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Summary

In the near future, gravitational wave (GW) detections are expaed to become com-
mon, opening a new window on the Universe. Using the two 4 km Laserdrferometer
Gravitational wave Observatory (LIGO) detectors and the 3km Vgo detector we can
triangulate a passing GW to a region of the sky with an area of tens efjuare degrees.
These regions can then be observed using electromagnetic (EM}eivatories. Pairing
GW and EM observations can verify the astrophysical origin of a GW atection, and
provide a more complete picture of the processes taking place.

This thesis describes the rst triggered search for EM counterpts to GW candidates
from the 2009-2010 LIGO/Virgo observing run. To improve the seeh strategy of this
observing run, we created a catalogue of galaxies within 100 Mpc,0okm as the Gravita-
tional Wave Galaxy Catalogue (GWGC), which was used to select logats in the GW
skymaps to be imaged by EM partner observatories. Analysis of ol images taken as
part of this run, from the Liverpool Telescope (LT) and ROTSE obsrvatory network,
nd no associated counterparts. We also simulate the optical tratents expected from
GW sources across the LIGO/Virgo horizon of 50 Mpc, and nd thathe LT would be
able to detect most optical counterparts across the majority afhe horizon distance,
while ROTSE can only detect counterparts over a fraction of the sae distance.

Finally, we present the design speci cations of GOTO, a wide eld-oftew obser-
vatory to image the skymaps expected to be produced by the negeneration of GW
detectors. This telescope will be able to cover70 square degrees to a limiting magni-
tude of 21, the sky area and limiting magnitude required to o er a reasonablehance
of detecting an EM counterpart. While NS-NS merger models are ugrtain, a tentative
rst detection of a kilonova-like counterpart to GRB130603B leave us optimistic that
the advanced detector era will provide the rst GW detections andEM counterparts.
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Chapter 1

Introduction

Over the past decade Gravitational Wave (GW) detectors have atted to reach the
sensitivity required for the detection of GW signals from astrophysal sources. With the
installation of the Advanced LIGO (aLIGO) and Advanced Virgo (AdV) detectors, which
are expected to begin observations over the next few years, it isged that detections
become common, opening up a new window on the Universe. As well as aming a
key prediction of Einstein's theory of General Relativity (GR), the @tection of GWs
can provide information on the physics behind some of the most egetic astrophysical
processes, the distributions of compact objects such as NeutrStars (NSs) and Black
Holes (BHs), galaxy evolution, measurement of the Hubble constaand even the early
history of the Universe soon after the Big Bang.

While the information gathered from GW observations alone can helgvolutionise
our understanding of the Universe, joint observations with eleadmagnetic (EM) and
particle (for example, neutrino) detectors could greatly increadbe information available
to us. To this end, a follow-up campaign was established during the starecent \Joint
Science Run" during 2009-2010, in which the two LIGO detectors irh¢ USA and the
Virgo detector in Italy were operated together. During this campign observing requests

were sent to EM observatories in real-time, in an attempt to deteatarly EM counterparts
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to potential GW detections.

This work summarises my e orts in trying to achieve the rst joint GW+EM detec-
tion. My contribution to this e ort covers a wide range of areas. Pior to the 2009-2010
joint science run, the 2km Hanford detector was operated durintpe down-time of the
4km LIGO detectors prior to the 2009-2010 science run. | sperité rst 6 months of
2009 at Hanford as part of this project, known as Astrowatch,a help maintain the
2 km detector in observing mode in the rare possibility of a nearby Samova or NS-NS
merger. As a member of the \on-call" team during the 2009-2010isance run, it was my
duty to perform manual validation of any triggered alerts, as desibed in chapter 2. |
also developed Python scripts to handle both the ranking of galaxi@s a typical error
region, as well as sending observing requests to the Liverpool Belepe and LOFAR.
My work also covered the analysis of images produced during the 268010 science run.
| created a series of Python scripts which used common image handlipackages to
analyse images taken with the LT, played a signi cant role in designinghe ROTSE
analysis, as well as creating code which injected simulated transiennto the LT and
ROTSE images, from which we can assess the e ciency of the pipelinesed. Finally, |
created a series of design requirements for the GOTO telescopg dascribed in chapter
5.

This thesis is organised as follows:

Chapter 1 provides a brief introduction to gravitational waves, GW detectos and

expected sources, along with some astrophysical evidence far éxistence of GWs.

Chapter 2 details the joint GW-EM campaign undertaken during the 2009-2010
science run, titled Locating and Observing Optical Counterpartsa Unmodelled
Pulses (LoocUp). This chapter brie y describes expected EM coterparts to GW
sources, the GW trigger pipelines used to select possible GW candemiand alert

partner observatories, as well as an overview of the observaes used and images
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obtained.

Chapter 3 details the compilation of a catalogue of nearby galaxies for use with
the GW trigger pipelines described in Chapter 2, entitled the Gravitabnal Wave
Galaxy Catalogue (GWGC). This chapter also brie y summarises thenpspects of

creating and using extended catalogues during the advanced dete era.

Chapter 4 details the analysis of images taken with the Liverpool Telescope and
the ROTSE Telescope Network during the 2009-2010 science runmjihasis is
placed on the development and testing of the analysis pipelines used images

taken with these observatories.

Chapter 5 discusses the capabilities of aLIGO/AdV, and the implications for futre
optical follow-up campaigns. The design of a future wide- eld optidabservatory
created speci cally for GW follow-up in the advanced detector era idescribed:

the Gravitational-Wave Optical Transient Observatory (GOTO).

Finally, a summary of this thesis, with a look towards the start of theadvanced

detector era, is presented in Chapte8.

1.1 Introduction to Gravitational Waves

Gravitational waves are a direct prediction of Einstein's theory of @neral Relativity
(Einstein, 1918, which describes the relationship between matter and space-tigeom-
etry. In depth descriptions of Einstein's eld equations and the fullderivations of GW
theory are beyond this work, but we will followSaulson(19949 and Kanner (2011] in
part in order to describe the basic features of how GWs are credtgropagate and can
be detected.

The space-time interval,ds, is used to describe the observer-independent measure-

ment of the separation between two events. In at Minkowski spze-time (which is free
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from local curvature due to gravity), this interval is:

ds? = cdt?+dx*+dy?+dz? (1.1)

in Cartesian co-ordinates, wherec is the speed of light. More generally this can be
written as:
X
ds?’= g dx dx ; (1.2)
where the indices; run through 0, 1, 2 and 3, corresponding tadt, dx, dy and dz
in Cartesian co-ordinates. Hereg is the space-time metric, which de nes our local

space-time by relating our co-ordinates to the local measure o$.d For perfectly at

Minkowski space-time the metric must have the form:

3
100
0O 10
= : (1.3)
0 01
0 01

For our purposes, we assume that our local space-timensarly at:

whereh describes perturbations to our local space-time arl 1. These pertur-
bations are the GWs we hope to detect. Taking the weak- eld limit of Estein's eld
equations in a vacuum, and using gauge freedom to choose a co@athirsystem where
the spatial coordinates of freely falling bodies are xed, known aié transverse-traceless

gauge, it can be shown that:
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QU0 OO0

Figure 1.1: Deformation of a ring of points during one cycle of a passing i@vitational wave,
with polarisation h. , travelling normal to the page. Reproduced fromJu, Blair & Zhao (2000.

w

0O O 0

2
A EO hi(t) h () O ; (L.5)
0O h () hy(t) O
0O O 0 0
for a GW travelling along the z direction, whereh,- de ne the polarizations of the
GW. The e ect of a passing GW can be seen in gurd.l For a ring of free-falling test
masses, a passing GW contracts and expands tkeand y distances between masses,
with h rotated by 45 compared toh. .

Analogous to EM radiation (which is emitted by accelerated chargedapticles), GWs
are emitted by accelerated masses. However, unlike EM radiation vimich the dominant
form of radiation from a moving charge is electric and magnetic dipoladiation, the
simplest form of gravitational radiation is the quadrupolar moment,| (see Saulson
1994 Kanner, 2011, for detailed discussion). It can be shown that the quadrupole fino
a spherically symmetric mass distribution is zero, therefore GW pentbations can only
be produced from an asymmetric accelerated mass system. A stard example is that
of two spherical masses in orbit around a common centre of masaglke with massM
and separated by a radiug. For these systems the scale of the GW perturbation can

be calculated using:
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2
A (L.6)
whereG is the gravitational constant, D is the distance to the GW emitting source and
P is the rotational period (Saulson 1994 Kanner, 201]). It is interesting to note that
the strength of the emission varies as=D, rather than 1=D? as with EM emission. This
implies that doubling the distance of the detector from a source rai¢s in a halving of
the detectable signal in contrast to EM detectors, such as telegmes, where doubling the
distance would decrease the detected ux by a factor of 4. A typat system we expect
to detect via GW emission is that of a binary neutron star (NS-NS) stem. For such

a system located in the Virgo cluster at a distance of 15Mpc, with a separation of

20km, two NSs with masses of 1.4 Mare estimated to provide perturbations of:

h 10 2 (1.7)

To put this in context, as we will see from equationl.17, a 4km long GW detector
will change in length by 1/1008" of the radius of a proton. As a comparison, we can
construct a similar system that could feasibly be built in a lab on EarthTake a typical
weightlifters bar of length 2m, with two weights of 100 kg on each end, spinning at
1000 revolutions per second. The scale of the GW perturbation atdistance of 500 km

is:

h 10 “2; (1.8)

which is over 20 orders of magnitude weaker than the GW emission rfioa distant
astrophysical source! It is therefore obvious that the detectioof GWs is likely to be
di cult due to both the weak emission for even a standard extragaletic source, and the

uncontrollable nature of astrophysical sources.
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End
Test
l Mass
Y Arm Cavity
Power I Input End
Recycling - Test Test
Mirror I Masses Mass
- T - d _
—_— J |
Beam | X Arm Cavity
Splitter |
? Anti-Symmetric
Port

Figure 1.2: Schematic showing the basic layout of a LIGO-like interferaneter. Reproduced
from Abadie et al. (2010.

1.2 Gravitational Wave Detectors

So far we have only focused on the nature of GWs, but now we turio past, present
and future e orts to detect them. Gravitational wave detectos have been in operation,
in various forms, since the 1960's. The rst detectors were resamt-mass bar detectors,
a design created by Joseph Weber at the University of MarylandMeber, 1967. The
original \Weber bar" consisted of a solid Aluminium cylinder with piezo-kctric detectors
attached to detect the energy deposited by a passing GW. Unfaoriately these were only
sensitive to strains of 106, too weak to detect anything other than the very nearest,
extremely rare sources such as supernovae and NS-NS merg8tgeh systems were also

only sensitive to speci c frequencies of GWs.



1.2. Gravitational Wave Detectors 8

In the 1990's, construction began on large scale, laser-interferetry based detectors
in the United States. The Laser Interferometer Gravitational wee Observatory (LIGO;
Abbott et al., 20093 network consisted of two identical Michelson interferometers, ith
arms 4km in length at a 90 angle. Looking at gure 1.2, frequency-stabilised infrared
light ( = 1064nm) enters the detector and is sent down each arm (labelleldet X and Y
arms) by a beamsplitter. A 10 kg test mass lies at the end of each arlabelled the End
Test Mass (ETM). Each ETM has a highly re ective coating, allowing tle ETM to also
act as the mirror needed for a Michelson interferometer. Light is exted, recombines
at the beamsplitter and, depending on the phase of the two beams,detected by photo-
detectors at the Anti-Symmetric (AS) Port. A power recycling miror, as the name
suggests, re ects light that would normally be sent back towardshe laser source by
the beamsplitter, and increases the overall power available in the erferometer by a
factor of 50 alone. The inclusion of another pair of 10 kg mirrors, ¢hinput Test Masses
(ITMs), forms a resonant cavity in each arm, known as a Fabry-Pet cavity, which acts
to increase the stored power and also keep photons in the arms tgr to 1 ms. This
helps increase sensitivity to GWs at lower frequencies. The test nsas are suspended
by wires, and can be considered \freely falling" in the direction alonghe length of the
arms of the interferometer. Under these conditions we can shoWwet basic e ect of a
passing GW on the interferometer. Consider a basic Michelson comigtion (no ITMs)
and a GW approaching from the zenith, with the X and Y arms aligned wit the x and
y axes of the Cartesian co-ordinate system. Combining equatiohs? and 1.4 with the

space-time metrics from equationg.3and 1.5 we nd:

ds? =  dt?+ (1+ h, (t))dx?>+2h (t)dxdy + (1  h, (t))dy?+dz* (1.9)

For simplicity, we assume that the time span is much shorter than theeriod of the
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GW, soh,- (t) is approximately constant. For light travelling along the arms, &2 = 0.

Considering the X arm rst (dy = dz = 0), we see that equationl.9 reduces to:

c?dt? = (1 + hy)dx?; (1.10)
which leads to:
dt 1P 1 1
— = Z 1+h,= = 1+ >h, : 1.11
dx C c 2 ( )

where the square root is approximated given thah. 1. The sign on d=dx depends
on the direction of travel. The distance from the beamsplitter to tk ETM is the arm

length, L. Therefore, the outward bound time to reach the X arm ETM, o, is given

by:
z Z ya
dt = ﬂdx = 1 1+ }h+ dx (1.12)
L 1
X0 — E 1+ §h+ . (113)
For the return journey:
Z 0
1 1 L 1
xr — ] E 1+ §h+ dx = E 1+ §h+ . (114)
This gives a total round-trip time of:
L
x = o 2+ hy): (2.15)

For non-perturbed space-time the total travel time should bel2=c, so a passing GW
increases the trip time byh, L=c. Since the speed of light is a constant this di erence

can be thought of as a change in length of the arm due to perturban:
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¢ hsL
L=—- ; 1.16
5 e (1.16)
L hs
—_—= — 1.17

From this it can be seen that the GW increases the distance betwe&pe-falling objects
by a distance proportional to their initial separation, which is why GWperturbations are
described as “strain’. For a 4km arm, this results in a change in arm lghgpf 10 ¥m,
1/1000" of the radius of a proton. Performing the same calculations for thé arm we

get a total round-trip time of:

o= %;(2 h): (1.18)

For an unperturbed interferometer, phase fronts which leave ¢hbeamsplitter at the
same time on their outward journeys should recombine at the samiene on their return.
However, the passing GW alters the arrival time of the phase frostoy:

_ 2Lh,

=% ow= (1.19)

This di erence in arrival times can be described as a di erence in phasgiven by:

= = : (1.20)

which is detected by the photodiode at the AS readout port as a shih the fringe pat-
tern. This simpli ed description is su cient to gain an understanding of the appearance
of a signal in the limit where the gravitational wave period is much longethan the
storage time of the light in the interferometer arms. Where this appximation breaks
down, for high frequency gravitational waves, the strain sensiiity of LIGO is reduced.

Control systems keeping the cavity arms aligned also a ect the riig of GW detection.
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For a more detailed discussion, segaulson(1994. One important feature of real GW
detection to consider is the sensitivity of the detector across theky. The calculations
above were for a source directly above the interferometer, buté sensitivity varies with
the direction of the incoming GW with respect to the interferometefayout. This direc-
tional sensitivity is known as the antenna pattern of the interfermeter, and the total
strain detectable by an interferometer is a function the antennagttern, the two polari-
sations and the direction of the incoming GW. The sensitivity varies loadly across the
sky, with higher sensitivity orthogonal to the arms, decreasing ta minimum (but not
necessarily zero) in the plane of the instrument. This broad variatioin sensitivity is
why a single interferometer can be considered an \all-sky" instrumg and provides little
directional information for an incoming GW. This is ideal for simply deteting signals,
but for the work described in later chapters this lack of directionasensitivity provides

a di cult challenge in localising the origin of an incoming GW (Abbott et al., 20093.

1.2.1 Noise Sources

There are a great variety of technical noise backgrounds to an exferometer signal. For
a detailed review, refer tdrreise & Strain (2010 and Sigg(1998. As discussed in section
1.1, the scale of a GW perturbation is expected to be at most10 2. For a 4km scale
detector, using equation1.17, we can estimate a fractional change in length of 1&.
This length change is incredibly small - less than 1/10800f the radius of a proton! To
achieve sensitivity to such a small signal, the interferometer noiseust be well below
this anticipated signal amplitude in the sensitive band of the instrunm, as shown in
gure 1.3 At low frequencies seismic noise dominates. By suspending the tegtsses as
a pendulum, and placing the pendulum on a vibration isolation stack, higer-frequency
seismic noise is reduced. High frequency noise is dominated by Poigsokshot noise" of

the photons in the interferometer, which do not arrive in an orde continuous stream,
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Figure 1.3: Amplitude spectral density plot showing a variety of noise @ntributions for initial
LIGO, and theoretical sensitivity limits for ground based detectors due to these noise sources.
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but in random bunches. For higher frequencies, the number of pioms in a single period
of a GW is smaller, resulting in higher Poissonian noise. Other signi camtoise sources
include the vibrational modes of the suspension wires, and Brownidnermal noise in
the test masses. Longer-period e ects are also present. Thersalastic distortion of the

mirrors due to light absorption, and environmental e ects, such &the deformation of

the Earth's crust due to the lunar cycle, must also be treated withare.
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1.2.2 Current and Future Detectors

Several detectors similar to the LIGO interferometer design existcross the world. The
two LIGO detectors are located in Hanford, Washington (H) and Liingston, Louisiana
(L) in the United States. Prior to Summer 2009, a smaller, 2 km-scaldetector was
also installed at Hanford, designated H2, which was used to crogs+elate detection
of stochastic background sources, and also for periods when thgger interferometers
were in the process of upgrade and commissioning. The LIGO ScientiCollaboration
operates the US-based detectors, along with a smaller 600 m scalerfierometer in
Hannover, Germany, named GEOG600, which primarily acts as a tesef for advanced
technology to be used on future detectors. This is also true of th@éryogenic Laser
Interferometer Observatory (CLIO; Yamamoto et al, 2008, a 100 m prototype detector
located in the Kamioka mine, Japan and TAMA300 Kozai & TAMA-300 Team, 1999, a
300 m prototype detector at the Mitaka campus of the national @aonomical observatory
of Japan. The two km-scale detectors in the US ran in \joint sciencenode" with the
3 km Virgo detector (V) in Cascina, Italy, where GW data was sharetbr joint analysis,
which we shall discuss in more detail in chapte.

As of 2010, all three km-scale detectors are undergoing signi ¢arpgrades, aimed
at increasing the sensitivity by a factor of 10. Advanced LIGO in pdicular will take
advantage of more advanced, active seismic isolation stacks, a neigh power laser
(125W compared to 6 W for initial LIGO), and larger, more massive & masses (40 kg
compared to 11kg for initial LIGO). Similar upgrades are also plannefbr the Virgo
interferometer. The initial plan for aLIGO also called for a third 4 km lag detector to be
installed at Hanford, replacing the smaller H2 detector. However, iorder to improve on
the sky coverage and localisation (discussed in chapt@and 5), the third interferometer
is planned to be installed in India, with installation lagging behind by a fewears. This

reduces median sky localisations from around 70 square degreesf8-detector network
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to around 10 square degrees with LIGO-IndialyqGO Scienti ¢ Collaboration et al.,
2013. An upgrade to CLIO is also being planned, using techniques also é@éyped
using TAMA300, which will result in a km-scale detector currently narad Kamioka
Gravitational Wave Detector (KAGRA; previously the Laser Cryognic Gravitational-
wave Telescope - LCGT), with early operation beginning from aroung018 Kuroda &
LCGT Collaboration, 2010.

Other proposed detectors include a space-based detector, theser Interferometer
Space Antenna (LISA), which will utilise three test masses in an equikxal triangle
formation separated by up to 5 million kilometres (seBanzmann 200Q Antonucci et al.,
2012 Amaro-Seoane et aJ.2013 for a more detailed overview and current status). LISA
will primarily search for gravitational waves at lower frequencies duto the absence
of seismic noise and longer arm lengths, extending the range of d¢able sources to
include, for example, white dwarf coalescing binaries or wide-orbit laa hole binaries
within our galaxy. A comparison between Earth and space-basedtdetors is shown in
gure 1.4 It may also be possible to detect GWs using a pulsar timing array, whic
attempts to observe subtle shifts in the periods of pulsars causeyglpassing GWs Hobbs
2011. However, for the work described here, our primary concern isdt of ground-based

km-scale interferometers.

1.3 Gravitational Wave Sources

Now we know how gravitational waves propagate and how we can det them, we shall
brie y discuss the types of sources we expect to detect. As alludiéo in section 1.1,
GWs we would like to observe must come from astrophysical sourcésbroad overview
of GW sources can be found ilCutler & Thorne (2002 and references therein). Here

we provide a summary of the types of sources we may possibly be aoleletect with
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LIGO and Virgo. GW sources can be split into 4 grougs
Burst: Unmodelled, transient
Compact Binary Coalescence (CBC): Modelled, transient
Continuous: Modelled, non-transient
Stochastic: Unmodelled, non-transient.

Burst and CBC sources are the main types of sources we are skang for in this work,
as described in chapte2, which includes more detail on potential sources and a brief

overview of analysis methods.

1.3.1 Burst

Burst sources are de ned as those which produce a short excespower detected in
the GW interferometer output. They are expected to be assoced with catastrophic
astrophysical events, such as core-collapse supernovae withaagmmetric explosion, or
a neutron star \quake". Burst searches are waveform indepeendt, partly due to the
lack of accurate modelling of these sources, but this also allows usdtetect unexpected

sources of GWSs.

1.3.2 Compact Binary Coalescence

CBC (also known as Inspiral) sources are compact binary systemsieh are in the
nal stages of their orbit, which has decayed due to dynamic intecions and/or GW
emission. During the nal few minutes of the lifetime of such a systeifthose comprised
of neutron stars or black holes for ground-based detectorsjjet GW emission increases

as the orbit shrinks and the frequency increases. This producestaracteristic \chirp"

A brief overview of gravitational wave sources and example wavefms is available at
http://www.ligo.org/science.php
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Figure 1.5: Examples of a GW signal expected from burst (top) and inspirad (bottom) sources.
The burst source is one example of the GWSs predicted for a nospherical core-collapse super-
nova, reproduced fromOtt et al. (2004. The inspiral source shows the typical “chirp' signal,
an increase in frequency and amplitude, expected from mergg compact objects, such as two
neutron stars. Reproduced from http://www.ligo.org/scie nce.php.

signal, an example of which is shown in gurd.5 Eventually the orbit is no longer
stable and the binary system merges into a single black hole. This natage of merger

is also expected to produce a signi cant burst of GW energy.

1.3.3 Continuous

Continuous sources are generated by any periodic motion with a nasisymmetric mass
distribution, such as slowly orbiting compact binaries (prior to the CEE phase), or

rapidly rotating neutron stars with surface irregularities, such admountains” formed
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from distorted NS crusts. The former source, while strong, prodes GWs of frequencies
far too low for current ground-based detectors. For rapidly r@ting NSs, the asymmetric
mass is likely to be comparatively small, and the GW amplitude will therefe only be

detectable for sources within the Milky Way Ushomirsky, Cutler & Bildsten, 2000.

1.3.4 Stochastic

Stochastic GWs are analogous to the Cosmic Microwave Backgroyrahd are comprised
of many unresolved features. Primarily, stochastic GWs are fromnaastrophysical
background"”, which is the sum of unresolved GW emitting sources duas distant NS
mergers and SNe, which are individually very weak. It is also possibleathtGWs from the
in ationary period of the early universe could make up part of this sichastic background.
For an overview of stochastic sources and detection déerrari, Matarrese & Schneider

(1999ab).

1.3.5 Evidence for Gravitational Waves

The most convincing evidence to date for the existence of GWs is falin the observa-
tions of binary pulsar systemsldulse & Taylor, 1975 Lorimer, 2009. Pulsars are neutron
stars which emit radio waves due to an intense magnetic eld accelérag charged par-
ticles along the magnetic axis. If the magnetic axis does not align witthé¢ spin axis,
these radio beams sweep across the sky, sometimes hundredsnoéd per second. If a
pulsar is in orbit around another star, we can measure the orbitalgsiod of the system.
If GWs are being emitted in the manner described in this chapter, tlmewe should see
the orbital period decrease. The most famous example of this is thaary pulsar sys-
tem B1913+16, known as the Hulse-Taylor pulsar after the discomexs (Hulse & Taylor,

19759. This pulsar has been observed for over 30 years, and has belkows to decay

in a manner expected by GW emission, as shown in gurk.6. The observations are
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Figure 1.6: Orbital decay in the binary pulsar B1913+16 system demonstated as an increasing
orbital phase shift for periastron passages with time. The pediction due entirely to the emission
of gravitational radiation is shown by the black solid line. Reproduced fromLorimer (2008.

SO0 accurate that the error bars are smaller than the data pointsyhich lie exactly on
the curve predicted by general relativity to an accuracy of 0.13%A\eisberg & Taylor,
2005. Similar orbital decay has also been seen in several other systefese Kramer
et al., 2006 Jacoby et al, 2006 for examples), which suggests that the most simple and

natural explanation is that of GW emission.



Chapter 2

Multi-Messenger
Gravitational Wave

Astrophysics

Work described in this chapter has been previously published, or isroently in prepa-
ration. The chapter broadly follows the work described irAbadie et al. (20128, while
section 2.2.4is based onAasi et al. (20149, which is the companion results paper to
Abadie et al. (2012¢. My contribution to this work was the planning of observations
using the Liverpool Telescope, testing of the automated scripte tommunicate triggered
observations to the Liverpool Telescope and LOFAR, and as a mesgtbof the \on-call"
team, which responded to trigger alerts and performed the nesasy human quality

check before submitting observing requests to telescopes.

During the 2009-2010 joint science run, the LIGO and Virgo deteat data was anal-
ysed together in real-time for the rst time. This allowed us to obsefe the most prob-
able sky locations of GW candidates with EM observatories. This chtgy discusses
the sources we hope to detect using these partner observateriplacing emphasis on the

counterparts expected for NS-NS mergers, as these are thsteyns considered most likely

20
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for the rst GW detection. We also brie y describe results from otter joint GW+EM

analyses, based on EM triggered GW data searches, during the ypoeis two LIGO
science runs designated S5 and S6. Finally, we discuss the GW trigggreline and ob-
serving strategy, the partner observatories used, and the tggrs for which EM follow-up

observations were taken.

2.1 Motivation

The detection of a GW signal alone will open up a new window on the unrge. As
mentioned in chapter1, by observing GWs we can investigate the intrinsic physical
properties, distribution and event rates for a variety of sourcedi cult to observe via EM
emission. Paired together, joint GW+EM observations present onaf the most promising
opportunities to improve our understanding of the physical prosses behind some of the
most violent and energetic events known, such as Gamma Ray Buww$GRBs) and Core-
Collapse Supernovae (CCSNe), which we describe in this section. Tdistance to the
source can be determined by matching an EM counterpart with a gadg or through
spectroscopic measurements. Observations across a range aMelengths can also allow
us to obtain spectral energy distributions, providing a test for pedicted models for a
variety of sources. An EM counterpart to a GW event would also immve our con dence

in the GW detection.

2.1.1 Sources of GW+EM Emission

Several sources of GWs are expected to provide detectable EMigsion. For this work
we primarily look at NS-NS merger systems, but we will also briey desgbe other

possible GW+EM sources.
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Gamma Ray Bursts (GRBs)

Gamma Ray Bursts are, as the name suggests, extremely brightsiaes of gamma radia-
tion. Since the atmosphere is opaque to gamma rays, GRBs are oniyedtly detectable
with space-based detectors, such as the Burst Alert Telescod@AT; Barthelmy et al.,
2005 on the Swift satellite (Gehrels et al, 2009 and the Gamma-ray Burst Monitor
(GBM; Meegan et al, 2009 and Large Area Telescope (LATAtwood et al., 2009 de-
tectors on the Fermi satellite.

GRBs are typically placed in one of two categories, based on the lehgif time that
contains 90% of the prompt gamma ray emission - Short GRBs (SGRB8ith tgg < 2s
and Long GRBs (LGRBs) withtgg > 2s. It is generally accepted that these two classes
are broadly consistent with two progenitors. It is thought that mst LGRBs are the
result of CCSNe, due to the formation of a central black hole and Bsequent rapid
accretion of stellar material, known as the collapsar model (see eRjran, 2004 for a
broad overview). As a massive star collapses it forms a BH at its cest As the sur-
rounding stellar material falls inwards, the rapidly rotating materialin the centre forms
an accretion disc orthogonal to the spin axis of the rotating BH. Té inner parts of the
accretion disc are relativistic and highly magnetic. Out ows due to awetion of stellar
material onto the spinning BH travel along the magnetic eld lines, with run parallel to
the rotational axis of the BH, forming a relativistic jet. This jet interacts with the sur-
rounding stellar material, before eventually breaking out from thewsface of the stellar
remnant. The resultant emission is highly collimated along the rotatiolaxis of the BH,
which we detect as a GRB (se®oosley 1993 MacFadyen & Woosley 1999 MacFadyen,
Woosley & Hegey 200Z, Piran, 2004 Gehrels, Ramirez-Ruiz & Fox2009 and references
therein for more detailed descriptions, and gure2.1 for a general diagram). LGRBs
have been observed with prompt optical and X-ray afterglows, alg with longer dura-

tion supernova counterparts (se&ann et al., 2019 2011 Nysewander, Fruchter & Pe'er
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2009 Gehrels, Ramirez-Ruiz & Fox 2009 for examples and an overview of GRB obser-
vations). Unfortunately, GWs from such systems are di cult to esimate and detect as
the mass distribution is dominated by the spherically symmetric cerdt body, so there
IS no signi cant mass rotating asymmetrically (seétt, 2009 and references therein for
details), and for the 2009-2010 science runs are unlikely to be deésl outside the Local
Group of galaxies.

SGRBs are thought to be the result of the merger of a NS-NS or NEB4 system.
Similar to the collapsar model, a merging system can produce powenfimiagnetic elds,
either from one of the NSs or in the material ejected during the mger. Again, this
material is accelerated along the rotation axis, producing a highly tionated jet. The
lack of stellar material for the jet to interact with, along with the millisecond time scale
for merger and accretion, results in very short, but highly enerje gamma ray emission,
with jet energies,E;, ranging from 102 to 10°* ergs, compared with 1% to 10°*ergs for
LGRBs. (Gehrels, Ramirez-Ruiz & Fox2009. As with LGRBs, the interaction of the
jet with the surrounding medium has been shown to produce prompiptical and X-ray
afterglows (se&Kann et al., 2011 and gure 4.6for examples). The afterglows to SGRBs
are generally fainter than LGRBs, primarily thought to be due to thelower density of
the medium surrounding the progenitor. For LGRBSs, both the stellaremnant and the
comparatively high density of inter-stellar medium (ISM), due to thestar being located
in a cluster, results in a surrounding medium of higher density for thget to interact
with. For SGRBs, if NS-NS mergers are the progenitors, there is guarantee that the
merger and subsequent jet will occur in the same environment as ygical for LGRBs.
Some binaries may merge soon after forming due to interactions witither stars in
a dense cluster. Others may receive large kicks during their evolutioresulting in a
merger outside of a galaxy in the inter-galactic medium (IGM). The desity, n, of these
environments is thought to vary from 10%cm 2 for mergers in the IGM, to 1cm 3 for

the ISM, and even higher for clusters. For a detailed overview of &B observations
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Figure 2.1: Schematic of a typical collapsar process across a range ofdiaof the central

star. Top left: 10%cm - The central BH or NS and its magnetosphere. Top right: 16cm -
Inner accretion disk with strong magnetic eld lines. Di ere ntial rotation of inner and outer

disk is expected to produce large magnetic structures and conal arches, accelerating material
along the rotation axis of the central BH or NS. Middle left: 10'°cm - Even weak magnetic
elds are expected to produce some beaming due to the stellaenvelope. 162cm - Inner jet

is collimated due to stellar remnant surrounding star, until jet reaches the surface. 18 cm -
Post-break-out, the jet dissipates due to velocity di erences of material. 13° cm - Post-GRB,

lower velocity material dominates, resulting in X-ray and optical afterglows. Reproduced from
Gehrels, Ramirez-Ruiz & Fox (2009.
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and theory, seeNakar (2007, Gehrels, Ramirez-Ruiz & Fox(2009 and Nysewander,
Fruchter & Pe'er (2009, and references therein.

It is also important to note that GRB EM afterglows are seen along th axis of the
merger (within the opening angle of the jet), whereas it is possiblerfGW detectors
to observe mergers across a wide range of angles between thegareaxis and line-of-
sight. The opening angle, ; of the jet is also important, and seemingly quite variable
for SGRBs, ranging from 0.07 radians to 0.4 radiandNysewander, Fruchter & Pe'er
2009. Recently van Eerten & MacFadyen(201) investigated the e ect of viewing NS-
NS mergers at various angles from the merger axis for X-ray, oml@and radio afterglows.
Examples of synthetic light curves, which depend on the jet energgurrounding medium
density and jet opening angle of the system, can be seen in gu2e2 As shown, the
further o axis the SGRB is observed, the fainter and more delayethe peak of the
afterglow is expected to be. This delay could make it dicult to link a posible GW
event to a faint counterpart several tens of days after the este However, due to the
sensitivity of LIGO and Virgo during the 2009-2010 science run, anithe need to be
con dent in the detection of a prompt counterpart, we concentted on light curves for
on-axis mergers to guide our follow-up e orts and subsequent dgsis, as discussed in

chapter 4.

Kilonovae

During recent years, another possible EM emission mechanism fongzact object merg-
ers has gained popularity - the kilonova. It is expected that a NS-N& NS-BH merger
should produce a signi cant amount of neutron rich ejecta duringtte nal inspiral phase.
The ejecta undergoes r-process nucleosynthesis, producingvyeelements which decay
and heat the material, powering a fainter optical counterpart to I$-NS mergers sep-
arate to any expected SGRB emission and subsequent afterglowor Ehe majority of

this work, we use the models found iMetzger et al. (2010, who use a nuclear reaction
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network to calculate the decay and heating rates. Using the heagrate, Metzger et al.
(2010 use radiation transport models to estimate the light curves for aange of ejecta
masses. Importantly, in the radiative transport calculationdMetzger et al. (2010 uses
Iron opacity data to estimate the opacity of the ejecta. More reant work, as described in
section5.2.4 suggests this may underestimate the amount of UV line blanketingyhich
reprocesses absorbed UV light into longer wavelengths. Prior toet2009-2010 science
run which comprises most of the work in this thesis, the most up-tdate model was
considered to be that ofMetzger et al. (2010, with ejecta mass,M¢ = 10 2M  and
outow speed,v  0:1c. However, these parameters su er from uncertainty, with some
models providing 0< M ¢ < 0:1 M and 01c < v < 0:2c, along with initial electron frac-
tions, Ye, of the material, ranging from 0.1 to 0.4. With more recent models de$bed in
section5.2.4and a tentative rst detection as described in5.2.5 it is hoped that future

work may help improve these uncertainties.

Supernovae

As mentioned earlier in this section, some CCSNe can follow the collapsaodel, pro-
ducing relativistic jets which we see as LGRBs. Regardless of theatien of an LGRB,
it is possible for a CCSNe to produce GWs, again through asymmetricass distribu-
tions, which are thought to be barely detectable for the local grgu and more likely
to be only detectable within our own galaxy. Therefore, any deteable GW emission
from a CCSN should also result in EM radiation that is easily detectableith partner

observatories. Again, se®tt (2009 for an overview of GW emission from CCSNe.

Cosmic Strings and "The Unknown'

A more exotic, theoretical source of GWs and possible EM countenps exists in the
form of Cosmic String Cusps $iemens et al.2009. These hypothetical, 1-dimensional

defects in space-time could theoretically decay by GW and EM emissioHowever, since
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they are currently entirely theoretical, we do not consider them in etail for the work
described here.
It is also possible, as with the opening of new EM windows on the univerghat we

may nd entirely new and unpredicted sources of GW and EM radiation

2.1.2 EM Triggered GW Searches

Previous e orts to pair GW and EM observations have been attemgd, using detected
EM transients (such as GRBSs) to trigger searches of GW data takein coincidence.
The most recent example is based on analysing GW data taken duringet 2009-2010
science run Abadie et al, 20129, which was split into two observing periods: "Winter
Run' - from December 2009 to January 2010, and "Autumn Run' -dm September
to October 2010. These dates correspond to the time in which LIG@nd Virgo were
in observation modes, designated Science-run 6 (S6) and Virgo 8cee Runs 2 and 3
(VSR2/3) respectively. During this time 155 GRBs were detected ahreported via the
GRB Coordinates Network (GCN). Given that the sky positions of tlese bursts are
generally well known, typically less than a degree, GW data analysis isage simpler as
the di erences in the predicted time-of-arrival for each GW detdor can be estimated.
For "blind" searches, the analysis pipelines must search across alsgible GW arrival
times. In the GRB triggered searches, all GRBs are searched fosing unmodelled
burst algorithms, while SGRBs are also searched for in the GW data bgoking for
signals which match theoretically modelled waveforms. For the GRBstécted during
the 2009-2010 science run no GW counterparts were found, hgerewe can still place
lower distance limits on the sources at 90% con dence levels. For uadelled burst
sources if we assume (optimistically) that the sources radiate M ¢ in GW energy,
then the GRBs are located at distances greater than 17 Mpc. Foradelled sources, we

can exclude NS-NS (NS-BH) mergers within distances of 17 Mpc (29b). While these
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distance limits are small compared to known distances to GRBs (foxample, the closest
GRB detected, GRB 980425 associated with SN 1998bw, was at a diste of 34 Mpc),
they can be used to exclude GRBs with no known distances. Two suekRamples are
those of GRB 051103 and GRB 070201. GRB 051103 was an SGRB whvels found to
appear close to the galaxy M81. If this was a NS-NS merger, the hots can exclude
M81 as the host galaxy with 98% con dence. This leaves two possibleerarios: either
the GRB was from a more distant NS-NS merger behind M81, or the &Ris due to
a giant Soft Gamma Repeater are from a magnetar in M81Abadie et al, 2012g.

Similarly, GRB 070201, another SGRB, was found near the galaxy M3and a NS-NS

merger could be excluded from the galaxy with 90% con denc@lgbott et al., 2008.

2.2 EM Follow-up Program

During the 2009-2010 science run, e orts were made to performggered EM observa-
tions in response to GW events for the rst time. The work descrila in this thesis
was performed as part of the program \Locating and Observing @ipal Counterparts to
Unmodelled Pulses" (LoocUp), but we will also brie y describe non-dgal projects in
parallel. Due to the variety of EM emission expected from GW sourcea wide range of
observatories were needed. Also, the localisation accuracy on shg for the LIGO/Virgo
network, which depends upon the timing errors in each detectorac span several tens of
square degrees (e.¢rairhurst, 2009. This section describes the telescopes used, the GW
analysis pipelines and the strategy required to overcome the di cuiés in performing
such follow-up programs.

First we list the range of observatories at our disposal, the locatisnof which are
shown in gure 2.3 along with table 2.1 summarising the capabilities of the range of
observatories available. Unless stated, the telescopes obtaineag®es using a broadband

clear, or white-light, Iter. Each telescope is also assigned a targétgger rate, which
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is the rate of events sent per week to each observatory, which sated to the False
Alarm Rate (FAR) of each trigger, as described in sectio.2.3 Several telescopes also
committed to observing several elds for each event sent for aiwations. The method for
choosing which eld to observer, as described in secti@2.3 was applied to produce a
series of separate elds of decreasing probability. All telescopesre sent the most likely
elds, while those with multiple elds per trigger were given subsequéneld locations
up to the maximum \Tiles per Trigger" listed below and in table 2.1 All magnitude

limits given in this section are calibrated to be equivalenR-band magnitudes.

2.2.1 Optical Instruments

The Palomar Transient Factory (PTF; Law et al., 2009 is a 7.3 square degree FoV
camera mounted on the 1.2 m Oschin Telescope at Palomar ObservgtoA 60 s
exposure detects objects with a limiting magnituddr = 20:5. This instrument
was only used during the Autumn Run, observing the ten most likely lkels over

several nights at a rate of 1 trigger every 3 weeks.

Pi of the Sky (Malek et al.,, 2009 is a 400 square degree FoV camera, located in
Koczargi Stare, near Warsaw. The camera operated by obsenyithe whole error
region from the trigger generators over several nights, with egpure times of 10s
giving limiting magnitudes of 11{12. The target trigger rate was apmximately 1

per week in the autumn observing period.

The QUEST camera Baltay et al., 2007, currently mounted on the 1 m ESO
Schmidt Telescope at La Silla Observatory, has a 9.4 square degre& FThe tele-
scope is capable of imaging to a limiting magnitude & 20 with 60 s exposures.
The QUEST camera was used in both the winter and autumn periods, it a

target rate of 1 trigger per week.
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The ROTSE Il Network (Akerlof et al., 2003 is a collection of four robotic tele-
scopes spread around the world, as shown in gu&3. Each telescope has a 0.45
m aperture, giving a 3.4 square degree FOV. No lter is used, and a 2@xposure
gives an equivalenR-band limiting magnitude of around 17. The ROTSE network

was used in the autumn observing period, with a target rate of 1 trger per week.

SkyMapper (Keller et al., 2007 is a survey telescope located at Siding Spring
Observatory in Australia. The telescope has an equivalent aperrof 1.01m, a
5.7 square degree FoV, and is capable of reaching a limiting magnitude @1 with

a 110s exposure. SkyMapper was used in the autumn run with a tatgate of 1

trigger per week.

TAROT ( Klotz et al., 2009 is comprised of two robotic 25cm telescopes, one at
La Silla in Chile and one in Calern, France. Each TAROT instrument has a.3
square degree FOV, with a 180 s exposure capable of reaching a lingitmagnitude
of 17.5. The telescope was used in both the winter and autumn obgeg periods,

with a target rate of 1 trigger per week.

The Zadko Telescope Qoward et al, 2010 is a 1 m telescope located in Western
Australia. Zadko is capable of imaging with a FoV of 0.15 square degsewith a
limiting magnitude of 20 with a 180s exposure. The telescope was used only in

the autumn observing period with a target rate of 1 trigger per wéde

The Liverpool Telescope (LT;Steele 200) is a 2m robotic telescope situated
at the Observatorio del Roque de Los Muchachos on La Palma. Fdnet work
described here the RATCam instrument, with a 21 square arcminutBoV, was
used. A ve minute exposure allows us to reach a limiting magnitude of = 21.
For this work, we were originally awarded 8 hours of target-of-ogptunity time,

split into 8 triggered observations of 1 hour each, with a target rat of 1 trigger
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per week. In preparation for the autumn run, | created a Pythorscript which
sent these observing requests to the telescope via a programedeped to handle

target-of-opportunity observations, provided by LT Director kin Steele.

Importantly, the range of these optical observatories togethean cover the range of
error regions and the expected magnitude range for SGRB optiaterglows. Using the
top right plot of gure 4.6, we can calculate that 1 day after burst an optical afterglow
for a SGRB at 50 Mpc, comparable to the distance to which LIGO and ixgo could
detect a NS-NS merger during the 2009-2010 science run, wouldéan apparent optical
magnitude of between 12 and 20. The analysis | performed of imagdsained by LT

and ROTSE is presented in chapted.

2.2.2 Radio and X-ray Instruments

The LOw Frequency ARray (LOFAR; Fender et al, 2009 is a dipole array radio telescope
based in the Netherlands but with stations across Europe. The ay is sensitive to
frequencies in the range of 30 to 80 MHz and 110 to 240 MHz, and aarserve multiple
beams simultaneously. LOFAR was used for the autumn observingrpel, during which
LOFAR was running at a reduced capacity due to commissioning, andeepted triggers
at a target rate of 1 per week with a four-hour observation in its higer frequency band,
providing a 25 square degree FoV.

Although not used in the prompt search during the science run, thExpanded Very
Large Array (EVLA; Perley et al, 2011 was used to follow up a few triggers after the
2009-2010 science run with latencies of 3 and 5 weeks.

The Swift satellite (Gehrels et al, 2009 carries three instruments, each covering
di erent energy/wavelength ranges - the Burst Alert Telescope RAT - 15-150keV;
Barthelmy et al., 2009, the X-ray Telescope (XRT - 0.2-10 keVBurrows et al., 2009
and the UV/Optical Telescope (UVOT - 170-600 nmRoming et al, 20094. The LoocUp
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Figure 2.3: A map showing the approximate positions of telescopes that articipated in the
project. The Swift satellite is noted at an arbitrary locati on. Reproduced fromAbadie et al.
(20129.

follow-up program was granted several target-of-opportunitgbservations with the XRT
and UVOT instruments for the winter and autumn observing periods The XRT is an
imaging instrument with a 0.15 square degree FoV, sensitive to uxesound 10 3 ergs/cn?/s

in the 0.5-10keV band, while UVOT can image with a 0.08 square degreeVto a lim-

iting magnitude of B = 22:3 in a clear lIter with a 1000 s exposure.

2.2.3 Follow-up Pipeline

A simpli ed diagram of the pipeline which produces the observing reqsts for the tele-
scopes described in this section is shown in gu&4. GW data is collected from each
interferometer and subsequently analysed by one of 3 analysis pipes, which run al-
most in real-time, with only a few minutes delay, which we call trigger gerators. These
pipelines search the data for signals above a given threshold - a "tegg These trig-
ger generators search for signals from unmodelled bursts using tBoherent Waveburst
(cWB) and the Omega Pipelines, and from modelled compact binary nggrs using the

Multi-Band Template Analysis (MBTA). The cWB pipeline searches for oherent bursts
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Name FoV Aperture Exposure  Limiting  Tiles per Target Alerts
(sg. degs) (m) Time (s) Magnitude  Trigger Per Week
PTF 7.3 1.2 60 20.5 10 1/3
Pi of the Sky 400 0.072 10 115 1 1
QUEST 9.4 1 60 20.5 3 1
ROTSE llI 3.4 0.45 20 17.5 1 1
SkyMapper 5.7 1.35 110 21 8 1
TAROT 3.4 0.25 180 17.5 1 1
Zadko 0.15 1 120 20.5 5 1
LT - RATCam 0.0058 2 300 21 1 1
LT - SkyCamzZ 1 0.2 10 18 1 1
LOFAR 25 N/A 14400 N/A 1 1
Swift - XRT 0.15 N/A 200-5000 N/A 5 1/4
Swift - UVOT 0.078 0.3 200-5000 24 5 1/4

Table 2.1: The EM partner observatories used during the 2009-2010 LIG®Virgo science run,
listing information on the capabilities of each observatoy and target trigger rates. Reproduced
from Abadie et al. (2012 and Aasi et al. (2014.

of excess power in the GW strain data, while Omega analyses the daising a selection
of templates that are approximately sine-Gaussian, using the assption that a GW sig-
nal can be decomposed into a small series of these waveforms. MBEarches the data
for signals which match the series of waveforms modelled from simudaits of compact
binary mergers. The range of trigger generators search for a widange of signal types,
with some overlap. This increases the chance of detection, and atsm provide veri ca-
tion in the case of a trigger appearing from multiple generators. Thigigger generators
are discussed in more detail irAbadie et al. (20128 and Abadie et al. (20123, and
references therein. The triggers produced are then submitted the Gravitational-wave
Candidate Event Database (GraCEDDb). The database is monitoreid real-time by the
LUMIN (LoocUp Monitoring) and GEM (Gravitational to Electro-Mag netic Processor)
for statistically signi cant triggers below a given FAR, as detailed in2.2.3 which are
then passed on for human validation. As a member of the LoocUp t@awhile “on-call’,
my job was to verify that the triggers passed to us were of good @aquality (DQ). This

involved searching the several online DQ veri cation pages, which ligte operating mode
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Figure 2.4: A simplied owchart of the real-time trigger analysis with approximate time
requirements for each stage. Reproduced frombadie et al. (20128.

of the detectors and other detector site data, checking for amnomalous seismic readings
and also telephoning each interferometer site to further ensure iknown abnormalities
or disturbances occurred at the sites at the time of the triggerush as a passing train
or someone entering the room containing the input/output opticslf an event passes all

human veri cation, observing requests are sent to the partnerbservatories.

False Alarm Rates

For a trigger to be considered for follow-up observations, we estited the False Alarm
Rate for each trigger. The FAR is the average rate at which noise il¢ detectors creates
events with a similar or greater detection statistic. For example, if &urst signal was
detected in the interferometer with a signal-to-noise ratio (SNR)fdb, but random noise
in the detector produces triggers of similar or greater SNR everydays, that trigger has
an FAR of 0.5 events per day. For the winter run, the FAR thresholdvas set at 1 event
per day of coincident detector live-time for ground based telesceg with a stronger
threshold for Swift observations. For the autumn run, the FAR tlieshold was set at 0.25

events per day for most telescopes, with stronger thresholds TF and Swift.
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The FAR for the cWB and Omega trigger generators was calculatedsimg methods
previously used in all-sky burst searches of GW data (see eAbadie et al., 2010. Data
from each of the detectors is arti cially shifted in time, so that the tme delay is greater
than the light travel time between the sites. These unphysical tingeshifts are then
analysed with the same trigger generators, resulting in event ratdor triggers due to
noise, with no true coincident GW signal. For the burst searches, QGime shifts of
data from between 10 minutes and several hours are constantiyadysed, with the FAR
calculated for each trigger from the most recent series of time dkif

For MBTA, since the pipeline is based on modelled waveforms, the FAR a trigger
is calculated in each detector from data collected minutes prior to étrigger of interest,
and then combined to produce a FAR for the trigger in all three detgors. This is
calculated using information from the previous 200 triggers in eacleté&ctor prior to the
coincident trigger of interest. By calculating the overall probabilitythat a combination
of these 3 sets of 200 triggers will produce a false trigger, giverettravel time of light
between the two detectors. Sedlarion (2004 and Kanner (201]) for details of the
MBTA analysis.

As described earlier in this section, the sky localisation produced byé trigger
generators covers several tens of square degrees, and is ategutar in shape (as shown
in gures 2.5and 2.6). Since this is much larger than the FoVs of most of the telescopes
used for this follow-up program, we had to produce a method for @bsing the most
interesting tiles within the whole eld to observe. Since the objects evwant to observe
are expected to be extra-galactic in origin, as discussed in chapferit follows that the
distribution of galaxies within the localised regions should be used as agp for deciding
which tiles to observe. To do this we created the Gravitational Wav&alaxy Catalogue

(GWGC), as described in chaptei3.
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Galaxy Weighting

The trigger generators provide positional information in the form foa sky map, which
gives the probability of a given position on the sky containing the tru&W signal. Each
pixel in the sky map covers an area of® 0:4 , and only the top 1000 pixels are retained
from each trigger, giving typical sky map areas of 160 square degs. By combining
the probabilities in each pixel with prior knowledge of the distribution 6 galaxies, we
can prioritise the regions to be observed by our follow-up partnebservatories. While
the sources we hope to detect also exist in our own galaxy, the egfeel rate of signals
from the Milky Way is low, and the expected EM emission is likely to be brigrenough
to be easily visible. For this reason, the weighting algorithms descritben this section
assumed sources to be extragalactic in origin.

For both burst and MBTA triggers, the blue light luminosity of a galaxyis used as
an estimate of the mass of a galaxy, as blue luminosity indicates ongpistar-formation,
which was argued to correlate with NS-NS merger rate®linney, 1991, as mentioned
in chapter 3. Burst triggers assign galaxy weighting using a method similar to that
described inNuttall & Sutton (201Q. Each pixel is assigned the following unnormalised

likelihood, Ppix:

X LiPow

I:)pix = D, '

(2.1)

i
where Py is the likelihood based on the GW data alone, ant; and D; are the blue
light luminosity and distance of an associated galaxy from the GWGC. He sumi is
over all galaxies which lie within each sky map pixel out to a distance 00®8pc, which
is the most likely maximum distance that a compact binary merger coatning a NS
could have been detected during the 2009-2010 science run. Fbjeots which have
angular sizes greater than the pixel size, the luminosity of the olgjeis split evenly

across each pixel located within the ellipse de ned by the major andinor axes of
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the galaxies in the GWGC. Once the calculation has been performed feach pixel,
the whole sky map is normalised such that the total likelihood is unity. & MBTA
triggers, it is possible to estimate some of the physical parametes§ the source based
on the matched theoretical waveforms. Primarily, this can give a mimum distance to a
detected source, allowing us to restrict objects in the galaxy cdtaue to those between
the measured minimum distance and 50 Mpc. Therefore, for triggefrom MBTA, each
pixel is uniformly weighted by the fraction of the total luminosity of the galaxies, found

within the distance limits provided, contained in that pixel:

X
I:)pix = Lifrac Pow; (2.2)

i
where the sum is over all objects associated with the pixel, anF:JI  Liac =1, In the
unlikely event that a sky map does not contain a single object from hGWGC, the
likelihood from each pixel is taken from the GW data only R,x = Pgw). In all cases,
the coordinates provided for follow-up are selected to contain theghest total likelihood
in the FoV of the instrument. If multiple tiles are allowed, the next higlest likelihood
tiles are also sent.

Particular care must be taken for observing requests sent to thd, Zadko and Swift
observatories due to their narrow FoV. For Swift, in cases wheréné¢ weighted pixel
with the highest probability contains a single galaxy, the coordinateigen is the central
location of the galaxy given in the GWGC. If multiple galaxies are foundyr the galaxy
extends across multiple pixels, the central pixel coordinate is giverFor the LT and
Zadko, | wrote code which uses equatioB.1 to assign a likelihood for each individual

galaxy in the error regions, with the highest ranking galaxy visible ctsen for observation.
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2.2.4 EM Follow-up Events

During the winter run, the “on-call' team received nine trigger alerts Three of these
triggers were vetoed due to DQ issues. Of the remaining six triggers were rejected
as unobservable by the scheduling software of the limited numbertefescopes available
for the winter run. In addition, two triggers with FARs marginally below threshold
were chosen to increase the collected data set. In total, 4 triggewere imaged with
the QUEST and TAROT observatories, as shown in tabl€.2 In the autumn run,
seven triggers were alerted for human veri cation, of which one warejected due to
DQ concerns. Of the six triggers sent for observations by partnéelescopes, one was
rejected by scheduling, as the trigger was found to lie close to thers Trigger G18666
was imaged by ROTSE, but was quickly determined as unusable due tesaftware bug
providing an incorrect sky location. The four remaining triggers wer imaged by a
variety of telescopes, as shown in tabl2.2 Two of these triggers were initially found
with exceptionally low FARs of<0.025 events per day. Trigger G19377 was found to be
a blind injection, and is described in sectior2.2.5 Trigger G21852 was given a FAR of
0.023 events per day, or one event for 44 days of coincident oba&pns. This means
that for 44 days of coincident observation, we expect to see 1 su@assing the trigger
thresholds purely due to random noise. Given that the interferonbers ran in coincidence
for a total of 52 days, this trigger is actually consistent with detdor noise. The sky
maps produced as part of the pipeline before galaxy weighting haddmeapplied, along
with the tiles observed by various telescopes, can be found in gw.5 and 2.6 for
the winter and autumn runs, respectively. The analysis of the Liveool Telescope and
ROTSE images can be found in chaptet, the results from the other optical telescopes
can be found inAasi et al. (2014, and the analysis of the Swift satellite observations

can be found inEvans et al.(2012.
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ID Date uTC Trigger FAR Follow-up
Generator (day ) Images
Winter :
G3821 Dec 29 15:16:33 Omega 0.66 QUEST collected 12 images.
2009
CWB1 Jan 03 20:37:22 cWB 1.3 Alert sent Jan 7; TAROT collected
2010 6 images.
G4202 Jan 06 06:49:45 Omega 4.5 QUEST collected 9 images.
2010
CWB2 Jan 07 08:46:37 cWB 1.6 QUEST collected 12 images, Swift-
2010 XRT 10.
Autumn:
G19377  Sep 16 06:42:23 cWB < 001 ROTSE collected 117 images,
2010 TAROT 20, Zadko 129, SkyMapper
21 and Swift-XRT 6.
G20190 Sep 19 12:02:25 MBTA 0.16 ROTSE collected 257 images,
2010 QUEST 23, Zadko 159, and
TAROT 3.
G21852 Sep 26 20:24:32 cWB 0.02 ROTSE collected 130 images, PTF
2010 149.
G23004 Oct3 16:48:23 Omega 0.21 ROTSE collected 153 images,

2010

QUEST 40, Liverpool - RATCam
22, Liverpool - SkyCamz 121, and
POTS 444.

Table 2.2: Triggers observed during the 2009-2010 science run, listinthe time of the trigger,
the trigger generator and the images taken by partner opticé telescopes. Reproduced from

Aasi et al. (2014.
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2.2.5 Blind Injection Challenge

In order to increase the con dence of a true detection, during el science run, an
unknown number of test signals are injected into the detector ohé output data during
scheduled science runs. For transient signals, the End Test Massge oscillated using
the magnets which keep the mirrors aligned. The details of the \blind jactions" are
decided upon by a few LIGO-Virgo collaboration members. Nobody tside of this
select group knows exactly what time, what type or how many (if anyinjections are
going to occur, details of which are kept hidden in a metaphorical "ezlope’ (in reality
a folder on a USB thumb drive kept safe). This provides an end-taid test of the
detection and analysis capabilities and also prevents premature clamf detection by
\rogue scientists”, as the true nature of any detection is not knen until the envelope
is opened. Previous examples of such blind injection challenges carfduend in Abadie
et al. (2012) and Abadie et al. (20129.

During the 2009-2010 science run, one such blind injection was daéel, details
of which can be found inAbadie et al. (20128 Trigger G19377 was detected at UTC
06:42:22.955 on 2010 Sep 16 with a FAR of less than one event per Ad¥s. The
trigger was quickly identi ed to have a similar evolution to that of a chip signal, typical
of a compact binary merger. The initial sky map used for follow-up @ervations can
be seen in gure2.6(a). Since the most likely location was found to be near the Canis
Majoris constellation, this trigger was given the moniker \The Big Doy with an o cial
name of GW100916. Detailed \oine" analysis using a larger selectionfdheoretical
waveforms provided several estimated parameters. The sounvas estimated to be a
compact binary with component masses:4< M ; < 105M and 27<M, < 56 M ,
at a distance of between 7 and 60 Mpc. As with previous science ruiiflsa possible
detection is made, the presence of any injections are not annoadauntil a full analysis

has been performed, results gathered in a paper and presentéd aollaboration meeting.

LA description of the blind-injection analysis can be found at www.ligo.oig/news/blind-injection.php
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If the analysis is approved, then the “envelope' is opened to see ifydiind injections
were the cause of the detections. At the LIGO-Virgo meeting on fidof March 2011, the
envelope was opened, and the Big Dog event was found to be ondnsoction. However,
the estimated parameters were found to be incorrect. One of theasses injected was
supposed to be a 1.4 M neutron star, and the injected sky location was not in Canis
Majoris. However, subsequent analysis found that the injectioroffware used contained
two bugs, which would not have been found if not for the blind injectio challenge. First,
an older waveform was used, causing the mass error, and a sigroein the code for
one detector produced the incorrect location. Despite the lack af real detection, the
fact that the blind injection was found gives us con dence that ouanalysis methods are

capable of nding such objects in the near future.
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Chapter 3
GWGC: The Gravitational

Wave Galaxy Catalogue

This chapter describes the creation of a new list of galaxies within 18Mpc for the 2009-
2010 science run. Work described in this chapter is based on prewlyupublished work.
Sections3.1 - 3.3 are based on my work described iMvhite, Daw & Dhillon (2011] in
compiling and analyzing the GWGC. Sectior8.4.1is based onKanner et al. (2012, in

which | created an updated version of the GWGC to include I-band ngmitudes.

3.1 Motivation for the GWGC

As detailed in section2.2, the typical error regions on the sky produced during the 2009-
2010 LIGO-Virgo science run was generally much larger than the elof view of optical
telescopes. Therefore a galaxy catalogue is required to locate ildeal regions to be
imaged by telescopes with a smaller eld of view within the LIGO/Virgo eror region.
There are also many EM transients in the sky. How are we to know if aagicular EM
transient observed in the error circle of LIGO-Virgo is genuinely assiated with the
GW transient source?Kulkarni & Kasliwal (2009 nd that foreground \fog" (asteroids,
M-dwarf ares, dwarf novae) and background \haze" (distant,unrelated SNe) result in

a signi cant chance of detecting an unrelated EM transient in a typial LIGO-Virgo

45
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error circle. Fortunately, the expected sensitivity of the LIGO ad Virgo interferometers
in 2010 is a blessing in disguise here: it places a40Mpc horizon on the majority
of GW sources Abbott et al., 20093 Acernese et al. 200§. This means that we can
restrict EM follow-up to only the galaxies present within the LIGO-Virgo error circle,
as plausible GW transient sources (e.g. GRBs) are far more likely to lextragalactic
than Galactic in origin. This reduces the foreground fog and backgund haze by three
orders of magnitude Kulkarni & Kasliwal , 2009.

E orts to create a suitable galaxy catalogue has already been attgted by Kop-
parapu et al. (2008, with the publication of the Compact Binary Coalescence Galaxy
(CBCG) catalogue, containing 38,757 galaxies. When published it wakimed to be
the most complete catalogue of galaxies within 100 Mpc. Only galaxiesthwa blue Iu-
minosity of Lg 10 3Lo were included, where_;o = 10°Lz. andLp, =2:16 10%
ergs/s, which is calculated usindg. = 5:48. This cut was made as it is argued that
in the nearby universe the compact binary coalescence rate is esfgel to follow the
star formation rate (Phinney, 1991, which is traced using blue light. However, this
catalogue was not considered suitable for the 2009-2010 joint scie run. First, the
blue magnitude cut could potentially ignore galaxies that are faint in te blue region of
the spectrum. Kopparapu et al. (2008 assumed that blue light traced the likelihood of
neutron star merger, but as we see later in sectidh4 this may not be accurate, and so
may not be the best choice of cut. Second, we found that the meith of compilation
of the CBCG introduced a series of errors, primarily revolving arowhinaccurate posi-
tioning information resulting in degeneracies within the catalogue. Atartling example
of this was the inclusion of very bright, well-known nearby galaxies by included at
least twice due to their positions being stated in both J2000 and B10%o0-ordinates in
di erent source catalogues.

In this chapter we describe the compilation of a new galaxy catalogyewvhich we

Lhttp://cdsarc.u-strasbg.fr/viz-bin/Cat?VI1/267
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call the Gravitational Wave Galaxy Catalogue (GWGC;White, Daw & Dhillon, 2011,
providing a more complete, up-to-date sample created from a vaieof literature sources
extending out to 100 Mpc, which is as unbiased as possible to a partmutype of gravi-
tational wave source, and includes a unique identi er for each galgtaken from Hyper-
LEDA ( Paturel et al., 1989 2003. The GWGC contains a total of 53,225 galaxies within
100 Mpc and 150 Milky Way globular clusters. This catalogue is currdgtbeing used in
the search for electromagnetic counterparts by the LIGO/Virgaollaboration (Kanner
et al., 2008, and several data analysis groups in the collaboration (e.§uttall & Sutton ,
2010. In section 3.2 we describe how the catalogue was compiled and the parameters it
contains, as well as how the parameter errors were calculated. dection3.3 we discuss
the completeness of the GWGC in comparison to the CBCG cataloguadaresults from

the Sloan Digital Sky Survey Abazajian et al,, 2003.

3.2 Catalogue Compilation

In order to improve on currently available catalogues of nearby gades, a larger, more
up-to-date sample of galaxies was required. We also aimed to imprave simplicity

of incremental updates to the catalogue and minimise the risk of degeracy within the
catalogue itself, compared to similar catalogues. We achieved this bging scripts to
create the GWGC from a subset of 4 large catalogues, each of whaploys a unique
Principal Galaxy Catalogue (PGC) number for each galaxyRaturel et al., 1989. These
catalogues are: an updated version of the Tully Nearby Galaxy Cdtay, the Catalog
of Neighboring Galaxies, the V8k catalogue and HyperLEDA. Theseefreely available
online but a local, homogeneous list is essential for rapid follow-up pases with LIGO
and Virgo. A single, local catalogue also ensures that all working gnes within the

LIGO/Virgo Collaboration are using the same sources for both redime and o -line

analyses.
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Figure 3.1: Scatter plot showing distribution of galaxies in GWGC on the sky (top), and the
distribution in 2 degree bins (middle) and 6 degree bins (bottom). The choicef bin size
represents the best and median error circles on the sky obtaable with the LIGO/Virgo network
of detectors (Fairhurst, 2009. This highlights the importance of using a list of nearby gdaxies,
as we must choose the best elds within a LIGO/Virgo error circle to observe. Reproduced
from White, Daw & Dhillon (20117).
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The Tully Nearby Galaxy Catalog (Tully, 1987, hereafter referred to as Tully3000,
is comprised of galaxies with a recession velocity < 3000km s ( 42Mpc forH, =
72km s ! Mpc 1). The most recent release of Tully3000 can be found in the Extra-
galactic Distance Database (Tully et al., 2009. A subset of these galaxies with high
quality distance measurements were used to investigate the Lod&bid (Tully et al.,
2009. Tully3000 also contains galaxies surveyed as part of the Hubble &g Telescope
(HST) Key Project to measure the Hubble constantKreedman et al, 200J).

The Catalog of Neighboring Galaxies, bKarachentsev et al.(2004, is compiled from
the literature and contains galaxies with a distance oD . 10Mpc or a radial velocity
of V < 550km s! (D . 7:6Mpc for Hg = 72km s * Mpc 1), and contains the less
luminous Dwarf Spheroidal (dSph) and Dwarf Irregular (dIr) galakes often missed by
larger surveys.

The V8k catalogue {Tully et al., 2009 is another catalogue compiled from the litera-
ture, extending out to radial velocitiesV < 8000km s*. Drawing heavily on the ZCAT
survey?, as well as other literature sources, the V8k catalogue excludessults from di-
rectional surveys such as the Sloan Digital Sky Survey (SDSS), Siggree-Field (6dF)
Galaxy Survey Jones et al, 2009 and Two-degree-Field (2dF) Galaxy Redshift Survey
(Folkes et al, 1999, to provide a catalogue that is as uniform as possible across theysk
out to a recession velocity of/ < 8000km s?!. HyperLEDA* (Paturel et al., 1989 2003
is also used to provide supplemental data where possible (for exdeyposition angles).
We also include a list of 150 known Milky Way globular clustersHarris, 1996. Some
of these are listed in HyperLEDA, and the respective PGC numberseaincluded where
possible.

In order to be of use in the analysis and follow-up of gravitational wa data certain

galaxy parameters are required to be determined as accurately @essible. These pa-

2http://edd.ifa.hawaii.edu/
3http://www.cfa.harvard.edu/  huchra/zcat/
“http://leda.univ-lyon1.fr/
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Column | Abbreviation Description
1 PGC Identi er from HYPERLEDA
2 Name Common name
3 RA Right ascension (decimal hours, J2000)
4 Dec Declination (decimal degrees, J2000)
5 Type Morphological type code
6 App_Mag Apparent B-band magnitude
7 Maj_Diam Major diameter (arcmins)
8 err_Maj_Diam Error in major diameter (arcmins)
9 Min_Diam Minor diameter (arcmins)
10 err_Min_Diam Error in minor diameter (arcmins)
11 b/a Ratio of minor to major diameters
12 err_b/a Error on ratio of minor to major diameters
13 PA Position angle of galaxy (degrees from North
through East, all < 180)
14 Abs_Mag Absolute B-band magnitude
15 Dist Distance (Mpc)
16 err_Dist error in Distance (Mpc)
17 err_App_Mag error in Apparent blue magnitude
18 err_Abs_Mag error in Absolute blue magnitude

Table 3.1: A description of the columns in the GWGC. Reproduced from White, Daw &
Dhillon (2011).
rameters are the distances, diameters and blue magnitudes of thalaxies, as described

below. Table3.1 shows the columns in the GWGC.

3.2.1 Spatial Distribution of Galaxies

The distribution of galaxies on the sky is far from uniform, as shown irgure 3.1 In
the centre, the dense region is looking towards the Virgo clusteméis also the primary
region of observation in the SDSS survey. The empty region whichattes a sinusoidal
shape on the sky is the \Zone of Avoidance”, in which gas and dust irhé plane of
the Milky Way obstructs our view. O set by approximately +70 degrees in RA from
the zone of avoidance, and with a similar shape, is the super-galagbi@ne, a sheet of

galaxies in which the Virgo cluster and our galaxy reside. This is most aldy visible
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Source Catalogue No. of galaxies
Catalog of Neighboring Galaxies 120
Tully3000 3,496
V8k 17,602
HyperLEDA 32,007

Table 3.2: A table of the contributions of unique galaxies from the seletion of source cat-
alogues. The GWGC was constructed hierarchically, where adn source catalogue in turn
provides the number of galaxies listed, plus any additionaldata for galaxies already found in
previous source catalogues.

towards the bottom right in the upper panel of gure 3.1 On the left, we can also see

dense strips of galaxies, which are due to the SDSS survey.

3.2.2 Distances

Accurate distances are important for electromagnetic follow-upbservations as gravita-
tional wave detectors have maximum distances at which expecteousces are detectable.
For example, the GWGC extends to 100 Mpc but the maximum deteclde distance for
a 1.4M binary neutron star inspiral is in the region of 30 Mpc for detectorgluring the
2009-2010 LIGO-Virgo science runAbbott et al., 20098. An erroneous distance could
cause a galaxy which is actually within 30 Mpc to be missed. Similarly, it is gsible
that coincident detection of inspiral signals can be used to not onlyonstrain position
on the sky, but also a maximum and minimum distance to the sourcéAbbott et al.,
2009h, e ectively giving us a region of space in which several possible hastlaxies may
lie. Inaccurate distances could again cause a galaxy to be missed.slting that the
galaxies in the GWGC have accurate distances is therefore vital.

Each of the sub-catalogues in the GWGC contain distance measurents using a
variety of methods, so we must estimate the accuracy of each etl when not provided.
The Tully3000 catalogue, which provides 3,496 galaxy distances tceth3,225 contained

within the GWGC, contains 3 groups of measurements:
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Figure 3.2: Comparison of distance measurements above 10 Mpc for the sagalaxies using
di erent methods. Measurements in (a) are for the same galaxés appearing in the Tully3000
catalogue with both quality (Dg) and NAM (Dnawm ) distances. Those in (b) are for galaxies
with Dq distances from Tully3000 that also appear in the V8k catalogie (Dygk). (c) shows

those galaxies withDq distances that appear in HyperLEDA with distances (Dy) calculated

using wr . Reproduced fromWhite, Daw & Dhillon (2011).
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\Quality" distance measurements (named due to the low estimated®rs) obtained

using one of the following methods:

{ The period-luminosity relation of Cepheid variable starsl{eavitt & Pickering,

1912

{ The surface brightness uctuation, where the amplitude of the lummosity
uctuation between pixels of a high signal-to-noise CCD image of a gaia
is inversely proportional to the distance, as the variation in brightass be-
tween pixels is due to unresolved stars, which are not uniformly digbuted

throughout the galaxy (Tonry & Schneider, 1988.

{ The tip of the red giant branch, which uses the apparent magnitudef the
brightest stars in the red giant branch of a Hertzsprung-Russetliagram and
the | -band absolute magnitude of stars undergoing the helium ash stagf

evolution, thought to be 4.0 (Lee, Freedman & Madorg1993.

The HST Key Project distance measurements using Cepheid varialgtars in the
Tully3000 catalogue, as described in sectidh2 have small € 10%) errors. This is
comparable to errors on the other quality measurements in Tully300 which are

estimated to be 10% Tully et al., 2008.

HI luminosity-line width distances measured using the Tully-Fisher (TF) rela-
tion. Doppler broadening of the 21cm neutral hydrogen line is use® tmeasure
the rotational velocity of the galaxy, which is then used to estimatenass and,
subsequently, luminosity. Combined with apparent magnitude, we oatherefore
estimate a distance. Distance measurements obtained using lumip$ine width

observations are assigned an error of 20%ufly et al., 2008§.

Distances converted from recession velocities using Hubble's lawyreoted for

infall towards the Virgo cluster using an evolved dynamical mass meldof the
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local universe, the Numerical Action Model (NAM) by Shaya, Peebles & Tully
(1995. These are hereafter referred to as NAM distances, with ericalculated

in the nal paragraph of this section.

Distances in the Catalog of Neighboring Galaxies (an additional 120 Iggies) are
measured using several methods: Cepheid variables, tip of the iggent branch, surface
brightness uctuation, T-F relation, the brightest star luminosity (where the average ap-
parent B-band magnitude of resolved stars can be used to estiraahe distance modulus
as described inDrozdovsky & Karachentsev(2000Q), galaxy group membership (where
the distance is estimated by assuming membership to a group or clessin which a galaxy
distance is known via other methods) and Hubble's law, in order of deasing accuracy.
Where more than one measurement is available for a galaxy the mostarate measure-
ment is quoted. None of these distances are published with errocsvge assign the same
fractional errors to distances from the Catalog of Neighboring Gaxies using the same
distance measurement method as Tully3000. For sources wherdgatise was measured
using a method not in Tully3000, the distances are given fractionatrers as calculated
for galaxies taken from HyperLEDA, which we calculate in the nal peagraph of this
section.

Distances in V8k are primarily converted from redshift measuremenusing Hubble's
law, after correcting for Virgo infall using the NAM model byShaya, Peebles & Tully
(1999, as used for the Tully3000 catalogue. This catalogue, which proes 17,602
galaxies with distances within 100 Mpc to the GWGC, also does not prioe errors, so
we must estimate them using the method used in the nal paragrapbf this section.

HyperLEDA only gives recession velocities corrected for infall towds the Virgo
cluster (vy;, using a dierent model for Virgo infallP), without errors. We did not
include any galaxies withv,;  500km s?! (7 Mpc assumingH, = 72km s ! Mpc 1)

from HyperLEDA, as below this redshift-based distances are highlyncertain due to the

Ssee http://leda.univ-lyon1.fr/leda/param/vvir.html and referenc es therein for full corrections
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in uence of the local group and limitations of corrections due to Virg infall for local

galaxies. Fortunately, the use of Tully3000 and the Catalog of Neighring Galaxies are
thought to give us a high level of completeness in the local univerderom HyperLEDA,

we included 32,007 galaxies with distances within 100 Mpc.

Errors are strongly dependent on measurement method. Howevenly quality dis-
tances and T-F distances in Tully3000 and the Catalog of NeighborinGalaxies have
error estimates based on distance measurement method. Theref in order to provide
an error estimate for distances measured using other methodse wse galaxies which
have multiple distance measurements. By plotting the ratio of two dierent distance
estimates to the same galaxy and using a best t Gaussian, we cantefenine the er-
rors associated with methods with no published error estimates, asown in gure 3.2
Comparison between the quality measurements in Tully3000 and NAMistances give
a best t Gaussian with = 0:18. Given that = 0:10 for quality distance mea-
surements, subtracting in quadrature gives fractional errorsf®.14 for NAM distances.
Applying the same method to the V8k and HyperLEDA catalogues gige = 0:18 and

= 0:24, respectively. This gives fractional errors of 0.15 for V8k distaes and 0.22 for

HyperLEDA distances.

3.2.3 Blue Luminosities

Blue luminosity is a tracer of recent star formation, and in the neaspuniverse the dis-
tribution of binary neutron stars and black holes is expected to folw this star formation
due to a high fraction of short merger timescales of around a few miliggears Phinney,
1992 Belczynski, Kalogera & Bulik 2002. Therefore for investigations into the mergers
of black hole and neutron star binary systems, blue luminosity is an ingptant parameter
to include. We have included both the apparent and absolute blue maigudes in the

GWGC where available. However, unlike the CBCG catalogue we havetrapplied a cut
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based on low blue luminosity, for two reasons. First, we do not wish tmas the GWGC
towards any particular expected source. While blue light is a tracerf wecent star for-
mation, and therefore high mass compact binary formation and semovae rates, there
may be a delay in binary neutron star merger compared to the onset star formation,
as well as other unknown sources of GW bursts. Second, as shanwde Freitas Pacheco
et al. (2006, the number of low blue-luminosity elliptical galaxies becomes signi c&in
the Virgo cluster, situated at a distance of around 16.5 Mpc, and gend.

HyperLEDA has both absolute Mg) and apparent (mg) blue magnitudes corrected
for Galactic extinction, internal extinction and K-correction (a carection made to ac-
count for the redshift of galaxies, which are imaged in a standard dr with di erent
rest frame wavelengths), with no errors. HyperLEDA also provideuncorrected appar-
ent blue magnitudes with errors, which we use to apply the same ftamal error to
the corrected apparent blue magnitude. Tully3000 provides appamt blue magnitudes
corrected for reddening, with an error of (mg) = 0:3 stated in Kopparapu et al. (2008
from a private communication with Tully, while the Catalog of Neighborig Galaxies
only has uncorrected apparent blue magnitudes without errors. ifkally, the V8k cata-
logue provides absolute blue magnitudes corrected for reddenigain without errors.
We take Tully3000 magnitudes over HyperLEDA magnitudes, as thesare fully cor-
rected. If a galaxy has no corrected magnitude, we take the umoected magnitude if
available. In total 49,364 ( 927%) of the galaxies in the GWGC have blue magnitude
measurements.

For galaxies in the GWGC for which there is no error available for corcéed apparent
blue magnitude, we assign an error equal to the root of the meantbé square of the error
estimates for the set of galaxies for which we do have published esran HyperLEDA,
which we nd to be (mg) = 0:43, which we take as the best estimate we have of
the error on the magnitude for the minority of galaxies in the GWGC with have no

estimated error from the original survey.
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3.2.4 Angular Diameters and Position Angle

A knowledge of the size, shape and orientation of the galaxies in th&#\&C is essential in
order to determine whether or not the galaxy ts within the eld of view of a narrow eld
telescope. Methods such as drift scanning and mosaic imaging couldr@ase the sizes
of galaxies we image, but it is likely that electromagnetic counterpastto the expected
sources of gravitational waves are going to be faint and very shdived. Therefore
a rapid image of a whole galaxy is vital. In wide- eld follow-up, the overla of the
galaxy with the LIGO/Virgo pointing is used as a weight to choose the dést eld to
image. Therefore, when planning either narrow or wide- eld followjy the size, shape
and orientation of each galaxy is needed. In addition, this informatiocan also be used
with wide- eld image analysis to identify the location of the galaxy and onstrain the
optical transient image analysis to the regions around known galasieeven if the galaxy
is not visible in the image.

The Catalog of Neighboring Galaxies publishes major diametera)(and the ratio of
minor to major diameters (=3, while the Tully3000 catalogue only publisheb=aand
the V8k catalogue only publishes. HyperLEDA publishesa and the ratio of major to
minor diameters @=h. HyperLEDA also provides position angle measurements. In the
GWGC we include the major, minor and ratio of minor to major diametes, as well as
the position angle where available.

HyperLEDA is the only catalogue to provide errors on diameters an@tios, but using
the same method used in sectioB.2.3 we can estimate the errors on diameters for other
catalogues. In HyperLEDA we nd fractional errors (a)=a= 0:32 for major diameters
and (r)=(r) = 0:12 for diameter ratios whereg = b=a Globular clusters have diameters
based on a variety of di erent measurements: the half mass radiushich is the distance
in which half of the total mass of the cluster is contained; the coreadius, which is the

distance at which the surface brightness is 50% of the centre ottbluster; and the tidal



3.3. Completeness 58

gaa b w da

Fa

M d m m

Figure 3.3: Cumulative histogram of the major diameter of the galaxies h the GWGC. Re-
produced from White, Daw & Dhillon (2011).

radius, which is the distance at which the globular cluster still has gvéational in uence
over the constituent stars. For the GWGC we use the tidal radius irorder to include
as much of the globular cluster as possible, with radius measuremeiaivailable for 141
of the globular clusters. In total, the GWGC contains diameters fod7,179 ( 88.:6%)

galaxies and globular clusters.

3.3 Completeness

Observing faint galaxies in the local universe is a challenging task famyasurvey. Cata-
logue compilations will therefore su er from incompleteness. The @dog of Neighboring
Galaxies, for example, is estimated to be 80% complete Karachentsev et al, 2009,
but only extends to a distance of 10Mpc. Analysis of luminosity functions can give
an indication of the level of incompleteness in a catalogue. For the G¥C, we calculate

the luminosity function as a function of distanceN (Mg ; D), normalised to a spherical
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volume within radius D, in terms of absolute blue magnitudes using

3 X
N(Mg;D; Msg)= 1D 3 lj; (3.1)
j
wherel; = 1if (Mg <Mg; <M+ Mg) andl; = 0 otherwise. The indexj is

used to step through each galaxy in the catalogue, whely and Mg; are the distance
and absolute magnitude of each galaxy. In order to investigate th@ompleteness, we
compare our luminosity function to the analytical Schechter galaxjuminosity function
(Schechter 1976,

L L
(L)dL = r exp T d O

(3.2)
where (L)dL is the galaxy number density within the luminosity intervalL and L + dL,
L is the characteristic Schechter luminosity, the normalisation facto is the number
density at the Schechter luminosity and is the slope of the function at the faint end
of the luminosity function. The last three of these parameters mtde determined

empirically from galaxy surveys such as the SDS3Blanton & Roweis 2007 Blanton
et al., 2003.

3.3.1 Comparison to other results

In terms of absolute blue magnitude eg3.2 becomes

Mg)dMg =0:92 exp 10 %4Ms Mg)
(Mg)dMsg p (3.3)
[10 0:4(Mg MB)] +1 dMB :
Using Table 2 inBlanton et al. (2003, and convertingg-band to B-band using Table 2
in Blanton & Roweis(2007), the Schechter parameters areMg; ; )=( 20:3;0:0081 0:9),

from SDSS results extending t@ = 0:1, which are used to plot the Schechter function

in gure 3.4. It can be seen that in comparison to the CBCG catalogue, the GWGE
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Figure 3.4: Luminosity functions for both the GWGC (dashed) and the CBCG catalogue
(dotted) at various distances: 20 Mpc (red), 40 Mpc (green) ad 100 Mpc (blue). The dashed
black line is the distance independent Schechter functionrbm eq. 3.3. Reproduced from
White, Daw & Dhillon (2011).
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Figure 3.5: Cumulative luminosity for the GWGC (red dashed) and the CBCG catalogue (blue
dotted) against distance, with extrapolation of blue luminosity density, with error (solid).
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more complete at all distances. By comparing both the shape andmber density of our
luminosity functions to the Schechter function, we can see evidenof where incomplete-
ness occurs. Out to 20 Mpc we see that our luminosity function hassanilar shape, but
higher number density, indicating that this is an overabundant regio of space due to the
Virgo cluster. At 40 Mpc, our luminosity function follows the Schecter luminosity func-
tion closely until we reach galaxies fainter than approximately -15timagnitude. This is
an indicator that we are incomplete at faint magnitudes. At 100 Mpcthe di erence be-
tween our luminosity function and the Schechter function is large, dicating a signi cant
level of incompleteness, but we still o er improvement over the CBG catalogue.

We show the cumulative blue luminosity (in units ofL o, where Lo = 1095
andLg. =2:16 10® ergs/s) as a function of distance in gure3.5 compared to the
expected distribution of blue light if we assume a blue luminosity densitgf (1:98
0:16) 10 2L;9Mpc 2 as calculated byKopparapu et al. (2008 using SDSS results out
to z=0:1. We also plot the CBCG catalogue for comparison. Using this methaek nd
that the GWGC has completeness consistent with 100% out to neardy Mpc, compared
to just over 30 Mpc for the CBCG catalogue. Comparing the cumulate blue luminosity
of the GWGC to the extrapolation of the blue luminosity density at 100pc, we nd that
the GWGCis 60% complete. However, due to the non-uniform distribution of gatges,
this may not be completely representative of the true incompletess of the catalogue.
The Local Void (Tully et al., 2009 may, in part, explain some of the incompleteness
beyond 40 Mpc. However, due to the \Zone of Avoidance" of the MifkWay we are
certain to miss some galaxies. It may be possible to overcome this swevhat with
the inclusion of the 2MASS Redshift Survey (2MRS)Huchra et al, 2012 upon public
release and it's addition to the HyperLEDA service. The use of SDS3$sa presents a
problem itself, due to the directional nature of the survey. Catalgues compiled using
results from this survey will always su er from completeness probies until an all-sky

survey of comparable (ideally greater) depth is undertaken.
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3.4 Galaxy Catalogues for the Advanced Detector

Era

3.4.1 GWGC | -band Magnitude Update

The GWGC as initially published was created using the assumption thatlbe light,
which is believed to be a good tracer for star formation, is also a tcfor the most
likely host galaxies for NS-NS mergers. While there is some evidencetfos from Bel-
czynski, Kalogera & Bulik (2002, the merger delay times can also produce a signi cant
fraction of mergers long after bursts of star formation have octed (Belczynski, Bulik
& Rudak, 2002 Belczynski et al, 20069, while population synthesis models described in
O'Shaughnessy, Belczynski & Kalogerg2008 allows for a large fraction (20-50%) of red-
der elliptical galaxy hosts. It may therefore be useful to also usédé mass of the galaxy
as a measure of the likelihood of host a NS-NS merger. Typically, thear-infrared and
I-band luminosity has been used as an estimate of galaxy mass, anthdts been shown
that applying a colour correction can improve the accuracy of thisschnique Bell & de
Jong, 2001 Bell et al., 2003. In order to estimate the mass of a galaxy in the GWGC, we
used HyperLEDA to provide an updated catalogue which includes-band magnitudes
for as many host galaxies as possibl&#&nner et al., 2012. This new catalogue contains
56,969 galaxies, an increase over the original GWGC due to the inclusiof new galax-
ies in the HyperLEDA catalogue. Of these, 51,136 galaxies haBeband measurements,
34,363 havel -band measurements, and 31,732 galaxies have baétiband and B -band
measurements.

Using the models from table 1 oBell & de Jong (200] it is possible to create
a colour-corrected mass estimate using thie-band magnitude and B 1] colour as

follows:
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log,o(M=L) = 0:88+0:60B I]; (3.4)

whereM and L are the galactic mass andl-band luminosity, both in solar units. There-
fore, given bothB -band andl -band magnitudes, we can provide a rough estimate of the
mass of a galaxy for use with future LIGO/Virgo follow-up programs

Using the GWGC | -band update catalogue (hereafter known as GWGC-I), we were
able to estimate how to best utilise the Swift satellite to observe trigggs with the ad-
vanced detectors in order to detect possible X-ray counterpait The X-Ray Telescope
(XRT) has a eld of view of 0.16 square degrees. and can reach a limginux of
6 10%2erg s! cm 2 with an exposure time of 100 seconds. Using the properties of
the GWGC-I it is possible to estimate at what point the use of a catalage may no
longer be important for telescope pointing. The GWGC-I has 130 galaxies per 100
square degrees, which is a reasonable assumption for the localizatd GW transients,
particularly during the early part of the advanced detector eraKlarry & LIGO Scien-
ti ¢ Collaboration , 2010. As shown in gure 3.6, around 40% (10%) of galaxies in the
GWGC-I contain 90% (50%) of thel -band luminosity. Figure 3.7 shows how the num-
ber of elds required to observe enough galaxies to image 90% and&6f the | -band
luminosity varies with distance, assuming a complete catalogue (givéimat the GWGC
is 60% complete) and that the number of galaxies scales witd. From this we can
see that at a distance of 100 Mpc requires fewer pointing's by an erdof magnitude
to image galaxies individually than to image the entire localised region @sning 0.12
square degrees to account for overlap of elds). At a distance 800 Mpc (the NS-NS
distance range for the nal con guration of the advanced detdors) the number of elds
required to image each galaxy individually and the entire region is apptonately equal.

This shows that a galaxy catalogue is still a useful tool in the advaad detector era.
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Figure 3.6: Plot of the fraction of the total number of galaxies that must be selected in order
to obtain a target fraction of the total luminosity or mass in the catalogue. Reproduced from
Kanner et al. (2012.
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Figure 3.7: Plot of the number of galaxies within 100 square degrees as ariction of distance.
The GWGC contains 53,000 galaxies within 100 Mpc of earth. Tle gure assumes that the
number of galaxies within a horizon distancer scales asr3, and that the catalogue is 60%

complete. Reproduced fromKanner et al. (2012.
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3.4.2 H and HI Surveys to Improve Catalogue Completeness

To improve the the chances of success for EM follow-up e orts in ¢hadvanced detector
era a more complete galaxy catalogue is requiredMetzger, Kaplan & Berger (2013
recently attempted to quantify how future sky surveys may impacon catalogue com-
pleteness, using the assumption that NS-NS mergers are the peagors of short GRBS,
which | summarise in this section. The authors attempt to estimate ampleteness of
future catalogues within 200 Mpc from planned or feasible HI and Hsurveys. Leibler
& Berger (2010 show that the likelihood of a galaxy hosting a SGRB may trace a com-
bination of both star formation rate (SFR) and stellar mass (M). This conclusion is
contrary to the ndings of Phinney (199]) discussed earlier, in which the SFR alone, and
therefore blue light, was considered the ideal traceMetzger, Kaplan & Berger(2013
investigate the completeness of a narrowband Himaging survey and an HI emission
line survey to both SFR and M at survey depths ofFy, > 2 10 ® ergs?!cm ?
(achievable on metre-class telescopes such as PTF) aagi > 0:7 mJy (the limiting
ux for the planned survey WALLABY, the Wide eld ASKAP L-band Legacy All-Sky
Blind surveY). Figures 3.8 and 3.9 show the completeness of the two surveys to SFR
and M, as a function of survey depth.

Using galaxies and their properties from SDSS Data Release 7 (Metzger, Kaplan
& Berger (2013 for a full description of the methods used), the authors estimata
minimum completeness for H of f&-x & 75% andf|, & 30%. For an HI survey,
the minimum completeness increases fd{; & 90% andf};| & 45%. However, these
results alone may not give an accurate representation of the trumompleteness of a
survey to typical host galaxies of SGRBs. For this reason, the gudrs also estimate the
completeness of the surveys using galaxies in SDSS with similar masses SFRs of 11
known SGRB hosts fromLeibler & Berger (2010 and Berger (2009. This results in a

realistic minimum completeness for the two surveys 6tz & 50% andf {lqg & 45%.
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Figure 3.8: Estimated completeness of an all-sky HI survey with respecto total stellar mass

(red) and total star formation (blue) as a function of survey depth (Fjim:1i). Also shown is

the mass completeness calculated using HI masses from the tdehel Reference Survey (HRS;
green) and the completeness with respect to total HI mass (lown) calculated using the local

HI luminosity function from Zwaan et al. (2005. The hatched regions indicate the range of
uncertainty in completeness at low ux due to HI upper limits . SeeMetzger, Kaplan & Berger

(2013 for details of calculation.
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Figure 3.9: Estimated completeness of an all-sky, narrow-band H survey with respect to total
stellar mass (red) and total star formation (blue) as a function of survey depth, Fj, -y . Dotted
lines show the completeness of an idealised spectroscopiagy which measures the entire H
luminosity of the galaxy (in nite aperture) and corrects th e H ux for stellar absorption;
the cross-hatched region represents the uncertainties du® H upper limits. Dashed lines
show how the minimum completeness decreases when one doe$ correct H  uxes for the
underlying stellar Balmer continuum, as appropriate for narrow-band imaging. Solid lines show
the minimum completeness when the H uxes are also not corrected for the nite angular size
of the galaxy (assuming a 15 arcsec radius aperture). These last two cases likely braek the
completeness provided by a purely imaging survey. Also shawfor comparison is completeness
with respect to B -band luminaosity (green) of the local (< 11 Mpc) 11HUGS survey Kennicutt
et al., 2008 and with respect to total H luminosity (gray; using the Gallego et al. (1995
luminosity function). See Metzger, Kaplan & Berger (2013 for further details.
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Figure 3.10: Completeness of H and HI surveys with respect to galaxies with properties (SFR
and M»,) similar to those of the host galaxies of short GRBs, normalsed to the sensitivity of
our ducial H imaging survey and to that of WALLABY. In the case of H , the SDSS galaxy
sample is used; results are shown both using a subsample oflgeies selected based on similar
stellar masses and SFRs to the short GRB hosts (brown), as weas subsamples chosen based
just on similar stellar masses (blue). In the case of HI, the RS sample is used and results
are shown just for the subsample with similar stellar masseggreen); since most SGRB hosts
are star forming, the completeness achievable by HI is prolday underestimated by this gure.
Reproduced fromMetzger, Kaplan & Berger (2013.
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Increasing the survey depth will obviously increase the completess as shown in gure
3.1Q but only to a maximum of around 80% for H, as 2 of the 11 SGRB host galaxies
are elliptical galaxies with only upper limits on the star formation rate. The authors
also note that broad-band photometric surveys could complemetite surveys described
above, as optical surveys are less biased towards star formatamd will pick up a larger

proportion of stellar mass, which will be investigated in future work.

3.5 Conclusions

In order to increase the likelihood of detecting electromagnetic caterparts to gravita-

tional wave sources, a complete catalogue of nearby galaxies islvitdsing a combination
of local and extended galaxy catalogues from the literature, we\Yecompiled a new cat-
alogue reaching out to 100 Mpc. For each galaxy we provide the masicurate distances
and positions available, along with diameters, position angles and bluegnitudes where
possible. We also provide errors on distances, diameters and magdés, either from
the literature or estimated as described in the relevant sections.o@paring our galaxy
catalogue to the expected distribution of blue light based on SDSStdashows that the
catalogue is almost complete out to a distance of40 Mpc, but su ers from systematic
incompleteness beyond this distance. This will only be truly solved wittihe inclusion of
a deep, all-sky galaxy survey. The catalogue is also designed to bgibée, non degener-
ate and easily updated upon the release of new observations. Tlaatogue, known as
the GWGC (White, Daw & Dhillon, 2011, has already been of use (e.d\badie et al,

2012e Nuttall et al., 2012 Evans et al, 2012 Branchesi, LIGO Scienti ¢ Collaboration
& Virgo Collaboration, 2012 Adran-Martnez et al. , 20130 with the rst major update

to include | -band measurements of galaxies, allowing an improved estimate oétimass
of the galaxy to be made, looking ahead towards the advanced dete era (Kanner

et al., 2012. This chapter also summarises work done to investigate the use alfsky
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H and HI surveys to improve the completeness of catalogues for thévanced detector
era. Metzger, Kaplan & Berger(2013 nd that, for surveys described in section3.4.2 an
H catalogue could nd 75% of the star formation, 30% of the stellar nss and around
50% of galaxies similar to known hosts of SGRBs, while an HI catalogusutd nd 90%
of the star formation, 45% of the stellar mass and around 45% oflgaies similar to

known hosts of SGRBs.



Chapter 4

Optical Image Analysis

of GW Triggers

This chapter describes the data reduction pipelines used for thealysis of images taken
with the Liverpool Telescope and the ROTSE network, as part of # 2009-2010 EM
follow-up campaign described in chapte2. This chapter is based on work published in
Aasi et al. (2014. Sections4.2.3and 4.3.3are also based on work presented MWhite,

LIGO Scienti ¢ Collaboration & Virgo Collaboration (2012, while section4.3is based

on work presented inNuttall et al. (2012.

4.1 Image Analysis Methods for the LoocUp Project

During the 2009-2010 joint science run of LIGO and Virgo a total 01,806 follow-up
images were taken using the telescopes listed in sectb@ As shown in table2.1these
cover a wide range of elds-of-view and limiting magnitudes. Therefe it was decided
that small groups would work together on separate data sets, ilising current analysis
pipelines where possible, or creating suitable analysis methods wheeeded. A full
description of the analysis methods for individual telescopes can foeind in Aasi et al.
(2019. These analysis methods can be broadly split into two groups. Thatalogue-

based search tracks the brightness of each object found in aisgrof images and looks

72



4.2. Liverpool Telescope Analysis 73

for a change in magnitude above a given threshold. Cuts are typicaligade to remove
objects coincident with known variable stars and asteroids. This ¢enique was used on
images taken with the TAROT, QUEST, Zadko and Pi of the Sky telesipes.

The alternative method utilised image subtraction, again with some vetion to
account for the di erences in telescopes. The PTF, ROTSE and Liveool telescopes
all used image subtraction in their analysis pipelines, based on the rhetls originally
described byAlard & Lupton (1998, subsequently improved inAlard (2000. Image
subtraction algorithms attempt to nd a convolution kernel which mnvolves one image
to match the PSF and ux of another, which can then be subtracté. The convolution
kernels used in these analyses are composed of 2-D Gaussians ntieltijpy polynomials.
In Alard & Lupton (199§ the kernels are calculated for the images as a whole, while
Alard (2000 attempted to account for PSF variation across an image by calculag
kernels for image subsections. Once an image has been convolvedgansubtraction
can be performed, producing a di erence, or residual, image comang objects variable
between the two original images. This has the advantage over thatalogue based
approach in that transients in crowded elds or in bright galaxies carbe more easily
detected. The downside to image subtraction is that the alignmentnal convolution is
not always perfect, and can produce additional artefacts whiclequire special attention,

some of which are discussed in detail in sectiods?.2and 4.3.2

4.2 Liverpool Telescope Analysis

4.2.1 Follow-up Images Taken with the Liverpool Telescope

The Liverpool Telescope is a 2m robotic telescope with a 4.6' Fieldvaew (FoV) sit-
uated at the Observatorio del Roque de los Muchachos, La Palmgéd. Images were

taken with the RATCam instrument using the SDSS' -band Iter. The observing plan
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for the Liverpool Telescope was to take 11 images in one hour asrsase possible after the
GW trigger each with, exposure times of 300 seconds duration eagtaddition to one-o
overheads of 60 s for acquisition, 45 s for autoguiding, 5s for Itehanging, and 110s for
CCD readout time. This allowed us to reach a limiting magnitude of 21. For the work
described here we only imaged one trigger during the 2009-2010 OA&irgo science run,
designated G23004. The target considered the most likely candidahat the Liverpool
Telescope could image, as described2r2, was the galaxy NGC1507 (RA: 6106' 41.4"
, Dec: -2 11' 46.2"). For this trigger we took 11 images starting at UTC 01:04150n
2010 Oct 4. We also obtained a further 11 images with RATCam of theme galaxy
starting at UTC23:18:16 on 2010 Nov 01. In addition, we were able td@in images
from a secondary nder scope on the LT with a 1 degree FoV called 8kamZ (Mawson,
Steele & Smith 2013, centred on the same eld which can reach 18" magnitude with
10 second exposures every 60 seconds during the time of obsenva This produced a
total of 22 narrow eld images with a further 172 images from the SiCamZ telescope
to be analysed. Finally, 3 RATCam and 17 SkyCamZ images were taken 2012 Mar
08 to be used as reference images.

As with other analysis e orts within the LoocUp group, it was rst necessary to
remove images that were unusable. In the case of the LT this includl®ne image on
the rst night, due to a bright satellite passing through the eld. It was also necessary
to remove one SkyCamZ image from the second night as the image walsen whilst
slewing the telescope. In addition, it is also necessary to remove adgitional image
from the second night in order to have a suitable number of images pooduce the co-
added images detailed in sectioA.2.2 as the number of images taken results in a single

remainder image with no co-addition possible.
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Figure 4.1: Skymap for the trigger G23004, with elds imaged by speci c telescopes high-
lighted.

Figure 4.2: Typical images provided by the RATCam instrument (left) and the SkyCamZz
telescope (right).
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4.2.2 The Liverpool Telescope Analysis Pipeline

The LT pipeline for this analysis consists of a series of python scriptgitten by myself,
which passes images and parameters to standard programs whidigrg combine and
iImage-subtract the frames. Before any analysis can be done, wasin rst create the
reference images used for subtraction. To do this for RATCam wembine the images
taken in 2012. This removes any uninteresting transient artefatn single images, such
as cosmic rays or passing satellites. This is performed using SWaBe(tin et al., 2002,
which takes the median value of the aligned pixels in the images to be daned as the
value of the pixel in the output reference image. SWarp requiresdhthe input images
are su ciently aligned so that simple pixel-by-pixel combining can be pdormed. Due to
the design of the LT, RATCam images of the same region on the samigiit are already
aligned via a CCD rotator. However, due to the mounting of the Sky@nZ camera on
the main body of the LT these images are slightly mis-aligned betweemp®sures as
the telescope tracks the target eld across the sky. Alignment ischieved by resampling
images to match the pixel layout of a target image, for which we use @6Remapg. Once
this has been completed, it is simple to combine the images in the same/waa with the
RATCam images. In addition to the reference images taken in 2012ewhose to combine
the SkyCamZ images from our initial observations in 2010 into sets 6fimages using
SWarp. Again, this helped remove any uninteresting transient artacts from the images,

and also provided SkyCamZ images with a similar cadence to the RATCamages.

SkyCamZ Image Calibration

Since the SkyCamZ instrument uses a clear, white light Iter the imagemust be cal-
ibrated using the USNO-B catalogue of stars in order to obtain theero point (ZP)
required to calculate corrected magnitudes from these imagesgethesults of which are

shown in gure 4.3 To do this, we compared the USNO-BR-band magnitudes of stars

Lhttp://www.astro.washington.edu/users/becker/wcsremap.htm |
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Figure 4.3: Plot showing the slight variation in the calibrated zero point o set for combined
SkyCamZ images. The dashed line highlights the di erence beteen the two sets of images;
one set from the rst night of observations and the second setaken a month later. This shift
is due to di erences in atmospheric extinction between obsering nights.

found using SExtractor Bertin & Arnouts, 1996 in the combined SkyCamZ images with
a zero point of 0.0. The median di erence between the USNO-B maguades and the
SExtractor magnitudes is the zero point o set for that image.

The zero point for the r' -band Iter for the RATCam instrument is stated as
ZPratcam = 24:5. However, SExtractor does not automatically take into accounte
gain, g, and exposure timest.y,, of images when calculating the magnitudes of objects
when using the zero point provided. Therefore, we must calculatdé zero point to
be used with RATCam images that SExtractor is expecting, by takinghese parame-

ters into account. To calculate this, we convert betwee@ Prarcam and the required

SExtractor zero point, ZPse, using the following:

ZPsex = ZPratcam +2:5 IOglO(texp) 2:5 loglo(g) (4.1)

2http://telescope.livim.ac.uk/Info/Tellnst/Inst/RATCam/
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For our RATCam images, we have exposure times of 300 seconds andain of 2.2,
which gives us a value oZ P¢e, 0f 29.84. Since we have calibrated the SkyCamZ images
using a standard catalogue, the zero points calculated for theseages already take into

account the exposure times and gains of the images.

Alignment and Subtraction

Once the image zero points have been calibrated and the 2012 refere images created
it is possible to perform image alignment and subtraction. Each individl image to be
subtracted is aligned using WCSRemap to match the orientation of éhreference image.
The reference image is then subtracted from the analysis image wgithe High Order
Transform of PSF and Template Subtraction (HOTPANTS} image subtraction pack-
age. SExtractor is then used to detect potential candidates in eaindividual eld. An
object is considered a candidate if the object contains a minimum ofpixels 4 above
the background noise level of the image, as selected in the con gtion of SExtractor for
this analysis. This limit was chosen as it represented the best balanoetween achieving
the lowest detection threshold without saturating the pipeline with minteresting objects
from background noise due to cosmic rays or residual e ects froime image subtraction
routine, and is analogous to a FWHM cut. This allowed us to achieve a liniitg magni-
tude of aroundr®= 20 for the RATCam images andR = 16:5 for the SkyCamZ images.
One issue with the SkyCamZ analysis is that the reference image udedsubtraction is
not centred perfectly with the images taken in coincidence with therigger, due to the
mounting of SkyCamZ on the LT. This reduces the eld size available faanalysis by

50%, and also has consequences for our e ciency study describedection4.2.3
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Figure 4.4: Simplied examples of bad subtraction using simple 1-D Gausians. In both
images, the red-dotted Gaussian has a heighth = 1 and width, = 3. In the top image the
blue-dashed Gaussian has the same shape, but is shifted todtright by 1 (poor alignment). In
the bottom the blue-dashed Gaussian has = 0:9 and =4 (poor convolution). In both cases
the red-dotted Gaussian is subtracted from the blue-dashed>aussian, producing the residual
green-solid curve in both images. This is an oversimpli ed nodel designed to explain the basic
processes which can produce false candidates.
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Candidate Rejection

The output from SExtractor for each individual image is then combied to provide a
list of every unique transient candidate from the entire sequencé subtracted images.
Each unique candidate lists the magnitude, magnitude error and ful4dth at half-
maximum (FWHM) of the object in each image. Using this information d&a, a series of
cuts were made to highlight any candidates that are interesting toun analysis. First,
candidates found within 20 pixels of the edge of either the original eeference image
were discarded, as the image subtraction process produces faités in these regions.
For RATCam images we also removed candidates within 20 pixels of aiptof damaged
pixels for the same reason. Next we removed candidates due to badhge subtraction.
These are primarily caused by poor alignment or convolution of the irgas prior to
subtraction. This produces a residual \negative" ux in the subtacted image alongside
the detected positive ux above threshold, as shown in gurd.4. If the total amount of
negative ux is greater than the threshold for candidate detectio detailed above (4 pixels
greater than 4 sigma below the median) then the candidate in that pcular image was
ignored (but the candidate may still be a valid candidate in other imagg. The next cut
removes candidates not seen in at least half of the images availabletba rst night,
to ensure candidates were visible long enough to be con dent thabey are not simply
artefacts. We also rejected candidates that appeared close tookvn variable stars in the
General Catalogue of Variable Stars (GCVSSamus et al, 2009 and minor planets from
the Minor Planet Checkef. Finally, a candidate must decrease in brightness (corrected
for atmospheric extinctior?) greater than 5 sigma of the median error on the magnitude
measurements from SExtractor, from the rst night to the secod night 29 days later.

This allows us to be con dent that a candidate is a transient, and is riovarying due to

3 http://www.astro.washington.edu/users/becker/hotpants.htm |

“http://scully.cfa.harvard.edu/cgi-bin/checkmp.cgi

SCalculated using the airmass stored in the FITS header of each imagand the extinction coe cient
taken from http://www.ast.cam.ac.uk/  dwe/SRF/camc _extinction.html on the same (or nearest) night
data is available.
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measurement error.

Any objects that remained after these cuts were considered likebandidates, and
looked at in more detail. This was initially done by plotting the light curvesof each
object across both nights and inspecting images of the candidat@esboth the original
and subtracted images. This allowed us to gauge whether any tragrsts warranted
further investigation. An example of the output from the pipeline usmg an injected

transient is shown in gure 4.5.

4.2.3 E ciency of the Liverpool Telescope Pipeline

In order to be con dent in the results of our analyses, it is usefulottest the e ciency of
the pipelines to the EM transients expected as counterparts. Thaost promising sources
of GW signals are the mergers of compact objects (neutron staaad black holes) and
core collapse supernovae. The EM sources believed to be assotiatth these events,
as discussed in chapte? are LGRBs, SGRBs and kilonova decay. For the injections, we
used the observed optical afterglows of on-axis GRBs and the dganodel expected for
kilonovae (see gure4.6), taken from Kann et al. (2010 for LGRBs, Kann et al. (201])
for SGRBs andMetzger et al. (2010 for the kilonova Model. The transient ux depends
on both the distance to the source, and the di erence in time betvea the original event
and the time the image was taken.

As seen in gure4.6, the LGRB and SGRB afterglows follow similar decays, which
can be described by a power law of the forh / t , where 1. To calculate
the magnitude of an object that follows these models at speci ed disces we use the
magnitude of these afterglows located a = 1 one day after the GRB, which gives us

magnitudes of 20 4 and 27 4 for LGRB and SGRB afterglows, respectively. For the
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Figure 4.5: An example of candidate lightcurve and images produced by th pipeline for the

Liverpool Telescope using a bright injected LGRB afterglowat a distance of 50 Mpc.
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Figure 4.6: Examples of the light curves used as models for transient imictions. Top left is an
example of measured LGRB light curves, taken from gure 4 ofKann et al. (2010. Top right
is an example of SGRB light curves taken from gure 5 ofKann et al. (2011). Bottom is the
bolometric radioactive afterglow model from gure 4 of Metzger et al. (2010.
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kilonova model, we calculate the luminosity with the relationshipsAasi et al., 2014:

L =10% t*®ergss? (t< 0:7 days)

L=5:1 10" t ' ergss? (t> 0:7 days)

In order to estimate the e ciency of the pipeline, we injected a numbr of transients
into our images, which were then analysed using the same pipeline disd in section
4.2.2 Ideally, we would use pre-existing stars in the images to act as telafes to be
injected into other regions in the images (as described in sectidt3.3, but due to the
sparse number of suitable stars in the LT images, this was not podsib However, due
to the high quality images obtained by the LT, this is not a major proble, and can be
recti ed by injecting a suitable point spread function (PSF) which maches our images.
For the Liverpool Telescope images a softened exponential, knoas a Mo at pro le

(Mo at , 1969, was chosen as the most suitable PSF for our images:

r 2
I(r)=1g 1+ — (4.2)
where
FWHM
= —qli; (4.3)
2 2 1

and I (r) is the intensity of the function at a radius,r, from the center of the prole, I,
is the value of the function atr = 0, and determines the overall shape of the PSF.
The value for was measured to be 3 and 2 for the RATCam and SkyCamZ images
respectively using the standard Image Reduction and Analysis Fagylit(IRAF). The
Mo at pro le is similar to a 2-dimensional Gaussian, but with broader wngs. Examples
of comparisons between Mo at pro les, 2-dimensional Gaussians@a bright star found
in an LT image are shown in gure4.7.

Using the light curve models described earlier, Mo at pro les were igcted into
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Figure 4.7: Top: Comparison of 1-D Mo at (blue-dashed) and Gaussian (reddotted) pro le
ts to a star in a Liverpool Telescope image (green circles).Bottom: Comparison of injections
made with 2-D Mo at functions (left), 2-D Gaussian (right) co mpared to a star in a Liverpool
Telescope image of the same magnitude (center).
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the images at distances ranging from 0.1 Mpc out to either 1 Gpc, ohe distance at
which the magnitude of the transient is equivalent to the limiting magniide of our
images described in section.2.2 found to be aroundr®= 20 for the RATCam images
and R = 16:5 for the SkyCamZ images. The image sets produced by the injection
algorithm were then analysed using the LT pipeline, and objects remed compared to
the list of injections in each set of images. This allowed us to produceiency curves
for our images for all light curve models, as shown in gured4.8 and 4.9. Since the
SkyCamZ images used for analysis were not centred on the sameae@s the reference
image we plot both the e ciency of all injections into the original imags, regardless of
coverage by the reference image, and the e ciency of injectionfdt are in the region
of sky covered by the reference image to highlight the importancd obtaining well
aligned images where possible. For both RATCam and SkyCamZ images are able to
recover 90% of injections that are covered by the reference images outéidher the
limiting magnitude (shown by a sudden drop in e ciency) or the maximumdistance
injections were made (1 Gpc). Unlike the ROTSE pipeline described inct®n 4.3.2 the
LT pipeline does not mask saturated objects before subtractiosg it is possible to detect
injections at close distances. The missing 10% rejected primarily dt@the candidate
being too close to the image edge or a region of poor subtraction. eltip in e ciency at
around 20 Mpc in the bottom plot of gure 4.8is due to several injections being placed
either close to the bad pixel strip or each other. The decrease in e@ency for very
nearby LGRB injections is also due to the overlap of injections. Thexeeme brightness
of nearby LGRB injections results in objects with hundreds of satated pixels. When
two or more injections close by overlap, SExtractor can pick out nhone object instead

of the two or more that were injected due to the blending of the obfts.



4.2. Liverpool Telescope Analysis 87

Figure 4.8: Plots showing the e ciency of the LT pipeline as a function of distance for the
RATCam images. Using the Kilonova (top), SGRB afterglow (middle) and LGRB afterglow
(bottom) models. For the GRB injections, we plot both the bri ghtest (red) and faintest (blue)
injections from the range of reference magnitudes given eber. For the brightest LGRB injec-
tions, dips in e ciency are due to random overlap between mutiple extremely bright injections
which SExtractor cannot separate in the image. In practice i is highly unlikely that more than
one extreme transient will appear in a single image. Given tk small number of injections per
bin, this has a large, unrealistic e ect on e ciency calculat ions.
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Figure 4.9: Plots showing the e ciency of the LT pipeline as a function of distance for the
SkyCamZ images, with the same injection types as gure4.8. The SkyCamZ reference image
does not overlap entirely with the original images. For this reason two e ciency curves are
plotted for each case in gure4.8. The dashed line (B/F-All) is the e ciency calculated from a |l
injections made in to the SkyCamZ images, regardless of oviap between the injected images
and reference image, while the solid line (B/F-Ref) is the e ciency calculated only taking in
to account injections made that are covered by the SkyCamZ rierence image.
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4.2.4 Analysis Results

The pipeline described in sectiod.2.2was used to analyse the RATCam and SkyCamZ-
images separately. For RATCam we found 406 individual candidatestore applying
our cuts. Of these, 113 were associated with artefacts near threage edges and the
bad pixel strip. Of the remaining 293, all but one was removed due tmad subtraction
or not containing the required number of detections in the series ohages. The nal
candidate was found near a minor planet and was therefore rejedt This left us with
no remaining viable candidates. For SkyCamZ we found 163 individuahmdidates, 87
of which were considered to be artefacts near the image edgegs] aere removed. The
remaining 76 did not pass the cut for required number of detectioradter being checked

for bad subtraction. This also left us with no remaining candidates.

4.3 ROTSE Analysis

4.3.1 Follow-up Images Taken with the ROTSE Network

The ROTSE-III network consists of 4 robotic telescopes situatedt Los Alamos, New
Mexico, USA; Coonabarabran, Australia; Mt. Gamsberg, Namibia; ral Bakirlitepe,
Turkey, each with a 0.4m aperture. This provides a 3.5 square degr&oV. These
telescopes imaged areas of the sky relating to 5 triggers produdsdthe GW pipelines
described in sectior2.2using a “clear', white light Iter. The ROTSE observing strategy
aimed to image the region 30 times in one night as soon after the trigges possible,
followed by 8 images for as many nights as possible for up to approxieg one month
after the trigger, each with either 20 or 60 seconds exposure tidepending on Lunar
brightness. This produced a total of 782 images for analysis, with liimg magnitudes
of around 17" magnitude. Trigger G19377 was later revealed to be a \blind injectidn

created to test the capabilities of the GW data analysis pipelines, agscribed in section



4.3. ROTSE Analysis 90

Trigger 1D Date and time Total no. of images analysed
of 1st image (UTC) (No. of images taken)
G18666  2010-09-08 18:15:29.54 125 (125)
G19377  2010-09-16 18:26:59.70 102 (117)
G20190 2010-09-20 22:40:38.96 64 (257)
G21852  2010-09-27 08:17:30.12 72 (130)
G23004 2010-10-03 23:13:40.57 48 (153)

Table 4.1: List of GW triggers imaged by the ROTSE telescopes, along wit date and time of
the rst image taken and the number of usable (total) images taken.
2.2.5 Trigger G18666 imaged the incorrect sky location due a softwaredy as described
in section2.2.4 For this reason, images from G18666 were used during the testwighe
ROTSE pipeline, providing an example of expected e ciencies but no atysis results.
As with the LT analysis, images that were of poor quality had to be reoved. Table
4.1lists the triggers the ROTSE telescopes imaged along with informatian the images
taken. Unfortunately only 411 of the original 782 images were uséffor the analysis.
Images were rejected primarily due to cloud or dust obscuring théys poor focusing

and bright sky background due to a full Moon.

4.3.2 The ROTSE Image Analysis Pipeline

We used the existing ROTSE pipeline to reduce the images taken with dhROTSE
telescope network. As with HOTPANTS used for the LT pipeline, this ivased on the
ISIS packagé which uses a single convolution algorithm described lard & Lupton
(1999 and Alard (2000Q. ISIS performs best when the reference image is of better quglit
than the images to be analysed. This is not always the case with imadesm the ROTSE
telescope network, which vary greatly due to temperature, telespe orientation, and
atmospheric e ects which can produce highly variable, often ellipti¢@ SFs. The ROTSE

pipeline was adapted byyuan & Akerlof (2008 to use cross convolution (the convolution

Shttp://www?2.iap.fr/users/alard/package.html
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(a) G19377 (b) G20190

(c) G21852 (d) G23004

Figure 4.10: Example images for each GW trigger imaged and analysed fromhe ROTSE
telescope network.
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of both the reference and original images) to improve image subttgon results. This
pipeline was implemented for our analysis to require minimal user intesion and for
large-scale image processing. On a typical night eight images aredakwith exposure
times of 60 seconds (20 seconds during a full moon), which are cored to improve
the limiting magnitude of the images (hereafter called the 8-fold imapeThe original 8
images are also split into two groups of 4 and combined to produce tstacked images
(hereafter called 4-fold images) from the same night. A refereniceage is then convolved
and subtracted from these images and SExtractor is used to detebjects in the three
residual images. During the image subtraction step, regions comteng saturated stars
are masked o and are not considered suitable for further analysigor an object in a
single night to be considered a candidate by the original pipeline the j@lst must pass
a set of criteria set byYuan (2010 during the development of the ROTSE pipeline,

described here:

The object must appear in both of the 4-fold images, have a signal-hoise ratio

(SNR) of above 2.5 in the 4-fold images and above 5 in the 8-fold image.

The object must also not move in position between the 3 images by neothan
1 pixel for objects with SNR> 15 (1.5 pixels with SNR< 15) and must also
have a FWHM no greater than twice the median FWHM of stars in the aovolved

reference image.

If the object is found to be within 20% of the semi-major axis of a gatg then
a ux change of only 3% compared to the reference image is requireldor other

objects a change in ux of 60% is required.

After these selections have been applied further cuts are appliezireduce the number
of candidates to less than 20 per image. If an image contains a largecant of candidates

it is assumed that this is due to poor subtraction of the images, an ample of which
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is shown in gure 4.4. The following cuts are made in order until less than 20 objects

remain:

Objects found with 15 or more other objects within 250 pixels are diarded, as

objects due to poor subtraction tend to be grouped together.

Objects near the edges of images are removed as these regioasrare susceptible

to aberrations.

Finally, the image size is reduced until either 20 objects remain or thmage is 800

pixels across.

Objects remaining after the cuts outlined above are collated into aandidate list for
each night. With the original ROTSE pipeline, these candidates werdén analysed by
hand, applying criteria such as checking for known variable stars asteroids, or poor
subtraction, in order to nd interesting candidates for further investigation. However,
due to the large number of images we have and the time-consumingpess to produce
the candidate lists and subsequent light curves, we needed to anate the pipeline to
perform these manual checks and highlight any interesting candi@s from the remaining
lists of objects. The automation of the pipeline, described iNuttall et al. (2012,
combines the lists of objects from each night into one master list ohigue objects which
lists which images the object was seen in and the individual light curved each object.
A series of pass/fail \hard cuts" are applied to the objects. Thescuts ensure that an
object appears on more than one night, that it does not match a kmvn variable star
or asteroid found in the SIMBAD catalogué or the Minor Planet Checker, and that
an object's brightness decays by 0.5 magnitudes to be consideredaadidate transient.
Any objects which fail any of these tests are discarded. Any remming candidates

found within three times the major diameter of any galaxies within 50 lc® in the

"http://simbad.u-strasbg.fr/simbad/
8This is the range of the detectors during the 2009-2010 science muto an optimally orientated
Neutron Star - Black Hole merger.
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Gravitational Wave Galaxy Catalogue described in chapteB (in order to account for
the possibility that a NS-NS binary may have high enough velocities todee their host
galaxies), or with light curves that follow theoretical light curves sbwn in gure 4.6
are subsequently highlighted in the nal candidate list. This nal list typically contains
less than 5 candidates, but rather than analyse each of these indwally with equal
weighting (since it is likely that most candidates will be from unintereshg transients
unrelated to GWSs), an ad-hoc ranking statisticR, was created to rank these candidates
based on their initial brightness, their rate of decay in brightnessra the images in

which they appear, which is de ned as:

X
R (18 mag) weight (4.4)
i
where 8
2
1 i tevet < 1 day
weight = event (4.5)
> it
1+Iogmﬁ ti  tevenr 1 day

and the sum,i, is over all images the candidate was identi ed. The power law index
Is chosen to be 3, which is the approximate gradient of the models dissed in section
4.2.3 Images taken with ROTSE have a typical limiting magnitude of 18, which is
fainter than the images we have due to sky brightness during ouriggers.

If a candidate was found to have a magnitude fainter than 18 on aeg ¢ night the
rank for that night is taken to be zero. This ranking statistic was dsigned to prefer
candidates which are at their brightest within a day of the trigger ad are similar to
the model light curves described in sectiod.2.3 The statistic can then be compared
to background events, as described in detail iNuttall et al. (2012, in order to high-
light likely candidates. This is done by choosing 100 sets of images taken by ROTSE
unrelated to GW triggers, with similar cadences, and analysing themsing the same

pipeline. The distribution of the ranking statistic of the candidates fom those images
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Figure 4.11: Distribution of the ranking statistic for background candi dates, obtained from
100 sets of images unrelated to GW triggers. Reproduced froruttall et al. (2012.

(which we call the background for this analysis) allows us to calculathe False Alarm
Probability (FAP) for our candidates with similar ranking statistic values. The back-
ground distribution from these unrelated images is shown in gurd.11 For example, if
an object was detected with a ranking statistic of 11, it would have BAP of around 0.1,
while an object with R = 25 would have a FAP of 0.01. These values vary for each GW
trigger imaged and analysed, as the background distributions wemneade for each trigger
using background images that match the cadence of images takem that particular
trigger. For the ROTSE analysis we require a candidate to have a FABf < 0:01 to be
declared a detection, due to the need for conservative threshsldith rst detections,
while candidates with FAP. 0:1 would be considered for further follow-up observations

where possible.

4.3.3 E ciency of the ROTSE Pipeline

As with the Liverpool Telescope analysis, it is important to quantify he e ciency of

the ROTSE pipeline to expected light curve models. For the ROTSE imag we used
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the same models as described in sectidr2.3 but the method for injection is di erent
to take advantage of the many stars suitable for use as referesc This is important for
ROTSE due to the variation of the PSF across the image, which is di cli to recreate
using a model PSF such as a Mo at pro le. Additionally, a simple \cut-and-paste” of a
star from one part of an image to another is not su cient, as this willincrease the noise
in the region around the injected star. In order to circumvent thisve use scaled bright,
isolated stars in the eld. This ensures that the object ux is domin&d by Poissonian
noise from the source, rather than sky or instrument noise, allongna smooth injection
which has a realistic PSF. A position close to the source star in the eld chosen at
random as the injection position in order to match the PSF in the imageegion, along
with a given light curve model and associated distance to the sourcén each image,
the background-subtracted ux of the original star is scaled accding to the magnitude
predicted from the light curve model, calculated using the time di erece between the
time of the GW trigger and the current image. The scaled uxFsrscaed, IS calculated

using:

F
I:starscaled = tar (4 . 6)

mag image  Mag inj
2:5

whereFg, is the ux of the original star, magmage is the magnitude of the original star
in the image andmag,; is the required magnitude of the injected transient. In order
to obtain realistic backgrounds it is necessary to scale the injectiaegion by a factor
f. Without scaling the injection region, the background noise added iquadrature,

post-injection, will be:

(postinj )?> = (preinj)?+ (star)? (4.7)

where (star) is the standard deviation of the background around the sourcéas, and

(preinj ) and (postinj) are the standard deviations of the background of the injection
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region before and after injection respectively. The backgroundoise, post injection, is
therefore obviously larger than the original background noise. Thcan result in image
subtraction in which this excess noise is clearly visible, possibly produg a higher
than expected likelihood of detecting injections and increasing therer in photometry,

depending on the methods used. In order to account for this, thejection region must

be scaled so that the background before and after injection rema the same:

(preinj)>=f2  (preinj)?+ (star)? (4.8)
which rearranges to:
s
_ (star)?
= 1 ey (4.9)

By scaling the injection region before injecting the transient we rete the back-
ground noise in the injection region, but also the mean of the injectioregion, so we
therefore add a constant value across all pixels such that the nmeaf the background and
the noise in the background remains the same post-injection. Thisrtstant is calculated
by comparing the mean before and after scaling, and the di erenge simply added to
each pixel in the injection region. After adding our transient obje¢ we have a smooth
injection in which both the mean and standard deviations of the bagtound are the
same as before the injection. Two example injections, both with angithout scaling,
can be found in gure4.12

The e ciency of recovering injected transients varied across all friggers due to
issues with image quality. As shown in Figur&.13 the ROTSE pipeline was able to
observe simulated transients out to maximum distances of5 Mpc for kilonova, 80 Mpc
( 2Mpc) for bright (faint) SGRB and 1 Gpc ( 50 Mpc) for bright (faint) LGRB

Additionally, due to the pipeline masking saturated objects nearby jactions were

ignored within the distance at which the brightness of the injectedlgect was greater
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Figure 4.12: Examples of injected transients in a single image. The top irages show a region of
an image before (left) and after (right) injection of a bright object. The bottom image shows a
di erent injection comparing the process with (left) and wit hout (right) scaling the background
in the manner described in section4.3.3 As we can see, the injection made without correct
scaling produces a region of higher noise surrounding the jected object, making it easy to
distinguish between real and simulated transients.
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than the saturation limit of the images. This corresponded to distares closer than
.5Mpc for kilonova, 10 Mpc for bright SGRB and 150 Mpc (3 Mpc) for bright (faint)
LGRB transients, respectively. For the ROTSE analysis, triggers 8666, G19377 and
G20190 recovered 80% of injections around the distance at which these objects are n
longer saturated, and decays with increasing distance. Trigger2@852 and G23004 have
e ciencies of around 5% and 20% respectively before dropping rapydwith distance.
This is due to the removal of poor images, due to extensive cloud arsi obscuring the

sky, from the analysed data set.

4.3.4 Analysis Results
G19377

The ROTSE-IllIc telescope located in Namibia responded at t+12 hours and on sub-
sequent follow-up nights (t+6 days to t+29 days) both ROTSE-Illa (Australia) and ¢
telescopes gathered images centered on the region RA=13%36"°and dec= 30 00
Due to image quality issues described earlier only 72 of these imagesldde used
in the analysis, with an average limiting magnitude of 15.1. Two galaxieg a 24 Mpc
(PGC 078144 and PGC 078133) were visible within the FoV. The ROTSE age process-
ing pipeline revealed 209 unique objects, one of which passed thedidate validation.
Further tests found this candidate was consistent with backgrow, with a false alarm
probability of 10%. This left no signi cant candidates. As discussed isubsection2.2.5

trigger G19377 was found to be a blind injection.

G20190

All four ROTSE-III telescopes responded to this GW trigger, takig images spanning
t+34h38m to t+29d, centered on the region RA=333150and dec=18 1482 Due to
image quality issues all images taken with the ROTSE-Illa, b (USA) ahd (Turkey)
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Figure 4.13: Plots showing the e ciency of the ROTSE pipeline as a function of distance in
recovering simulated kilonovae transients (top), SGRBs (mddle), and LGRBs (bottom). For
the GRB injections only the brightest models were considerd.
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telescopes were discarded, resulting in 56 images being used forahalysis, with an
average limiting magnitude of 15.5. The ROTSE image subtraction pipeknfound 77

potential candidates, none of which passed the candidate validatigprocedure.

G21852

ROTSE-IIIb took images spanning t+11h53m to t+29d centered othe region RA=11 224
and dec=41 3636 %hich, within its FoV, contained both M31 and M110. Due to image
quality issues one follow-up night had to be ignored. The average limignmagnitude

of the images was 16.6. The image subtraction pipeline found 187 age which re-
sulted in four candidates after candidate validation. All four candidtes overlapped with
one of the galaxies mentioned, however all were consistent with kgmound. The high-
est ranked candidate had a false alarm probability of 9%. Conseqtignwe found no

signi cant candidates.

G23004

The ROTSE-IlIb, ¢ and d telescopes responded to G23004 at t+B6m and collected
data up to t+29d. These images were centered on RA=68812X%and dec= 20 54°36°°
and contained one galaxy (NGC 1518) at 11.5 Mpc within the FoV. Aroud 75% of the
data was of poor quality, resulting in the analysis of 30 images with arverage limiting
magnitude of 16.7. The ROTSE subtraction pipeline found 124 poteat candidates of

which none survived the candidate validation tests.

4.4 Conclusion

The work described in this chapter details two e orts to analyse imagps taken as part of
the rst EM follow-up campaign, performed as part of the 2009-2ID science run. We

describe the data reduction pipelines for two observatories: theugpose built pipeline
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for the Liverpool Telescope, and the ROTSE telescope analysis fipe, altered to t
our needs. Using these pipelines, we nd no optical transient cane@itbs that pass our
selection cuts. Other EM searches performed as part of the samodow-up campaign
also nd no viable EM candidates to GW triggers, as described iAasi et al. (2014 and
Evans et al. (2012 We simulate expected optical counterparts to assess the cajidles
of the pipelines. We nd that for the LT we were able to recover 80®% of all simulated
transients across the entirety of the 2009-2010 LIGO/Virgo disince range and beyond
using the RATCam instrument. For the ROTSE pipeline, we were able toecover be-
tween 20-80% of all simulated transients across a smaller fractiohtbe same distances
covered by the LT instruments. The di erences between the two idue to a combination

of poor quality images and the removal of saturated objects by ¢hpipeline.



Chapter 5

Follow-up observations
In the advanced detector

era using GOTO

Advanced LIGO and advanced Virgo are set to begin operation fro2015/16, and are
expected to provide the rst direct detection of GWs. The most pomising sources for
detection are compact binary star mergers. A subset of thesausces, NS-NS and NS-BH
mergers, are also expected to be a signi cant source of EM radiatiosuch as SGRBs,
and X-ray and optical transients, as described in chapte2. Detection of these EM
counterparts will not only help validate the GW detection, but will alsoprovide comple-
mentary information on the nature of the source, as discussed ihapter 2. Therefore,

a follow-up strategy which provides the best chance of detectingVEcounterparts must

be planned in the build up to the advanced detector era. The purpesf this chapter is
to provide justi cation for the speci cations of a rapid-responsedelescope, which we call
the Gravitational-Wave Optical Transient Observatory (GOTO), designed to image EM
counterparts soon after a possible GW detection. This work is theesult of a collabo-
ration betweewn myself, Vik Dhillon, Ed Daw and Don Pollacco (Warwick diversity).

My input to the design has been the investigation of the optical coterparts we wish to

103
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observe, and the capabilities of the advanced detector network terms of sky localisa-
tion, distance reach and timescales of detector commissioning. Byntbining these | was
able to produce a design speci cation of a telescope which could aotlee majority of
optical counterparts across the distance range of aLIGO and Xd | presented this work
at the \Gravitational Wave - Electromagnetic Follow-up with UK Facilit ies" meeting at
Warwick University!, and the work presented in this chapter is expected to form the

basis of a grant proposal to STFC in 2014 for funds to build GOTO.

5.1 The Advanced Detector Era

In this section we summarise the current plan for aLIGO/AdV detetr installation and
commissioning. We also discuss the detection and localisation capabisitiduring the
commissioning of the advanced detectors, and summarise the imp#us has on the
requirements of a dedicated optical follow-up telescope.

Since the completion of the 2009-2010 science run in October 200k8 tIGO and
Virgo interferometers have been undergoing a series of upgradasch as the installation
of more complex suspension systems, more powerful lasers angdamirrors, which are
expected to increase sensitivity by a factor of 10 compared to the initial detectors. For
aLIGO and AdV, this will result in a NS-NS merger range of approximatly 200 Mpc
and 130 Mpc, respectively, a 10-fold increase in range. It is impontato note that
these distances are the orientation and sky location averaged diste to merging NS-
NS systems with two 1.4 M NSs. The limiting horizon distance is roughly twice this
range for an optimally located and oriented (face-on) system, armdiso increases with the
total mass of the system. A more detailed description of aLIGO came found in Harry
& LIGO Scienti ¢ Collaboration (2010Q. Initially, the installation of aLIGO called for

two detectors to be installed at Hanford (replacing the 2km H2 dettor with a 4 km

Lhitp://www?2.warwick.ac.uk/fac/sci/physics/research/astro/lg wemmeeting
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Figure 5.1: Network sensitivity and localisation accuracy for face-onNS-NS systems with
advanced detectors comprised of Hanford (H), Livingston (), Virgo (V) and India (l). The
ellipses show 90% con dence localisation areas, and the rettosses show regions of the sky
where the signal would not be con dently detected. The top two plots show the localisation
expected for a NS-NS system at 80 Mpc by the HLV network in the §16-17 run (left) and
2017-18 run (right). The bottom two plots show the localisation expected for a NS-NS system
at 160 Mpc by the HLV network in the 2019+ run (left) and by the H ILV network in 2022+ with
all detectors at nal design sensitivity (right). Reproduc ed from LIGO Scienti ¢ Collaboration
et al. (2013.

interferometer). However, in order to improve the localisation ofignals for EM follow-
up observations, the decision was made to move the third LIGO intierometer to a site
in India, with construction and commissioning expected to be compkdt sometime in
the early 2020s. Unless indicated otherwise, the commissioning ariserving schedule,
sensitivities and limits discussed here are for the combination of thea US-based aLIGO

(H: Hanford, L: Livingston) and one Italian AdV (V:Virgo) detectors only.

5.1.1 Commissioning and Observing Schedule

The ongoing upgrades are expected to be completed sometime dgr015, after which

there will be an extensive commissioning period.[GO Scienti ¢ Collaboration et al.,
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Estimated NS-NS Range Number Median % NS-NS localised
Run (Mpc) of NS-NS | localisation within
Epoch Duration LIGO Virgo | Detections (ded?) 5ded | 20 ded
2015 3 months | 40 - 80 - 0.0004 - 3 2000 - -

2016-17 6 months | 80 - 120 | 20 - 60 | 0.006 - 20 70 2 15

2017-18 9 months | 120 - 170| 60 - 85 | 0.04 - 100 84 1 12

2019+ (per year) 200 85-115| 0.2-200 31 5 37
2022+ (India) | (per year) 200 130 0.4 - 400 11 19 73

Table 5.1: Summary of a plausible observing schedule, expected serisities, estimated source
rates and source localisation with the advanced LIGO and Vigo detectors for a binary neutron
star (NS-NS) comprised of two 1.4 M NSs. The NS-NS ranges and 90% localisation area re ect
the uncertainty in the detector noise spectra. Reproducedrom LIGO Scienti ¢ Collaboration

et al. (2013.

2013. This time will be used to ne tune the detectors to design sensitivt and will
consist of a combination of engineering runs to calibrate upgradesdashort science
runs to assess the capabilities of the detectors during nal obs&émg-run conditions. An
example of the nal sensitivity of aLIGO can be seen in gurel.4, which shows that
aLIGO should be able to observe a large fraction of expected comspéinary mergers.
These science runs will allow some follow-up capabilities, but at shartéistance limits
and science run length than the nal con guration. The planned oberving schedule can
be seen in table5.1, but this is likely to change somewhat in response to the success
of the preceding engineering runs. During the rst short run in 2 there is a small
possibility that AdV will join with a NS-NS range of around 20 Mpc, with langer joint
science runs taking place each year until design sensitivity is readhwards the end

of the decade. At this point the detectors are expected to obser as continuously as
possible in a so called \Joint Science Mode". Given the commissioning edhle, a
dedicated observatory would need to be ready by 2016 at the latesHowever, if we

wish to determine the typical background transient rate, a yearfoobservations would

be required, so a date for \ rst light" of 2015 would be ideal.
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5.1.2 aLIGO/AdV Detection Capabilities

As shown in table5.1, the distance range for a NS-NS merger is expected to improve
dramatically over the course of detector commissioning. If we assa all three detectors
are required for triangulation, a limiting factor for EM follow-up projects similar to that
undertaken during the 2009-2010 joint science run described inaglter 2 is the distance
range of AdV, which will reach around 130 Mpc at the end of commissimg in 2020.
However, the actual distance range of the 3-detector netwodepends on the combined
SNR of the GW signal in all three detectors, which also depends onettparameters
of the system being observed. However, a combined distance ramj 150-180 Mpc at
the design sensitivity of the HLV network is not unreasonable. Thekg localisation,
which varies greatly across the sky, is also not expected to improdeastically until
LIGO-India is completed in the early 2020s, as shown in gur.1L This gure shows
the evolution of sky localisation as the detectors increase in sensijy The top two
plots show the localisation across the sky for a 1.4ML.4M NS-NS binary merger at
a distance of 80 Mpc. Sky localisation improves as the sensitivity ofdldetectors, and
subsequently the SNR of the source, increases from the 2016r&id (left) to the run
2017-18 (right). The bottom plots are for sources at 160 Mpc dg the 2019 run (left)
and the 2022+ run (right), the latter including LIGO-India, which increases the median
localisation, particularly for sources along the plane of the originaletwork consisting of
the LIGO-L, LIGO-H and Virgo detectors. Kasliwal & Nissanke(2013 argue that it may
be possible to provide some localisation using only the two LIGO detecs, with median
sky errors of 200-300 square degrees, for NS-NS mergers. d¥ew the localisation is
limited to speci ¢ regions of the sky and will have some error region$ p to 1000 square
degrees. Given the relatively short science run for LIGO-only, it is dpcal to consider
only the 3-detector network consisting of LIGO-Livingston, LIGGHanford and Virgo

for the remainder of this chapter. In this case, an observatoryegigned for EM follow-up
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in the advanced detector era must be able to observe a sky regiavering tens of square
degrees and be able to observe EM counterparts to expected rees (see sectioh.2.])

out to a distance of at least 150 Mpc.

5.2 Optical Follow-Up with aLIGO/AdV

In this section, we summarise the properties of the optical coumfEarts we expect from
NS-NS mergers and how the capability of the advanced detectorspgact on the EM
follow-up of these counterparts, which we use to justify the desigspeci cation of a
telescope to be used for rapid optical follow-up observations to G¥kiggers during the

advanced detector era.

5.2.1 Optical Counterparts

Since NS-NS mergers are expected to be the source of the rstetgion of GWs (see
chapters 1), and they are expected to provide signi cant detectable EM emigm (see
chapter 2), it is reasonable to prioritise these systems for GW-EM follow-up aeches.
During the 2009-2010 science run, images were analysed and e d&s calculated using
the properties of observed optical afterglows detected of sh@nd long GRBs (Kann

et al.,, 201Q 2011, and early theoretical kilonova light curves Metzger et al, 201Q

and see chapte# of this thesis). Recently,van Eerten & MacFadyen(201] produced a
series of updated theoretical light curves for on- and o -axis shioGRB afterglows. These
models were presented, along with updated models for isotropic kivae emission, by
Metzger & Berger(2012, which are discussed in more detail in chapte€2. The Metzger

& Berger (2012 and van Eerten & MacFadyen(2011) light curves can be seen in gures
5.2to 5.4, which show a series of possible models ferband optical afterglows due to
NS-NS mergers at various distances. These models are for optaférglows due to the

interaction of the GRB jet with the surrounding interstellar medium ad the kilonova
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decay of neutron rich matter surrounding the merger remnant, lich does not depend
on the orientation of the system. As can be seen, the further axis a GRB afterglow
is, the fainter the beamed optical afterglow. Fortunately, the dection range of NS-NS
and NS-BH mergers for LIGO and Virgo is also dependent on the angle system is
viewed in a similar manner, so for an on-axis NS-NS merger both the Gavid optical

afterglow emission will be brighter than for an o -axis merger.

5.2.2 Impact of Advanced Detector Capabilities on EM Follow -
Up

In this section we use the distance and localisation limitations of the ganced detectors,
listed in table 5.1, and the model light curves presented in gure§.2to 5.4and tables5.2
to 5.6, to discuss the limitations of any EM follow-up program in the advanakdetector

era, and the requirements needed for a dedicated optical folloy-observatory.

Limiting Magnitude

The limiting magnitude of a telescope designed to follow-up LIGO/Virgaandidates
is a critical parameter in the success of detecting the optical trarents described in
section5.2.1 During the 2009-2010 science run, partner telescopes covesethnge of
limiting magnitudes, from 12" (Pi of the Sky) to 215 (Liverpool Telescope - RATCam)
magnitude, as described in chapte2. However, the majority of GW triggers were imaged
by telescopes with limiting magnitudes of around 15-16, such as th®©RSE telescopes
described in sectio.3. As shown in gure 4.13 such telescopes can only detect kilonova
afterglows at maximum distances of the order of 10 Mpc, while theightest short GRBs
can only be seen out to distances of around 100 Mpc. By compariséime LT can see
kilonova afterglows out to distances of around 150 Mpc and brightGBRBs at over 1 Gpc

(see gure4.13. This leads to the conclusion that for a telescope for use during\ahced
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Figure 5.2: Afterglow lightcurves at distances of 40 (left) and 70 Mpc (iight) for on-axis
( j » top), 0 -axis ( 2 j, middle) and far o -axis ( 4 j, bottom), where the jet opening
angle j = 0:2. The four models describe di erent jet energiesE;, and density of interstellar
medium surrounding the source,n. Green-solid: E; = 1050 ergs,n = 1cm 3: Blue-dashed:
E; =10% ergs,n =10 3cm 3; Magenta-dot-dashed: Ej = 10*® ergs,n = 1cm 3; Red-dotted:
E; = 10 ergs,n = 10 3cm 3. The grey shaded region is the isotropic kilonova emission
from the decay of neutron rich matter surrounding the mergerremnant, spanning the expected
range of ejecta mass and velocity, with estimated uncertaity in nuclear heating and opacity
parameters. These areR-band apparent magnitudes not corrected for interstellar etinction.
Created using light curves taken fromMetzger & Berger (2012 via private communication.
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Figure 5.3: As in gure 5.2 but for distances of 100 (left) and 130 Mpc (right).



5.2. Optical Follow-Up with aLIGO/AdV 112

Figure 5.4: As in gure 5.2 but for distances of 160 (left) and 200 Mpc (right).
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detector science run to be successful, it will ideally be able to obseras many possible
EM counterparts over as much of the aLIGO/AdV distance rangeand corresponding
optical counterpart magnitude range, as possible. One measurketbe capabilities of
a telescope with a given magnitude limit is simply a comparison of which soes are
clearly visible above the magnitude limit at any reasonable time after thinitial trigger:
between approximately 30 minutes from the trigger, the typical ponse time for follow-
up observations during the 2009-2010 joint LIGO/Virgo science nj to 100 days after
trigger. The visibility of the models shown in gures5.2to 5.4 over varying distances is
listed in tables5.2to 5.6. As we can see, there is only one case at 200 Mpc that is not
visible at 20" but is visible at both 21 and 239 magnitude. Similarly, there are two
models, one at 40 Mpc and one at 100 Mpc, that are only visible for a linmg magnitude
of 23. From this we can conclude that a telescope capable of reachR®' magnitude

would be capable of imaging the vast majority of models shown in tabl&s2 to 5.6.

Sky Localisation

The sky localisations given in tables.1 and shown in gure 5.1 seem to vary little with
time until LIGO-India joins the network of detectors. While it is true that the fourth
detector will vastly improve the error regions, it is important to note that the localisations
are given for the set distances discussed in the caption of guBel Therefore, as the
sensitivity of the detectors increases, NS-NS systems at xed tiaces will give slightly
improved localisations due to higher SNR in the detectors. Howevehis improvement
will not be as great as the introduction of LIGO-India, and NS-NS nrgers before then
will still have localisations of the order of tens of square degrees.

Another contributing factor is the positioning of the telescope onhte Earth's surface
with respect to the sky localisation regions provided by LIGO/Virgo dring the commis-
sioning of the detectors, as shown in gur®.1 O -axis afterglow models are expected

to peak and persist for several days, as shown in gurés2to 5.4 However, for dis-
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40 Mpc | 100 Mpc | 200 Mpc
Mag|lon o (on O |on O
20 | X X | X X |X 40 Mpc | 100 Mpc| 200 Mpc
2L | X XX XX X Mag|on o |on o |on o
23 | X X | X X | X X 50 | X X X
21 | X X X
Table 5.2: Table listing the visibility of on- 23 | X X | X X

and o -axis SGRB optical afterglows for
jet energy and interstellar medium density
of E; = 10°%ergs andn = 1cm 3 respec-
tively, as shown in gures 5.2 and 5.3 for
limiting magnitudes of R=20, 21 and 23 at
distances of 40, 100 and 200 Mpc.

40 Mpc | 100 Mpc | 200 Mpc
Mag|lon o |[on O |on O
20 [ X X | X X
21 | X X | X X
23 | X X | X X | X

Table 5.4: As in table 5.2 but for E; =
10*8ergs andn =1cm 3.

Table 5.3: As in table 5.2 but for E;

10°%ergs andn =10 3cm 3.

40 Mpc | 100 Mpc| 200 Mpc
Mag|lon o |[on O |on O
20 | X X X
21 | X X X
23 | X X X

Table 5.5: As in table 5.2 but for E; =
10*8 ergs andn =10 3cm 3.

40Mpc 100Mpc 200 Mpa

Mag
20 X
21 X
23 X

X
X
X

X
X
X

Table 5.6: Table listing the visibility of
kilonova light curves shown in gures 5.2
and 5.3 for limiting magnitudes of R=20,

21 and 23 at distances of 40, 100 and

200 Mpc.
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tant on-axis models, which peak within a few minutes and decay rapidhs discussed in
chapter 2, it can be argued that rapid follow-up is best suited to telescopes kted near
a region of good sky localisation. A smaller sky area allows faster imagjiof the entire
error region for telescope FoVs smaller than the localised area (i.esddiling is required
to image the entire error region). It is important to note that the eror regions are those
on the sky with respect to the xed ground positions of the LIGO/Mrgo detector at
the time of detection. Using the top left plot in gure 5.1 as an example, if the sky
localisation of a detection was found to be above Eastern China, tls&y region would
be highly elongated. Approximately 9 hours later, when this region a&ky is visible for
a telescope located in La Palma, the skymap for the detection will stitle elongated and
not similar to the localisation errors above La Palma at the time of GW dection.
Previous attempts to perform EM follow-up have shown that sky mgons are not
likely to be one contiguous region but are in fact composed of sevesaaller regions,
as demonstrated in gure5.5, which can complicate EM follow-up planning and obser-
vations. This suggests that the ability to simultaneously image the wdie region with
a series of tiles is important, rather than aiming to image the entire ggon with a sin-
gle, large FoV detector. The 2009-2010 follow-up attempt also madise of a galaxy
catalogue. For the early advanced detector era, this may still be aseful method, but
as shown inKanner et al. (2012, at 200 Mpc a 100 square degree error region could
contain around 1000 galaxies. Aiming to image each galaxy individually wilentually
become too time consuming for narrower eld instruments, espetiiawhen the rapid
decay of on-axis afterglows requires promp&(l hour) observations to obtain as much
information about the prompt afterglows as possible. This leads us a wide- eld design
capable of imaging to faint magnitudes, as described in the next siet, although using
a galaxy catalogue to prioritise important regions within the larger skmaps could still

be useful.
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Figure 5.5: A typical sky map showing the region associated with a possile detection (in
this case a blind injection study), with known galaxies higHighted by black circles. The colour
represents the source location probability distribution across the sky above a given threshold
(red: high, blue: low). Reproduced from http://www.ligo.o rg/science/GW100916/
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5.2.3 GOTO - The Gravitational-Wave Optical Transient Ob-

servatory

In order to be successful in performing follow-up observations GW triggers in the

advanced detector era, a telescope must ful Il the following requ@ments:

Field of view and limiting magnitude: The ability to image the entire GW
sky localisation region to a suitable depth is the main driver in the desigaf a
new telescope. There are several telescopes which can achieveeethe required
FoV or faint magnitude limit, but currently none available for triggered follow-
up observations that do both. The advanced detector era makéisis even more
important. The median error region is several tens of square degs until LIGO-
India comes online. Since the majority of models discussed earlier instlchapter
that will be detectable at the distance ranges expected from aL@AdV will be
brighter than 215 magnitude, then a telescope with a FoV of between 50 and 100

square degrees capable of imaging downf®' 21 is suitable.

Tiled localisation region:  Due to the irregular skymaps produced by the GW
trigger pipelines, the ability to observe the entire error region is natsually possible
for a telescope with a square FoV. Therefore, a series of individualiyeerable
detectors or telescopes that can be aligned to cover the errogien as closely as

possible would be well suited to GW-EM follow-up.

Response time and location:  Due to the short timescale of some of the fainter
on-axis afterglows and the delay from GW signal to observing recteof 30-40
minutes, a response time of less than 1-2 hours increases the imf@tion obtainable
through EM observations. As discussed in chapte2, GRB afterglows have rise
times of a few minutes to half an hour, after which the decaying aftglow is visible

for a couple of hours to a couple of days aboves2inagnitude. Therefore, in order
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to gain as much information from the decay of these afterglows a®gsible, the
source must be imaged as quickly as possible. The localisation of the @#fectors
is also a factor here, as smaller error regions of a few tens of sgudegrees can
be covered in fewer pointings than large error regions spanning sl hundreds
of square degrees. Therefore, a fast-response robotic tedpscplaced in either La
Palma or Australia would be ideal due to the smaller sky localisation en® above

these locations, as shown in guré. 1l

Wavelength range: Metzger & Berger(2012 describe the spectra of their models
as similar to a thermal blackbody withT ~ 10*K. This would produce a peak in
the near-UV region of the spectrum. However, use simple line datarfiron to
estimate opacities.Metzger & Berger(2012 argue that taking into account more
detailed opacities is likely to produce counterparts that peak in th&®-band, so a

red-optimised optical telescope is suitable.

Construction timescale:  The current schedule for construction of the advanced
detectors expects routine observations from aLIGO and AdV fro 2016. Taking
into account the usefulness of having a year prior to the rst sci@e run to study
the optical transient sky (which can help remove contaminating tnasients from
the searches) it is obvious a quick construction time is needed. Fdrid reason, an
optical follow-up telescope would need to be commissioned by 201&b¢cisa short
construction timescale demands the use of o -the-shelf compane and reusing
existing hardware and software where possible. If the telescopdasbe located in
La Palma, the existing infrastructure for the new-retired SuperASP observatory

could be used.

The above requirements de ne the speci cation of a telescope whican cover 50-
100 square degrees to around 2Imagnitude. This FoV would cover the median sky

localisations listed in table5.1 for the rst 3-4 years of joint science runs with the
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advanced detectors, and as shown in gures.2 to 5.4, this limiting magnitude would
allow us to observe a signi cant fraction of on- and o -axis SGRB a#érglows and kilonova
emission during at least the rst 5 years of LIGO/Virgo commissioning. Moreover,
the telescope would need to be able to cover highly asymmetric skygi@ns: such a
requirement could be achieved with eight individual telescopes capalof observing 3 3
degrees each, giving a total of 70 square degrees. By taking advantage of the latest
9000 9000 pixel CCDs (se&twood et al., 2012 for example), with a pixel size of 10m,
we can calculate the speci cation of each telescope assuming typiparameters for sky
brightness, readout noise, and dark current noise. Since we r@gua eld of view of 3
degrees (10,800"), and our CCD will be 90mm across (9000 pixels @t th per pixel),

we can calculate the platescale, required:

10800
p= 90 =120"/mm. (5.1)

The platescale is related to the focal lengthf, of the telescope via the equation:

20626%°
= : (5.2)

Rearranging, and using the platescale calculated in equatidnl, we get a focal length

of:

206265 206265

F =171 X .
5 120 9 mm (5.3)

The focal ratio, f, of a telescope is the ratio between the focal length, and the diameter
of the primary mirror, D. For a telescope with a given focal ratio, we can then calculate
the mirror diameter needed to observe the eld required. Howevethe size of the
mirror also a ects the exposure time needed to achieve a given SN&pendent on sky
conditions), so the calculation is an iterative process to obtain theequired speci cations.

Here we present the speci cation of a telescope which gives us anRSdf 5.5, calculated
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using equation5.13 For a telescope with a focal ratio of f/6 we obtain a mirror diameter
of:

=286 mm: (5.4)

Therefore a mirror of approximately 30cm in diameter will be suitable.However, if
the telescope requires a larger mirror (for example if an image with aiffiter limiting
magnitude for a given exposure is needed), then a dierent focalnigth telescope is
needed to obtain the same FoV. For example, a mirror of around 4&cwill require a
telescope with a focal ratio of f/4. This can impact the cost of thedlescope, as faster
focal-ratio telescopes are generally more complex, and hence neqgensive. In our case,
we are aiming for simple speci cations in order to keep costs low, so #6 telescope is
suitable.

To demonstrate the suitability of this telescope design for opticabflow-up, we must
calculate the SNR of a typical observation of an object at the desid magnitude limit of
R = 21. The relation between the ux, F, and apparent magnitude,m, of two objects
can be written as:

F
m; mp,= 25log F—l : (5.5)
2

Using a standard ux zero-point, Fzp, which is de ned as the ux detected for a star
with apparent magnitude, m = 0, we can re-write this relationship to nd the ux of an

object we wish to observe:

F .
Mops = 2:510¢ FLb’ ; (5.6)
ZP

However, myys is the magnitude observed for a star seen through the atmospkeso we
must also correct for atmospheric extinction. To do this, we de né¢he relation between

the above atmosphere magnitude and observed magnitude as

Mops = Mo + kSe; (5.7)



5.2. Optical Follow-Up with aLIGO/AdV 121

wherem, is the above-atmosphere magnitude of the objedt,is the extinction coe cient 2
and se is the airmass (wher& is the angle from the zenith that the object is observed).

This gives us:

F .
mo + kseZ = 25log -2 (5.8)
Fzp
Rearranging gives:
Fobj =10 mo=2:5 10 ksez=2:5 FZP: (5.9)

F,p for standard lIters® are typically given in units of photons/s/cn?/ A. Therefore, we
need to account for the exposure timédg,,, the collecting area of the primary mirror,A

and the bandpass of the Iter used, . This gives

Fopj = 10 Mo™25 10 Kse&=25 poo oy A (5.10)

Finally, we must take into account various e ciencies of the telescop system, giving:

FObj =10 me=2:5 10 kseZ=2:5 FZP texp A inst tel QE, (511)

where s IS the instrumental throughput, i is the re ectivity of the telescope optics
and QE is the quantum e ciency of the CCD, which depends on the wavelengt of
light being observed. For a 2-mirror telescope with aluminium coatings which each
coatingis 90% e cient,  =0:9 0:9=0:81. Assuming a simple case of a lter and a
plane-parallel window covering the CCD, in which each surface tramgs light with an ef-
ciency of 98%, then sy =0:98"  0:92. Using standard lIter information? we can cal-
culate the ux of an object with a known magnitude for a given expage time in a given

lter. For an object at 215 magnitude in the R-band (Fzp = 717 photons/s/cm?/ A,

2Example values can be found at:

http://www.vikdhillon.sta .shef.ac.uk/teaching/ phy217/instrumen  ts/phy217 _inst_photcal.html#table2
3Typical values can be found at:

http://www.vikdhillon.sta .shef.ac.uk/teaching/ phy217/instrumen  ts/phy217 _inst_photsys.html#tablel
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Iter bandpass = 1330A, i = 0:81, QE = 0:8) with a mirror diameter of 30cm
(A =0:9r 2 =671:5cn? where the factor of 0.9 takes into account the typical fraction
of the primary mirror covered by the shadow of the secondary mor), a 300 second
exposure (the same exposure time as the LT, see tallld), givesFop; = 389 photons at
a typical zenith distance of 40.

The noise sources for CCD observations can be summarised as:

Poissonian noise of objectl? Fonj (photons).

Poissonian noise of sky backgrouncﬁ), Fsky (photons/pixel).

Poissonian noise of dark current (thermally-generated electrofiom the CCD),

P Faark (electrons/pixel).

Exposure-time-independent non-Poissonian noise due to readcelectronics, R

(electrons/pixel).

The ux due to the sky has a similar form to equation5.11
I:sky =10 Msw 29 Fzp texp A inst tel QE p2: (5.12)

wherep is the platescale (in units of arcseconds/pixel). The value fang, is typically
given in units of magnitudes per square arcsecond, so the facpdris used to convert to
units of photons/pixel. We also no longer need to correct for atmphkeric extinction, as
the sky background is due to scattering of light from the ground ahlight generated by
the sky, neither of which is subject to extinction. Assuming typicabbserving conditions
(median seeing of good observing site of 1.2" and a "grey' moon proitig mg,, = 20:1
magnitudes per square arcsecond in ttiie-band) we nd the sky ux to be Fg, = 1425

photons/pixel.



5.2. Optical Follow-Up with aLIGO/AdV 123

The SNR of our object can then be calculated using:

Fobj
FObJ + Npix(Fsky + Fgark texp + RZ)

SNR = p (5.13)

whereNy is the number of pixels our object is spread over given our seeing.r Bgpical
values ofFg44k = 0:05 electrons/pixel/sec and readout noise of 7 electrons/pixel wend

a SNR 55. Therefore, we can conclude that a series of 30cm telescopes reach

R = 215 magnitude with a total FoV of 70 square degrees with an exposure time of
300 seconds with SNR> 5. This also provides a pixel scale of 1.2 arcsec/pixel, which
is comparable to the seeing of good observing sites such as La Palmealucing the
contribution of sky background to 1 pixel.

Using the localisation accuracy of mergers shown in gurg.l, it can be seen that
the sky above La Palma in the Canary Islands should provide the smaitdocalisation
error associated with possible sources at the time of detection, egposed to, for ex-
ample, a site in Chile, using a 3-detector (HLV) network con guratio. The La Palma
site is ideal for fast € 1 hour) follow-up observations of rapidly fading transients. The
telescope design presented here also allows for regular surveyinthe night sky. Given
that the telescope can cover 70 square degrees in a 5 minute oe#on, we can there-
fore observe around 700 square degrees per hour (given reabtentime overheads for
slew/readout/etc.). For a typical 10 hour night, this will allow us to cover around 7000
square degrees per night, or the entire observable night sky ev@r nights at La Palma.
This would allow us to characterise the transients in the night sky, pvide EM triggers

for GW analysis and provide very recent pre-trigger images for dpal follow-up analysis.
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5.2.4 Updated Opacities for r-process Material - Impacts fo r

aLIGO/AdV

Soon after the initial design requirements for GOTO were rst decigd, as described in
section 5.2.3 improvements to the kilonova models described iMetzger et al. (2010
and Metzger & Berger(2012 were published. Work byKasen, Badnell & Barneq2013
and Barnes & Kasen(2013 attempted to improve on the models oMetzger & Berger
(2012 by using radiative transport simulations with more recent atomic-lie data to
estimate the opacities of the r-process material created from ehneutron-rich ejecta
post-merger. Using similar nuclear heating rates to those Metzger et al. (2010 and
Metzger & Berger (2012, Kasen, Badnell & Barnes(2013 used Neodymium (Nd) line
data for the Lanthanide elements instead of Iron (Fe), as used Iietzger et al. (2010
and Metzger & Berger(2012. Kasen, Badnell & Barneq2013 found that the Nd-based
opacities were a factor of 100 higher than Fe-based opacities. A®wn in Barnes &
Kasen (2013, this results in light curves that are fainter, redder and longer ldsg than
those of Metzger et al. (2010 and Metzger & Berger (2012. Importantly, the light
curves ofBarnes & Kasen(2013 are found to peak in the Near-Infrared (NIR) region of
the spectrum, rather than in the optical, as shown in gures.6. For comparison,Barnes
& Kasen (2013 nd peak absolute R-band magnitudes of 11 Mg 15 compared
to 13 Mg 17 for Metzger & Berger(2012. However, the Nd line data used in
the simulations ofKasen, Badnell & Barnes(2013 also su ers from uncertainties, with
di erent line models having signi cant e ects on the overall light curves. One example
light curve (shown in gure 5.7) shows that a di erent line model than that shown in
gure 5.6 can produce pealRk-band brightnesses that are 1-2 magnitudes brighter, which
are not too dissimilar to those ofMetzger & Berger(20132.

Complementary work was presented byanaka & Hotokezaka(2013 and Hotokezaka

et al. (2013, who also implement radiative transport models to the ejecta mat&l from
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Figure 5.6: Synthetic broadband light curves calculated for the ducial ejecta model, described
in Kasen, Badnell & Barnes (2013 and Barnes & Kasen (2013, calculated using iron-like
opacities (left) and r-process opacities (right). The e ect of r-process opacities is to suppress
the optical emission and shift the radiation toward redder bands, in particular the infrared J,
H and K bands. Reproduced fromBarnes & Kasen(2013.
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Figure 5.7: A comparison of broadband curves of the ducial model, calclated using line data
with from two di erent Autostructure models of Nd, each with a somewhat di erent energy
level structure. Calculations using the opt2 line data (dashed lines) predict higher magnitudes
for the optical B- and R-bands than those with the opt3 line data (solid lines). Reproduced

from Barnes & Kasen (2013.
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a NS-NS merger, but with less detailed line data for a broader rangé@ements across
a wider range of merger scenario§anaka & Hotokezaka(2013 nd opacities similar to
Kasen, Badnell & Barnes(2013, but show that the EM emission depends on the mass
ratio and the Equation of State (EOS) assumed for the detailed nuenical simulations of
the NS-NS binary Hotokezaka et al, 2013. Tanaka & Hotokezaka(2013 discuss two
sets of models, each with their own subsets, as described below.

First, simple analytical models are used covering a range of possibtersarios:

NSM-all: Similar to the model from Metzger & Berger 2012 using solar abun-

dances of r-process material from Gallium (Ga) to Uranium (U).

NSM-dynamical: Scenario in which the r-process is very e cient, redting in ele-

ments with Z 55 only.

NSM-wind: A scenario in which feedback from the accretion onto thislack hole

halts the r-process early on, resulting in elements with 31 Z 54 only.

Second, results from 4 numerical simulations described Hotokezaka et al.(2013,
in which the NS-NS masses are either 1.3-1.4Mor 1.2-1.5M, and the EOS of the
NS pairs are either sti (smaller NS radius, higher density) or soft (layer radius, lower
density). Tanaka & Hotokezaka (2013 nd light curves qualitatively similar to those
shown inBarnes & Kasen(2013, with some variation dependent on the speci c model
used. Figure5.8 shows the result of the NSM-all scenario, while gur&.9 shows the
light curves from all 4 numerical models in dierent Iters. In particular Tanaka &
Hotokezaka(2013 nd that for soft EOS mergers, the mass ratio has little e ect on he
overall brightness of the light curve, while a sti EOS can vary the pak brightness by
several magnitudes, as the larger mass ratio produces more ggeevhich results in a
brighter light curve.

Rosswog et al(2013 and Grossman et al(2013 provide further complementary work

through additional simulations. Uniquely, hydrodynamical simulatios by Rosswog et al.
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Figure 5.8: Multi-colour light curves of model NSM-all (in Vega magnitudes). Light curves
in redder bands are brighter and slower fading than models fsm Metzger & Berger (2012.
Reproduced fromTanaka & Hotokezaka (2013.

(2013 extend out to 100 years, where previous simulations were usuallydnodynamical
for the rst few seconds, with thermodynamic and radiative tranport models for the
remainder of the simulation. Rosswog et al(2013 also do not assume spherical geometry
of the ejecta. Using heating methods similar tdletzger et al. (2010 and Metzger &
Berger (2012, hydrodynamical simulations described irRosswog et al(2013 produce
similar abundances to other modelsGrossman et al.(2013 investigates two possible
ejecta channels and the impacts these have on the light curves wepk to detect in
aLIGO. Firstly, dynamical ejecta (similar to the previous models) poduces \strong"
r-process material (with atomic mass numberA > 130), but the NS-NS mass ratio is
important. They nd that larger mass ratios typically produce moreejecta. These are
intrinsically brighter but are more non-spherical, which could impact © the visibility
of the resulting kilonova depending on the line of sight.Grossman et al.(2013 also
argues that previous work byMetzger & Berger(2012 uses an electron fraction of the

initial material that is too high, and shows that their work with lower dectron fractions
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Figure 5.9: Predicted ugrizJHK -band light curves for model NSM-all and 4 numerical models.
The distance to the NS merger event is set to be 200 Mpc. Horizgal lines show typical limiting
magnitudes for wide- eld telescopes (5 with 10 min exposure, seefanaka & Hotokezaka (2013
for details). Reproduced from Tanaka & Hotokezaka (2013.
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Model Source Type Filter M (Filter) M@200Mpc| tpeak(days)
Metzger (2012) On-axis GRB| r -26.510 -16.5] 10 to 20 <0.1
O -axis GRB r -17.5to0 -7.5 19 to 29 1to 10
Kilonova r -17.5t0 -13.5| 19to 23 0.5t04
Kasen & Kilonova R -15.5t0 -11.2| 21 to 25.3 0.5to 10
Barnes (2013) I -16.7to-12 | 19.8t0 24,5/ 0.5to 10
H -18to -14 | 18.5t0 22.5| 0.5to0 10
Tanaka & Kilonova r -14 to -10.5 | 22.51t0 26 1
Hotokezaka (2013) 1.3-1.4M z -1551t0-13 | 21to0 23.5 lto2
J -15.5t0 -13.5| 21to 23 1to5
H -145to0 -12.5| 22to 24 lto7
Grossman et Kilonova R -145t0-11 | 22to 25.5 05t 1
al. (2013) 1.3-1.4M B -135t0-10 | 23to26.5| 0.3t0 0.5
J -14t0-125 | 225t024 | 05t02
H -14t0-13 | 225t0235 1to4

Table 5.7: An example of the range of light curves from the models discised in this chapter,
showing absolute magnitudes, apparent magnitudes at a digsince of 200 Mpc and the time at
which the models peak for a variety of lters.
produces light curves up to 2 magnitudes fainter for similar mass iias (see gure5.10.
However, these light curves are calculated using black body e eatitemperatures, and
so may vary with more detailed work taking into account complex op#@es. Grossman
et al. (2013 also discuss the possibility of a neutrino-driven wind ejecta channevhich
would produce lower mass, \weak" r-process material. Early resaltshow that this
ejecta channel could produce a shorter lived, brighter optical aoterpart which peaks
at around 0.5 days post-merger with a bolometric absolute magnitedf -14.9 (n = 20:1
at 100 Mpc), again shown in gure5.1Q

So, in conclusion, while kilonova emission is gaining traction as a real éetable
counterpart to NS-NS mergers, the situation is complex, as seentable 5.7, and chang-
ing rapidly. These models suggest that the design for GOTO may hate be altered,

and that imaging to fainter magnitudes in the NIR portion of the spetum may be

necessary, but the eld is currently very uncertain.
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Figure 5.10: Broadband light curves from the total ejected material (dynamic ejecta plus
-driven wind; thick lines) and the dynamically ejected matter alone (symbols; thin lines), for
NS-NS masses of 1.4-1.3M (top) and 1.8-1.2M (bottom). As a word of caution Grossman
et al. (2013 stress that the broadband light curves have been computed ssuming a blackbody
spectrum corresponding to the e ective temperature. Reprodiced from Grossman et al.(2013.
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5.2.5 GRB 130603B - A Possible Kilonova Afterglow?

While writing this chapter, and investigating new theoretical modelsdr the as-of-yet
undiscovered kilonova afterglow to a NS-NS merger, the rst pasde detection of a real
kilonova associated with a GRB was published, the properties of whielte summarised
here. At 2013-06-03 15:49:14 UT the Burst-Alert-Telescope (BADnN the Swift Satellite
detected a short GRB with a duration of 018 0:02 seconds Follow-up observations
using the 4.2 m William Herschel Telescope (WHT) detected an opticaftarglow over-
lapping a galaxy detected in the SDSS survey. Both the afterglow digalaxy were found
to have a redshift ofz = 0:356. Additional observations were taken with the Hubble
Space Telescope (HST) at 9 days and 30 days post-burst. Images were obtained
in both the optical F606W lter (0.6 m) and the NIR F160W Iter (1.6 m). Image
subtraction using the early- and late-epoch images found an exsan the NIR in two
independent studies Tanvir et al., 2013 Berger, Fong & Chornock 2013. The results
given below are fromTanvir et al. (2013, but both studies are qualitatively the same.
The residual NIR transient was found to have a magnitude ohy 2573 0:20, approx-
imately 3.5 magnitudes brigher than the extrapolated afterglow. Noptical counterpart
was found with a 2 upper limit of mg > 2825. This excess NIR ux corresponds
to a source with absolute magnitudeM (J) 15:35 approximately 7 days after the
burst in the rest frame. The evolution of the optical, NIR and X-rayobservations are
shown in gure 5.11 The optical and X-ray afterglows decay steeply after 0.3 days,
modelled as a broken power law with index 2.7. As shown in gure5.11 this lies well
within the models predicted byKasen, Badnell & Barnes(2013 and Barnes & Kasen
(2013, providing a natural explanation that the NIR transient detected in HST images
is an r-process kilonova remnant from the NS-NS merger progemitof the short GRB
130603B.

An absolute J-band magnitude of -15.35 corresponds tm(J) = 19:47 at a distance

4GCN Circulars: 14735, 14741
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of 100Mpc. For the models oBarnes & Kasen (2013, assuming that this J-band
magnitude lies in the middle of their range of model light curves, a simil&ilonova at a
distance of 100 Mpc would have 19 < m (R) < 23:8. From this, we can conclude that
the kilonova models are reasonably accurate and that GOTO may béla to observe
some fraction of kilonova afterglows within the conservative aLIGAdV distance limit
of 100 Mpc. For GW detectors at full design sensitivity, which give aistance range
(horizon) of 200 (400) Mpc, the brightest kilonova models would relt in an R-band
magnitude of around 21 (22.5), respectively. This suggests thaewnay need to increase
the magnitude limit of our observations to observe even the brigtgekilonova afterglows

across the entire aLIGO/AdV distance horizon.

5.3 Conclusion

During the next few years advanced LIGO and advanced Virgo will lgan regular joint
observations. For the remainder of the decade, the commissioniofjthe detectors will
slowly increase the sensitivity of the detectors, increasing the ai@es of detecting grav-
itational waves. It is hoped that this will allow routine observations & GW sources,
in particular NS-NS mergers, which are expected to produce signant EM radiation.
NS-NS mergers viewed on-axis are thought to be the progenitofsSGGRBs, and are also
predicted to produce observable o -axis EM afterglows and radigtively produced EM
emission. In order to detect these EM counterparts, telescopeapable of observing sky
regions covering several tens of square degrees down to a limitinggmitude of R 21
are needed. We describe the design of a telescope, GOTO, for wHidh-GW follow-up
observations is the main science goal, based on models presentddetzger et al.(2010
and Metzger & Berger(2012. More recent models, for a speci ¢c emission process known
as a kilonova, suggest the detections of kilonova counterparts ynlae a more challenging

task than anticipated, as r-process opacities can signi cantly altehe resulting kilonova
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Figure 5.11: X-ray (black), optical (blue) and NIR (red) light curves of a fterglows of GRB

130603B. Upper limits are 2 and error bars are 1 . The WHT optical data ( g-, r- and i-bands)
have been interpolated to the F606W band and the NIR data havebeen interpolated to the
F160W band (see supplementary information ofTanvir et al. (2013 for a full description). HST

epoch-1 points are given by bold symbols. Dashed lines arengple afterglow power-law decays.
The solid orange curves correspond to model light curves fra Kasen, Badnell & Barnes(2013

and Barnes & Kasen(2013 for ejecta masses of 10°M (lower) and 10 'M (upper). Added

to the afterglow decay curves, this produces the solid red awe/hatched region. The cyan

curve shows that even the brightest optical kilonova emissin is negligible. Reproduced from
Tanvir et al. (2013.
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light curves. These models suggest that the EM emission from a kilamois longer last-
ing, fainter and peaks in the near infra-red portion of the spectrn. While these models
su er from several uncertainties, and cover a wide range of brigifesses and lifetimes (see
table 5.7), the detection of a possible kilonova remnant accompanying the @th GRB
130603B lends weight to these models. Due to the brightness of tkilonova models,
GOTO may not be able to observe even the brightest afterglows given Barnes & Kasen
(2013 beyond a distance of 200 Mpc in thdrR-band, Therefore, further work must be
done to investigate improvements to GOTO, which can increase thbances of detecting
a kilonova afterglow. The kilonova models suggest that peak brigh#ss occurs in the
NIR region of the spectrum. However, sky brightness can be 8 nmaiyides brighter than
in the optical, so we may bene t from pushing further into the red, It still optical, por-
tion of the spectrum. Using gure5.6we can see that observing in thé-band results in
an afterglow that is 3-4 magnitudes brighter than in theR-band, while not su ering from
increases in sky brightness on the same scale as NIR observatidtiewever, conventional
CCDs decrease in sensitivity with increasing wavelength. One method increasing the
sensitivity in the | -band is to replace conventional CCDs with deep-depletion CCDs ése
Rahmer et al, 2012 for an example), which have a thicker layer of silicone for longer
wavelength light to interact and free a photoelectron, increasinghe QE of the CCD by

over a factor of 2 for far-red observations.



Chapter 6

Conclusions and

Future Work

Over the last few years, GW detectors have begun approachingetisensitivity limit re-
quired for routine observations of GWs. To do so, detectors mube capable of detecting
changes in length that are 1/1000" of the width of a proton. Together with interfer-
ence from noise sources such as seismic activity, laser shot noisatker e ects and even
the deformation of the Earth's crust due to the Moon, this provide a huge technical
challenge. However, the development of sophisticated seismic ismlatsystems, large
mass pendulum mirrors and stabilised, high-power lasers have helpeduce these noise
sources to a manageable level. As well as con rming a key predictioihEonstein's theory

of general relativity, a GW detection will be a huge technical achieweent.

6.1 Electromagnetic Follow-up

The routine detection of GWs alone will give us a new and unique meanstiwwhich

to explore the Universe, allowing us to see into the regions typically ague to EM
observations. By combining GW detections with EM observations, it ipossible to gain
even greater insight into the physical processes at work. A classigample is that of

GRBs; Long GRBs should have been detectable within a few Mpc foreh2009-2010

136
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science run, while Short GRBs were detectable out to50 Mpc. By combining GW
and EM detections, not only can we increase the con dence of a GWetgction, but
it is possible to gain much more detail on the central engines of the jebts, as GWs
are unobscured by intervening matter, unlike light, which su ers fom scattering and
absorption.

Chapter 2 describes the rst attempt at performing EM follow-up of GW candidites
using a range of GW trigger generators and partner observatasie GW data from the
two LIGO detectors and the Virgo detector were analysed by theetrigger generators,
looking for both unmodelled GW burst signals and signals which matchetieoretical
waveforms, which allowed us to reconstruct a source position onettsky, known as
skymaps. These skymaps, when combined with prior information ohé location of
nearby galaxies, allowed us to use EM observatories to image the togeresting regions
of the sky in response to a GW trigger. Over the 2009-2010 sciemua, 8 triggers were
identi ed and sent for observation by partner observatories, milting in over 1,800 images
from the optical telescopes alone, from which no EM candidates weobserved. One of
these GW triggers was part of a blind injection challenge, where a sifated transient was
added to the detector data to test the analysis pipelines. The trigg generators placed
the origin of the transient near Canis Majoris, giving the event the wniker \Big Dog",
with an o cial designation of GW100916. Initial analysis suggestedhat the transient
was similar to a typical inspiral signal. More in depth analysis found thathe system
was most likely a BH-BH binary object with component massesé< M ; < 105M and
27<M, < 56M , at a distance of between 7 and 60 Mpc, with an extremely low false
alarm rate of 1 event per 7000 years. Errors in the injection softwe resulted in an
incorrect waveform and sky location, but once corrected the alysis results and blind
injection matched.

My contribution to the work described in chapter2 was the creation and testing of

code which ranked galaxies based on their likelihood of hosting the G\Wusce, and the
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subsequent observation requests, for the Liverpool Telescoped LOFAR. | also acted
as an \on-call" EM follow-up expert, whose role is to provide human vecation of a

GW trigger, and submitting the observing requests to the partnetelescopes.

6.2 The Gravitational Wave Galaxy Catalogue

In chapter 3 we created the Gravitational Wave Galaxy Catalogue (GWGCWhite,
Daw & Dhillon, 2011, which contains 53,225 galaxies within 100 Mpc, which was used
to image the sky regions we considered most interesting. By this, weean regions of the
sky which contain the most extragalactic stellar mass, as GW souscare expected to
be rare in our own galaxy, but strong enough to be seen out to distees of tens of Mpc
for NS-NS mergers. In order to image these regions, we neededupfto-date catalogue
of nearby galaxies. Previous catalogues used within LIGO su eredom degeneracies
and did not include data from the most recent data releases from @@-area galaxy
surveys. The GWGC was created using a combination of local and erded galaxy
catalogues from the literature, and includes the most accurate th®ices and positions
available, along with diameters, position angles anB -band magnitudes where possible
for each galaxy in the catalogue. Comparisons with the expected tiisution of blue
light based on SDSS data shows that the catalogue is almost completg to a distance
of 40Mpc, but su ers from systematic incompleteness beyond this tisice, which will
only be solved with the inclusion of a deep, all-sky galaxy survey. In tacipation of the
advanced detector era, an updated catalogue was also produeddch containedI -band
magnitude measurements for as many galaxies as possible. This allansestimate of
the mass of a galaxy to be made, rather than relying on blue luminosigys a tracer
of NS-NS merger likelihood Kanner et al., 2012. While originally designed for the
2009-2010 EM follow-up campaign, the catalogue has been usedeasively within the

LIGO/Virgo collaboration and beyond. SeeKanner et al. (2012, Adran-Martnez et al.
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(20139, Baret et al. (2012 and Camp et al. (2013 for some examples.

6.2.1 Optical Image Analysis from GW triggers

In chapter 4, we presented the results of the analysis of images taken by the éiigool
Telescope (LT) and the ROTSE Telescope network as part of the Efdllow-up campaign
described in chapter2. The LT imaged the sky using two instruments simultaneously:
the 4.7 arcminute FoV RATCam instrument at the Cassegrain focusfdhe telescope
and the 1 FoV SkyCamZ on the nder telescope. The RATCam instrument obteaed
a total of 22 images over a month to be analysed for trigger G23Q0dlong with 3
images to be combined into a high quality reference image. The SkyCamnstrument
obtained 172 images to be analysed along with 17 reference imagesefisure no optical
transient was present, the reference images were taken 18 nisn@after the original
trigger. The LT image analysis pipeline was created using a python garto perform
image subtraction via a series of standard programs for image argif/ The resulting
residual images contained objects due to the di erence betwedmettwo matched frames.
These candidates were subjected to a number of cuts to remov@nieresting transient
artefacts, and known variable stars and minor planets. After alluts, we found no optical
transient candidates.

The ROTSE network imaged 5 triggers, one of which was of the wrorgky posi-
tion due to a software error. Additionally, one of the remaining 4 trigers was the
blind injection described earlier. The ROTSE network images a singlegien from the
rst available clear night and as many subsequent nights as possibler fup to 30 days.
ROTSE obtained 782 images, of which 411 had to be removed due tmponage quality.
The remaining images were analysed in a method similar to the LT usinggtROTSE
pipeline. Each candidate that survived the cuts was given a rankingasistic, which was

compared to the background distribution taken from the analysisfdlOO sets of images
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from unrelated triggers, giving us a false alarm probability (FAP). Foa candidate to be
considered a new detection, we consider candidates with a FAPO:01, while candidates
with FAP < 0:1 are considered for further follow-up observations. For all trigggs, we
found no candidates with FAP< 0:01, and two with FAP  0:1, which we considered

consistent with background rates.

6.2.2 E ciency Studies of Analysis Pipelines

To ensure that our cuts do not reject the EM counterparts we hee to detect, we used
simulated transients in our images and analysed them using the samatal reduction
pipelines. The model light curves we used were based on observeticapafterglows to
LGRBs and SGRBs, and the predicted kilonova light curve from the n#gron rich matter
ejected during a NS-NS merger, placed at di erent distances oub a maximum of 1 Gpc.
For the high quality LT images, we were able to simply inject model starusing a Mo at
pro le. For the LT we were able to recover 80-90% of all models, aang the entirety
of the 50 Mpc LIGO/Virgo distance horizon for NS-NS mergers, andeyond 1 Gpc for
the brighest GRB injections.

For ROTSE, special care had to be taken to account for the vari@n of the PSF
across the FoV, often resulting in elliptical sources. To accountrfthis, we used stars in
the eld as templates, which were extracted, scaled and copied tbé injection region.
Simply adding the scaled template star resulted in an obvious variation the background
noise, which needed to be scaled rst. The resulting injections allodiaus to recover
model transients with e ciencies which varied from 20% to 80% due tthe removal of
poor quality images. The ROTSE pipeline also masked saturated pixetgsulting in the
rejection of bright transients. Worryingly, this would reject all of the brightest LGRB

afterglows within 100 Mpc and most of the brightest SGRB injectionsvithin 10 Mpc.



6.3. Future Work 141

6.2.3 Follow-up in the Advanced Detector Era

The detectors used during the 2009-2010 science run are cutlsem the process of be-
ing upgraded which is expected to lead to an improvement in sensitivityf a factor of
10. These advanced detectors are expected to begin joint obsgions from 2015/2016,
initially at reduced sensitivities, which increases towards the desigrerssitivity after a
few years. There are also plans to install a third aLIGO detector & site in India, which
should hopefully begin operation in the early 2020s. The capabilities thfe telescopes
used during the 2009-2010 science run taught us valuable lessamstiie planning of
EM follow-up with aLIGO/AdV. While the increased sensitivity will allow aL IGO to de-
tect NS-NS mergers out to an average distance range (maximumtdisce) of 200 Mpc
(450 Mpc), the localisation of the advanced detectors before LIGI@dia comes online
will still be of the order of 10's of square degrees. It is thereforetal that we have
telescopes capable of imaging these large, disjointed sky areasmitavat least 2 mag-
nitude. Using more recent light curve models than those used in thejéction studies in
chapter 4, we were able to create a design speci cation for a telescope to ls=d in the
advanced detector era, which we call the Gravitational-wave Optit Transient Observa-
tory (GOTO). This facility is designed to reach a limiting magnitude ofR = 21 with a
300 second exposure, and covers a sky area of around 70 sqdegeees via 8 individually
steerable telescopes, allowing us to cover asymmetric skymaps i @ointing. Placing
the telescope on La Palma or in Australia, which coincide with the beskg localisations
for the early advanced detector network, would allow deep, rapick( hour) follow up,

which is vital for observing rapidly fading counterparts to GW soures.

6.3 Future Work

After the initial design of GOTO was created, a new series of modelsr fthe kilonova

afterglows of a NS-NS merger were publisheBdsen, Badnell & Barnes2013 Barnes &
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Kasen 2013 Tanaka & Hotokezaka 2013 Hotokezaka et al, 2013 Rosswog et al.2013
Grossman et al. 2013. These newer models vary slightly in their methods, but all show
that the opacity of the neutron rich matter is signi cantly higher than anticipated. This
results in light curves which peak in the near-infrared, rather thamptical portion of the
EM spectrum. These light curves also peak at later times and are intsically fainter.
This has implications for the design of GOTO, which assumed that thalknova emission
peaked in the optical. Simply observing in the near-infrared may seelike an obvious
solution, but sky background is several magnitudes brighter thafor the optical, far-red
portion of the spectrum. More work is therefore needed to re nthe design of GOTO,
such as using deep-depletion CCDs to be able to image in the far-réat it may also
be necessary to alter the speci cations further to reach faintdimiting magnitudes.

Due to the greater distance range possible for aLIGO/AdV, a nevextended galaxy
catalogue is also needed. Early work suggests that the currenttmed of creating an ex-
tended catalogue using HyperLEDA would result in a low completenéssNork described
in section3.4.2 which uses H and HI surveys, could provide modest completeness, but
the surveys to create such catalogues do not currently exist indhpublic domain. It
is obvious, therefore, that work must begin sooner, rather thalater, to create a new
galaxy catalogue for use during the advanced detector era. Assdebed in section3.3.],
the inclusion of galaxies from the 2MASS Redshift Survey could imp@wcompleteness
signi cantly.

Finally, the mechanics of operating an EM follow-up campaign must bdtered to
take into account the new capabilities the advanced detector will brg, such as increased
distance ranges with no initial improvement in localisation. Even if onerdawo obser-
vatories with speci cations similar to GOTO were available, there is stilsome use for
telescopes with a range of limiting magnitudes and FoVs. The di culty ign utilising the

available telescopes to maximise the chances of success of ndingEi counterpart.

LUnpublished work carried out within the internal Looc-Up working gr oup.
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Early attempts to do so, using the telescopes used during the 26P910 science run,
is presented inSinger, Price & Speranzg2012. However, this approach merely aims
to image the correct region of the skymap, with no guarantee on téeting a counter-
part, as the limiting magnitudes of each telescope is not taken into @munt (although
is stated to be part of further work by the authors. Additionally, this study does not
take into account the construction of new, dedicated instrumest There is also the
possibility of a tiered approach to triggered observations. By pasg on the location
of possible transients detected by the rst responders to a trigy onto deeper, possi-
bly spectroscopic observatories will increase the information availa for each candidate.
For example, spectra can provide redshifts, abundances and sfpal energy distributions
of counterparts. The logistics of doing so becomes complicated. \Weist understand
the background rate for optical transients to decide which candades are statistically
interesting. Some attempts to characterise the transient sky Balready been performed
(seeSinger et al, 2013 Berger et al, 2013 for examples), but the use of a fast, wide-
eld optical observatory such as GOTO should improve on this. We nsi also ensure
that telescopes do not reject candidates due to saturation, akavn with the ROTSE
pipeline. Despite these questions, the future of GW astrophysicadthe EM follow-up
campaign looks promising, and will lead to exciting times in the coming dade.
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Figure A.1: Examples of images from the Liverpool Telescope RATCamstrument
showing the warping and subtraction stages of the image analysis gime described in
section4.2.2 with the original (top left), reference (top right), warped (bottom left) and
subtracted (bottom right) images shown.
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Figure A.2: Examples of images from the Liverpool Telescope SkyCaAnmstrument
showing the same warping and subtraction stages of the image arsadypipeline described
in section4.2.2 with the original (top left), reference (top right), warped (bottom left)
and subtracted (bottom right). As discussed in sectiod.2.2 the SkyCamZ images are
poorly aligned with the reference image, resulting in poor coverage finalysis, impacting
on the e ciencies shown in gure 4.9.



Chapter A. Images from Observations and Analysis for the LIG O/Virgo
Joint Science Run 148

Figure A.3: Examples of images removed from the Liverpool Teleseopnalysis due to
a passing satellite and poor tracking, as discussed in secti2.1
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Figure A.4: Examples of images su ering from cloud cover (top) andgor focussing
(bottom), removed from the ROTSE analysis, as described in seatid.3.1 The images
are from triggers G20190 (top left), G23004 (top right) and G1&® (bottom)
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Figure A.5: Examples of artefacts resulting from poor image subtttdon either due
to misalignment, incorrect convolution or saturated objects forte Liverpool Telescope
RATCam instrument (top) and ROTSE (bottom).
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