speed of

analysis and aid in the production of GCNs.
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Development of RTS2 is ongoing, with additional features and support for new de-

vices being added regularly. One key improvement which is plannned is the addition of a

merit function in the scheduler which will favour targets that are in the vicinity of the cur-

rentSwiftpointing, thereby improving follow-up times to GRB alerts generated bySwift.

Much of the present development work is focused on the development of a web-based

GUI for managing observations in order to improve the system’s user-friendliness. An

increasing number of groups are planning to develop robotictelescope systems based on

RTS2.

8.2.3 Education & Outreach

A small robotic telescope can provide a valuable practical element to undergraduate as-

tronomy studies (Percy, 2003). The UCD School of Physics has recently established an

undergraduate degree programme in Physics with Astronomy and Space Science. The

course has a substantial emphasis on hands–on experience inastronomical techniques,

which will include planning observations with Watcher and analysing the resulting data.

It is also intended that Watcher will contribute to the very active 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 suited to the study of GRBs. The un-

predictable and transient nature of these events precludesthe scheduling of observations

and demands automated responses on the shortest possible time-scales. Small (< 1 m)

telescopes are sensitive enough to detect the optical emission in many cases, particularly

since they can carry out observations at very early times when an optical counterpart will

be at its brightest. The enhanced quality of observations inthe Swift era has revealed

unexpected complexity and variety in the optical behaviourof GRBs, and has allowed

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

bursts for which no optical counterpart has been detected raises new questions which will

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

Figure 8.3: The Watcher Robotic Telescope including the Andor iXon EMCCD - Summer
2009.Credit: Riccardo Felletti.

173



Appendix A

Publication List of the Author

Refereed Publications

1. “A photometric redshift of z= 1.8+0.4
−0.3 for the AGILE GRB 080514B”

A. Rossi, A. de Ugarte Postigo, P. Ferrero, D. A. Kann, S. Klose, S. Schulze, J.

Greiner, P. Schady, R. Filgas, E. E. Gonsalves, A. Küpc̈u Yoldaş, T. Kr̈uhler, G.
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ters, D. Nuernberger, D. Pérez-Raḿırez, M. A. Guerrero, J. French,G. Melady, L.

Hanlon, B. McBreen, K. Leventis, S. B. Markoff, S. Leon, A. Kraus, F. J. Aceituno,

R. Cunniffe, P. Kub́anek, S. V́ıtek, S. Schulze, A. C. Wilson, R. Hudec, M. Durant,
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Graziati.

Nature, Volume 455, Issue 7212, 2008, pp. 506-509

4. “Integral Constraints on Gamma-Ray Burst Polarization and on the Population of

Nearby, Low-Luminosity Bursts”

L. Hanlon, S. Foley, S. McGlynn, B. McBreen, J. French,G. Melady, S. McBreen,

A. J. Dean, D. J. Clark, A. J. Bird, D. Willis.

International Journal of Modern Physics D, Volume 17, Issue 09, 2008, pp. 1351-

1357

5. “Gamma-ray bursts detected by INTEGRAL”

S. Foley, S. McGlynn, S. McBreen, L. Hanlon, B. McBreen, J. French, G. Melady,

R. O’Connor.

Il Nuovo Cimento B, Volume 121, November 2006, pp. 10551059

Papers in Preparation

1. “The Watcher robotic telescope”

J. French, L. Hanlon, B. McBreen,G. Melady, Petr Kub́anek, Martin Jelı́nek, S.

McBreen, P. Meintjes M. Hoffmann, H. Calitz, A. J .Castro-Tirado, A. de Ugarte

Postigo.

To be submitted toPASP.

2. “Early optical observations of GRB 060526 with the Watcher robotic telescope”
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Appendix B

The quick Code

All codes are located in/home/gmelady/apps/bin on the SSAMR lab network.

Main Scripts

quick phot

1 # ! / b in / bash

3 #−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
# q u i c k p h o t updated s c r i p t us i ng q u i c kc o r e s c r i p t s ( q u i c kp h o t c o r e ,

q u i c k c a l c c o r e )
5 # header t o be updated

#
7 # Gary Melady 22−05−08

#
9 # 18−06−09: Removed ” exposu re ” f rom t h e t i t l e s o f o u t p u t f i l e s

# Removed i n s t r u m e n t a l magni tude o u t p u t f i l e s− no l o n g e r
needed

11 #−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

13
# −−−−−−−−−−−−−−−−−−−− I n i t i a l s e t u p −−−−−−−−−−−−−−−−−−−−

15 # Thresho ld sigma l e v e l va l ue .
# I f t h e d e t e c t i o n l e v e l i s below t h i s va lue ,

17 # t h e s c r i p t w i l l c a l c u l a t e t h e l i m i t i n g magni tude o f t h e image
t h r e s h o l d s i g m a=2

19
# Make su re t h e r e i s an i n p u t l i s t o f t a r g e t s

21 r o i= ‘ l s ∗ . r o i | head −1‘ 2>/ dev / n u l l
i f [ ! $ r o i ]

23 then
echo ”Need a r e g i o n of i n t e r e s t f i l e i n x . r o i c o n t a i n i n g T0 and

c o o r d i n a t e s o f t a r g e t ”
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25 e x i t
f i

27
# Get T0 from t a r g e t s f i l e

29 T0 temp= ‘ g rep T0 $ro i ‘

31 # Check i f t h e r e i s a T0 i n t h e f i l e
i f [ ! $T0 temp ]

33 then
echo ” Cannot f i n d T0 i n $ ro i , p l e a s e i n p u t i n i t i a l t ime of

even t ”
35 e x i t

e l s e
37 T0=$ { T0 temp#∗=}

echo $T0>T0
39 f i

41 # Get some i n f o f o r header
# ( W i l l on l y work p r o p e r l y i f a l l images i n d i r e c t o r y are f o r same

o b j e c t , f i l t e r & exposu re )
43 img= ‘ l s ∗ . f i t s | head −1‘

45 # Check i f t h e r e are any images
i f [ ! $img ]

47 then
echo ” Cannot f i n d any f i t s images , e x i t i n g ”

49 e x i t
f i

51
t i t l e f i l = ‘ ge thead $img FILTER ‘

53 t a r g e t= ‘ ge thead $img OBJECT‘
t i t l e t a r g e t= ‘ ge thead $img OBJECT| awk ’ { p r i n t $1 $2 } ’ ‘

55 # t i t l e e x p= ‘ ge thead $img EXPOSURE‘

57 # Crea te temp f i l e f o r head ing o f magni tude and sn f i l e s l a t e r
p r i n t f ”# $ t i t l e t a r g e t\n# F i l t e r= $ t i t l e f i l \n#JD T−T0 EXP MAG MAG ERR S/

N SIGMA\n” > header
59 p r i n t f ”# $ t i t l e t a r g e t\n# F i l t e r= $ t i t l e f i l \n#JD T−T0 EXP CATMAG

INST MAG INST MAG ERR S/N SIGMA\n” > l i m h e a d e r

61 p r i n t f ” Pe r fo rm ing a p e r t u r e pho tomet ry on : ”

63 f o r img i n $∗
do

65 p r i n t f ” \n − $img ”
imgroo t= ‘ f i l e r o o t $img ‘

67
# −−−−−−−−−−−−−−−−−−−− Time i n f o −−−−−−−−−−−−−−−−−−−−

69
# C a l c u l a t e T−T0

71 JD= ‘ ge thead $img JD ‘
EXPOSURE= ‘ ge thead $img EXPOSURE‘

73 p r i n t f ”$JD $EXPOSURE\n” > t ime temp

75 # Ca l l t o q u i c k t i m e c o r e t o c a l c u l a t e T−T0
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q u i c k t i m e c o r e
77

# Check i f i t worked
79 i f [ ! −e c u r r i m g t i m e ]

then
81 echo ” q u i c k t i m e c o r e f a i l e d , e x i t i n g ”

con t inue
83 f i

85 mv c u r r i m g t i m e $ imgroo t . t ime

87 # −−−−−−−−−−−−−−−−−−−− Photomet ry −−−−−−−−−−−−−−−−−−−−

89 # C a l c u l a t e o p t i m a l a p e r t u r e
q u i c k a p e $img

91 ape= ‘ awk ’ { p r i n t $1} ’ $ imgroo t . ape op t ‘

93 # Get t h e c o o r d i n a t e s o f t h e t a r g e t s from t h e t a r g e t f i l e
# and c o n v e r t i t t o xy coords f o r each f rame

95 rm $ imgroo t . coor 2>/ dev / n u l l

97 ca t $ r o i $ imgroo t . r e f s t a r | grep ’ ˆ [ ˆ # ] ’ | wh i l e read n ra dec
mag

do
99 sky2xy $img $ra $dec | awk ’ { p r i n t $5 , $6} ’ >> $ imgroo t

. coor
done

101
# Ca l l t o q u i c k p h o t c o r e t o do t h e pho tomet ry on c u r r e n t image

103 q u i c k p h o t c o r e $img $ape

105 # Check i f i t worked

107 # i f [ $? −ne 0 ]
# then

109 # echo ” q u i c k p h o t c o r e f a i l e d , e x i t i n g ”
# c o n t i n u e

111 # f i

113 # Rename f i l e so o c t a v e can read i t l a t e r
cp $ imgroo t . mag . 2 c u r ri m g i n f o

115
# −−−−−−− 1 s t Check f o r L i m i t i n g Magni tude−−−−−−−

117
# I f t h e t a r g e t was no t d e t e c t e d a t a l l c a l c u l a t e t h e l i m i t i n g

magni tude o f t h e f rame
119

i f [ ‘ head −1 $ imgroo t . mag . 2 | awk ’ { p r i n t $1} ’ ‘ = INDEF ]
121 then

p r i n t f ” − No d e t e c t i o n \n − C a l c u l a t i n g l i m i t i n g
magni tude ”

123
# D e l e t e c u r r i m g i n f o g e n e r a t e d by q u i c kp h o t c o r e

125 # Clean up f i l e s from p r e v i o u s runs o f q u i c kp h o t
rm $ imgroo t . mag∗ c u r r i m g i n f o 2>/ dev / n u l l
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127
# Ca l l t o qu i ck l im mag6 t o c a l c u l a t e t h e l i m i t i n g

magni tude
129 qu ick l im mag6 $img

131 # Check i f i t worked
i f [ −s l im mag ]

133 then
ca t l im mag >> l im mag . d a t

135 rm l im mag
p r i n t f ”Done ”

137 con t inue
e l s e

139 echo ” qu ick l im mag6 f a i l e d , e x i t i n g ”
con t inue

141 f i
f i

143

145 # −−−−−−−−−− C a l c u l a t e apparen t magn i tudes−−−−−−−−

147 # I f o b j e c t was d e t e c t e d c o n t i n u e w i th pho tomet ry

149 # Get c a t a l o g magni tude v a l u e s f o r r e f e r e n c e s t a r s from r e f st a r
f i l e

grep ’ ˆ [ ˆ # ] ’ $ imgroo t . r e f s t a r | wh i l e read n ra dec mag
151 do

echo $mag >> cat mag
153 done

155 # Ca l l t o q u i c k a p h o t c o r e t o do t h e apparen t pho tomet ry
# c a t c u r r i m g i n f o

157 q u i c k a p h o t c o r e

159 # Check i f i t worked
i f [ $? −ne 0 ]

161 then
echo ” q u i c k a p h o t c o r e f a i l e d ”

163 con t inue
f i

165
mv c u r r i m g a p p $ imgroo t . app 2>/ dev / n u l l

167 rm cat mag

169 # −−−−−−−−−− C a l c u l a t e c o n f i d e n c e l e v e l s−−−−−−−−−−

171 # Ca l l t o q u i c k c o n f i d e n c e c o r e t o c a l c u l a t e t h e s/ n and sigma
l e v e l s

q u i c k c o n f i d e n c e c o r e
173

175 # Check i f i t worked
i f [ $? −ne 0 ]

177 then
echo ” q u i c k c o n f i d e n c e c o r e f a i l e d ”
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179 con t inue
f i

181
mv c u r r i m g s n $ imgroo t . sn 2>/ dev / n u l l

183
# −−−−−−−−− L i m i t i n g Magni tude Again−−−−−−−−−−−−−

185
# I f t h e sigma l e v e l o f t h e sou rce i s below a t h r e s h o l d va lue ,

g e t t h e l i m i t i n g magni tude o f t h e image
187 head−n1 $ imgroo t . sn | whi le read SN SIG

do
189 SIGMA= ‘ p r i n t f %.0 f $SIG ‘

i f [ $SIGMA − l e $ t h r e s h o l d s i g m a ]
191 then

p r i n t f ” − D e t e c t i o n below t h r e s h o l d\n −
C a l c u l a t i n g l i m i t i n g magni tude ”

193
# D e l e t e c u r r i m g i n f o q u i c k p h o t c o r e

195 rm $ imgroo t . mag∗ c u r r i m g i n f o 2>/ dev / n u l l

197 # Ca l l t o qu i ck l im mag6 t o c a l c u l a t e t h e
l i m i t i n g magni tude

qu ick l im mag6 $img
199 f i

done
201

203 # Check i f i t worked
i f [ −s l im mag ]

205 then
ca t l im mag >> l im mag . d a t

207 rm l im mag
p r i n t f ”Done ”

209 con t inue
f i

211
# −−−−−−−−−−−−−−−−−−−− Clean up −−−−−−−−−−−−−−−−−−

213
# Append a l l i n f o t o a p p r o p r i a t e f i l e s

215 # Apparent pho tomte ry :
i f [ −e $ imgroo t . app ]

217 then
echo ” ‘ sed −n 1p $ imgroo t . t ime ‘ ‘ sed−n 1p $ imgroo t . app

‘ ‘ sed −n 1p $ imgroo t . sn ‘ ” >> app pho t
219 f i

221 # I n s t r u m e n t a l pho tomet ry
i =1

223 j= ‘ ca t $ imgroo t . mag . 2 2>/ dev / n u l l | wc − l ‘
whi le [ $ i − l e $ j ]

225 do
echo ” ‘ sed −n 1p $ imgroo t . t ime ‘ ‘ sed−n ” $ i ”p $ imgroo t .

mag . 2 | awk ’ { p r i n t $1 , $2} ’ ‘ ‘ sed −n ” $ i ”p $ imgroo t
. sn ‘ ” >> i n s t p h o t . $ i

227 i= ‘ expr $ i + 1 ‘
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done
229

p r i n t f ”Done ”
231

done
233

# Add headers t o o u t p u t f i l e s
235 # Apparent Photomet ry

i f [ −e app pho t ]
237 then

ca t header apppho t | column − t > a p p a r e n t m a g n i t u d e ”
$ t i t l e t a r g e t ” ” $ t i t l e f i l ”

239 # e l s e
# p r i n t f ” \nNo apparen t magni tude f i l e found ”

241 f i

243 # L i m i t i n g magn i tudes
i f [ −e l im mag . d a t ]

245 then
ca t l i m h e a d e r l im mag . d a t | column − t > l i m i t i n g m a g n i t u d e ”

$ t i t l e t a r g e t ” ” $ t i t l e f i l ”
247 # e l s e

# p r i n t f ” \nNo l i m i t i n g magni tude f i l e found ”
249 f i

251 rm c u r r i m g ∗ 2>/ dev / n u l l
rm ∗ . coor ∗ . p e r r o r ∗ . sn ∗ . app ∗ . t ime ∗ . ub1 ∗ . a p e o p t 2>/ dev / n u l l

253 rm header l i m∗ T0 uparm∗ cat mag t im∗ app ∗ i n s t ∗ 2>/ dev / n u l l
rm ∗ . mag∗ 2>/ dev / n u l l

255
# P l o t t h e r e s u l t s

257 i f [ −e a p p a r e n tm a g n i t u d e ” $ t i t l e t a r g e t ” ” $ t i t l e f i l ” ] && [ −e
l i m i t i n g m a g n i t u d e ” $ t i t l e t a r g e t ” ” $ t i t l e f i l ” ]

then
259 q u i c k p l o t o b j e c t l i m s n

261 e l i f [ −e a p p a r e n tm a g n i t u d e ” $ t i t l e t a r g e t ” ” $ t i t l e f i l ” ]
then

263 q u i c k p l o t s n a p p a r e n tm a g n i t u d e ” $ t i t l e t a r g e t ” ” $ t i t l e f i l ”

265 e l i f [ −e l i m i t i n g m a g n i t u d e ” $ t i t l e t a r g e t ” ” $ t i t l e f i l ” ]
then

267 q u i c k p l o t l i m s n l i m i t i n g m a g n i t u d e ” $ t i t l e t a r g e t ” ”
$ t i t l e f i l ”

269 f i

271 p r i n t f ” \nDone \n”
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quick reduce

# ! / b in / bash
2

#−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
4 # Program t o do a qu i ck grb images r e d u c t i o n us i ng i r a f .

# P lace images i n d i r e c t o r y ” images ”
6 # Place darks i n d i r e c t o r y ” da rks ”

# P lace f l a t s i n d i r e c t o r y ” f l a t s ”
8 # Check darks/ f l a t s f o r prob lems ( e . g . ve ry h igh c o u n t s ) us i ng i m s t a t .

# Run program from d i r e c t o r y above t h o s e c r e a t e d .
10 #

# Program r e q u i r e m e n t s : f i t s n a m e . sh , i r a f
12 #

# Summary :
14 # − Combines darks i n t o mas te r da rks based on exposu re .

# − S u b t r a c t s mas te r da rks from a l l t a r g e t images based on exposu re .
16 # − F l a t f i e l d s a l l t a r g e t images based on f i l t e r .

#
18 # Gary Melady June 2007

#
20 # 21−06−07 Changed from ” imcombine” t o ”darkcombine ” t o c r e a t e mas te r

da rks .
# 21−06−07 Changed from ” i m a r i t h ” t o ” ccdproc ” t o dark s u b t r a c t o b j ec t

images .
22 # 21−06−07 Added f l a t f i e l d p r o c e s s i n g ( f l a t c o m b i n e and ccdproc )

# 04−08−07 Fixed f l a t f i e l d i n g i n r e d u c t i o n
24 # 12−12−07 Fixed i r a f problem i n ubuntu ( i r a f h a t e s t a b s f o r some

reason )
# 31−01−08 Added s o r t i n g o f reduced images by f i l t e r

26 # 01−02−08 Added way t o remove bad darks ( i . e . mean p i x e l c o u n t s above
some t h r e s h o l d )

# 23−02−08 Changed from f i t s n a m e . sh t o qu ickname ( much f a s t e r )
28 # Comp le te l y removed a b i l i t y t o do dark

s u b t r a c t i o n on l y i f no f l a t s are found
# 08−04−08 Added t r imming and bad p i x e l mask t o a l l images

30 #
#−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

32
# Combine t h e darks t o form maste r da rks f o r each exposu re l e ng t h

34 # For grb ’ s e x p o s u r e s are 10s , 30s , 60 s and 120 s .

36 d i r= ‘ pwd ‘
da rk= ‘ pwd ‘ / da r ks

38 f l a t= ‘ pwd ‘ / f l a t s
image= ‘ pwd ‘ / images

40
# To change / add e x p o s u r e s / f i l t e r s do i t here

42 exposu re=”1 5 10 20 30 60 120 ”
f i l t e r =”B V R I C”

44
# Thresho ld s e t t i n g s f o r d e c i d i n g what ’ s a good dark/ f l a t

46 d a r k l i m =500 # upper l i m i t f o r mean p i x e l va l ue o f da rks
f l a t l i m =500 # lower l i m i t f o r mean p i x e l va l ue o f f l a t s

48
# Bad p i x e l mask
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50
# echo ” S t a r t i n g image r e d u c t i o n ”

52 echo ”−−−−−−−−−−−−−−−< Darks >−−−−−−−−−−−−−−−”

54 # T e s t t o see i f da rks d i r e c t o r y e x i s t s
i f [ −d $dark ]

56 then
cd $dark

58
# T e s t f o r anomalous ( h igh va l ue ) da rks and move t o t r a s h i f mean i s

above $ d a r k l i m
60 i f [ −d t r a s h ]

then
62 echo ” Q u a l i t y o f da r ks a l r e a d y t e s t e d ”

e l s e
64 p r i n t f ” T e s t i n g q u a l i t y o f da r ks ”

q u i c k i m s t a t ∗ . f i t s &>/dev / n u l l
66

grep ’ ˆ [ ˆ # ] ’ i m s t a t . da t | wh i l e read image np i x mean s t d e v
min max

68 do
mean1=$ {mean %.∗}

70 p r i n t f ” . ”
i f [ $mean1 −ge $ d a r k l i m ]

72 then
mkdir t r a s h &>/dev / n u l l

74 p r i n t f ” \n −− Mean va l ue of $image= $mean > $ d a r k l i m −
moving t o $dark/ t r a s h ”

mv $image t r a s h
76 f i

done
78 p r i n t f ”Done\n”

f i
80

82 # T e s t i f we need t o rename t h e darks
l s ∗T ∗ . f i t s > dnam . d a t 2>/ dev / n u l l

84 i f [ −s dnam . d a t ]
then

86 echo ” Darks a l r e a d y renamed ”
e l s e

88 # echo ”Renaming darks ”
quick name ∗ . f i t s #&>/dev / n u l l

90 f i
rm dnam . d a t

92
# Trim t h e images ( top 4 rows , r i g h t most column )

94 # Fix t h e bad p i x e l s ( as d e s c r i b e d i n badpixmask . da t above )

96 # T e s t i f da rks need t o be tr immed
l s tbp∗ . f i t s > dtbp . d a t 2>/ dev / n u l l

98 i f [ −s d tbp . d a t ]
then

100 echo ” Darks a l r e a d y tr immed ”
e l s e
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102 echo ” Trimming t h e da r ks . . . ”
l s ∗ . f i t s > l i s t . d a t 2>/ dev / n u l l

104
echo ’ noao

106 imred
ccd red

108 u n l e a r n ccdproc
ccdproc @ l i s t . d a t o u t p u t=” t b p @ l i s t . d a t ” ccd t ype=” ”

f i x p i x − oversca− t r i m+ ze roco r− darkcor− f l a t c o r −
t r i m s e c=” [ 1 : 1 0 2 3 , 1 : 1 0 2 0 ] ”

110 l ogout ’ | e c l | grep ERROR
f i

112
rm l i s t . d a t d tbp . d a t l o g f i l e up∗ 2>/ dev / n u l l

114 mkdir o r i g i n a l s 2>/ dev / n u l l
mv dark∗ . f i t s o r i g i n a l s 2>/ dev / n u l l

116
# Combine darks us i ng i r a f darkcombine

118 f o r exp i n $exposure
do

120 i f [ −e mdark ” $exp ” . f i t s ]
then

122 echo ” $exp s mas te r dark a l r e a d y e x i s t s ”
e l s e

124 x= ‘ l s tbp∗ ” $exp ” . f i t s 2>/ dev / n u l l | head −1‘
i f [ −e ” $x ” ]

126 then
echo ” C r e a t i n g mas te r $exp s dark . . . ”

128 l s tbp∗ ” $exp ” . f i t s > d a r k ” $exp ” . d a t

130 echo ’ noao
imred

132 ccd red
u n l e a r n darkcombine

134 darkcombine @dark’ $exp ’ . d a t o u t p u t=” mdark ’ $exp ’ . f i t s ” combine
=” median ” r e j e c t=” c r r e j e c t ” p rocess− ga in=” 8 .0 ”

l ogout ’ | e c l | grep ERROR
136

# Clean up
138 rm $dark/ ∗ . d a t

# e l s e
140 # echo ”Cannot f i n d any $exp s darks ”

f i
142 f i

done
144 cd $ d i r

e l s e
146 echo ” Cannot f i n d ’ darks ’ d i r e c t o r y ”

echo ” E x i t i n g ”
148 e x i t

f i
150

# Combine f l a t s t o form maste r f l a t s based on f i l t e r
152 # F i l t e r s are $ f i l t e r bu t f o r grb ’ s i t ’ s u s u a l l y C .
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154 echo ”−−−−−−−−−−−−−−−< F l a t s >−−−−−−−−−−−−−−−”

156 # T e s t t o see i f f l a t s d i r e c t o r y e x i s t s
# TO DO g e t mkskycor work ing t o e l i m i n a t e i l l u m i n a t i o n g r a d ie n t

158 i f [ −d $ f l a t ]
then

160 cd $ f l a t

162 # T e s t f o r anomalous ( low va l ue ) f l a t s and move t o t r a s h i f
mean i s below $ f l a tl i m

i f [ −d t r a s h ]
164 then

echo ” Q u a l i t y o f f l a t s a l r e a d y t e s t e d ”
166 e l s e

p r i n t f ” T e s t i n g q u a l i t y o f f l a t s ”
168 q u i c k i m s t a t ∗ . f i t s &>/dev / n u l l

170 grep ’ ˆ [ ˆ# ] ’ i m s t a t . da t | wh i l e read image np i x mean s t d e v
min max

do
172 mean1=$ {mean %.∗}

p r i n t f ” . ”
174 i f [ $mean1 − l e $ f l a t l i m ]

then
176 mkdir t r a s h &>/dev / n u l l

p r i n t f ” \n −− Mean va l ue of $image= $mean < $ f l a t l i m −
moving t o $ f l a t/ t r a s h ”

178 mv $image t r a s h
f i

180 done
p r i n t f ”Done\n”

182 f i

184 # T e s t i f we need t o rename t h e f l a t s
l s ∗T ∗ . f i t s > fnam . d a t 2>/ dev / n u l l

186 i f [ −s fnam . d a t ]
then

188 echo ” F l a t s a l r e a d y renamed ”
e l s e

190 # echo ”Renaming f l a t s ”
quick name ∗ . f i t s #&>/dev / n u l l

192 f i
rm fnam . d a t

194
# Trim t h e images ( top 4 rows , r i g h t most column )

196 # Fix t h e bad p i x e l s ( as d e s c r i b e d i n badpixmask . da t above )

198 # T e s t i f f l a t s need t o be tr immed
l s tbp∗ . f i t s > f t b p . d a t 2>/ dev / n u l l

200 i f [ −s f t b p . d a t ]
then

202 echo ” F l a t s a l r e a d y tr immed ”
e l s e

204 echo ” Trimming t h e f l a t s . . . ”
l s ∗ . f i t s > l i s t . d a t 2>/ dev / n u l l
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206
echo ’ noao

208 imred
ccd red

210 u n l e a r n ccdproc
ccdproc @ l i s t . d a t o u t p u t=” t b p @ l i s t . d a t ” ccd t ype=” ” f i x p i x −

oversca− t r i m+ ze roco r− darkcor− f l a t c o r − t r i m s e c=”
[ 1 : 1 0 2 3 , 1 : 1 0 2 0 ] ”

212 l ogout ’ | e c l | grep ERROR
f i

214
rm l i s t . d a t f t b p . d a t l o g f i l e up∗ 2>/ dev / n u l l

216 mkdir o r i g i n a l s 2>/ dev / n u l l
mv f l a t ∗ . f i t s o r i g i n a l s 2>/ dev / n u l l

218
# Combine f l a t s us i ng i r a f f l a t c o m b i n e

220 # echo ” C rea t i ng mas te r f l a t s ”

222 f o r f i l i n $ f i l t e r
do

224 i f [ −e m f l a t ” $ f i l ” . f i t s ]
then

226 echo ” $ f i l band mas te r f l a t a l r e a d y e x i s t s ”
e l s e

228 x= ‘ l s tbp∗ ” $ f i l ” . f i t s 2 >/ dev / n u l l | head −1‘
i f [ −e ” $x ” ]

230 then
echo ” C r e a t i n g mas te r $ f i l band f l a t . . . ”

232 l s tbp∗ ” $ f i l ” . f i t s > f l a t ” $ f i l ” . d a t

234 echo ’ noao
imred

236 ccd red
u n l e a r n f l a t c o m b i n e

238 f l a t c o m b i n e @f la t ’ $ f i l ’ . d a t o u t p u t=” m f l a t ’
$ f i l ’ . f i t s ” combine=” median ” r e j e c t=”
c r r e j e c t ” p rocess− ga in=” 8 .0 ”

l ogout ’ | e c l | grep ERROR
240

# Clean up
242 rm $ f l a t / ∗ . d a t

# e l s e
244 # echo ”Cannot f i n d any $ f i l band f l a t s ”

f i
246 f i

done
248 cd $ d i r

e l s e
250 echo ” Cannot f i n d ’ f l a t s ’ d i r e c t o r y ”

echo ” E x i t i n g ”
252 e x i t

f i
254

echo ”−−−−−−−−−−−−−−−< Images >−−−−−−−−−−−−−−−”
256
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# Process t a r g e t images
258 # F l a t f i e l d and s u b t r a c t mas te r da rks from images acco rd ingt o f i l t e r

and exposu re
# T e s t t o see i f images d i r e c t o r y e x i s t s

260 i f [ −d $image ]
then

262 cd $image
x= ‘ l s ∗ . f i t s 2>/ dev / n u l l | head −1‘

264 i f [ −e ” $x ” ]
then

266
# T e s t i f we need t o rename t h e images

268 l s ∗T ∗ . f i t s > inam . d a t 2>/ dev / n u l l
i f [ −s inam . d a t ]

270 then
echo ” Images a l r e a d y renamed ”

272 e l s e
# echo ”Renaming images ”

274 quick name ∗ . f i t s #&>/dev / n u l l
f i

276
# Trim t h e images ( top 4 rows , r i g h t most column )

278 # Fix t h e bad p i x e l s ( as d e s c r i b e d i n badpixmask . da t
above )

280 # T e s t i f images need t o be tr immed
l s tbp∗ . f i t s > i t b p . d a t 2>/ dev / n u l l

282 i f [ −s i t b p . d a t ]
then

284 echo ” Images a l r e a d y tr immed ”
e l s e

286 echo ” Trimming t h e images . . . ”
l s ∗ . f i t s > l i s t . d a t 2>/ dev / n u l l

288
echo ’ noao

290 imred
ccd red

292 u n l e a r n ccdproc
ccdproc @ l i s t . d a t o u t p u t=” t b p @ l i s t . d a t ”

ccd t ype=” ” f i x p i x − oversca− t r i m+ ze roco r−
darkcor− f l a t c o r − t r i m s e c=” [ 1 : 1 0 2 3 , 1 : 1 0 2 0 ] ”

294 l ogout ’ | e c l | grep ERROR
f i

296
rm l i s t . d a t i t b p . d a t l o g f i l e up∗ 2>/ dev / n u l l

298 mkdir o r i g i n a l s 2>/ dev / n u l l
#mv dark∗ . f i t s o r i g i n a l s

300
cp $dark/ mdark ∗ . f i t s $image

302 cp $ f l a t/ m f l a t ∗ . f i t s $image

304 f o r f i l i n $ f i l t e r
do

306 f l a= ‘ l s m f l a t ” $ f i l ” . f i t s 2 >/ dev / n u l l | head −1‘
# echo ”Master f l a t : $ f l a ”
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308
i f [ −e ” $ f l a ” ]

310 then

312 f o r exp i n $exposure
do

314 dar= ‘ l s mdark ” $exp ” . f i t s 2>/ dev / n u l l | head −1‘
# echo ”Master dark : $dar ”

316 img= ‘ l s ∗ ” $ f i l ” ” $exp ” . f i t s 2>/ dev / n u l l | head −1‘
# echo ” t e s t : $img”

318
i f [ −e ” $dar ” ]

320 then
i f [ −e ” $img ” ]

322 then
echo ” Pe r fo rm ing $ f i l band $exp s image r e d u c t i o n

. . . ”
324 l s tbp∗ ” $ f i l ” ” $exp ” . f i t s > image ” $ f i l ” ” $exp ” .

d a t

326 # Do no t pu t ” . f i t s ” a t t h e end o f t h e name o f t h e
mas te r f l a t
echo ’ noao

328 imred
ccd red

330 u n l e a r n ccdproc
ccdproc @image’ $ f i l ’ ’ $exp ’ . d a t o u t p u t=

fd @image ’ $ f i l ’ ’ $exp ’ . d a t f i x p i x − oversca
− t r im − ze roco r− dark=” mdark ’ $exp ’ . f i t s ”
f l a t =” m f l a t ’ $ f i l ’ ”

332 l ogout ’ | e c l | grep ERROR

334 # e l s e
# echo ”No $ f i l band $exp s exposu re images found ”

336 f i

338 # e l s e
# echo ”Cannot f i n d $exp s mas te r dark− Cannot

per fo rm $ f i l band $exp s image r e d u c t i o n ”
340 f i

done
342 # e l s e

# echo ”Cannot f i n d $ f i l band mas te r f l a t− Cannot per fo rm
$ f i l band f l a t f i e l d i n g ”

344 f i
done

346
cd $ d i r

348 e l s e
echo ” Cannot f i n d any f i t s images i n $image ”

350 echo ” E x i t i n g ”
e x i t

352 f i

354 e l s e
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echo ” Cannot f i n d ’ images ’ d i r e c t o r y ”
356 echo ” E x i t i n g ”

e x i t
358 f i

360 # Move reduced images t o $images/ reduced

362 cd $image
# Remove maste r da rks and f l a t s

364 rm m∗ .∗

366 i f [ −e reduced ]
then

368 mv f d ∗ . f i t s reduced/ 2>/ dev / n u l l
e l s e

370 mkdir reduced
mv f d ∗ . f i t s reduced/ 2>/ dev / n u l l

372 f i

374 # Keep t h e o r i g i n a l unreduced f i l e s i n $images/ o r i g i n a l s

376 i f [ −e o r i g i n a l s ]
then

378 mv ∗ . f i t s o r i g i n a l s /
e l s e

380 mkdir o r i g i n a l s
mv ∗ . f i t s o r i g i n a l s /

382 f i

384 # Organ ise reduced images by f i l t e r and exposu re
cd $image/ reduced

386 # Quick check on q u a l i t y o f a l l reduced images
l s ∗ . f i t s > check . d a t 2>/ dev / n u l l

388 i f [ −s check . d a t ]
then

390 q u i c k i m s t a t −p ∗ . f i t s
e l s e

392 echo ”No reduced images found , q u i c kr e d u c e f a i l e d ”

394 # Clean up
rm ∗ . d a t

396 cd $image
rm ∗ . d a t

398
e x i t

400 f i

402 f o r f i l i n $ f i l t e r
do

404 f o r img1 i n ∗ . f i t s
do

406 echo $img1 | grep $ f i l > $ f i l . d a t

408 # Organ ise by f i l t e r
i f [ −s $ f i l . d a t ]
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410 then
mkdir $ f i l 2>/ dev / n u l l

412 mv $img1 $ f i l
f i

414 done
#cd $image/ reduced

416 done

418 # Clean up
rm ∗ . d a t

420 cd $image
rm ∗ . d a t

422
cd $ d i r

424 p r i n t f ” \n”
echo ” O r i g i n a l images saved t o $image/ o r i g i n a l s ”

426 echo ” Reduced images saved t o $image/ reduced ”
p r i n t f ” \nDone\n”
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quick reference star

1 # ! / b in / bash

3 #−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
# Program t o :

5 # − a u t o m a t i c a l l y s e l e c t r e f e r e n c e s t a r s from a c a t a l o g u e
# − d e t e c t t h e s t a r s i n a l l t h e i n p u t f i t s images

7 # − remove any s t a r s t h a t are no t d e t e c t e d i n a l l f rames
# − remove t h e s t a r s t h a t are d e t e c t e d bu t have low sigma l e v e l ( below

t h r e s h o l d s i g m a )
9 # − o u t p u t l i s t o f u s e a b l e r e f e r e n c e s t a r s i n t a r g e t f i l e f o r usew i th

q u i c k p h o t
#

11 # Requ i remen ts :
# − q u i c k t i m e c o r e , q u i c k c a t c o r e r e f , q u i c k p h o t c o r e ,

q u i c k c o n f i d e n c e c o r e , q u i c k r e g i o n
13 # − i r a f ( phot , txdump )

# − w c s t o o l s ( sca t , gethead , f i l e r o o t , sky2xy )
15 # − o c t a v e

# − c o o r d i n a t e s o f t a r g e t i n x . t a r g e t s f i l e ( p laced i n c u r r e n t di r )
17 #

# Gary Melady 23−12−08
19 #

# − 17−06−09 Fixed 3 bugs :
21 # − changed ” e x i t ” t o ” c o n t i n u e ” i n s u c c e s s t e s t s

# − made su re t h e word INDEF i s removed from a l l f i l e s needed by
o c t a v e

23 # − made p r o v i s i o n f o r t h e p o s i b i l i t y t h a t no s u i t a b l e r e f e r e n ce
s t a r s are found

#−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
25

# For f i l t e r i n g by sigma l e v e l
27 # ( The sigma t h r e s h o l d number must be an i n t e g e r )

t h r e s h o l d s i g m a=2
29

# Get i n p u t f i l e
31 t a r g e t= ‘ l s ∗ . r o i | head −1‘

33 # Check i f a r o i f i l e e x i s t s
i f [ ! $ t a r g e t ]

35 then
echo ” Cannot f i n d r o i f i l e ”

37 echo ” E x i t i n g ”
e x i t

39 f i

41 # Get T0 ( Tzero ) f rom i n p u t f i l e
T0 temp= ‘ ca t $ t a r g e t | grep T0 ‘

43
# Check i f t h e r e i s a T0 i n t h e f i l e

45 i f [ ! $T0 temp ]
then

47 echo ” Cannot f i n d T0 i n $ t a r g e t s , p l e a s e i n p u t i n i t i a l t ime of
even t ”

e x i t
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49 e l s e
T0=$ { T0 temp#∗=}

51 echo $T0>T0
f i

53
# Get f i l t e r ( on l y works i f a l l images are t h e same f i l t e r i n t he

c u r r e n t d i r )
55 img1= ‘ l s ∗ . f i t s | head −1‘

57 # Check i f t h e r e are any images
i f [ ! $img1 ]

59 then
echo ” Cannot f i n d any f i t s images , e x i t i n g ”

61 e x i t
f i

63
f i l t e r = ‘ ge thead $img1 FILTER ‘

65
# Get c o o r d i n a t e s o f t a r g e t

67 r a= ‘ g rep ’ ˆ [ ˆ # ] ’ $ t a r g e t | grep o b j e c t | awk ’{ p r i n t $2} ’ ‘
dec= ‘ g rep ’ ˆ [ ˆ # ] ’ $ t a r g e t | grep o b j e c t | awk ’{ p r i n t $3} ’ ‘

69
# −−−−−−−−−−−−−−−−−−−− Search The Cata logue−−−−−−−−−−−−−−−−−−−−

71
p r i n t f ” S e a r c h i n g c a t a l o g u e f o r r e f e r e n c e s t a r s around RA: $ra , DEC:

$dec , i n f i l t e r $ f i l t e r ”
73 q u i c k c a t c o r e r e f $ ra $dec $ f i l t e r

75 # Check i f i t worked
i f [ ! −s r e f s t a r . d a t ]

77 then
echo ” Cannot f i n d r e f s t a r . dat , q u i c kc a t c o r e f a i l e d ”

79 echo ” E x i t i n g ”
e x i t

81 f i

83 p r i n t f ” \ nPer fo rm ing a p e r t u r e pho tomet ry on : ”
# Do pho tomet ry on a l l t a r g e t s i n a l l images , c a l c u l a t e s/ n and sigma

85 # f i l t e r r e s u l t s t o remove i n a p p r o p r i a t e c a n d i d a t e s

87 f o r img i n $∗
do

89 p r i n t f ” \n − $img ”

91 # −−−−−−−−−−−−−−−−−−−− I n i t i a l i n f o −−−−−−−−−−−−−−−−−−−−

93 imgroo t= ‘ f i l e r o o t $img ‘

95 # C a l c u l a t e T−T0
JD= ‘ ge thead $img JD ‘

97 EXPOSURE= ‘ ge thead $img EXPOSURE‘
p r i n t f ”$JD $EXPOSURE\n” > t ime temp

99
# Ca l l t o q u i c k t i m e c o r e t o c a l c u l a t e T−T0

101 q u i c k t i m e c o r e
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103 # Check i f i t worked
i f [ $? −ne 0 ]

105 then
echo ” q u i c k t i m e c o r e f a i l e d , e x i t i n g ”

107 con t inue
f i

109
mv c u r r i m g t i m e $ imgroo t . t ime

111
# −−−−−−−−−−−−−−−−−−−− Photomet ry −−−−−−−−−−−−−−−−−−−−

113
# Get t h e c o o r d i n a t e s o f t h e t a r g e t s from t h e t a r g e t f i l e

115 # and c o n v e r t i t t o xy coords f o r each f rame

117 grep ’ ˆ [ ˆ# ] ’ r e f s t a r . da t | wh i l e read ra dec mag
do

119 sky2xy $img $ra $dec| awk ’ { p r i n t $5 , $6} ’ >> $ imgroo t
. coor

done
121

# Ca l l t o q u i c k p h o t c o r e t o do t h e pho tomet ry on c u r r e n t image
123 q u i c k p h o t c o r e $img

125 # Check i f i t worked
# i f [ $? −ne 0 ]

127 # then
# echo ” q u i c k p h o t c o r e f a i l e d , e x i t i n g ”

129 # e x i t
# f i

131
# Organ ise r e s u l t i n t o f i l e w i t h columns : CATRA , CATDEC ,

CAT MAG , INSTMAG , INSTERROR
133 i=1

ca t r e f s t a r . d a t | whi le read RA DEC CATMAG
135 do

echo ”$RA $DEC $CATMAG ‘ sed −n ” $ i ”p $ imgroo t . mag . 2| awk
’ { p r i n t $1 , $2} ’ ‘ ” >> $ imgroo t . r e f . 1

137 i= ‘ expr $ i + 1 ‘
done

139
# Clean up f i l e so o c t a v e can read i t l a t e r− remove l i n e s t h a t

c o n t a i n t h e word ”INDEF”
141 grep −v INDEF $ imgroo t . mag . 2> $ imgroo t . mag . 3

grep −v INDEF $ imgroo t . r e f . 1 > $ imgroo t . r e f . 2
143 cp $ imgroo t . mag . 3 c u r ri m g i n f o

145 # −−−−−−−−−− C a l c u l a t e c o n f i d e n c e l e v e l s−−−−−−−−−−−

147 # Ca l l t o q u i c k c o n f i d e n c e c o r e t o c a l c u l a t e t h e s/ n and sigma
l e v e l s

q u i c k c o n f i d e n c e c o r e
149

# Check i f i t worked
151 i f [ $? −ne 0 ]
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then
153 echo ” q u i c k c o n f i d e n c e c o r e f a i l e d , e x i t i n g ”

con t inue
155 f i

157 mv c u r r i m g s n $ imgroo t . sn

159 # −−−−−−−−−−−−−−−−−−−− Clean up f i l e s −−−−−−−−−−−−−−−−−−−−

161 # Append c o n f i d e n c e r e s u l t s on to x . r e f . 2 f i l e
# With c o l s : CATRA , CATDEC , CATMAG , INSTMAG , INSTERROR , SN

, SIGMA
163 i=1

ca t $ imgroo t . r e f . 2 | whi le read RA DEC CATMAG IMAG IERR
165 do

echo ”$RA $DEC $CATMAG $IMAG $IERR ‘ sed −n ” $ i ”p
$ imgroo t . sn ‘ ” >> $ imgroo t . r e f . 3

167 i= ‘ expr $ i + 1 ‘
done

169
# Check i f t h e sigma l e v e l i s above t h e $ t h r e s h o l ds i g m a

171 # I f so , keep t h e s t a r , i f no t d e l e t e i t .

173 i=1
ca t $ imgroo t . r e f . 3 | whi le read RA DEC CATMAG IMAG IERR SN SIG

175 do
SIGMA= ‘ p r i n t f %.0 f $SIG ‘

177 i f [ $SIGMA −ge $ t h r e s h o l ds i g m a ]
then

179 p r i n t f ” $ i $RA $DEC” >> $ imgroo t . r e f s t a r
p r i n t f ” %.3 f ” $CATMAG >> $ imgroo t . r e f s t a r

181 p r i n t f ” \n” >> $ imgroo t . r e f s t a r

183 i= ‘ expr $ i + 1 ‘
f i

185 done

187 # Check i f any s u i t a b l e r e f e r e n c e s t a r s were found
i f [ −s $ imgroo t . r e f s t a r ]

189 then
# Crea te r e g i o n f i l e o f r e f e r e n c e s t a r s

191 q u i c k r e g i o n $ imgroo t . r e f s t a r 1>/ dev / n u l l
e l s e

193 p r i n t f ” − No s u i t a b l e r e f e r e n c e s t a r s found , moving
image t o t r a s h− ”

mkdir t r a s h &>/dev / n u l l
195 mv $ imgroo t . f i t s t r a s h

f i
197

p r i n t f ”Done”
199

done
201

# Clean up
203 #rm ∗ . coor ∗ . mag∗ ∗ . t ime ∗ . r e f .∗ ∗ . sn 2> / dev / n u l l
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#rm r e f s t a r∗ T0 t ime∗ up∗ cu r r ∗
205

p r i n t f ” \nDone\n”
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Core Scripts

quick ape

1 # ! / b in / bash

3 #
# S c r i p t t o c a l c u l a t e t h e o p t i m a l a p e r t u r e f o r pho tomet ry

5 #
# Gary Melady 20−01−09

7 #

9 # Ape r t u re range
ape min=2.5

11 ape max=5.5
a p e s t e p=0.3

13
# Crea te i n t e g e r c o u n t e r s f o r t h e wh i l e loop

15 # ( i t can ’ t hand le f l o a t i n g p o i n t numbers− lame )
j t emp= ‘ echo ” ( $ape max − $ape min ) / $ a p e s t e p + 1” | bc − l ‘

17 j= ‘ p r i n t f %.0 f $ j temp ‘

19 p r i n t f ” . ( ”
p r i n t f ” Ape r t u re o p t i m i z a t i o n ”

21
f o r img i n $∗

23 do
# p r i n t f ” \n − $img”

25 imgroo t= ‘ f i l e r o o t $img ‘

27 # Make su re t h e r e i s an i n p u t l i s t o f t a r g e t s
t a r g e t s=$ imgroo t . r e f s t a r

29 i f [ ! $ t a r g e t s ]
then

31 echo ”Need a l i s t o f t a r g e t s i n $ imgroo t . r e f s t a r f i l e ”
con t inue

33 f i

35 # Get c o o r d i n a t e s i n xy
rm $ imgroo t . coor 2>/ dev / n u l l

37 head −1 $ t a r g e t s | whi le read n r a dec mag
do

39 sky2xy $img $ra $dec | awk ’ { p r i n t $5 , $6} ’ >> $ imgroo t
. coor

done
41

i =1
43 ape=$ape min

whi le [ $ i − l e $ j ]
45 do

# Run pho tomet ry on t h e image a l s o p a s s i n g t h e a p e r t u r e
s i z e

47 q u i c k p h o t c o r e $img $ape

49 # p r i n t f ” $ape ”
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51 # Save o u t p u t t o d i f f e r e n t f i l e
mv $ imgroo t . mag . 2 ” $ imgroo t ” ” $ape ” . ape

53 cp ” $ imgroo t ” ” $ape ” . ape c u r r i m g i n f o
rm $ imgroo t . mag . 1

55
# Ca l l t o q u i c k c o n f i d e n c e c o r e t o c a l c u l a t e t h e s/ n

and sigma l e v e l s
57 q u i c k c o n f i d e n c e c o r e

59 # Check i f i t worked
i f [ $? −ne 0 ]

61 then
echo ” q u i c k c o n f i d e n c e c o r e f a i l e d ”

63 con t inue
f i

65
mv c u r r i m g s n ” $ imgroo t ” ” $ape ” . ape sn 2>/ dev / n u l l

67
ob j=1 #Temp c o u n t e r

69 # Organ ise r e s u l t s by o b j e c t and a p e r t u r e w i t h c o l s :
APERTURE SN SIGMA

ca t ” $ imgroo t ” ” $ape ” . ape sn | whi le read SN SIGMA
71 do

echo ” $ape $SN $SIGMA” >> ” $ imgroo t ” o b j e c t ” $ob j
” . ape sn

73 ob j= ‘ expr $ob j + 1 ‘
done

75
# Inc remen t c o u n t e r s

77 ape= ‘ echo ” $ape + $ a p e s t e p ” | bc − l ‘
i = ‘ expr $ i + 1 ‘

79 done

81 # S e l e c t t h e a p e r t u r e t h a t g i v e s t h e h i g h e s t s igma
s o r t − rk3 ” $ imgroo t ” o b j e c t ” $ob j ” . ape sn | head −1 > ” $ imgroo t

” . a p e o p t
83

ape= ‘ awk ’ { p r i n t $1} ’ $ imgroo t . ape op t ‘
85 p r i n t f ” Ape r t u re=$ape ) ”

87 # p r i n t f ”Done”
done

89
# Clean up

91 rm ∗ . ape ∗ . ape sn c u r r i m g i n f o up∗ ∗ . coor
# p r i n t f ”Done\n”

199



quick aphot core

1 # ! / b in / bash

3 #
# q u i c k a p h o t c o r e

5 #
# S c r i p t t o c a l c u l a t e apparen t pho tomet ry o f t a r g e t o b j e c t in a f rame

7 # Th i s i s a core s c r i p t t o be c a l l e d by o t h e r s c r i p t s
#

9 # Requ i remen ts :
# − Octave

11 # − o u t p u t s from q u i c kp h o t c o r e
#

13 # Gary Melady 03−06−08
#

15
# T e s t f o r e x i s t a n c e o f n e c e s s a r y f i l e s :

17
i f [ ! −e c u r r i m g i n f o ]

19 then
echo ” q u i c k a p h o t c o r e : Cannot f i n d c u r ri m g i n f o , e x i t i n g ”

21 e x i t
f i

23
i f [ ! −e cat mag ]

25 then
echo ” q u i c k a p h o t c o r e : Cannot f i n d catmag , e x i t i n g ”

27 e x i t
f i

29
p r i n t f ” . ”

31
# C a l c u l a t i o n s f o r apparen t magni tude :

33 # grb va l ue :
# average ( ( grb−( re f1−mag1 ) ) , . . . , ( grb−( re fn−magn ) ) )

35 # grb e r r o r :
# average ( ( s q r t ( g r be r r ˆ2+ r e f 1 e r r ˆ 2 ) , . . . , s q r t ( g r b e r r ˆ2+ r e f n e r r ˆ 2 ) ) )

37
echo ’ f o rma t s h o r t ;

39 # c a t m a g e r r =0.3 # Cata logue e r r o r

41 load c u r r i m g i n f o ;
t a r g e t i n s t m a g=c u r r i m g i n f o ( 1 , 1 ) ;

43 t a r g e t i n s t m a g e r r=c u r r i m g i n f o ( 1 , 2 ) ;
i n s t m a g=c u r r i m g i n f o ( : , 1 ) ;

45 i n s t m a g e r r=c u r r i m g i n f o ( : , 2 ) ;
l oad cat mag ;

47
# Crea te b lank a r r a y s f o r l a t e r

49 index=z e r o s ( s i z e ( ca tmag ) ) ;
app mag temp=z e r o s ( s i z e ( index ) ) ;

51 app mag er r temp=z e r o s ( s i z e ( index ) ) ;

53 f o r i =1: l e n g t h ( ca t mag ) ;
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app mag temp ( i )=( t a r g e t i n s t m a g−( i n s t m a g ( i+1)−cat mag
( i ) ) ) ;

55 # app mag er r temp ( i )=( s q r t ( t a r g e t i n s t m a g e r r ˆ2+
i n s t m a g e r r ( i +1) ˆ2+ c a t m a g e r r ˆ 2 ) ) ;

app mag er r temp ( i )=( s q r t ( t a r g e t i n s t m a g e r r ˆ2+
i n s t m a g e r r ( i+1) ˆ 2 ) ) ;

57 e n d f o r ;

59 app mag=mean ( appmag temp ) ;
app mag er r=mean ( appmag er r temp ) ;

61
# save t o f i l e s

63 app mag ob j=[ app mag , app mag er r ] ;
save − t e x t cu r r i m g app t em p app mag ob j ;

65
q u i t ’ | o c t a v e 1>/ dev / n u l l

67
# Cut t h e comment l i n e s o f f

69 grep ’ ˆ [ ˆ# ] ’ cu r r img app temp > cu r r img app 2> / dev / n u l l
rm cu r r i m g app t em p 2>/ dev / n u l l
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quick cat core lim

1 # ! / b in / bash

3 #−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
# q u i c k c a t c o r e l i m

5 # Program t o sea rch a c a t a l o g u e and p r o v i d e r e s u l t s f o r p o s s ib l e
l i m i t i n g magn i tudes

# Based on f i l t e r o f i n p u t image
7 #

# Gary Melady 12−06−08
9 #

# 26−06−09 Took ou t ave rag ing between R1 , R2 , B1 , B2 columns i n USNO−B1
cat , j u s t us i ng c o l R2 B2 now

11 # ( co l2 i s more r e c e n t o b s e r v a t i o n s )
#−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

13
i f [ ! $1 ]

15 then
echo ” P l e a s e e n t e r image f o r c a t a l o g u e s e a r c h ”

17 echo E x i t i n g
e x i t

19 f i

21 # Get t h e c e n t r e c o o r d i n a t e s o f each image and sea rch t h e c a t al o g u e f o r
a l l s t a r s i n t h e f i e l d us i ng s c a t ( w c s t o o l s )

23
#−−−−−−−−−−−−−−−−−−−− I n i t i a l v a r i a b l e s −−−−−−−−−−−−−−−−−−−−

25 b r i g h t m a g l i m =14
f a i n t m a g l i m =20

27 num s ta r=500

29 # echo ” Sea rch ing c a t a l o g u e f o r s t a r s i n $1”

31 f o r img i n $∗
do

33 p r i n t f ” . ”

35 imgroo t= ‘ f i l e r o o t $img ‘

37 # −−−−−−−−−−−−−−−−− Get some i n i t i a l i n f o −−−−−−−−−−−−−−−−−

39 JD= ‘ ge thead $img JD ‘
EXPOSURE= ‘ ge thead $img EXPOSURE‘

41 FILTER= ‘ ge thead $img FILTER ‘

43 i f [ $FILTER = V ]
then

45 echo ” Ca ta logue USNO−B1 does no t have i n f o f o r $FILTER
band magn i tudes ”

e x i t
47 f i

49 # −−−−−−−−−−−−−−−−− Get t a r g e t s from c a t a l o g u e−−−−−−−−−−−−−−−−−
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51 # Cata logue sea rch paramete rs

53 # Get ra and dec c o o r d i n a t e s o f c e n t r e p i x e l o f image
XAXIS= ‘ ge thead $img NAXIS1 ‘

55 XPLATE= ‘ ge thead $img XPLATE‘
YAXIS= ‘ ge thead $img NAXIS2 ‘

57 YPLATE= ‘ ge thead $img YPLATE‘

59 imagex=$ [ XAXIS / 2 ] # p i x e l s
imagey=$ [ YAXIS / 2] # p i x e l s

61 c a t r a d i u s= ‘ echo ” s q r t ( ( $imagex ∗ $XPLATE) ˆ2 + ( $imagey ∗
$YPLATE) ˆ 2 ) ” | bc − l ‘ # a r c s e c

# echo ”Radius = $ c a t r a d i u s ”
63

r a= ‘ xy2sky $img $imagex $imagey| awk ’ { p r i n t $1} ’ ‘
65 dec= ‘ xy2sky $img $imagex $imagey| awk ’ { p r i n t $2} ’ ‘

# echo ”RA = $ra DEC = $dec”
67

# p r i n t f ”$img c e n t r e = $ra $dec”
69

# S e t t h e pa th t o sea rch t h e usno−B1 c a t a l o g u e
71 expor t UB1 PATH=h t t p : / / tdc−www. h a r v a r d . edu/ cg i−b in / s c a t

73 # Search t h e c a t a l o g u e
s c a t −jw −o $ imgroo t −m2 $ b r i g h t m a g l i m [ , $ f a i n t m a g l i m ] − r

$ c a t r a d i u s −c ub1 −n $num s ta r $ ra $dec
75

# Check i f i t worked
77 i f [ ! −e $ imgroo t . ub1 ]

then
79 echo ” q u i c k c a t c o r e l i m : c a t a l o g u e s e a r c h f a i l e d ”

e x i t
81 f i

83 # −−−−−−−−−−−−−−−−−−−− S o r t r e s u l t s by f i l t e r −−−−−−−−−−−−−−−−−−−−

85 # USNO−B1 o u t o p u t s a f i l e w i t h c o l s : ID RA DEC B1 R1 B2 R2 I
e t c

# USNO doesn ’ t have V band i n f o (TODO)
87

# T e s t f o r ”99.99” i n c o l s
89 # − i f c o l i s 99 .99 don ’ t use t h a t t a r g e t

# Crea te o u t p u t f i l e w i t h c o l s RA DEC MAG
91

i f [ $FILTER = C ] | | [ $FILTER = R ]
93 then

ca t $ imgroo t . ub1 | awk ’ { p r i n t $2 , $3 , $7} ’ >> $ imgroo t .
l i m a l l ”$FILTER” r a d e c

95
i =1

97 ca t $ imgroo t . l i m a l l ”$FILTER” r a d e c | whi le read r a
dec m1

do
99 mag1=$ {m1%.∗}

203



101 i f [ $mag1 != 99 ]
then

103 mag=$m1
echo ” ‘ sed −n ” $ i ”p $ imgroo t . l i m a l l ”$FILTER”

r a d e c | awk ’ { p r i n t $1 , $2} ’ ‘ $mag” >>
$ imgroo t . l i m a l l ”$FILTER” r a d e c 2

105 f i

107 i= ‘ expr $ i + 1 ‘
done

109
e l i f [ $FILTER = B ]

111 then
ca t $ imgroo t . ub1 | awk ’ { p r i n t $2 , $3 , $6} ’ >> $ imgroo t .

l i m a l l ”$FILTER” r a d e c
113

i =1
115 ca t $ imgroo t . l i m a l l ”$FILTER” r a d e c | whi le read r a

dec m1 m2
do

117 mag1=$ {m1%.∗}

119 i f [ $mag1 != 99 ]
then

121 mag=$m1
echo ” ‘ sed −n ” $ i ”p $ imgroo t . l i m a l l ”$FILTER”

r a d e c | awk ’ { p r i n t $1 , $2} ’ ‘ $mag” >>
$ imgroo t . l i m a l l ”$FILTER” r a d e c 2

123 f i

125 i= ‘ expr $ i + 1 ‘
done

127
e l i f [ $FILTER = I ]

129 then
ca t $ imgroo t . ub1 | awk ’ { p r i n t $2 , $3 , $8} ’ >> $ imgroo t .

l i m a l l ”$FILTER” r a d e c
131

i =1
133 ca t $ imgroo t . l i m a l l ”$FILTER” r a d e c | whi le read r a

dec m1
do

135 mag1=$ {m1%.∗}

137 i f [ $mag1 != 99 ]
then

139 mag=$m1
echo ” ‘ sed −n ” $ i ”p $ imgroo t . l i m a l l ”

$FILTER” r a d e c | awk ’ { p r i n t $1 , $2
} ’ ‘ $mag” >> $ imgroo t . l i m a l l ”
$FILTER” r a d e c 2

141 f i

143 i= ‘ expr $ i + 1 ‘
done
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145 # e l s e
# echo ” Cata logue USNO−B1 does no t have i n f o f o r $FILTER

band magn i tudes ”
147 # e x i t

f i
149

s o r t −k3 $ imgroo t . l i m a l l ”$FILTER” r a d e c 2 > $ imgroo t . l i m a l l ”
$FILTER” r a d e c s o r t e d

151 done
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quick cat core ref

# ! / b in / bash
2

#−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
4 # q u i c k c a t c o r e r e f

# Program t o sea rch a c a t a l o g u e around an i n p u t RA and DEC f o r po s s i b l e
r e f e r e n c e s t a r s

6 # F i l t e r s by r a d i u s and magni tude l i m i t s .
# Outpu ts t o x . da t

8 #
# Gary Melady 12−06−08

10 #
# 26−06−09 Took ou t ave rag ing between R1 , R2 , B1 , B2 columns i n USNO−B1

cat , j u s t us i ng c o l R2 B2 now
12 # ( co l2 i s more r e c e n t o b s e r v a t i o n s )

#−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
14

i f [ ! $1 ]
16 then

echo ” P l e a s e e n t e r c o o r d i n a t e s and f i l t e r f o r c a t a l o g u e s e a r c h ”
18 echo E x i t i n g

e x i t
20 f i

22 #−−−−−−−−−−−−−−−−−−−− I n i t i a l v a r i a b l e s −−−−−−−−−−−−−−−−−−−−
r a=$1

24 dec=$2
FILTER=$3

26
# echo ” Sea rch ing c a t a l o g u e f o r s t a r s around RA: $ra DEC: $dec i n f i l t e r

$FILTER”
28

# Cata logue sea rch paramete rs
30 b r i g h t m a g l i m =14

f a i n t m a g l i m =17
32 num s ta r=500

c a t r a d i u s=300
34 imgroo t= r e f s t a r

36 # −−−−−−−−−−−−−−−−− Get t a r g e t s from c a t a l o g u e−−−−−−−−−−−−−−−−−
# S e t t h e pa th t o sea rch t h e usno−B1 c a t a l o g u e

38 expor t UB1 PATH=h t t p : / / tdc−www. h a r v a r d . edu/ cg i−b in / s c a t

40 # Search t h e c a t a l o g u e
s c a t −jw −o $ imgroo t −m2 $ b r i g h t m a g l i m [ , $ f a i n t m a g l i m ] − r $ c a t r a d i u s

−c ub1 −n $num s ta r $ ra $dec
42

# Check i f i t worked
44 i f [ ! −s $ imgroo t . ub1 ]

then
46 echo ” q u i c k c a t c o r e r e f f a i l e d , e x i t i n g ”

e x i t
48 f i

50 p r i n t f ” . ”
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52 # −−−−−−−−−−−−−−−−−−−− S o r t r e s u l t s by f i l t e r −−−−−−−−−−−−−−−−−−−−

54 # USNO−B1 o u t o p u t s a f i l e w i t h c o l s : ID RA DEC B1 R1 B2 R2 I e t c
# USNO doesn ’ t have V band i n f o (TODO)

56 # Only us i ng B2 , R2 and I

58 # T e s t f o r ”99.99” i n c o l s
# − i f c o l i s 99 .99 don ’ t use t h a t t a r g e t

60 # Crea te o u t p u t f i l e w i t h c o l s RA DEC MAG

62 i f [ $FILTER = C ] | | [ $FILTER = R ]
then

64 ca t $ imgroo t . ub1 | awk ’ { p r i n t $2 , $3 , $7} ’ >> $ imgroo t . l i m a l l ”
$FILTER” r a d e c

66 i=1
ca t $ imgroo t . l i m a l l ”$FILTER” r a d e c | whi le read r a dec m1

68 do
mag1=$ {m1%.∗}

70
i f [ $mag1 != 99 ]

72 then
mag=$m1

74 echo ” ‘ sed −n ” $ i ”p $ imgroo t . l i m a l l ”$FILTER”
r a d e c | awk ’ { p r i n t $1 , $2} ’ ‘ $mag” >>

$ imgroo t . l i m a l l ”$FILTER” r a d e c 2
f i

76
i = ‘ expr $ i + 1 ‘

78 done
p r i n t f ” . ”

80
e l i f [ $FILTER = B ]

82 then
ca t $ imgroo t . ub1 | awk ’ { p r i n t $2 , $3 , $6} ’ >> $ imgroo t . l i m a l l ”

$FILTER” r a d e c
84

i =1
86 ca t $ imgroo t . l i m a l l ”$FILTER” r a d e c | whi le read r a dec m1

do
88 mag1=$ {m1%.∗}

90
i f [ $mag1 != 99 ]

92 then
mag=$m1

94 echo ” ‘ sed −n ” $ i ”p $ imgroo t . l i m a l l ”$FILTER”
r a d e c | awk ’ { p r i n t $1 , $2} ’ ‘ $mag” >>

$ imgroo t . l i m a l l ”$FILTER” r a d e c 2
f i

96
i = ‘ expr $ i + 1 ‘

98 done
p r i n t f ” . ”
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100
e l i f [ $FILTER = I ]

102 then
ca t $ imgroo t . ub1 | awk ’ { p r i n t $2 , $3 , $8} ’ >> $ imgroo t . l i m a l l ”

$FILTER” r a d e c
104

i =1
106 ca t $ imgroo t . l i m a l l ”$FILTER” r a d e c | whi le read r a dec m1

do
108 mag1=$ {m1%.∗}

110 i f [ $mag1 != 99 ]
then

112 mag=$m1
echo ” ‘ sed −n ” $ i ”p $ imgroo t . l i m a l l ”$FILTER”

r a d e c | awk ’ { p r i n t $1 , $2} ’ ‘ $mag” >>
$ imgroo t . l i m a l l ”$FILTER” r a d e c 2

114 f i

116 i= ‘ expr $ i + 1 ‘
done

118 p r i n t f ” . ”

120 # e l s e
# echo ” Cata logue USNO−B1 does no t have i n f o f o r $FILTER band

magn i tudes ”
122 # e x i t

f i
124

s o r t −k3 $ imgroo t . l i m a l l ”$FILTER” r a d e c 2 > $ imgroo t . d a t
126 p r i n t f ” . ”
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quick confidence core

1 # ! / b in / bash

3 #
# q u i c k c o n f i d e n c e c o r e

5 #
# S c r i p t t o c a l c u l a t e s i g n a l t o n o i s e r a t i o s and sigma l e v e l so f

o b j e c t s i n a f rame
7 # Th i s i s a core s c r i p t t o be c a l l e d by o t h e r s c r i p t s

#
9 # Requ i remen ts :

# − Octave
11 # − o u t p u t s from q u i c kp h o t c o r e

#
13 # Gary Melady 27−05−08

#
15

# T e s t f o r e x i s t a n c e o f n e c e s s a r y f i l e s :
17 i f [ ! −e c u r r i m g i n f o ]

then
19 echo ” q u i c k c o n f i d e n c e c o r e : Cannot f i n d c u r ri m g i n f o , e x i t i n g

”
e x i t

21 f i

23 p r i n t f ” . ”

25 # Do t h e c a l c u l a t i o n s f o r s igma and s/ n i n o c t a v e
# Equa t i ons :

27 # f l u x = ( t o t a l c o u n t s i n a p e r t u r e ) −(( mean backround )∗ ( a p e r t u r e area ) )
# s / n = ( f l u x ) ∗ ga in / s q r t ( ( f l u x )∗ ga in + ( a p e r t u r e area )∗ ( ( mean

backround )∗ ga in + ( dark c u r r e n t )∗ exposu re + ( read n o i s e ) ˆ 2 ) )
29 # sigma = ( f l u x ) / s q r t ( ( mean backround )∗ ( a p e r t u r e area ) )

# sigma = ( f l u x / ( a p e r t u r e area ) ) / ( mean background )
31

echo ’ f o rma t s h o r t ;
33 ga in=8; #Gain

rn=13; #Read−n o i s e
35 dark=1 . 5 ; #Dark Cur ren t

37 load c u r r i m g i n f o ;
msky=c u r r i m g i n f o ( : , 3 ) ;

39 a r e a=c u r r i m g i n f o ( : , 4 ) ;
f l u x =c u r r i m g i n f o ( : , 5 ) ;

41
# De f i ne l e n g t h o f c o l s f o r s i g n a l/ n o i s e e t c

43 sn=z e r o s ( s i z e ( c u r ri m g i n f o ( : , 1 ) ) ) ;
s igma=z e r o s ( s i z e ( c u r ri m g i n f o ( : , 1 ) ) ) ;

45 s i g n a l=z e r o s ( s i z e ( c u r ri m g i n f o ( : , 1 ) ) ) ;
n o i s e=z e r o s ( s i z e ( c u r ri m g i n f o ( : , 1 ) ) ) ;

47
f o r i =1: l e n g t h ( sn ) ;

49 # S i g n a l t o No ise Ra t i o

51 s i g n a l ( i )= f l u x ( i ) ∗ ga in ;
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n o i s e ( i )= s q r t ( ( f l u x ( i ) ∗ ga in )+a r e a ( i )∗ ( ( msky ( i )∗ ga in )+
dark+ rn ˆ 2 ) ) ;

53
sn ( i )= s i g n a l ( i ) / n o i s e ( i ) ;

55
# Sigmal l e v e l

57 sigma ( i )= f l u x ( i ) / s q r t ( a r e a ( i )∗msky ( i ) ) ;

59 # merr ( i )=1.0857∗ n o i s e ( i ) / s i g n a l ( i ) ;
e n d f o r ;

61
# Save t o a f i l e

63 sn=[ sn , s igma ] ;
save − t e x t c u r r i m g s n t e m p sn ;

65 q u i t ’ | o c t a v e 1>/ dev / n u l l

67 # Cut t h e comment l i n e s o f f
grep ’ ˆ [ ˆ # ] ’ c u r r i m g s n t e m p > c u r r i m g s n 2> / dev / n u l l

69 rm c u r r i m g s n t e m p 2>/ dev / n u l l
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quick imstat

# ! / b in / bash
2

#−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
4 # Program t o p r i n t ou t t h e images s t a t i s t i c s o f a l l t h e imagesi n t h e

c u r r e n t d i r e c t o r y
# Requ i remen ts : i r a f , gnuop lo t , f i t s images

6 #
# Gary Melady 10−02−08

8 #−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

10 d i r= ‘ pwd ‘
rm i m s t a t . d a t l i s t 2>/ dev / n u l l

12
i f [ ! $1 ]

14 then
echo ” P l e a s e i n p u t f i t s f i l e s f o r a n a l y s i s ”

16 echo ”−p t o p l o t r e s u l t s ”
e x i t

18
e l i f [ $1 == ”−p” ] && [ ! $2 ]

20 then
echo ” P l e a s e i n p u t f i t s f i l e s f o r a n a l y s i s ”

22 echo ”−p t o p l o t r e s u l t s ”
e x i t

24
e l i f [ $1 == ”−p” ]

26 then
p l o t=yes

28 l s $∗ > l i s t 2>/ dev / n u l l
e l s e

30 p l o t=no
l s $∗ > l i s t 2>/ dev / n u l l

32 f i

34 i f [ −s l i s t ]
then

36 echo ’ images
i m u t i l

38 u n l e a r n i m s t a t
i m s t a t @ l i s t

40 l ogout ’ | c l > i m s t a t i r a f . d a t
e l s e

42 p r i n t f ”No f i t s images found\n”
p r i n t f ” E x i t i n g \n”

44 e x i t
f i

46
# Crea te temp f i l e f o r head ing o f i m s t a t . da t

48 p r i n t f ”# $ d i r \n#IMAGE NPIX MEAN STDDEV MIN MAX\n”>header

50 # Trim o f f t h e i r a f f a t f rom t h e o u t p u t f i l e
x= ‘ ca t i m s t a t i r a f . d a t |wc − l ‘

52 sed −n ’15 , ’ $x ’ p ; ’ $x ’ q ’ i m s t a t i r a f . d a t > i m s t a t b o d y . d a t
ca t header i m s t a tb o d y . d a t | column − t > i m s t a t . d a t
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54
i f [ $ p l o t == ” no ” ]

56 then
ca t i m s t a t . d a t

58 f i

60 i f [ $ p l o t == ” yes ” ]
then

62 echo ’ s e t x l a b e l ” Image Number ”
s e t y l a b e l ” Counts ”

64
p l o t \

66 ” i m s t a t . d a t ” u \
: ( $3 ) \

68 t ”Mean P i x e l Value ”

70 s e t te rm p o s t c o l o r
s e t o u t p u t ” q u a l i t y p l o t . ps ”

72 r e p l o t ’ | g n u p l o t − p e r s i s t

74 f i

76 # Clean up
rm l i s t heade r i m s t a t∗ ∗ . pa r
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quick lim mag

# ! / b in / bash
2

#
4 # Program t o g e t t h e l i m i t i n g magni tude o f a f rame

# − s e a r c h e s c a t a l o g u e f o r a l l s t a r s i n f rame ( between magni tude l i m i t s
)

6 # − d e t e c t s t h e sigma l e v e l s o f a l l o b j e c t s
# − f i n d s t h e dimmest s t a r w i t h sigma l e v e l o f 3

8 #
# Requ i remen ts :

10 # − i r a f ( phot , txdump )
# − w c s t o o l s ( sca t , f i l e r o o t , gethead , sky2xy , xy2sky )

12 # − o c t a v e
#

14 # Gary Melady 21−04−08
#

16
# For f i l t e r i n g by sigma l e v e l ( must be an i n t e g e r )

18 t h r e s h o l d s i g m a=4

20 i f [ ! $1 ]
then

22 echo ” P l e a s e i n p u t f i t s f i l e s t o c a l c u l a t e l i m i t i n g magni tude ”
e x i t

24 f i

26 # p r i n t f ” \n − C a l c u l a t i n g l i m i t i n g magni tude o f $1”

28 # Get t h e c e n t r e c o o r d i n a t e s o f each image and sea rch t h e c a t al o g u e f o r
a l l s t a r s i n t h e f i e l d us i ng s c a t ( w c s t o o l s )

# Get t h e i n s t r u m e n t a l magni tude o f each t a r g e t us i ng pho t ( ir a f )
30 # C a l c u l a t e t h e sigma l e v e l s us i ng o c t a v e

# F i l t e r t h e r e s u l t s t o g e t t h e f a i n t e s t d e t e c t i o n above
$ t h r e s h o l d s i g m a

32
f o r img i n $∗

34 do

36 # −−−−−−−−−−−−−−−−− Get some i n i t i a l i n f o −−−−−−−−−−−−−−−−−
imgroo t= ‘ f i l e r o o t $img ‘

38 JD= ‘ ge thead $img JD ‘
EXPOSURE= ‘ ge thead $img EXPOSURE‘

40 FILTER= ‘ ge thead $img FILTER ‘
XAXIS= ‘ ge thead $img NAXIS1 ‘

42 YAXIS= ‘ ge thead $img NAXIS2 ‘

44 # −−−−−−−−−−−−−−−−− Get t a r g e t s from c a t a l o g u e−−−−−−−−−−−−−−−−−

46 # Ca l l t o q u i c k c a t c o r e t o g e n e r a t e f i l e w i t h c o l s RA DEC MAG
( i n a p p r o p r i a t e f i l t e r )

q u i c k c a t c o r e l i m $img
48

# Check i f i t worked
50 i f [ ! −e $ imgroo t . ub1 ]
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then
52 echo ” q u i c k c a t c o r e l i m f a i l e d , e x i t i n g ”

con t inue
54 f i

56 # −−−−−−−−−−−−−−−−− D e t e c t t a r g e t s i n t h e image−−−−−−−−−−−−−−−−−

58 # Get t h e c o o r d i n a t e s o f t h e t a r g e t s from t h e t a r g e t f i l e
# and c o n v e r t i t t o xy coords f o r each f rame

60
ca t $ imgroo t . l i m a l l ”$FILTER” r a d e c s o r t e d | whi le read r a dec

mag
62 do

coor= ‘ sky2xy $img $ra $dec | awk ’ { p r i n t $5 , $6} ’ ‘
64 echo ” $coor $mag” >> $ imgroo t . l i m a l l ”$FILTER” xy

done
66

# Only t a k e t a r g e t s t h a t are on t h e ccd
68 i=1

ca t $ imgroo t . l i m a l l ”$FILTER” xy | whi le read x y mag
70 do

# Get i n t e g e r v a l u e s o f x and y p o s i t i o n s
72 x i n t=$ { x %.∗}

y i n t=$ { y %.∗}
74

i f [ $ x i n t −ge 0 ] && [ $ x i n t − l e $XAXIS ] && [ $ y i n t −
ge 0 ] && [ $ y i n t − l e $YAXIS ]

76 then
sed −n ” $ i ”p $ imgroo t . l i m a l l ”$FILTER” xy >>

$ imgroo t . l i m on f r am e ”$FILTER” xy
78 f i

i = ‘ expr $ i + 1 ‘
80 done

82 cp $ imgroo t . l i m on f r am e ”$FILTER” xy $ imgroo t . coor

84 # Ca l l q u i c k p h o t c o r e t o t h e pho tomet ry on c u r r e n t image
q u i c k p h o t c o r e $img

86
# Check i f i t worked

88 # i f [ $? −ne 0 ]
# then

90 # echo ” q u i c k p h o t c o r e f a i l e d ”
# e x i t

92 # f i

94 # Remove t a r g e t s t h a t weren ’ t d e t e c t e d
i =1

96 ca t $ imgroo t . mag . 2 | whi le read mag mag er r msky a r e a f l u x
do

98 i f [ ”$mag” != INDEF ] && [ ” $mag er r ” != INDEF ] && [
”$msky ” != INDEF ] && [ ” $a r ea ” ! = INDEF ] && [ ”
$ f l u x ” ! = INDEF ]

then
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100 # Crea te l i s t o f d e t e c t e d t a r g e t s w i t h c o l s :
INST MAG INSTMAG ERR MSKY AREA FLUX

echo ” ‘ sed −n ” $ i ”p $ imgroo t . mag . 2 ‘ ” >> $ imgroo t .
l i m d e t e c t e d t a r g e t s i n f o

102
# Crea te l i s t o f c a t a l o g u e magn i tudes o f d e t e c t e d

t a r g e t s
104 echo ” ‘ sed −n ” $ i ”p $ imgroo t . l i m on f r am e ”$FILTER” xy

| awk ’ { p r i n t $3} ’ ‘ ” >> $ imgroo t .
l i m d e t e c t e d t a r g e t s c a t m a g

106
f i

108 i= ‘ expr $ i + 1 ‘
done

110
# Rename f i l e so o c t a v e can read i t l a t e r

112 # grep −v INDEF $ imgroo t . l i m d e t e c t e d t a r g e t s i n f o >
c u r r i m g i n f o

cp $ imgroo t . l i m d e t e c t e d t a r g e t s i n f o c u r r i m g i n f o
114

# −−−−−−−−−− C a l c u l a t e c o n f i d e n c e l e v e l s−−−−−−−−−
116

# Ca l l t o q u i c k c o n f i d e n c e c o r e t o c a l c u l a t e t h e s/ n and sigma
l e v e l s

118 q u i c k c o n f i d e n c e c o r e

120 # Check i f i t worked
i f [ $? −ne 0 ]

122 then
echo ” q u i c k c o n f i d e n c e c o r e f a i l e d ”

124 e x i t
f i

126
mv c u r r i m g s n $ imgroo t . sn

128
# −−−−−−−−−−−−−−−−−−−− Clean up t h e columns−−−−−−−−−−−−−−−−−−−−

130
# Save a l l t h e da ta i n t o one f i l e w i t h c o l s : JD T−T0 EXP

CAT MAG INSTMAG INSTMAG ERR S/N SIGMA
132 i=1

j = ‘ ca t $ imgroo t . l i m d e t e c t e d t a r g e t s i n f o | wc − l ‘
134 whi le [ $ i − l e $ j ]

do
136 echo ” ‘ sed −n 1p $ imgroo t . t ime ‘ ‘ sed−n ” $ i ”p $ imgroo t .

l i m d e t e c t e d t a r g e t s c a t m a g ‘ ‘ sed −n ” $ i ”p $ imgroo t
. l i m d e t e c t e d t a r g e t s i n f o | awk ’ { p r i n t $1 , $2} ’ ‘ ‘
sed −n ” $ i ”p $ imgroo t . sn ‘ ” >> $ imgroo t . l i m m a g a l l

138 # Check i f t h e l i n e has a sigma> $ t h r e s h o l d s i g m a
t a i l −1 $ imgroo t . l i m m a g a l l | whi le read JD TmT0 EXP

CAT MAG INST MAG INST MAG ERR SN SIGMA
140 do

# Take t h e i n t e g e r p a r t o f s igma va l ue
142 sigma=$ {SIGMA%.∗}
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# Round t h e sigma va l ue t o t h e n e a r e s t whole
144 # sigma= ‘ p r i n t f %.0 f $SIGMA ‘

146 i f [ ” $sigma ” −ge ” $ t h r e s h o l d s i g m a ” ]
then

148 echo ” ‘ t a i l −1 $ imgroo t . l i m m a g a l l ‘ ”
>> $ imgroo t . l i m m a g o v e r t h r e s h

f i
150 done

152 i= ‘ expr $ i + 1 ‘
done

154
i f [ −e $ imgroo t . l i m m a g o v e r t h r e s h ]

156 then
t a i l −1 $ imgroo t . l i m m a g o v e r t h r e s h >> l im mag

158 e l s e
p r i n t f ” \n L i m i t i n g magni tude s e a r c h f a i l e d ”

160 f i

162 done

164 rm ∗ . mag∗ ∗ . l im ∗ 2>/ dev / n u l l

166 # p r i n t f ”Done\n”
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quick name

# ! / b in / bash
2

#−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
4 # Program t o rename f i t s images based on t a r g e t t y p e

# Requ i remen ts : w c s t o o l s ( ge thead )
6 #

# Image t y p e s :
8 # O = Objec t

# G = GRB
10 # f = f l a t

# d = dark
12 #

# Gary Melady 22−02−08
14 #−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

16 i f [ ! $1 ]
then

18 echo ” P l e a s e i n p u t f i t s f i l e s t o rename ”
e x i t

20 f i

22 p r i n t f ” Renaming images ”
f o r img i n $∗

24 do
TARTYPE= ‘ ge thead $img TARTYPE‘ 2>/ dev / n u l l

26 IMAGETYP= ‘ ge thead $img IMAGETYP‘ 2>/ dev / n u l l
OBJECT= ‘ ge thead $img OBJECT| awk ’ { p r i n t $1 $2 } ’ ‘ 2 >/ dev / n u l l

28 FILTER= ‘ ge thead $img FILTER ‘ 2>/ dev / n u l l
EXPOSURE= ‘ ge thead $img EXPOSURE‘ 2>/ dev / n u l l

30 TIME= ‘ ge thead $img DATE−OBS‘ 2>/ dev / n u l l

32 # Rename o b j e c t s
i f [ $TARTYPE == ”O” ] | | [ $TARTYPE == ”G” ]

34 then
mv $img ”$OBJECT”−−”$TIME” ”$FILTER” ”$EXPOSURE” . f i t s

2>/ dev / n u l l
36

# Rename t h e f l a t s
38 e l i f [ $TARTYPE == ” f ” ]

then
40 mv $img ”$IMAGETYP”−−”$TIME” ”$FILTER” . f i t s 2>/ dev / n u l l

42 # Rename darks
e l i f [ $TARTYPE == ”d ” ]

44 then
mv $img ”$IMAGETYP”−−”$TIME” ”$EXPOSURE” . f i t s 2>/ dev /

n u l l
46 f i

48 p r i n t f ” . ”
done

50
p r i n t f ”Done\n”
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quick phot core

1 # ! / b in / bash

3 #
# q u i c k p h o t c o r e

5 # Program t o do pho tomet ry us i ng i r a f pho t
#

7 # Th i s s c r i p t i s a core t o be c a l l e d by o t h e r s c r i p t s
# ( e . g . q u i c k p h o t , q u i c k r e f e r e n c e s t a r , qu i ck l im mag )

9 #
# Requ i remen ts :

11 # − i r a f ( phot , txdump )
# − w c s t o o l s ( ge thead )

13 #
# Gary Melady 22−05−08

15 #

17 img=$1
ape=$2

19
imgroo t= ‘ f i l e r o o t $img ‘

21
# T e s t f o r e x i s t a n c e o f n e c e s s a r y f i l e s :

23 i f [ ! −e $ imgroo t . coor ]
then

25 echo ” q u i c k p h o t c o r e : Cannot f i n d $ imgroo t . coor ”
echo E x i t i n g

27 e x i t
f i

29
p r i n t f ” . ”

31
# For pho t

33 annu lus=10
dannu lus=10

35 cbox=8
a p e m u l t i p l i e r =1.4 # S e t t o 1 f o r f a i n t o b j e c t s ( on l y used i f no

a p e r t u r e g i ven as i n p u t )
37 g a i n v a l=8

r n o i s e v a l=13
39

# −−−−−−−−−−−−−−−−− Get some i n i t i a l i n f o −−−−−−−−−−−−−−−−−
41

JD= ‘ ge thead $img JD ‘
43 EXPOSURE= ‘ ge thead $img EXPOSURE‘

FILTER= ‘ ge thead $img FILTER ‘
45 MAG ZERO= ‘ ge thead $img MAGZERO‘

47 # C a l c u l a t e ape r tu re , ga in and r e a d n o i s e
# Ape r t u re

49
i f [ −z $ape ]

51 then
FWHM= ‘ ge thead $img FWHM‘

53 # Quick and d i r t y f i x i f FWHM= 0
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i f [ $FWHM == 0 ]
55 then

FWHM=3.5
57 f i

59 ape= ‘ echo ”$FWHM ∗ $ a p e m u l t i p l i e r ” | bc − l ‘
f i

61
# Gain and read−n o i s e

63
NCOMBINE= ‘ ge thead $img NCOMBINE‘

65
i f [ ! $NCOMBINE ]

67 then
NCOMBINE=1

69 f i

71 ga in= ‘ echo ”$NCOMBINE ∗ $ g a i n v a l ” | bc − l ‘
r n o i s e= ‘ echo ” $ r n o i s e v a l / s q r t ($NCOMBINE) ” | bc − l ‘

73
# p r i n t f ” \n ncombine= $NCOMBINE ga in = $ga in r e a d n o i s e= $ r n o i s e fwhm
= $FWHM a p e r t u r e = $ape\n”

75
# −−−−−−−−−−−−−−−−− D e t e c t t a r g e t s i n image−−−−−−−−−−−−−−−−−

77
# Perform t h e pho tomet ry on t h e image a t t h e l i s t o f coords i n $imgroo t

. coor
79 echo ’ noao

d i g i p h o t
81 daophot

pho t ’ $img ’ ’ $ imgroot ’ . coor ’ $ imgroot ’ . mag . 1 c a l g o r i= c e n t r o i d cbox= ’
$cbox ’ s a l g o r i=mode annu lus= ’ $annu lus ’ dannu lu= ’ $dannu lus ’ r e a d n o i
= ’ $ r no i s e ’ epadu= ’ $ga in ’ a p e r t u r= ’ $ape ’ zmag= ’$MAG ZERO’ sigma=0
v e r i −

83 # Use txdump t o s o r t ou t da ta from ’ $ imgroot ’ . mag . 1
bye

85 bye
d i g i p h o t

87 p t o o l s
u n l e a r n txdump

89 txdump ’ $ imgroot ’ . mag . 1 MAG,MERR,MSKY,AREA,FLUXexpr=yes > ’ $ imgroot ’ .
mag . 2

# txdump ’ $ imgroot ’ . mag . 1 MSKY,SUM, AREA , FLUX expr=yes > ’ $ imgroot ’ . sn
91 # txdump ’ $ imgroot ’ . mag . 1 PERROR expr=yes > ’ $ imgroot ’ . p e r r o r

l ogout ’ | e c l | grep ERROR
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quick time core

1 # ! / b in / bash

3 #
# q u i c k t i m e c o r e

5 #
# Program t o c a l c u l a t e T minus Tzero f o r e v e n t and o u t p u t t o f il e w i t h

c o l s : JD T−T0 EXPOSURE
7 #

# Requ i remen ts :
9 # − Octave

#
11 # Gary Melady 27−05−08

#
13

# T e s t f o r e x i s t a n c e o f n e c e s s a r y f i l e s :
15 i f [ ! −e t ime temp ]

then
17 echo ” q u i c k t i m e c o r e : Cannot f i n d t imetemp ”

echo ” E x i t i n g ”
19 e x i t

f i
21

# T e s t i f n e c e s s a r y f i l e s are p r e s e n t
23 i f [ ! −e T0 ]

then
25 echo ” q u i c k t i m e c o r e : Cannot f i n d T0”

echo ” E x i t i n g ”
27 e x i t

f i
29

p r i n t f ” . ”
31

# C a l c u l a t e T−T0 and o u t p u t t o f i l e ( t ime ) w i t h c o l s : JD T−T0 EXP
33

echo ’ f o rma t long ;
35 load t ime temp

j d= t ime temp ( : , 1 ) ;
37 exp= t ime temp ( : , 2 ) ;

l oad T0
39 Tzero=T0 ( 1 , 1 ) ;

41 TmT0=round ( ( t ime temp ( : , 1 )−Tzero )∗86400) ;

43 t ime=[ jd , TmT0 , exp ] ;
save − t e x t c u r r i m g t i m e t e m p t ime ;

45 q u i t ’ | o c t a v e 1>/ dev / n u l l

47 grep ’ ˆ [ ˆ# ] ’ c u r r i m g t i m e t e m p > c u r r i m g t i m e
rm c u r r i m g t i m e t e m p
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Supplementary Scripts

quick combine

1 # ! / b in / bash

3 #−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
# Program t o combine reduced images i n groups .

5 # Assumes a l l images i n d i r e c t o r y are o f t h e same f i l t e r t y p e .
# Th i s program w i l l combine images i n groups s p e c i f i e d by t h euse r .

7 # e . g . ” qu i ck comb ine 10” w i l l s t a c k images i n groups o f 10 .
#

9 # Gary Melady J u l y 2007
#

11 # 06−08−07 Added new exposu re t ime c a l c u l a t i o n and a b i l i t y t o w r i t e
# t o t h e f i t s header .

13 # 26−02−08 Added ano the r ( f a s t e r ) way o f exposu re t ime c a l c u l a t i o n
us i ng w c s t o o l s

# ( gethead , s e t h e a d )
15 #

# Program r e q u i r e m e n t s : i r a f , w c s t o o l s ( gethead , s e t h e a d )
17 #−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

19 # T e s t t o see i f a number was i n p u t by t h e use r
i f [ $# −eq 0 ]

21 then
echo ” P l e a s e s p e c i f y t h e s i z e o f t h e groups of images t o combine ”

23 echo ” e . g . ’ qu ick−combine 10 ’ combines t h e images i n groups of 10 ”
e x i t

25 f i

27 t o t= ‘ l s ∗ . f i t s |wc − l ‘
echo ” S t a c k i n g $ t o t images i n groups of $1 ”

29
mkdir temp 2>/ dev / n u l l

31 mkdir s t a c k $ 1 2>/ dev / n u l l

33 i=1
j = ‘ echo $ [ $ t o t / $1 ] ‘

35
# T e s t t o see i f no . o f images i s e v e n l y d i v i d e d by t h e no . o f groups

37 k= ‘ echo $ [ $ t o t % $1 ] ‘
i f [ $k != 0 ]

39 then
j = ‘ expr $ j + 1 ‘

41 # echo ”New j = $ j ”
f i

43

45 whi le [ $ i − l e $ j ]
do

47 echo ” S t a c k i n g group $ i o f $ j . . . ”
l s ∗ . f i t s 2>/ dev / n u l l | head −$1 > l i s t $ i . d a t

49
# Combine images us i ng i r a f imcombine
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51 echo ’ images
i m u t i l

53 u n l e a r n imcombine
imcombine @l is t ’ $ i ’ . d a t o u t p u t=” s t a c k ’ $1 ’ ’ $ i ’ . f i t s ” combine=”

median ” o u t t y p e=” r e a l ” o f f s e t s=” wcs ”
55 l ogout ’ | e c l | grep ERROR# 1> / dev / n u l l

57 # C a l c u l a t e new exposu re t ime o f image
e x p c o u n t e r=0

59 e x p t o t a l=0
imname= ‘ ca t l i s t $ i . dat ‘

61 f o r img i n $imname
do

63 e x p c o u n t e r= ‘ ge thead $img exposure ‘
e x p t o t a l= ‘ echo $ [ $ e x p c o u n t e r + $ e x p t o t a l ] ‘

65 done

67 s e t h e a d s t a c k$ 1 $ i . f i t s EXPOSURE=$ e x p t o t a l
s e t h e a d s t a c k$ 1 $ i . f i t s EXPTIME=$ e x p t o t a l

69
mv $imname temp/

71 mv s t a c k $ 1 $ i . f i t s s t a c k $ 1 # 2> / dev / n u l l

73 i= ‘ expr $ i + 1 ‘

75 done

77 # Rename s t a c k e d images based on f i t s header
cd s t a c k $ 1

79 quick name ∗ . f i t s
cp . . / ∗ . r o i . &>/dev / n u l l

81 cd − &>/dev / n u l l

83 # Clean up
rm l i s t ∗ . d a t 2>/ dev / n u l l

85 mv temp/ ∗ .
rm − r temp/ up∗

87
echo ”Done”
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quick exptime

1 # ! / b in / bash

3 #
# Program t o q u i c k l y copy EXPOSURE va l ue t o EXPTIME i n headero f f i t s

image
5 # Requ i remen ts :

# − EXPOSURE keyword i n header
7 # − w c s t o o l s ( gethead , s e t h e a d )

#
9 # Gary Melady 18−02−07

#
11

i f [ ! $1 ]
13 then

echo ” P l e a s e i n p u t . f i t s f i l e ”
15 e x i t

f i
17

echo ” Copying EXPOSURE va l ue t o EXPTIME f o r : ”
19

f o r img i n $∗
21 do

exp= ‘ ge thead $img EXPOSURE‘
23 s e t h e a d $img EXPTIME=$exp

echo ” $img EXPTIME = $exp ” | column − t
25 done

27 echo Done

223



quick plot

1 # ! / b in / bash

3 #
# Program t o p l o t o u t p u t f i l e f rom q u i c kp h o t

5 # Requ i remen ts− gnup lo t , o u t p u t f i l e f rom q u i c kp h o t
#

7 # Gary Melady
#

9
i f [ ! $1 ]

11 then
echo ” P l e a s e s p e c i f y i n p u t f i l e ”

13 e x i t
f i

15
echo ’ # s e t l o g s x

17 s e t x l a b e l ”T−T0”
s e t y l a b e l ” Magni tude ”

19 s e t y range [∗ : ∗ ] r e v e r s e

21 p l o t \
” ’ $1 ’ ” u \

23 ( $2+$3 / 2 ) :\
( $4 ) :\

25 ( $3/ 2 ) :\
( $5 ) \

27 w xye t ” T a r g e t ”

29 s e t te rm p o s t c o l o r
s e t o u t p u t ” ’ $1 ’ p l o t . ps ”

31 r e p l o t ’ | g n u p l o t − p e r s i s t
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quick plot object lim sn

# ! / b in / bash
2

#−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
4 # Program t o p l o t :

# − magn i tudes o f t a r g e t o b j e c t w i t h e r r o r s i n upper p l o t
6 # − s i g n a l / n o i s e and sigma i n f o r m a t i o n i n bot tom p l o t

# Requ i remen ts : o u t p u t f rom q u i c kp h o t ( a p p a r e n t m a g n i t u d e o b j e c t ) ,
g n u p l o t

8 #
# Gary Melady 04−02−08

10 #−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

12 rm a p p a r e n tm a g n i t u d e ∗ . ps 2>/ dev / n u l l

14 a= ‘ l s a p p a r e n t m a g n i t u d e ∗ 2>/ dev / n u l l | head −1‘
l = ‘ l s l i m i t i n g m a g n i t u d e ∗ 2>/ dev / n u l l | head −1‘

16
i f [ ! $a ] && [ ! $ l ]

18 then
echo ” q u i c k p l o t o b j e c t l i m s n : Cannot f i n d any f i l e s t o p l o t ,

e x i t i n g ”
20 e x i t

e l s e
22 cp ” $a ” app 2>/ dev / n u l l

cp ” $ l ” l im 2 >/ dev / n u l l
24 f i

26 echo ’ # s e t u p i n i t i a l c o n d i t i o n s
s e t g r i d

28 s e t b a r s 1
s e t lma rg in 10

30 s e t rmarg in 2
s e t x l a b e l ”T−T0 [ s ] ”

32 # s e t fo rma t x ”%.0 s∗10ˆ%T”
s e t l o g s x

34
s e t m u l t i p l o t

36 #−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
# P l o t 1 lower s/ n p l o t

38 s e t t i t l e ” ”

40 # S e t s i z e and o r i g i n o f lower p l o t
s e t s i z e 1 , 0 . 3

42 s e t o r i g i n 0 . 0 , 0 . 1

44 # You need t h i s so t h a t t h e p l o t s f i t t o g e t h e r
s e t bmargin 1

46 s e t tma rg in 0

48 s e t y l a b e l ” Con f idence ”
s e t myt i cs 1

50
p l o t \

52 ” app ” u \
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( $2+$3 / 2 ) :\
54 ( $6 ) \

p t 1 t ” S i g n a l / Noise ” , \
56 ” app ” u \

( $2+$3 / 2 ) :\
58 ( $7 ) \

p t 2 t ” Sigma ” , \
60 ” l im ” u \

( $2+$3 / 2 ) :\
62 ( $7 ) \

p t 1 not , \
64 ” l im ” u \

( $2+$3 / 2 ) :\
66 ( $8 ) \

p t 2 no t
68

70 #−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
# P l o t 2 ( upper magni tude p l o t )

72
# Remove x−a x i s l a b e l s ( t h e y are a l r e a d y p r i n t e d i n 1 s t p l o t )

74 s e t x l a b e l ” ”
s e t f o rma t x ” ”

76 # s e t l o g s x
# s e t x l a b e l ”T−T0”

78
s e t y l a b e l ” Magni tude ”

80 s e t y range [∗ : ∗ ] r e v e r s e

82 # S e t s i z e and o r i g i n o f upper p l o t
s e t s i z e 1 ,0 .55

84 s e t o r i g i n 0 . 0 , 0 . 4

86 # You need t h i s so t h a t t h e p l o t s f i t t o g e t h e r
s e t bmargin 0

88 s e t tma rg in 1

90 s e t y t i c s 0 .5
s e t myt i cs 1

92
p l o t \

94 ” app ” u \
( $2+$3 / 2 ) :\

96 ( $4 ) :\
( $3 / 2 ) :\

98 ( $5 ) \
w xye t ” Watcher ” , \

100 ” l im ” u \
( $2+$3 / 2 ) :\

102 ( $4 ) :\
( $3 / 2 ) \

104 w xe p t 10 l t −1 t ” Watcher L i m i t i n g Magni tude ”

106 unset m u l t i p l o t
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108 s e t te rm p o s t s c r i p t enhanced c o l o r
s e t o u t p u t ” ’ $a ’ . ps ”

110 r e p l o t ’| g n u p l o t − p e r s i s t

112 rm a p p a r e n t∗ . ps 2>/ dev / n u l l
rm app l im 2>/ dev / n u l l
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quick region

1 # ! / b in / bash

3 #−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
# Program t o t u r n l i s t o f t a r g e t s i n x . t a r g e t s f i l e i n t o ds9 r eg i o n

f i l e
5 # Requ i remen ts : w c s t o o l s ( skycoo r )

#
7 # Gary Melady 27−02−08

#−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
9

i f [ ! $1 ]
11 then

echo ” P l e a s e i n p u t t a r g e t f i l e t o g e n e r a t e ds9 r e g i o n f i l e ”
13 e x i t

f i
15

# Remove p r e v i o u s f i l e s and c r e a t e header
17 rm $ t a r g e t . reg 2>/ dev / n u l l

p r i n t f ” g l o b a l c o l o r=green f o n t=\ ” h e l v e t i c a 10 normal\ ” s e l e c t=1
h i g h l i t e=1 e d i t=1 move=1 d e l e t e=1 i n c l u d e=1 f i x e d=0 s o u r c e\ nfk5 \n”
>> header

19
p r i n t f ” C r e a t i n g r e g i o n f i l e s :\ n”

21
f o r t a r i n $∗

23 do
t a r g e t= ‘ f i l e r o o t $ t a r ‘

25
grep ’ ˆ [ ˆ # ] ’ $ t a r | wh i l e read n ra dec mag

27 do
i f [ $n == ” o b j e c t ” ]

29 then
# Conver t ra dec coords t o xy

31 ra1= ‘ s kycoor −d $ra $dec| awk ’ { p r i n t $1} ’ ‘
dec1= ‘ s kycoor −d $ra $dec| awk ’ { p r i n t $2} ’ ‘

33 t e x t d e c= ‘ echo ” $dec1 − 0 .01 ” | bc − l ‘

35 echo annu lus\ ( $ra1 , $dec1 , 1 0\ ” \ ,15\ ” \ ) >>
b o d y $ t a r g e t

echo ”# t e x t ( $ra1 , $ t e x t d e c ) t e x t={ T a r g e t} ” >>
b o d y $ t a r g e t

37
e l s e

39 ra1= ‘ s kycoor −d $ra $dec| awk ’ { p r i n t $1} ’ ‘
dec1= ‘ s kycoor −d $ra $dec| awk ’ { p r i n t $2} ’ ‘

41 t e x t d e c= ‘ echo ” $dec1 − 0.005 ” | bc − l ‘

43 echo c i r c l e \ ( $ra1 , $dec1 , 8\ ” \ ) >> b o d y $ t a r g e t
echo ”# t e x t ( $ra1 , $ t e x td e c ) t e x t={$mag} ” >>

b o d y $ t a r g e t
45 f i

done
47

ca t header b o d y$ t a r g e t > $ t a r g e t . reg
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49 p r i n t f ” $ t a r −−> $ t a r g e t . reg\n”
done

51
rm header body∗

53 echo Done
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coord conv

# ! / b in / bash
2

#−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
4 # Program t o c o n v e r t ra and dec from s e x a g e s i m a l t o dec ima l .

# Gary Melady 30−05−2007
6 #−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

8 echo ” Program t o c o n v e r t r a and dec from s e x a g e s i m a l t o dec ima l ”

10 # Read i n c o o r d i n a t e s
echo −n ” P l e a s e e n t e r RA c o o r d i n a t e s i n HH MM SS : ”

12 read r a h r ra min r a s e c

14 echo −n ” P l e a s e e n t e r DEC c o o r d i n a t e s i n DD MM SS : ”
read dec deg decmin d e c s e c

16
echo ” ”

18
# Perform c a l c u l a t i o n s ( must p ipe t o bc− l f o r f l o a t i n g p o i n t

o p e r a t i o n s )
20 r a d e c= ‘ echo ” ( $ r a h r ∗15)+ ( ( $ ra min /6 0 ) ∗15)+ ( ( $ r a s e c/3 6 0 0 )∗15) ” | bc − l ‘

echo ”RA: $ r a h r $ ra min $ r a s e c −−> $ r a d e c ”
22

# Check i f dec i s p o s i t i v e or n e g a t i v e
24

i f [ $dec deg −g t 0 ]
26 then

dec dec= ‘ echo ” ( $dec deg )+( $dec min /6 0 )+( $ d e c s e c/3 6 0 0 ) ” | bc − l ‘
28 echo ”DEC: $dec deg $decmin $ d e c s e c −−> $dec dec ”

30 e l s e
dec dec= ‘ echo ” ( $dec deg )−( $dec min /6 0 )−( $ d e c s e c/3 6 0 0 ) ” | bc − l ‘

32 echo ”DEC: $dec deg $decmin $ d e c s e c −−> $dec dec ”
f i

34
echo ” ”
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mag2jy

1 # ! / b in / bash

3 # To c o n v e r t magni tude and e r r o r s t o j a n s k y
# Magni tude and e r r o r v a l u e s must be i n c o l s 4 and 5

5
i f [ ! −e $1 ]

7 then
echo ”No i n p u t f i l e found ”

9 e x i t
f i

11
echo ” Conve r t i ng $1 magn i tudes t o j a n s k y s . . . ”

13
t i t l e t a r g e t= ‘ ca t $1 | head −1‘

15 p r i n t f ”# $ t i t l e t a r g e t\n# j y \n#T−T0 [ d ] EXP[ s ] MAG MAG ERR Jy [ mJy ] JyERR
[ mJy ]\ n” > header

grep ˆ [ ˆ# ] $1 | awk ’{ p r i n t $2 , $3 , $4 , $5} ’ > body
17 f i l e = ‘ f i l e r o o t $1 ‘

19 echo ’ f o rma t s h o r t
zp=2941; # Zero Po i n t f o r B e s s e l R−band

21 # zp=3781; # Zero Po i n t f o r B e s s e l V−band
# zp=1823; # Zero Po i n t f o r B e s s e l U−band

23 # zp=4130; # Zero Po i n t f o r B e s s e l B−band
# zp=2635; # Zero Po i n t f o r B e s s e l I−band

25
load body ;

27 obs=body ( : , 1 ) ;
exp=body ( : , 2 ) ;

29 mag=body ( : , 3 ) ;
mag er r=body ( : , 4 ) ;

31
j y=z e r o s ( s i z e ( body ( : , 1 ) ) ) ;

33 j y f u l l =z e r o s ( s i z e ( body ( : , 1 ) ) ) ;
j y e r r=z e r o s ( s i z e ( body ( : , 1 ) ) ) ;

35 j y e r r f u l l =z e r o s ( s i z e ( body ( : , 1 ) ) ) ;
m a g e r r h i g h=z e r o s ( s i z e ( body ( : , 1 ) ) ) ;

37 mag er r low=z e r o s ( s i z e ( body ( : , 1 ) ) ) ;

39 f o r i =1: l e n g t h ( j y ) ;

41 # Magni tude i n mJy
j y f u l l ( i ) =zp∗ ( 10 ˆ (−0 .4∗mag ( i ) ) ) ;

43 j y= j y f u l l ∗1000;

45 # Error i n mJy
m a g e r r h i g h ( i )=mag ( i )+mag er r ( i ) ;

47 mag er r low ( i )=mag ( i )−mag er r ( i ) ;

49 j y e r r f u l l ( i ) = ( ( zp∗10ˆ (−0 .4∗ mag er r low ( i ) ) ) −( zp
∗10ˆ (−0 .4∗ m a g e r r h i g h ( i ) ) ) ) / 2 ;

j y e r r= j y e r r f u l l ∗1000;
51

e n d f o r ;
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53
# Save t o a f i l e

55 r e s u l t=[ obs , exp , mag , magerr , jy , j y e r r ] ;
save − t e x t body j y r e s u l t ;

57 q u i t ’ | o c t a v e 1>/ dev / n u l l

59 grep ’ ˆ [ ˆ# ] ’ b o d y j y > ” $ f i l e ” body
ca t header ” $ f i l e ” body | column − t > ” $ f i l e ” j y . d a t

61
# Clean up

63 rm body∗ header ” $ f i l e ” body

65 echo ”Done”
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Kızıloǧlu, Ü., McKay, T. A., Özel, M., Phillips, A., Quimby, R. M., Rujopakarn, W.,

Schaefer, B. E., Smith, D. A., Swan, H. F., Vestrand, W. T., Wheeler, J. C., and Wren,

J. (2005). Prompt Optical Detection of GRB 050401 with ROTSE-IIIa. Astrophys. J.,

Lett., 631:L121–L124.

Sakamoto, T., Barbier, L., Barthelmy, S. D., Cummings, J. R., Fenimore, E. E., Gehrels,

N., Hullinger, D., Krimm, H. A., Markwardt, C. B., Palmer, D. M., Parsons, A. M.,

Sato, G., and Tueller, J. (2006). Confirmation of the Esrcpeak-Eiso (Amati) Relation

from the X-Ray Flash XRF 050416AObserved by the Swift Burst Alert Telescope.

Astrophys. J., Lett., 636:L73–L76.

Sakamoto, T., Lamb, D. Q., Kawai, N., Yoshida, A., Graziani,C., Fenimore, E. E., Don-

aghy, T. Q., Matsuoka, M., Suzuki, M., Ricker, G., Atteia, J.-L., Shirasaki, Y., Tama-

gawa, T., Torii, K., Galassi, M., Doty, J., Vanderspek, R., Crew, G. B., Villasenor, J.,

Butler, N., Prigozhin, G., Jernigan, J. G., Barraud, C., Boer, M., Dezalay, J.-P., Olive,

J.-F., Hurley, K., Levine, A., Monnelly, G., Martel, F., Morgan, E., Woosley, S. E.,

Cline, T., Braga, J., Manchanda, R., Pizzichini, G., Takagishi, K., and Yamauchi, M.

(2005). Global Characteristics of X-Ray Flashes and X-Ray-RichGamma-Ray Bursts

Observed by HETE-2.Astrophys. J., 629:311.

Sari, R. and Piran, T. (1999a). GRB 990123: The Optical Flash and the Fireball Model.

Astrophys. J., Lett., 517:L109–L112.

267



BIBLIOGRAPHY

Sari, R. and Piran, T. (1999b). Predictions for the Very EarlyAfterglow and the Optical

Flash.Astrophys. J., 520:641–649.

Sari, R. and Piran, T. (1999c). Predictions for the Very EarlyAfterglow and the Optical

Flash.Astrophys. J., 520:641–649.

Sari, R., Piran, T., and Narayan, R. (1998). Spectra and Light Curves of Gamma-Ray

Burst Afterglows.Astrophys. J., Lett., 497:L17.

Schmidt, B., Wieringa, M., Frail, D. A., and Soderberg, A. (2006). GRB 060117 - ATCA

3/6cm radio limits - correction.GRB Coordinates Network, 4547.

Shao, L. and Dai, Z. G. (2005). A Reverse-Shock Model for the Early Afterglow of GRB

050525A.Astrophys. J., 633:1027–1030.

Skvarc, J. (2006). GRB 060904B: Optical observations at Crni Vrh. GRB Coordinates

Network, 5511:1–+.

Soderberg, A. M., Kulkarni, S. R., Berger, E., Fox, D. W., Sako,M., Frail, D. A., Gal-

Yam, A., Moon, D. S., Cenko, S. B., Yost, S. A., Phillips, M. M., Persson, S. E., Freed-

man, W. L., Wyatt, P., Jayawardhana, R., and Paulson, D. (2004). The sub-energetic

γ-ray burst GRB 031203 as a cosmic analogue to the nearby GRB 980425. Nature,

430:648–650.

Soyano, T., Mito, H., and Urata, Y. (2006). GRB 060904B: Kiso Optical observation.

GRB Coordinates Network, 5548:1–+.

Stanek, K. Z., Dai, X., Prieto, J. L., An, D., Garnavich, P. M., Calkins, M. L., Serven, J.,

Worthey, G., Hao, H., Dobrzycki, A., Howk, C., and Matheson, T. (2007). “Anoma-

lous” Optical Gamma-Ray Burst Afterglows Are Common: Two z ˜ 4 Bursts, GRB

060206 and GRB 060210.Astrophys. J., Lett., 654:L21–L24.

Stanek, K. Z., Matheson, T., Garnavich, P. M., Martini, P., Berlind, P., Caldwell, N., Chal-

lis, P., Brown, W. R., Schild, R., Krisciunas, K., Calkins, M. L.,Lee, J. C., Hathi, N.,

Jansen, R. A., Windhorst, R., Echevarria, L., Eisenstein, D. J., Pindor, B., Olszewski,

268



BIBLIOGRAPHY

E. W., Harding, P., Holland, S. T., and Bersier, D. (2003). Spectroscopic Discovery of

the Supernova 2003dh Associated with GRB 030329.Astrophys. J., Lett., 591:L170.

Stefanescu, A., Kanbach, G., Słowikowska, A., Greiner, J.,McBreen, S., and Sala, G.

(2008). Very fast optical flaring from a possible new Galactic magnetar. Nature,

455:503–505.

Stefanescu, A., Slowikowska, A., Kanbach, G., Duscha, S., Schrey, F., Steinle, H., and

Ioannou, Z. (2007). GRB 070610: OPTIMA-Burst high-time-resolution optical obser-

vations.GRB Coordinates Network, 6492:1–+.

Stroh, M. C. (2008). GRB 080905B: Swift-XRT Refined Analysis.GCN, 8193.

Stroh, M. C., Barthelmy, S. D., Baumgartner, W. H., and et al. (2008). GRB 080905B:

Swift detection of a burst with possible optical counterpart. GCN, 8182.

Symbalisty, E. M. D. (1984). Magnetorotational iron core collapse. Astrophys. J.,

285:729–746.

Szabados, L. (2003). Variable star research with small telescopes. In Oswalt, T. D., editor,

The Future of Small Telescopes in the New Millennium, volume III, pages 207–223.

Kluwer Academic Publishers.

Tavani, M. (1996). A Shock Emission Model for Gamma-Ray Bursts. II. Spectral Prop-

erties.Astrophys. J., 466:768–+.

Tavani, M., Barbiellini, G., Argan, A., Basset, M., Boffelli, F., Bulgarelli, A., Caraveo,

P., Chen, A., Costa, E., De Paris, G., Del Monte, E., Di Cocco, G.,Donnarumma, I.,

Feroci, M., Fiorini, M., Foggetta, L., Froysland, T., Frutti, M., Fuschino, F., Galli, M.,

Gianotti, F., Giuliani, A., Labanti, C., Lapshov, I., Lazzarotto, F., Liello, F., Lipari,

P., Longo, F., Marisaldi, M., Mastropietro, M., Mattaini, E., Mauri, F., Mereghetti, S.,

Morelli, E., Morselli, A., Pacciani, L., Pellizzoni, A., Perotti, F., Picozza, P., Pittori, C.,

Pontoni, C., Porrovecchio, G., Prest, M., Pucella, G., Rapisarda, M., Rossi, E., Rubini,

A., Soffitta, P., Traci, A., Trifoglio, M., Trois, A., Vallazza, E., Vercellone, S., Zambra,

A., and Zanello, D. (2006). The AGILE mission and its scientific instrument. InSpace

269



BIBLIOGRAPHY

Telescopes and Instrumentation II: Ultraviolet to Gamma Ray. Edited by Turner, Martin

J. L.; Hasinger, Günther., volume 6266 ofPresented at the Society of Photo-Optical

Instrumentation Engineers (SPIE) Conference.

Thoene, C. C., Kann, D. A., Johannesson, G., Selj, J. H., Jaunsen, A., Fynbo, J. P. U.,

Baliyan, K. S., Bartolini, C., Bikmaev, I. F., Bloom, J. S., Burenin, R. A., Cobb, B. E.,

Covino, S., Curran, P. A., Dahle, H., French, J., Ganesh, S., Greco, G., Guarnieri,

A., Hanlon, L., Hjorth, J., Ibrahimov, M., Israel, G. L., Jakobsson, P., Jensen, B. L.,

Jorgensen, U. G., Khamitov, I. M., Malesani, D., Masetti, N., Naranen, J., Pakstiene, E.,

Pavlinsky, M. N., Perley, D. A., Piccioni, A., Pizzichini, G., Pozanenko, A., Nanni, D.,

Rumyantsev, V., Sharapov, D., Starr, D., Sunyaev, R. A., Terra, F., Vreeswijk, P. M.,

and Wilson, A. C. (2008). Photometry and Spectroscopy of GRB 060526: A detailed

study of the afterglow and host of a high-redshift gamma-rayburst.ArXiv e-prints.

Thompson, C. and Beloborodov, A. M. (2005). High-Energy Emission from Magnetars.

Astrophys. J., 634:565–569.

Thompson, C. and Duncan, R. C. (1993). Neutron star dynamos and the origins of pulsar

magnetism.Astrophys. J., 408:194–217.

Thompson, C. and Duncan, R. C. (1995). The soft gamma repeaters as very strongly

magnetized neutron stars - I. Radiative mechanism for outbursts. Mon. Not. R. Astron.

Soc., 275:255–300.

Thompson, C. and Duncan, R. C. (1996). The Soft Gamma Repeaters asVery Strongly

Magnetized Neutron Stars. II. Quiescent Neutrino, X-Ray, and Alfven Wave Emission.

Astrophys. J., 473:322–+.

Thompson, C., Duncan, R. C., Woods, P. M., Kouveliotou, C., Finger, M. H., and van

Paradijs, J. (2000). Physical Mechanisms for the Variable Spin-down and Light Curve

of SGR 1900+14. Astrophys. J., 543:340–350.

Thompson, C., Lyutikov, M., and Kulkarni, S. R. (2002). Electrodynamics of Magnetars:

Implications for the Persistent X-Ray Emission and Spin-down of the Soft Gamma

Repeaters and Anomalous X-Ray Pulsars.Astrophys. J., 574:332–355.

270



BIBLIOGRAPHY

Treves, A., Turolla, R., Zane, S., and Colpi, M. (2000). Isolated Neutron Stars: Accretors

and Coolers.Publ. Astron. Soc. Pac., 112:297–314.

Tueller, J., Barbier, L., Barthelmy, S. D., Cummings, J., Fenimore, E., Gehrels, N.,

Krimm, H., Markwardt, C., Pagani, C., Palmer, D., Parsons, A.,Sakamoto, T., Sato,

G., Stamatikos, M., and Ukwatta, T. (2007). GRB 070610, Swift-BAT refined analysis.

GRB Coordinates Network, 6491:1–+.

Ubertini, P., Lebrun, F., Di Cocco, G., Bazzano, A., Bird, A. J.,Broenstad, K., Goldwurm,

A., La Rosa, G., Labanti, C., Laurent, P., Mirabel, I. F., Quadrini, E. M., Ramsey, B.,

Reglero, V., Sabau, L., Sacco, B., Staubert, R., Vigroux, L., Weisskopf, M. C., and

Zdziarski, A. A. (2003). IBIS: The Imager on-board INTEGRAL.Astron. Astrophys.,

411:L131–L139.

Uemura, M., Kato, T., Watanabe, T., Stubbings, R., Monard, B.,and Kawai, N. (2002).

The 1999 Optical Outburst of the Fast X-Ray Nova, V4641 Sagittarii. Publ. Astron.

Soc. Jpn., 54:95–101.

Usov, V. V. (1992). Millisecond pulsars with extremely strong magnetic fields as a cos-

mological source of gamma-ray bursts.Nature, 357:472–474.

van Breda, I. G. (1995). Monitoring of active galactic nuclei. In Bode, M. F., editor,

Robotic Observatories, Wiley - Praxis Series in Astronomy and Astrophysics, pages

101–105. John Wiley & Sons.

van Paradijs, J., Groot, P. J., Galama, T., Kouveliotou, C., Strom, R. G., Telting, J., Rutten,

R. G. M., Fishman, G. J., Meegan, C. A., Pettini, M., Tanvir, N.,Bloom, J., Pedersen,

H., Nørdgaard-Nielsen, H. U., Linden-Vørnle, M., Melnick,J., van der Steene, G.,

Bremer, M., Naber, R., Heise, J., in’t Zand, J., Costa, E., Feroci, M., Piro, L., Frontera,

F., Zavattini, G., Nicastro, L., Palazzi, E., Bennet, K., Hanlon, L., and Parmar, A.

(1997). Transient optical emission from the error box of theγ-ray burst of 28 February

1997.Nature, 386:686.

van Paradijs, J., Taam, R. E., and van den Heuvel, E. P. J. (1995). On the nature of the

’anomalous’ 6-s X-ray pulsars.Astron. Astrophys., 299:L41+.

271



BIBLIOGRAPHY

Vasisht, G., Kulkarni, S. R., Frail, D. A., and Greiner, J. (1994). Supernova remnant

candidates for the soft gamma-ray repeater 1900+14. Astrophys. J., Lett., 431:L35–

L38.

Vedrenne, G., Roques, J.-P., Schönfelder, V., Mandrou, P., Lichti, G. G., von Kienlin, A.,

Cordier, B., Schanne, S., Knödlseder, J., Skinner, G., Jean, P., Sanchez, F., Caraveo,

P., Teegarden, B., von Ballmoos, P., Bouchet, L., Paul, P., Matteson, J., Boggs, S.,

Wunderer, C., Leleux, P., Weidenspointner, G., Durouchoux,P., Diehl, R., Strong,
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