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Summary of Thesis

Observations of astrophysical systems in different wavelengths can reveal in-
sights in to systems which are not available from a single wavelength. The
same can be expected from multi-channel observations of systems which also
produce gravitational waves (GWs). The most likely source of strong, de-
tectable GWs, which will also produce an electromagnetic (EM) signature, is
the merger of compact objects containing neutron stars (NS) and black holes
(BH), namely NS-NS and NS-BH systems. The focus of this thesis is to sum-
marise current and past efforts to detect an EM counterpart of a GW event,
with emphasis on compact merger sources.

To begin, the formulation of GWs in general relativity is briefly discussed,
as well as the main classes of GW sources. The global networks of GW inter-
ferometers in the recent past and near future are described, together with brief
explanations of operational principles and the main challenges GW detectors
face to make a confident detection.

Current literature is reviewed to give a brief summary of the most promis-
ing sources which produce both GW and EM signals. Emphasis is given to
gamma-ray bursts (GRBs), their afterglows, and kilonovae. In addition a brief
description of GW searches triggered by an external source (such as a GRB) is
given. A new form of search is then discussed in which GW events are used to
point conventional EM telescopes, with emphasis on rapidly slewing, wide field
of view optical telescopes. The main challenge in this form of search is that
timing information from a network of GW interferometers yields large error re-
gions for the source sky direction making it difficult to locate an EM transient.
Therefore a new statistic is presented in which galaxies (taken from a galaxy
catalogue) within this search region are ranked. The probability of identifying
the host galaxy of a GW signal from NS-NS and NS-BH systems is investigated
and results presented for past and future GW detector configurations.

The ROTSE-III telescope system took part in this first search for EM coun-
terparts of GW triggers. With four identical robotic telescopes located across
the world it responded to five GW events. Presented is an automation of the
ROTSE image processing pipeline which allows large-scale processing and au-
tomated validation and classification of candidates. A background study was
conducted to better understand the optical transient background and to deter-
mine the statistical significance of candidates. Pipeline performance is tested
by inserting simulated transients following kilonova and GRB lightcurves in
to images; an efficiency study is described. Finally the results of the images
taken in response to the five GW events are presented and discussed.
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Chapter 1

Gravitational Waves: Theory,

Sources, and Detectors

1.1 Introduction

General relativity describes gravity quite differently to classical Newtonian
mechanics. Instead of gravity being some force which acts between two bodies,
general relativity describes gravity as a curvature of spacetime determined
by the distribution of energy-momentum. General relativity was presented
in a series of papers, by Albert Einstein, almost a century ago [1, 2, 3, 4].
In these papers the existence of curvature disturbances on a flat and empty
spacetime are predicted, which propagate from the source at the speed of light;
gravitational waves (GWs). These waves are produced by the acceleration of
matter, in a similar fashion to the production of electromagnetic (EM) waves
from the acceleration of charge. Unlike EM waves however, GWs interact
extremely weakly with matter. In addition GWs attenuate with distance; the
amplitude of the wave decreases inversely proportional with the distance to
the source. These two factors make detection of GWs difficult, which is why
today they have yet to be directly detected.

Hermann Bondi was one of the first to realise the physical existence of
GWs. In his gedanken experiment, he argues that there would be a transfer
of energy from a GW to two beads moving along a stick (with friction) by
an impinging wave as heat would be produced [5]. This was one of the first
arguments for the possibility of GW detection.

Indirect evidence of GWs first came about in 1974 when Joseph Taylor
and his then research student Russell Hulse discovered the binary system

PSR19134-16. This system consists of a pulsar and an unknown compan-
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1.1. Introduction

ion, thought to be a neutron star. GW emission by a binary system should
remove energy from the system and cause the orbit to decay (for very com-
pact binaries). After four years of observing this system it was announced
that the orbital period of the binary pulsar was decreasing, measured to be
(2.435 £ 0.010) x 1072 seconds per second [6]. The error is in observational
accuracy. Over a period of forty years the scientists observed this system and
found that the observed decrease in orbital period agreed remarkably well with
that predicted from general relativity, to better than 0.3% [7]. This agreement
can be seen in Figure 1.1. For the first time this was indirect evidence of the
reality of GWs; Hulse and Taylor were awarded the Nobel prize in 1993 [8].
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Figure 1.1: The cumulative shift of the periastron time (orbital period) against
time for the Hulse-Taylor binary pulsar. The decrease in orbital period is due
to the companion arriving earlier at the periastron due to the decrease in
separation between them. The points are the observational data and the solid
line is the theoretical shift as predicted from general relativity. Taken from [9)].

Since then other indirect evidence has come to light, one example being
in the form of PSR J0737-3039. This is another highly relativistic binary
system which shows a decrease in orbital period due to the emission of GWs.
Unlike PSR1913+16 though, both components are seen as pulsars as the orbital
plane is almost face on. This therefore enables quite precise and easier tests
to be made of general relativity. All observations, such as the change in the

periastron and gravitational redshift, have been consistent with the predictions
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Chapter 1. Gravitational Waves: Theory, Sources, and Detectors

made by general relativity [10, 11]. In particular it was found that relativistic
corrections applied to the Keplerian description of orbital motion agree to

within measurement uncertainties by only 0.05% [11].

The quest to directly detect GWs came about due to Joseph Weber who,
in the 1960s, developed and built the first resonant bar GW detector [12].
His aim was to monitor a massive aluminium cylinder for minute oscillating
vibrations caused by passing GWs. In 1969 Weber claimed that a pair of such
detectors were registering coincident signals of astrophysical origin [13]. The
scientific community rushed to verify Weber’s findings, and as such the era of
GW experiments began. Unfortunately no such signals were seen by any other
experiments. Today, resonant bar detectors can reach sensitivities four orders
of magnitude (in energy) better than Weber’s initial detector, but are still only
sensitive enough to detect strong sources within our Galaxy or in the immediate
galactic neighbourhood (which are rare and no confirmed detections to date)
[14]. With the advancement of technology, GW detectors have moved on to an
interferometric configuration. Several kilometer scale instruments have been
built across the world, such as the Laser Interferometric Gravitational Wave
Observatory (LIGO) which operates two detectors in the USA (a more detailed
discussion of current and future GW detectors will follow in Section 1.4). These
detectors have paved the way for the era of “advanced” GW detectors that are
currently being constructed and will begin taking data c. 2015. The Advanced

detectors are expected to achieve the first direct detection of GWs.

1.2 The Theory of Gravitational Waves

A brief introduction to GW theory will be presented in this section. This is
by no means a comprehensive description, for which the reader is encouraged

to consult [14, 15, 16, 17], which this section is drawn heavily from.

1.2.1 Einstein’s Equations

The Einstein equations are a quantitative description of general relativity,
which describe gravity in terms of spacetime curvature due to the presence of

matter and energy. In standard tensor notation they are given as

1 8rG
G,uu = Ruu - §g,u1/R = 7me- (11)
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1.2. The Theory of Gravitational Waves

R, is the Ricci tensor, g, is the four dimensional spacetime metric, R is the
Ricci scalar and T}, is the energy-momentum tensor of matter. Due to the
symmetry in R, g,.,, and T, the Einstein equations describe ten equalities

rather than sixteen.

1.2.2 Linearized Gravity and Gauge Transformations

To consider GWs as simply as possible linearized gravity is used. This is
an approximation where non-linear terms of the spacetime metric, g,,, are
ignored. This both simplifies the calculations and gives good approximate
results rather than the exact solutions. Linearized gravity is valid when an
observer is placed sufficiently far away from a source so that the gravitational
field is weak. This is known as the weak-field approximation. In this weak field
scenario the spacetime metric will differ from its Minkowskian form (which

characterises a flat spacetime)
N = diag (—1,1,1,1) =™ (1.2)
only by small perturbations, h,:
G = N + Py (1.3)

It is required that the magnitude of these perturbations are much less
than unity (]h,,| < 1) to be considered in a weak gravitational field. Working
within the linearized gravity regime means that second order or higher terms of
. are discarded. Also indices of h,,, can be raised or lowered by multiplication

of the flat metric 7, e.g.
hP = oty h,. (1.4)

By substituting into the Ricci tensor and the Ricci scalar, the Einstein

equations can be shown to depend on the metric perturbation as

GW = R — %QWR
= L [Ohp + 0,0,h — 0,0° e — 0,0%he — Ny (Oh — 9% Do)
(1.5)
where [ denotes the d’Alembertian or the flat-space wave operator,

0 = 7"0,0, = 0"0,. (1.6)
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Chapter 1. Gravitational Waves: Theory, Sources, and Detectors

Coordinates are arbitrary and if a coordinate system is chosen to exploit the
gauge freedoms within the Einstein equations in the weak field, various terms
in equation (1.5) can be made to vanish. Consider a coordinate translation

which keeps the metric perturbations small, such as
at — 't =gt 4 gH (1.7)

where &* are four arbitrary functions and the derivatives |0,,,£*| are of the same
order as the metric perturbations |h,,|. This therefore preserves the condition
|huw| < 1. The form of the metric in this new coordinate system is invariant,

oz 0z .
D 9w 90 &) = s & T (18)

(') =
with the new perturbation given by
h;w = h‘,LLI/ - a,ugu - aufu- (19)

It is also possible to perform Lorentz transformations or rotations of the coor-

dinate system,
' =AY, (1.10)

where the matrix A¥, satisfies
AN Nap = N (1.11)
In this transformation the metric is again invariant and takes the form
G (@) = My + A, AP o (). (1.12)

This rotation will also keep the condition, |h,,| < 1. Consequently in lin-
earized theory it is possible to perform translations, rotations or boosts (Poincaré

transformations) without varying the Einstein equations.

In linearized theory the trace of the metric perturbation is
h =n""hy, (1.13)

and we can define the trace-reversed perturbation

1
Py = By — §nﬂ,,h. (1.14)
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1.2. The Theory of Gravitational Waves

Therefore the Einstein equations (equation (1.5)) become

_ _ _ _ 1
Oy — 0,0 hpe — 0,0 Py + 100y = — 6;GTW. (1.15)

By fixing the gauge it is possible to work within a gauge coordinate system
in which linearized gravity is simplest. Utilising the gauge freedoms already
discussed, we can choose a coordinate system in which b, satisfies the Lorenz
gauge condition,

"y, = 0. (1.16)
In this gauge the Einstein field equations reduce to a simplified form

- —167G
th,ul/ - TTMV. (117)

Equation (1.17) is written in the presence of matter and energy. In vacuum
the Einstein equations become the familiar wave equations

Ohy, = 0 (1.18)

as the energy-momentum tensor is equal to zero. These second order partial

differential equations will have plane-wave solutions of the form:

By = A, e, (1.19)

A, is a constant, symmetric second order tensor and k% = (w, k) is a constant

plane wave vector that satisfies

kak® =0 (1.20)

kA, =0. (1.21)

Equation (1.20) shows that w? = |k;|?, and from |k;| = w/v it can be seen that
these waves must propagate at speed v = 1, whereas equation (1.21) implies
the waves are transverse. Therefore general relativity predicts GWs that are

transverse plane waves that propagate at the speed of light.
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1.2.3 The Transverse Traceless Gauge

The Lorenz gauge proved useful to demonstrate the reality of GWs within
Einsteins field equations. There are however further gauge freedoms which
can be applied to further simplify the form of h,,. Within the Lorenz gauge,
the amplitude of the GW A, has six independent components. This does not
uniquely fix the gauge, and so it is possible to make a further transformation
such that

Aput =0 (1.22)

Al =0 (1.23)

where u* is a four-velocity that is constant throughout all of spacetime. The

gauge is now fixed, and the following constraints
A =0, A, =0, kA, = 0. (1.24)

make up the transverse-traceless (TT) gauge conditions. In this gauge only
the spatial components (in the coordinate system of the observer with four-
velocity u*) are nonzero and the wave perturbation is divergence free and trace

free. The trace condition (A*,=0) implies
hiy =hl). (1.25)

If we were to consider a wave propagating in the z-direction then h,, can be

written
0 O 0 0
0 hy h. 0
h, = 1.26
: 0 h* —h* 0 (1.26)
0 O 0 0
where
hy = Ay cos(w(t — 2) + ¢,) (1.27)
hy = Ay cos(w(t — 2) + ¢,) (1.28)

are specific cases of a plane wave solution. General solutions are any two
functions of the form hy(t — z) and hy«(t — z). Equation (1.26) shows the
metric perturbation has only two degrees of freedom, h, and hy. These two

independent components represent the two polarisations of a GW.
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1.2. The Theory of Gravitational Waves

1.2.4 How Gravitational Waves Interact with Matter

It has been shown in the previous section that a combination of the Lorenz and
TT gauges show GWs to consist of two independent components, namely the
+ (plus) and X(cross) polarisations. Within the TT gauge it can be proven
however that if a particle were at rest before a GW arrived, it would remain
at rest even after the wave arrived [14]. This is only an effect of the TT gauge,
therefore it is important to consider a specific gauge or reference frame to
understand how a GW interacts with matter. Alternatively consider a coor-
dinate invariant quantity, such as the proper distance between two particles
which will be affected by a passing GW. Still working within the T'T gauge, if

a GW were to propagate in the z-direction, the metric takes the form
ds® = —dt* + (1 + hy)dz® + (1 — hy)dy? + dz* (1.29)

By considering a + polarised GW and two particles at positions (x1,0,0) and

(x2,0,0) at some random time ¢, the metric is

ds® = (1+hy(t — 2))(z1 — 72)? (1.30)
and the proper distance estimated (h; < 1 in the weak field limit) as

ds ~ (1+%h+(t—z))(x1 _ ). (1.31)

From this it is evident the change in proper distance is proportional to the
GW amplitude. The proper motion between two particles is best illustrated
by considering a ring of particles. Figure 1.2 shows how a propagating GW,
in the z-direction as already discussed, changes the proper distances between
particles in a ring orthogonal to the direction of propagation of the wave. This
figure shows the effect of the 4+ (top) and x (bottom) polarisations separately.

Note the two polarisations only differ by a 45° rotation.

1.2.5 The Generation of Gravitational Waves

GWs which originate from a rapidly varying source with strong curvature
can only be modelled by numerical solutions of the full nonlinear Einstein
equations. However to gain a physical understanding for many sources it is
sufficient to solve the linearized Einstein equations (equation (1.17)) for a given

source 7),,. For a distant observer at x, the metric perturbation due to a source

-8 -
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1‘ plus polarization
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Figure 1.2: The effect on a ring of particles in the x — y plane caused by a
propagating GW in the z-direction. The top plot illustrates a + polarised GW
and the bottom plot a x polarised GW. The five deformations show the phase

at 0, §,m, 37”,271'. Taken from [18].

T, is given explicitly as

} T, (t — 21 5
_4G/ = 72 X) (1.32)

[x = x|

Choosing the notation X = fi, where |x| = d and provided the radius, r, of
the source is much smaller than distance from the source (i.e. r < d), the

following approximation can be made:

2
x — x| :d—x’-ﬁ—i—(’)(%). (1.33)

Keeping the leading term, equation (1.32) can be written as

- 4
F(t,m) = d—g / T (t — d,x')d%. (1.34)

To be simplified further, in the TT gauge, equation (1.34) will take the form

G st —d) (1.35)

hlj(t,n) = @\
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where

Jop(t) = / Tos(t, x>z’ (1.36)

since the time components can be omitted as defined by the TT gauge condi-
tions (equation (1.24)). To understand the meaning of J,s, split the energy-
momentum tensor 7 to separately consider the energy density (7°°) and the

linear momentum (7% /c). Therefore

1
M(t) = - / T%(t, x)d>r, (1.37)
1
Me(t) = - / T(t, x)z*d’r, (1.38)
C
1
MeB(t) = g/TOO(t, x)z*2Pdx, (1.39)

where equation (1.37) is the mass monopole, equation (1.38) the mass dipole

and equation (1.39) the mass quadrupole. The equivalent momentum terms

are .
P(t) = E/Toa(t,x)d?’x, (1.40)
1 .
P>A(t) = - /Too‘(t,x)a:ﬁdsx, (1.41)
1
PP (1) = = /Too‘(t,x)xﬁaﬂd?’x. (1.42)
c

There are, of course, higher terms however the highest which shall be con-
sidered here is the quadrupole. In linearized theory the mass and momentum
monopole are the total mass and momentum of the system respectively. Within
this theory the Lorenz gauge condition (equation (1.16)) is valid and consider-
ing the divergence theorem (07}, =0) the following identities can be obtained
[14]

M =0, (1.43)
Ma — Pa’ (144)
Maﬁ — paB + Pﬂya, (1.45)
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Pa =0, (146)
poB — jos (1.47)
paBy — JaBa 4 Jovs, (1.48)

These identities, as well as J* = J% lead to the following identity

1 ..

JoP = 5Maﬁ. (1.49)

This shows that GWs have no monopole or dipole components, and so the

quadrupole moment is the leading order term, as J%? is the leading term in

the h*? expansion. If the higher order terms within the approximation given

by equation (1.33) were taken in to account, it can be shown that GWs have

higher order components coming from the mass and momentum octopole, as

well as other higher order terms [14]. Considering the dominant quadrupole
moment only, equation (1.35) takes the form

2G -

hIT(t) = = M*P(t — d). 1.50

TT(t) = =Mt d) (1.50)

For example, for a GW propagating in the z-direction the 4+ and x polarisation

amplitudes are

hy = 36—4(1\211 — Msy,), (1.51)
2G -
hx - C—ingg. (152)

The total power emitted in GWs by a source is given by the quadrupole

approximation as [14]

G, ... .. 1 ..
Pquad = 5_<M0¢5Maﬁ - —(M,y,y)2> (153)

c® 3

where (...) shows the quantity is averaged over time (several wave cycles).

1.3 Gravitational Wave Sources

Any non-axisymmetric mass which accelerates will produce GWs. However

the GW community focus their efforts on GWs from some of the most violent
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sources which produce the strongest, detectable GWs. One source which un-
fortunately will never be detected are man-made GWs. If we were to build
the largest possible GW emitter on Earth the GWs would be far too small
to contemplate detecting. Sathyaprakash et al. [19] estimate for a centrifuge,
consisting of two masses of 10% kg each, separated by a beam of 10 m, rotat-
ing at 10 Hz, GWs with a wavelength similar to the Earth’s diameter would
be produced. To detect a GW the detector must be at least one wavelength
from the source. Therefore this man-made source would produce GWs with
amplitude ~ 107*2, over 10?° smaller than the current GW interferometers are
capable of detecting.

In a single GW detector the signal to noise ratio (SNR), p, of a GW signal,

h(f), is defined as [14] )
p? = 4/0 df”;f(ff)J (1.54)

where S(f) is the noise power spectral density and h(f) is the fourier transform

of h(t), given as

Equation (1.55) represents a linear combination of the detector responses (F
and F) to the two GW polarisations (h, and hy ). To be considered interesting
a GW signal would need to produce a SNR of at least 8 in a single detector.

We will focus this section on astrophysical sources which emit GWs in the
frequency range which ground based GW detectors are sensitive to (~ 1 — 104
Hz) and produce GWs with a sufficient amplitude to be detected by current
or future GW detectors.

1.3.1 Transient Sources

Transient or “burst” sources are systems which produce strong GWs over a
short period of time, typically less than seconds. Such sources can include,
for example, supernova explosions, the final stages of compact object merger
or gamma-ray bursts (GRB) [20, 21]. For the GW network of LIGO and
Virgo between 2009-2010, to detect a GW with strain 1072! between 100-1000
Hz, the minimum GW energy emission detectable for a source at 10 Mpc is
Eow ~ 1072Myc? to 10Myc? [22]. Some of the most extreme scenarios (for
example see [23] for a description) for GWs emitted by long gamma-ray bursts
(LGRBs) have energies Egy ~ 1072Muc? to 107 Myc? in the 50-1000 Hz

frequency range. However this scenario is thought to be unlikely (for example
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[24]). One of the likely candidates for the central engine of a LGRB is a
collapsar, a black hole with an accretion disk (for example [25]). In this model
GWs, in the range 100-few 1000 Hz, are expected to be produced during the
newborn black hole formation. Another source is a supernova, however it is
only thought GWs from this source can be detected within our galaxy, as the
GW strain is expected to be h ~ 1072 at 10 kpc [26]. There is however an
incomplete understanding of the GW emission mechanisms, in addition to the
event rate being low. Therefore within our galaxy we expect one event every
30-100 years [27, 28].

The search for burst signals is performed without assuming detailed knowl-
edge of the GW waveform and is therefore unbiased by any theoretical assump-
tions. This is known as an unmodelled search which will look for instances of
excess power in GW data. As such GWs could be detected from a source which
has previously not been considered. For details of recent searches to detect
burst sources see [29, 30, 31, 32, 33].

1.3.2 Compact Binary Coalescences

The merger of compact objects such as neutron stars and or black holes are
likely to produce strong GWs in the frequency band of the ground-based detec-
tors. These detectors are optimised for detecting mergers of compact objects;
the standard performance of a detector is determined by the average distance
to which a binary neutron star (BNS) system can be detected. For the LIGO-
Virgo network during their “initial” phase (2002-2007) this distance is ~ 15
Mpc and for Advanced LIGO (aLIGO) ~ 200 Mpc [34]. The signal spectrum
of GWs goes as

h(f) ~ Msf=5 (1.56)

where f is the frequency and M is the chirp mass [14]. From equation (1.56) it
is evident the distance range is mass dependent. Therefore for binary systems
containing heavier objects than a neutron star (such as black holes) the GW
detector range increases. It is estimated that the coalescence rate for a BNS
system is between 0.01-10 Mpc™3 Myr~! [34]. This translates to a detection
rate for the initial detectors between 2 x 107% — 2 x 107! per year and 4 x
107! — 4 x 10? for the Advanced detectors [34].

As two objects orbit around their common centre of mass, energy and
angular momentum will be lost due to the emission of GWs. This will result

in the separation between the objects decreasing, causing the GWs to increase
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in frequency with time. This resulting GW signal is called a chirp. The process
continues for some time (~Gyr) until the objects eventually merge, radiating,
within fractions of a second, GWs up to a few percent of their total mass [14].

Therefore the signal from the inspiral is strongest.

Post-Newtonian expansion and numerical relativity are able to accurately
model the waveforms of these systems (for example [20]), meaning that a
matched filtering search can be applied to detect GWs from these sources.
Prior knowledge of the expected signal can be utilised to eliminate most of the
detector noise and search for weaker signals [19]. Details of recent searches
which have used this technique can be found in [22, 35, 36, 37].

1.3.3 Periodic Sources

Periodic sources continuously emit an almost monochromatic GW signal, an
example being a rapidly spinning, spherically asymmetric neutron star. The
limit on the observation of a periodic GW source comes from the total obser-
vation time available. The minimum detectable amplitude is proportional to
the square root of the observation time. Therefore the greater the observation

time, the more sensitive searches become to periodic GW signals.

Spinning neutron stars or pulsars will lose energy over time, partly due to
the emission of GWs as well as other mechanisms, however it is uncertain how
much energy is released in the form of GWs; we do not know what emission
mechanism to expect [38]. As the pulsar loses energy, the spin gradually slows.
This is known as spin-down. The best opportunity to detect continuous GWs,
using the future GW detectors, is by monitoring the spin-down of the Crab
pulsar. Provided all the spin-down energy from the Crab pulsar is emitted
in GWs, the GW strain amplitude will be ~ 1.4 x 1072* [38]. A search for
continuous GWs from the Crab was performed using the Initial GW detectors
and the results can be found in [38]. Although no GWs were detected, upper
limits could be placed on the spin-down energy of the pulsar. It was found that
less than 6% of the spin-down energy is radiated in GWs. Details of how the
search for periodic GWs is performed as well as recent searches can be found
in [39, 40, 41, 42]. The expected strain amplitude from the Crab is below the
sensitivity of the Advanced detectors. However the pulsar can be monitored
over a period of years which will make the signal within the limit of future

detectors.
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1.3.4 The Stochastic Background

The Cosmic Microwave Background (CMB) is thermal radiation, a relic of the
early Universe some 10° years after the Big Bang [14]. Similar to the CMB,
there is expected to be a stochastic background of GWs generated from the
Big Bang [43]. In addition there could also be a GW background generated
from the superposition of a large number of unresolved astrophysical sources
[44]. The strength of the stochastic background is quite uncertain. If found
the stochastic background could give invaluable information on the moments
after the Big Bang (a GW ~ 100 Hz would have been generated ~ 1072 s after
the Big Bang [45]) as well as information on the evolution of compact objects,
such as neutron stars and black holes, with redshift, and the rate of compact
binaries, to name but a few [45]. Details of recent searches and how the search
for the stochastic background is performed can be found in [44, 46, 47, 48|.
In a search for the GW stochastic background the background is usually

described in terms of the GW spectrum:

_ i dpcw

Saw (/) pe df

(1.57)

where dpgw is the energy density of gravitational radiation contained in a
frequency range f to f + df and p,. is the critical density of the universe [47].
Within the LIGO frequency range theoretical models are characterised by a
power law spectrum. Therefore a GW spectrum following a power law, «, is

assumed [47]

f
100Hz

From Big Bang Nucleosythesis alone it is expected that Qg < 1075 [19].
Using data taken by LIGO between 2005-2007, a 95% confidence upper limit
of Qy < 6.9 x 107% can be placed on the frequency independent GW spectrum

Qow (f) = Qal )< (1.58)

(a = 0) [47]. The data rules out various evolutionary models of the early
universe which are detailed in [47]. The Advanced detector era is expected to

be able to probe regions of the stochastic background at Qgy ~ 1079 [47].

1.4 Gravitational Wave Detectors

Despite GWs being theorised almost one hundred years ago, it is only in the
last fifty years that the search for GWs has been conducted. Initially resonant

mass or bar detectors were constructed which typically consist of a cylinder
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of aluminium of length ~3 m, a mass of ~1000 kg and a narrow resonant
frequency between 500 Hz - 1.5 kHz [19]. In this system a passing GW will
transfer some energy to the cylinder which will cause it to vibrate at its res-
onant frequency. A GW burst with strain h ~ 1072! will cause the mass to
oscillate with an amplitude of ~ 1072! m [19]. There are a number of sources
of noise which a bar detector must overcome to be capable of detecting a
GW of this amplitude (all of which are discussed in Section 1.4.3), the main
source being thermal noise. Even modern detectors such as Nautilus and EX-
PLORER [49], which are cryogenically cooled, have thermal noise vibrations
of amplitude ~ 1077, some four orders of magnitude larger than the GW
amplitude. However since a GW burst will only affect the system for 1 ms,
the random walk of the thermal noise will give an expected amplitude ~ 1072°
m [19]. This is an assumption that the signal is brief (~ 1 cycle). Once the
thermal noise has been overcome, the quantum limit for a bar detector (with a
1 kHz frequency) is approached, which has a limit of ~ 1072* m. These factors
indicate that a bar detector would have some difficulty detecting a GW burst
signal. As well bar detectors are only sensitive to a narrow band around their
resonant frequency. Consequently today laser interferometry is the preferred

technique in the quest to detect GWs.

1.4.1 The Global Network of Interferometers

The early 1980s saw the first prototype GW interferometers in Glasgow, Garch-
ing and MIT [50], as advancements in laser and mirror technology saw GW
detectors turn from bar detectors to interferometers. LIGO was founded in
1992 with construction of the GW observatories in Hanford, Washington (also
known as LHO) and Livingston, Louisiana (also known as LLO) beginning
in 1996. The Livingston site houses a GW interferometer with 4 km arms
(L1) while the Hanford site comprises of two interferometers with 4 km (H1I)
and 2 km (H2) arms [51]. As well as the three LIGO detectors there is the
French-Italian Virgo detector in Cascina, Italy with 3 km arms [52]; the 600 m
British-German GEO600 detector in Ruthe, Germany [53] and the TAMA300
detector (300 m arms) in Japan [54].

The LIGO Scientific Collaboration (LSC), comprising of the LIGO and
GEOG00 detectors, started taking science quality data in 2002 and have since
then completed a number of “science runs”, starting with S1 through to S5
which completed in 2007. Throughout this “Initial” GW detector period, the

sensitivity of the LIGO detectors improved with each run as illustrated in
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Figure 1.3. The LIGO detectors achieved design sensitivity during S5 with
a strain sensitivity better than 10~22Hz" 2 at a few hundred Hz. During this
run the detectors were joined by the Virgo detector forming the most sensitive
worldwide network of GW detectors. This joint science run was known as
S5/VSR1. A description of the workings of the interferometers during this

Initial period is given in Section 1.4.2.

— LI - S1(2002.0007) |
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Figure 1.3: The best noise spectral densities as a function of frequency for the
LIGO detectors during S1-S5. The design sensitivity is shown by the black
curve. The most sensitive frequency range is ~100-300 Hz. Taken from [55].

After S5 was completed the LIGO detectors (H1 and L1) were taken offline
to undergo a number of upgrades to reduce the effect of noise sources (discussed
in Section 1.4.3) which hindered the previous science runs. Improvements
included the installation of a higher powered laser, the implementation of a
DC readout system and output mode cleaner (these systems are discussed in
more detail in Section 1.4.2) and improvements to seismic isolation systems
[22]. The Virgo detector also went through a similar upgrade phase. During
this upgrade period the 2-km detector at Hanford (H2) and the GEO detector
were left on line.

Enhanced LIGO and Virgo conducted a science run from July 2009 until
October 2010 known as LIGO S6 and Virgo VSR2/3. During this science
run the two 4 km LIGO detectors and Virgo detector were all taking data,
however the 2-km Hanford detector was left offline. The sensitivity of these
three interferometers is shown in Figure 1.4 with the Hanford H1 detector

being the most sensitive. At its most sensitive, the H1 detector was able to
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detect a BNS system, of mass 1.4 — 1.4M, with a SNR of 8 to ~45 Mpc.

1072()

10—21

10722

Strain Noise Spectral Density (1/v/Hz)

10*23“‘“; ‘ BN RS EE

Frequency (Hz)

Figure 1.4: The typical strain noise spectral density of the two LIGO (H1 and
L1) and Virgo (V1) detectors during S6,VSR2/3. Taken from [22].

Since the completion of S6,VSR2/3 the LIGO and Virgo detectors once
again went offline to undergo a more thorough upgrade to the Advanced de-
tectors. aLIGO [56] and Advanced Virgo (AdV) [57] are expected to be ap-
proximately ten times more sensitive in amplitude than the original detectors
and directly observe GWs for the first time. The three detectors are currently
within this upgrade phase and the aLIGO detectors are expected to perform
their first science run in 2015, with AdV joining in 2016 [58]. When the
Advanced detectors come back online they are expected to have sensitivities
comparable to their Enhanced counterparts. It will take several science runs
and commissioning phases over the course of a few years for the Advanced de-
tectors to achieve design sensitivity. The expected progression of the Advanced
detector sensitivities is illustrated in Figure 1.5.

The original plan for Advanced LIGO was that the 2 km H2 detector be
upgraded to an Advanced detector with 4 km arms, meaning that two iden-
tical interferometers were to be operated at Hanford. However there is great
scientific benefit if GW interferometers are built at different locations across
the world, in particular, a network with long baselines greatly improves source
localisation. Therefore in 2011 LIGO and the IndIGO consortium in India
proposed installing the Advanced H2 detector at a new observatory in India

(LIGO-India) [58]. It is expected this installation will go ahead and that a
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Figure 1.5: One possible evolution of the (a) aLIGO and (b) AdV expected
strain sensitivities with frequency. The curves are shown for early, middle,
and late commissioning periods, in addition to the final design sensitivity and
the BNS-optimised sensitivity. The target date to achieve these sensitivities is

shown as well as the average distance a BNS signal could be seen. Taken from
[58].

four detector network (H1, L1, V1 and LIGO-India) at full sensitivity will be
operating c. 2022 [58].

1.4.2 Operating Principles of Gravitational Wave Inter-

ferometers
A Simple Interferometer

It was Michelson and Morley who first used an interferometer to prove the non-
existence of the ether in 1887, and it is on a simple Michelson interferometer
which modern GW interferometers are based. An interferometer measures
any change in the difference between the length of two orthogonal arms. In
Section 1.2.4 it was shown that GWs have two polarisations which cause the
proper distance between two particles to stretch and squeeze in perpendicular
directions. Therefore if a GW were propagating normal to the plane of the
interferometer, it would induce changes in the length, of opposite sign, in the
two arms.

A GW interferometer in its simplest form is a Michelson-type interferom-
eter, where monochromatic light from a laser is perfectly split in two beams
(by a beam splitter) and then sent along two arms that are orthogonal to one

another. The light is then reflected from mirrors at either end of the arms
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and sent back to the beam splitter where they recombine and the resulting
beam is read at the photodetector as illustrated in Figure 1.6. The passing
GW will change the relative length of the arms, changing the path length or
phase of the light beams, thereby changing the interference pattern read at
the photodetector.

mirror

F

W
mirror
beam splitter
e
laser > < >
Y
photodetector

Figure 1.6: A Michelson-type interferometer - a simplified layout of a GW
interferometer.

To estimate the amount of power at the photodetector, the electric field

incident at the beam splitter may be written as
Egetwritikex (1.59)

where the subscript L denotes the laser, wy, is the frequency of the laser (w; =
lkr|), kz is the wavenumber of the laser light and E, is the amplitude of
the electric field. By considering a photon exiting the laser and arriving at
the beam splitter, a part of the electric field will be transmitted by the beam
splitter and will travel the z-arm to the mirror at a distance of L, where it will
be reflected back to the beam splitter. The same can be assumed for the other
part of the electric field which is reflected by the beam splitter and travelled
the y-arm. The two electric fields will recombine at the beam splitter at some
time t given by [14]:

By = —%Eoemf”“@w (1.60)
and

1

E, = 51506*"%”2“%%. (1.61)
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It is important to note the phase change due to travelling the length of the
arms twice. The total electric field is a superposition of the electric field from

the two arms (i.e. F,,; = E1 + Es) and can be written as
Byt = —iEge” wrttkeLetly)gin [k (L, — L,)]. (1.62)
Therefore the power measured at the photodetector is
| Eout|?* oc Egsin®[kr(L, — L)) (1.63)

Equation (1.63) clearly shows that a variation in the arm length difference will
cause the power received at the photodetector to change. As well, the power
change at the photdetector is o< hL. Therefore phase changes of ~ 1072 x 27

are needed to be detected.

Initial and Enhanced Gravitational Wave Interferometers

In the previous section a simple interferometer was described, however there are
many additions and modifications to this basic system to make the detection
of GWs a reality (i.e. to attain sensitivity for 1 ~ 10722 or smaller). Figure 1.7
is a schematic of the layout for the LIGO interferometers during the Initial and
Enhanced phases of operation (for a more detailed discussion of the detectors
during these two epochs see [51] and [59]). There are clearly many additions
to this layout compared to the simple interferometer, such as the input and
output mode cleaners, power recycling mirror and Fabry-Perot arm cavities.

The Initial configuration is set up in such a way that the difference between
the two arms causes the recombined light at the beam splitter to interfere de-
structively, so that no light exits the beam splitter to the photodiode (the
“dark fringe”). The two LIGO arms are in fact built with a macroscopic dif-
ference of 355 mm, known as the Schnupp asymmetry [61]. The interferometer
is operated near its dark fringe by use of signal sidebands.

A GW incident on the interferometer will produce differential phase modu-
lations in the arms. To detect these GW signal sidebands with the photodiode,
a local oscillator (LO) field is added to the input laser beam which produces
power variations [61]. The GW detectors use a heterodyne detection scheme
[62] whereby two strong radio frequency (RF) sidebands are produced by this
LO field, separated by 25 MHz from the main beam or carrier light [61]. These
LO sidebands will interfere with the sidebands induced by a GW and produce

a power modulation at the RF frequency and its amplitude will be modulated
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Figure 1.7: A simplified layout of the LIGO detector during Initial and En-
hanced LIGO. The output mode cleaner was only added for the Enhanced
configuration. Taken from [60].

by the GW amplitude [61]. By electronically demodulating the photodiode
signal at the RF frequency the GW signal can be recovered. This is known
as RF readout. These sidebands are added to the carrier light at an early
stage (before the input mode cleaner) in the interferometeric configuration by
an electro-optic modulator as they have many uses beyond just extracting the
GW signal. These include sensing the degrees of freedom within the interfer-
ometer, such as the length of the power recycling cavity (the mean distance
from the power recycling mirror to the two input test masses) and the mean

length of the arm cavities (the distance between the input and end test masses)
[61].

In the Initial configuration a 10 W laser is used which produces amplitude
and frequency stabilised light at 1064 nm [60]. The light then passes through
an electro-optic modulator which adds the RF frequency sidebands to the
carrier light. The modulated beam is then passed through the input mode
cleaner, a triangular configuration 24 m in length [60]. Within this cavity
the beam is stabilised in position and frequency by removing higher order

beam modes. The beam passes through the power recycling mirror to the
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beam splitter, where it is separated in to two and sent up each arm of the
interferometer. The optimal length of the interferometer is that which causes
the light to spend half the period of the GW within the arms or one quarter the
wavelength of a GW signal. Therefore for a GW signal at 150 Hz the optimal
length of the arms would nominally be 2000 km [60]. As the LIGO detectors
only have arms of 4 km, the Fabry-Perot cavities, formed by the input and
end test masses, effectively lengthen the arms by a factor of a hundred by
storing light within the arms. The power recycling cavity on the other hand
effectively increases the input laser power to the interferometer by a factor
of 40, by reflecting light, which is initially reflected back from the input test
masses, back in to the interferometer. This is particularly important because
the amplitude sensitivity of the detector increases by the square root of the
input power at high frequencies (the shot-noise regime, discussed in Section
1.4.3) [60].

To keep the interferometer stable, the orientation and position of each optic
is monitored and controlled by actuators. These consist of magnets, that are
attached to the back of the optic, and coils (electromagnets), which are affixed
to the adjoining support structures [60]. In addition the various length and
angular degrees of freedom are monitored via RF modulation/demodulation
techniques already described. As well there are many servos used to monitor

and stabilise other variables, such as the power of the laser.

In the Enhanced GW detector era, some upgrades were conducted on the
interferometer in an attempt to improve the sensitivity. Firstly, the laser
power was increased from 10 W to 35 W. In addition the GW readout was
switched from RF readout to a “DC readout”. In this configuration the power
variation measured at the photodiode, due to the interference between the
GW induced sidebands and the LO sidebands, reproduces the GW signal [61].
DC readout is a form of homodyne detection [63] where the LO sidebands are
produced by introducing a difference in the arm cavity lengths so that carrier
light reaches the photodiode. Therefore the interferometer is operated slightly
away from the dark fringe (~10 pm) [60]. Some degrees of freedom within the

interferometer are still monitored and measured with RF readout however.

The main hardware difference between Initial and Enhanced LIGO is the
addition of a four mirror bow-tie configuration known as the output mode
cleaner. The output mode cleaner is installed in the vacuum system before
the beam reaches the photodiode. Its objective is to“clean” the DC readout
signal by discarding light from higher order modes and removing RF sidebands
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that add noise rather than contribute to the measured signal [60].

Advanced Gravitational Wave Interferometers

The layout of the Advanced GW interferometers is shown in Figure 1.8. Al-
though the layout is very similar to that of the Enhanced detectors, all the
hardware is completely new. The same buildings and vacuum will be used

however and the Advanced detector will be in a DC readout configuration.

Y-End
Test Mass
Input Mode
Cleaner
Power Input Test
Recycling <~ Masses X-End
Mirror

v

Test Mass

Laser Modulator

I/

Beamsplitter

- Signal Recycling
. Mirror

Output Mode
Cleaner

Photodiode H Interferometer Readout

4km

Figure 1.8: A simplified layout of the LIGO detector during Advanced LIGO,
taken from [60]. The signal recycling mirror is main hardware addition from
Enhanced LIGO (Figure 1.7)

The main addition to the optical layout is a signal recycling mirror. This
forms a new optical cavity (between the signal recycling mirror and the input
test masses) which allows sidebands induced by a GW to be reflected back in to
the interferometer. These sidebands can be stored or extracted depending on
the resonance condition of the signal recycling cavity [60]. This cavity allows
the sensitivity of the interferometer, at higher frequencies, to be tuned so the

detector can be optimised to detect GW signals from specific sources.
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1.4.3 Noise Sources

To detect a GW of strain amplitude ~ 1072 with one of the 4-km LIGO

detectors, we need to be able to detect a variation in the arm length of order

Slg ~ hl ~ 4 x 107 "®m. (1.64)

Unfortunately there are a great many sources of noise which can impede
efforts to detect such small length or phase variations, which can be separated
in to two classes; stationary and non-stationary noise sources. Stationary noise
sources represent those sources of noise which can be predicted and constantly
limit the performance of the GW interferometers. The main sources of sta-
tionary sources which constantly limit the performance of a detector are shown
in Figure 1.9 and are now briefly discussed. For more details of these noise

sources see [19, 64].
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Figure 1.9: The design sensitivity of Initial LIGO (red line) and the main
sources of stationary noise which limit this sensitivity. Taken from [65].
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Seismic Noise

Ground vibrations produced from seismic activity, man-made objects or even
the oceans crashing in to the continent on which the interferometer is located
will cause seismic noise. This is the dominant form of noise which limits the
sensitivity of current interferometers at the smallest frequencies, particularly
below 40 Hz. To combat this form of noise the main optics within the inter-
ferometer are suspended from sophisticated isolation systems. These systems
are based on multi-stage pendulums, since they are good filters for reducing
motion above their natural frequency. These pendulums are located on isola-
tion platforms which are separate from the ground. For Advanced LIGO the
seismic noise will still be one of the limiting factors, however more sophisti-
cated technologies, such as Hydraulic External Pre-Isolators (HEPI), will be

employed to achieve better sensitivities at the smallest frequencies.

Shot Noise

Photons within the laser beam, because of their quantised nature, will arrive at
random times and cause fluctuations in the intensity of the light as measured
at the photodetector. This form of noise is the limiting factor at frequencies
above a few hundred Hz. More photons will reduce the relative size of the
fluctuations (scales as P~2 where P is the power of the laser). However to
achieve a shot noise level below that of the expected phase shift a GW would
induce on the interferometer, the highest powered laser currently available is
not sufficient. Therefore in addition to a high powered laser, power recycling
techniques are employed (power recycling cavity) which increases the amount
of power within the interferometer by a factor of ~40 [60]. For the Advanced
detector era, as well as a laser which is 18 times more powerful than that used
in Initial LIGO, a signal recycling mirror will also be installed and will aid in

reducing this form of noise.

Radiation Pressure Noise

Radiation pressure is caused by momentum transferred to the mirrors as pho-
tons are reflected by them. To reduce this form of noise (scales with P%) the
laser power must decrease, however this in turn will increase the shot noise.
Therefore a balance must be reached which optimises the trade-off between
the radiation pressure and shot noise. They are both not at their lowest level,

but instead the quadrature sum of the two is minimised. This occurs when
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the two noise sources are of equal amplitude at some target frequency.

Thermal Noise

Vibrations of the optics themselves or the suspensions due to their nonzero-
temperature limit the sensitivity of an interferometer at a few hundred Hz,
its most sensitive region. The resonant frequency of the suspension systems
and optics are designed to be far away from the frequencies of interest. For
the suspensions this is usually on the order of a few Hz while the natural
frequencies of the optics are several kHz. This source of noise is also reduced
by ensuring the materials have a high quality factor, which confines most of
the noise to a narrow bandwidth around the resonant frequency. This permits
interferometers to operate at room temperature. This form of noise could be
reduced by cooling the optics, which is proposed in the Japanese KAGRA
project [66].

Gravity Gradient Noise

Gravity gradients, caused by the direct gravitational coupling of mass density
fluctuations, particularly in seismic motion, to suspended optics are a form of
noise which cannot be screened out. Environmental noise comes from man-
made and natural sources, such as changes in air pressure. Although this form
of noise has not limited the GW interferometers thus far, in the Advanced
detector era the sensitivity of the instrument approaches this rigid limit at
frequencies ~ 1 Hz and below. The only opportunity to search for GWs below
this limit is by placing the detector in space, such is the plan for eLISA /NGO
[67].

Non-stationary Noise

Non-stationary noise sources represent those sources which are unpredictable,
such as the weather or local disturbances like a truck driving near the detector.
The truck would cause the ground to vibrate which would then couple to the
mirrors and cause them to move, perhaps causing an effect which may mimic
a GW signal. In an attempt to identify these non-stationary sources of noise
or “glitches” auxiliary channels are constantly monitored and times in the
data with glitches are discarded. The techniques used to identify glitches and

remove them from a GW search are described, for example, in [68, 69, 70, 71].
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1.4.4 Localising a Source with a Network of Gravita-

tional Wave Interferometers

The performance of a GW interferometer is generally determined by its ability
to detect a signal from a BNS system. The greater the detector range, the
more sources fall within the search volume which increases the chance of de-
tecting a GW signal. With the GW detectors as they were in the last science
run (S6,VSR2/3) the LIGO-Virgo network was capable of detecting a GW
signal from a BNS system at a distance of 33 Mpc [34]. This translates to an
estimated rate of GW detections within the range 2 x 10™* — 2 x 107! signals
per year [34]. A second important quantity of measure for a network of GW
detectors is its ability to determine the direction to a GW source, for example

for follow-up observations.

GW detectors are sensitive to signals from most parts of the sky (except
for directions in the plane of the detector) which presents a challenge for de-
termining the source of a signal. One detector alone cannot localise a GW
signal, however a network of GW detectors can use the observed time delay
between sites to triangulate a position on the sky [72]. If two GW detectors
are separated by a baseline D and a source is located on the unit sphere at a
position R, the difference in the signal arrival time between the two detectors

1S

ti —t,=D-R. (1.65)

The maximum time delay between detectors is known as the light travel time
and between the LIGO detectors is ~10 ms. Therefore the localisation is
dependent upon the ability to accurately determine the time the signal was
recorded in each detector. Fairhurst [72] gives the timing accuracy of a GW

signal to be approximately:

1
2roep’

O¢ (166)
where o is the effective bandwidth of the signal and p is the SNR. A typical
timing accuracy is ~ 107* s for nominal values of o; = 100 Hz and p = 8.

This sets the scale for source localisation [58].

Triangulation between only two detectors will produce an annulus on the
sky of hundreds to thousands of square degrees as shown in Figure 1.10. Addi-

tional information regarding properties of the GW signal can limit the locali-
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sation to only parts of this annulus. However by adding a third detector to the
network two more annuli are created which limit the localisation to only two
regions. Using amplitude consistency checks between the detectors it is often
possible to discard one of the regions, leaving only one source region which is
typically tens to hundreds of square degrees [72]. Adding more detectors at
different locations will cause the localisation region to become smaller, partic-
ularly if the detectors are separated by large distances across the world. For
four sites (aLIGO, AdV and LIGO-India) the localisation region from timing
alone is typically expected to be under ten square degrees as shown in Figure
1.11. This network is not expected to be operating at full sensitivity until
c. 2022. For comparison, in this same plot, the localisation abilities of the
aLLIGO-AdV network circa 2016 is shown.

Figure 1.10: Localisation of a source using triangulation for the alLIGO-AdV
network. The annuli, formed by the constant time delay between two detectors,
intersect in two locations, S (the true source location) and S’ (the mirror image
with respect to the plane passing through the three detectors). Taken from
[58].
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HLV HILV

Figure 1.11: The network localisation accuracy for an optimally oriented BNS
system at 80 Mpc / 160 Mpc in the early alLIGO-AdV (left) / aLIGO-AdV-
LIGO-India era (right). The ellipses show the 90% confidence areas while
the red crosses illustrate regions where a GW signal could not be detected
confidently. For the left plot these regions are typically tens or hundreds deg?
whereas the ellipses in the right plot are only a few deg? in size. Taken from
[58].
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Multi-messenger Astronomy

2.1 Introduction

Multi-wavelength observations of astrophysical systems can yield insights in
to the system that are not available from a single wavelength. For example, to
understand how galaxies evolve the total star formation rate is needed [73, 74].
The ultraviolet regime will give the rate of unobscured stars, however there are
many more which are hidden by dust. The mid/far-infrared wavelengths can
penetrate this. It is therefore vital that a combination of wavelengths is used to
gain a full understanding. Similarly the detection of gamma-ray-burst (GRB)
systems in the x-ray, optical and radio bands have led to the identification
of host galaxies as well as their redshifts, in addition to tests of theoretical
models [75, 76, 77]. Comparable benefits may be expected from multi-channel
follow up of systems that emit gravitational waves (GW).

GW interferometers are inherently noisy; the background noise is non-
stationary and contains many transients due to environmental factors. Con-
sequently a confident detection would only be realised if a signal appeared
significantly above the background. If there was a signal around the threshold
of detectability, where the majority of signals are likely to be, it would be
difficult to claim a detection unless there was an associated electromagnetic
(EM) transient.

Joint GW-EM observations could also help understand the nature of the
source. While GWs trace the bulk motion of mass within a source, EM sig-
nals typically come about due to the interaction of matter with the interstellar
medium or from out-flows. This will give complementary information concern-
ing a source. This may help identify the nature of some EM phenomena. For

example, the nature of short-hard gamma-ray bursts (SGRBs) remains un-
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certain. Indirect evidence points towards the progenitor being from an older
stellar population than long-soft gamma-ray bursts (LGRBs) [75, 76], namely
that of compact binary mergers consisting of neutron stars (NS) and black
holes (BH), i.e. NS-NS or NS-BH [78, 79]. However there are a number of
other possible sources which could produce a SGRB, such as a giant flare from
an extragalactic soft-gamma repeater (SGR) [76, 80]. A joint GW-EM signal
could finally confirm or exclude these and other models.

One of the main advantages from the EM signature will be to greatly en-
hance the precision of the source localisation (typically GW position uncertain-
ties are O(10) deg® or more). This could allow the host galaxy to be identified
as well as an associated redshift, which will set an energy scale and allow an
independent measurement of Hy or other cosmological parameters [81, 82, 83].
In addition the physics underlying a core-collapse supernova explosion is far
from understood. During a supernova the stellar core collapse releases ~ 103
ergs of gravitational binding energy in less than a second [84] and there exists
various mechanisms that have the potential to produce strong GWs [21, 85].
However these mechanisms would only be detectable for a galactic supernova,
or perhaps one in the Local Group in the more extreme cases. In addition to
GWs, approximately 99% of the binding energy is expected to be released as
neutrinos. The three channels together (GW-EM-neutrino) could shed light on
the supernova engine, amongst other workings of the supernova, which would

not be found from a single channel alone.

2.2 The Most Promising Gravitational Wave

and Electromagnetic Sources

To maximise the scientific return of a GW detection the study of a coincident
EM counterpart is needed [86, 87, 88, 89, 90]. Ground based GW interferome-
ters are optimised to detect signals from mergers of compact binaries, consist-
ing of neutron stars and black holes. These are the best understood sources
in terms of GW range and expected rates [22, 34, 91]. Aasi et al. [58] outline
the expected evolution of the detectors between 2015-2022+, also known as the
“advanced” detector era. 2015 will see the Advanced LIGO (aLIGO) detectors
enter their first science run, with an anticipated NS-NS range of 40-60 Mpc.
Only the al.LIGO detectors will be operational for a three month science run,
with the Advanced Virgo (AdV) detector joining them a year later (with a
modest range of 20-60 Mpc [58]). At the end of the decade the average NS-NS
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range for aLIGO/AdV is expected to be 200/130 Mpc, their design sensitiv-
ity [58]. The number of NS-NS coalescence rates is thought to be between
1073 — 10 Mpc*Myr !, with the most likely rate to be 1 Mpc *Myr ™" [34].
This translates to ~ 40 detections from NS-NS systems by the Advanced de-
tectors every year [34]. By considering GW signals from NS-BH (1.4 — 10M,)
systems these numbers change slightly. At design sensitivity aLIGO/AdV will
have an average NS-BH range of ~ 410/260 Mpc. The expected number of
NS-BH mergers is between 6 x 107*-1 Mpc*Myr~' where the most likely co-
alescence rate is 0.03 Mpc>Myr~! which equates to ~10 detections per year
[58].

The merger of NS-NS and NS-BH systems is expected to produce EM
transients as well as GWs. These events are the favoured progenitor model
for SGRBs and have been extensively modelled in terms of GRB/EM emitters
[76, 79, 92, 93, 94]. Should a SGRB be missed, for example if the SGRB was not
beamed towards the Earth, an orphan afterglow may still be detected. Inde-
pendent of either of these two EM counterparts, an isotropic thermal emission,
known as a kilonova, is expected to accompany the merger of these systems
[95, 96, 97]. These sources have been comprehensively studied and lightcurves
exist for their expected evolution over time. A more detailed discussion of

these sources follows in Section 2.2.1.

Another proposed joint GW-EM mechanism from NS-NS systems concerns
the case where the merger results in a short-lived massive neutron star, rather
than a black hole [98]. Provided the original neutron stars are sufficiently small,
such that the post-merger object has a mass below the maximum mass of a
rapidly spinning neutron star, the merger could produce a GW burst devoid of
a SGRB followed by an early x-ray and optical afterglow. This x-ray afterglow
! ¢m~2 and the optical around magnitude 17

in the R-band, lasting between 10® — 10? s for a source at 300 Mpc [98].

could be as bright as 10~ 8erg s~

There are also joint sources of GW and EM signals originating from systems
other than compact binary objects. For example the central engine for LGRBs
is thought to be either a millisecond magnetar (an extremely magnetised and
rapidly spinning neutron star, for example [99]) or a collapsar (black hole with
an accretion disk, for example [25]). In the collapsar model GWs, with a
frequency of 100-3000 Hz, are produced during the formation of a newborn
black hole. The GW strain is expected to be h ~ 1072 at 10 kpc, meaning
they could only be detected within our Galaxy [26] every 30-100 years [27, 28].

Numerical studies indicate these sources have a weak emission of GWs, but
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there are a number of analytical models that propose strong emission (for
example [24]). The collapsar model is an extreme case of a supernova and
the GW emission mechanisms for supernovae are quite uncertain [21, 26, 85].
Various mechanisms have been proposed that would produce GW emissions
detectable to tens of Mpc [100]. For example, Corsi et al. [101] propose
the progenitor may lead to the formation of a highly magnetised millisecond
pulsar; Piro et al. [102] suggest gravitational instability in the outer parts of
a collapsar disk lead to fragmentation; Shibata et al. [103] present bar-mode

instability of rotating neutron stars.

Within the Advanced detector era the odds favour detections from the
merger of binary objects compared with burst like events. For this reason we
focus efforts on well modelled sources which produce both GW and EM signals
from the merger of NS-NS and/or NS-BH systems. In the following section we

discuss EM emission expected from these systems in the context of SGRBs.

2.2.1 Gamma-Ray Bursts, Afterglows, and Kilonovae

GRBs are some of the most energetic and brightest EM sources in our Universe
with isotropic luminosities usually in excess of 10°° erg s [104]. They were
discovered by the US Vela satellite, quite by accident, at the end of the 1960s,
occur approximately once per day and are isotropically distributed over the
sky (e.g. [105] and references therein). It was not until 1997 that the extra-
galactic nature of GRBs was confirmed by the observation of a GRB afterglow
[106]. Since then GRB afterglows have been extensively studied and redshift
measurements have shown that they originate outside of the Galaxy. Depend-
ing upon their duration and spectral hardness, GRBs can be separated in to
two classes [76, 107, 108, 109]. Those events with a duration less than two
seconds and have a hard spectra are known as short GRBs (SGRBs), which
typically have energies < 10°! erg [78, 92| and are thought to be due to the
merger of compact binaries. Long GRBs (LGRBs), on the other hand, last
longer than two seconds, have a soft spectra and are 100 times more luminous
than SGRBs [110] and are associated with core collapse of massive stars. Since

binary mergers are expected to be strong GW emitters, we focus primarily on

SGRBs.
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Short-Hard Gamma-Ray Bursts

The most accepted model for SGRBs is mergers of NS-NS/NS-BH systems,
where the GRB is powered by accretion on to the central object [111, 112, 113].
However there is no conclusive observational evidence to verify this. Rapid fol-
low up observations of SGRBs however, have found that they originate from
more evolved stellar populations than LGRBs, such as elliptical galaxies which
have no recent star formation, which is consistent with the theory of NS-
NS/NS-BH mergers [75, 78, 79]. These mergers are believed to lead to the
formation of a black hole, either directly or by first forming a highly magne-
tised neutron star, with a lifetime of up to ~ 100 ms, which will then collapse
to a black hole [114, 115, 116, 117]. The formation of a highly magnetised,
massive torus around the final black hole governs the gamma-ray emission.
The acceleration of matter in the torus, to relativistic velocities, forms a col-
limated jet of EM radiation [118]. Evidence for collimation first came from
GRBO051221A (e.g. [77, 119]). However not all SGRBs are thought to origi-
nate uniquely from binary mergers. Up to a few percent of SGRBs may be
due to giant flares of SGRs in nearby galaxies [80, 120, 121]. These other
progenitors are not interesting as GW sources at extra-galactic distances.
The local rate density of SGRBs is thought to be psgrp ~ 1077 — 1076
Mpc?yr~! after correcting for beaming effects [104, 120, 122], which are a key
issue as highly collimated gamma ray emission means that most GRBs would
be beamed away from us. This local rate density is similar to the density of
NS-NS mergers which is estimated to be pyg_nys ~ 1078 —107°Gpc~?yr~! [34].
Since Swift was launched in 2004, it has detected on average 10 SGRBs per
year, of which a third have measured redshifts [123]. None of these events, with
a known redshift, occurred within the al.IGO/AdV range for NS-NS mergers,
~ 200 Mpc, and only two events occurred within the advanced NS-BH range
of ~ 400 Mpc [34, 123]. However the Swift satellite’s field of view (FoV) only
covers approximately a sixth of the sky [124] while the GBM instrument on
Fermi the GRB satellite [125] covers approximately two thirds but with poor
localisation (~5 degree accuracy). Therefore the majority of SGRBs which
are beamed towards the Earth are either not detected or found with poor
localisation between these two satellites. Of the observed SGRBs, Metzger et
al. [123] estimate that <0.03 (0.3) SGRBs per year are being localised by Swift
within the advanced NS-NS (NS-BH) range. These numbers can be explained
by assuming at low redshift Nobs crp x 22, If we were however to consider all

detectable SGRBs, not only from Swift but also from Fermi, with or without
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redshift data, the same authors estimate these detected rates to increase by a
factor of 10. Chen et al. [126] on the other hand estimate an event rate of 1.7
yr~!, assuming a two detector network consisting of the aLIGO interferometers
at an early stage of operation (2015-2017), whereas Kelley et al. [127] propose

a detection rate of ~30 yr—!.

All these rates are lower (most by an order
of magnitude) than the expected ~40 yr~! detection rate of NS-NS systems
assuming the “most likely” NS-NS rate density of 107 Mpcyr~! [34]. This
discrepancy may be due to a number of factors, such as the true merger rate
being lower than expected, not all mergers are accompanied by a SGRB or
that the gamma-ray emission is beamed. Even taking in to account these lower
rates, if an all sky GRB satellite such as Fermi is operational in the advanced
detector era, within a few years of running GW detectors at design sensitivity,
a joint GW-GRB detection should be made and the nature of SGRBs could

be determined conclusively.

Afterglows

An afterglow is the emission which follows a GRB in lower energy parts of the
EM spectrum, such as the optical and radio. It is thought to be produced
by relativistic ejecta interacting with the surrounding medium and can last
anywhere from a few days in the optical to several years in the radio. The early
afterglow is expected to be highly beamed, however at later times the energy
is expected to be emitted over wider angles as ejecta decelerates [123]. Even
if a SGRB has been missed, perhaps due to incomplete sky coverage by the
gamma-ray satellites or the SGRB pointing away from the Earth, the afterglow
emission may still be detected [123]. Although none have been observed to
date, such “orphan afterglows” appear naturally through current theories of
how GRBs form (e.g. [128]).

There have been many observations of afterglows in the optical band from
rapid follow-up observations, particularly of GRBs detected by Swift. These
have shown that early afterglows are fainter than thought in the pre-Swift
era. In addition, the lightcurves for afterglows are observed to have fainter
magnitudes, due in part to fainter afterglows being discovered, and are also
found at greater redshifts than previously thought [129, 130, 131, 132]. The
afterglow emission peaks in the optical band on the timescale of days after the
merger and at later times (weeks-months) in the radio band.

Kann et al. [133, 134] present optical lightcurve data for over seventy GRBs
exhibiting both SGRB and LGRB characteristics, starting minutes after the
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burst to many weeks later. Typically one day after a GRB burst is detected,
the magnitude of a LGRB will be in the range 18-24 mag and SGRB 24-
30 mag (based upon observations where the afterglows are scaled to be at
z = 1). Most lightcurves seem to follow a similar power law decay L o
t~11 (L is luminosity and ¢ is time) however the LGRB lightcurves start at
a much brighter magnitude. For those GRBs with a secure redshift, and it
is not thought that the distribution of luminosities will differ significantly if
the redshifts are not known, LGRBs are found on average to be 5.8 + 0.5 mag

brighter than SGRBs, making them = 210*33° times more luminous [110].

It is estimated that optical telescopes capable of attaining magnitudes of
at least ~23 or even ~26.5 for typical events are needed to make a confident
afterglow detection for NS-NS mergers at a typical alLIGO sensitive range of
200 Mpc [123]. Pan-STARRS [135] can be capable of achieving the former
and LSST [136] the latter magnitudes, however these numbers assume ideal
observing scenarios. In addition the potential of making a detection depends
heavily on the parameters of the SGRB, particularly whether the afterglow
is on or off-axis. Figure 2.1 illustrates the on-axis case. This figure shows
a number of detected SGRB afterglows (red squares) and upper limits (blue
triangles) as well as curves illustrating an afterglow model assuming a range of
plausible parameters. For the brightest events, PTF [137] and Pan-STARRS
should be capable of detecting afterglows for events at 200 Mpc for several
days. However LSST should detect approximately half of the SGRBs within
the al.IGO/AdV range, even those which are missed because of incomplete
sky coverage, for at least several days after the initial burst [123]. However the
scenario changes drastically for an off-axis afterglow, as shown in Figure 2.2.
The same parameter curves are shown, however PTF and Pan-STARRS are
only capable of detecting afterglows for the largest jet energies (Eje ~ 10°°
erg) and circumburst medium densities (n~ lem™3). It is even more essential
in this off-axis case that deep optical surveys like LSST are operational in the
Advanced detector era. With its faint limiting magnitude, LSST should be

able to image optical afterglows from most afterglow models.

In addition to the optical afterglow, there is thought to be a radio afterglow
several minutes after the gamma-ray emission (for example [76, 142]). This
radio emission is thought to be the result of synchrotron emission of electrons
in the plasma resulting from the merger of neutron stars. The flux from such
an event is expected to be on the order of mJy, within the sensitivity of current

radio telescopes [143]. There are other models which could produce a prompt
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Figure 2.1: Measured luminosities and upper limits on luminosities for SGRB
optical afterglows. Red squares indicate detections and blue triangles upper
limits [138, 139]. Solid lines are afterglow models [140, 141] with parameters
including jet energy (E;) and circumburst density (n) for an on-axis observer
(Oops < 65 = 0.2). The grey shaded region indicates the range of plausible
kilonova luminosities. Also shown by horizontal dashed lines are the 5o limiting
magnitudes of three telescopes: PTF, Pan-STARRS and LSST. Taken from
[123].
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Figure 2.2: Same as Figure 2.1 but for an off-axis observer, i.e. 0, ~ 20; ~ 0.4.
Taken from [123].

radio emission from the merger of a binary neutron star system, such as that
proposed by Lipunov et al. [144]. This model requires one of the neutron
stars within the binary to have a large magnetic field (10 — 10'°G). Time
dependent magnetic fields, and therefore induced electric and magnetic fields,
are produced from the orbital motion of the binary. The motion of these
induced fields could then result in a radio emission at an observable flux equal
to the flux from the Crab pulsar at a distance of 2 Mpc [144].

X-ray afterglows have also been observed, typically starting a few hours af-
ter the intial GRB and lasting up to a few days. This x-ray emission is thought
to occur in a similar manner to the radio and optical emissions - through syn-
chrotron emission of merger ejecta which is accelerated to relativistic velocities.
These afterglows have been greatly studied since the launch of Swift and its on
board X-Ray Telescope (XRT) [124]. Through rapid follow-up this telescope
has captured many early x-ray observations which has allowed investigations
in to the various possible physical processes which contribute to the x-ray af-
terglow. For example the tail emission of the prompt gamma-ray emission, the
forward and reverse shock emission components [145]. In addition observations

has allowed synthetic lightcurves to be constructed [145].
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Kilonovae

A kilonova is a hypothesised supernova-like transient of near isotropic op-
tical /near infra-red emission which is expected from the merger of either a
NS-NS or NS-BH system. Unlike conventional type la supernovae which are
powered by the decay of *Ni (e.g. [146]), a kilonova is powered by the radioac-
tive decay of ejecta from the merger [95, 96, 97]. Most of this ejecta is rich
in neutrons, producing little Ni. Via rapid neutron capture nucleosynthesis
(r-process) much heavier radioactive elements are formed and undergo nuclear
fission. When the ejecta expands enough that photons can escape, a detectable
thermal emission is produced. Simulations by Metzger et al. [97] predict that
neutron star merger transients typically have a luminosity 1000 times larger
than the Eddington luminosity for an object of solar mass. Since typical novae
are approximately the Eddington luminosity, Metzger et al. have called these
supernova-like transients ‘kilo-novae’.

One of the defining characteristics of a kilonova transient is its lightcurve,
which peaks at ~1 day as illustrated by the grey shaded regions in Figures 2.1
and 2.2. This is quite different to a conventional supernova which peaks weeks
after the event. It is thought that within one second of merger the heating of
the ejecta is due to the r-process, and after this time due to the synthesised
isotopes decaying to stability. The short time between the merger and peak
in brightness is due to the short half-life of the isotopes [97]. After this peak
in brightness the luminosity decreases as L o t~* where o ~1-1.4 and the
spectrum is expected to redden [97]. The peak in the kilonova lightcurve is
expected to occur at ~19-22.5 mag (this range spans the expected range of
ejecta mass and velocity) for a source at ~200 Mpc [97]. This is dimmer than
a typical supernova which peaks between ~16.5-21.5 at 200 Mpc depending on
supernova type [147]. There are a number of optical telescopes which will be
operating at this time, such as PTF, Pan-STARRS and LSST, which will be
capable of detecting a range of these sources. It is however only LSST which
will have the required optical depth to gather images from several nights to
confirm a detection, assuming the mass of the ejecta is within the region 1071
- 1073 M, [123].

To date there has not been a confirmed detection of a kilonova transient.
The most promising candidate came following GRB080503 which showed a
peak in its optical afterglow at ~1 day which quickly faded over the follow-
ing days [148]. No obvious host galaxy was found coincident with the GRB

however.
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2.3 Gravitational Wave Searches Associated

with an Electromagnetic Counterpart

GWs have not been directly detected, however searches have been performed
in collaboration with conventional astronomers in one of two manners; GW
follow-up and EM follow-up. The former search involves the EM community
advertising a detection of an EM source and the GW community performing a
search for GWs in coincidence. EM follow-up is a newer form of search which
uses GW triggers to prompt astronomers to point conventional telescopes to

search for an EM counterpart.

2.3.1 Externally Triggered Searches

There are a number of searches for GWs coincident with external triggers,
including high-energy neutrinos [149]; SGRs [30, 150, 151]; magnetars [152];
pulsar glitches [153, 154] and GRBs [29, 33, 36, 155, 156, 157, 158]. Most
recently satellite-based gamma-ray experiments between 2009 and 2010 found
over 150 GRBs during LIGO’s sixth and the second and third Virgo science
run. A search was thereby performed to find a GW signal coincident with a
GRB [100]. This search was split in to two distinct searches; an unmodelled
GW burst search and a modelled search for NS-NS/NS-BH coalescences. The
burst search involves scanning the data from the GW detectors for energy
which is significantly higher than what is expected from the background. In
principle this form of search is sensitive to any GW signal, though with a lower
sensitivity than a search dedicated to a specific waveform model. The modelled
search correlates the GW data against theoretical predicted waveforms using
match filtering [33]. Neither of these searches found a GW associated to any
of the GRBs.

Despite the null detection of GWs thus far, there have been some astro-
physically interesting results. Specifically, GRB070201 and GRB051103 were
unique in they were directionally consistent with nearby galaxies within the
LIGO/Virgo NS-NS sensitive range. GRB051103 was a SGRB whose sky po-
sition coincided with M81, a spiral galaxy 3.6 Mpc away. GRB070201 was
directionally consistent with the outer spiral arms of Andromeda (M31) at
0.77 Mpc. Searches for the GW data in each case excluded the hypothesis of
a binary progenitor at = 99% confidence [157, 158]. This lends support to the
hypothesis that these SGRBs were due to SGR flares. Indeed if the SGRB
for GRB051103 originated in M81, then the SGRB flare would be the most
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Figure 2.3: A flowchart of the analysis performed to search for an EM counter-
part from a GW event with approximate times required for each stage. H1, L1
and V1 are the LIGO-Hanford, LIGO-Livingston and Virgo detectors respec-
tively. Omega and cWB are search packages for detecting generic GW bursts
while MBTA is a matched-filter binary search package. LUMIN and GEM are
software packages which determine the location on the sky to point telescopes.
Image taken from [31].

distant extragalactic magnetar ever observed [157].

2.3.2 Electromagnetic Follow-Up of Gravitational Wave

Events

Unlike externally triggered searches that use information from an EM source
such as time and sky location to search for a GW signal, EM follow-up is the
reverse: conducting a search for an EM counterpart triggered by the obser-
vation of a candidate GW event. Between December 17 2009 to January 8
2010 and September 2 to October 20 2010 the first search of this kind was per-
formed, whereby data from the GW detectors was analysed in real-time and
a sky location for each candidate GW event was found and sent to conven-
tional astronomers for follow up. One of the main goals of this search was to
send alerts to conventional telescopes as quickly as possible after a GW event
was identified, to maximise the probability of detecting fading EM counter-
parts from some of the most likely sources already detailed. In this section we
give a brief description of the observation program, known as the LOOC UP
project (Locating and Observing Optical Counterparts to Unmodelled Pulses
in Gravitational Waves). For details see [159, 160].
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Figure 2.3 depicts the format of the search. The online analysis begins at
the GW detectors, namely LIGO-Hanford, LIGO-Livingston and Virgo, which
were taking science data at the time of this search. Data from these detectors
was collected and transferred to several computing centres within minutes.
Three independent GW detection algorithms, or “trigger generators” were run
as data became available. The coherent WaveBurst (¢(WB) algorithm performs
a time-frequency analysis of the data in the wavelet domain by coherently
combining data from all the detectors [31, 161]. The Omega pipeline identifies
triggers by performing a matched filter search with a bank of waveforms which
are approximately (co)sine-Gaussians [31]. Both of these algorithms are used
to search for transients without a specific waveform morphology, i.e. bursts.
The third algorithm, Multi-Band Template Analysis (MBTA) uses templates
from second order post-Newtonian approximations to specifically target wave-
forms expected from NS-NS; NS-BH and BH-BH inspirals [162]. Any triggers
these three algorithms identified were then ranked according to their ‘detec-
tion statistic’. For ¢cWB and MBTA this is related to the amplitude of the
signal-to-noise ratio (SNR) of the signal across all the GW detectors whereas
for Omega it comes from the Bayesian likelihood of a GW signal being present
[160]. Triggers from any of the three algorithms having a detection statistic
above some threshold and occurred at a time when all three interferometers
were taking science quality data, are recorded in the Gravitational-wave Can-
didate Event Database (GraCEDDb). Triggers were also automatically checked
against lists of times when the detectors were not operating nominally, such as
periods of high seismic activity or non-standard interferometer configurations.

From the GW data taking to this point, typically 10 minutes have elapsed.

The next step of the search is to identify statistically significant triggers
from GraCEDDb. This is done by finding the average rate at which fluctuations
due to noise will create a spurious event with a detection statistic value equal
to or greater than that of the GW candidate. This is known as the false alarm
rate (FAR). For the first observing period (December 2009-January 2010), a
trigger was deemed significant if it was found to have a probability of occurring
less than once per day of detector livetime. This is the time all three GW
detectors were collecting science data simultaneously. For the second period
(September-October 2010) this probability was dropped to 0.25 events per
day [160]. Certain partner telescopes partaking in the search however required

different thresholds for selecting events for follow-up.

Once a trigger has been identified as significant the most likely source lo-
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cation is determined. In addition to identifying triggers, the three detection
algorithms produce maps over the sky (skymap) to indicate the most likely
location of an event. A typical skymap is tens to hundreds of square degrees
[72] which could be made up of many disjointed regions. It is impractical to
image this entire area, therefore two algorithms were used to prioritise regions
(typically the size of the FoV of the telescopes taking part) within this skymap
as the most likely location of the GW source. The LUMIN software package
uses the skymaps from the three trigger generators and the location of known
galaxies to select regions to observe. LUMIN also includes software to commu-
nicate with robotic telescopes and tools which are used in trigger validation.
The Gravitational to Electro-Magnetic Processor (GEM) used slightly differ-
ent criteria as it was selecting the location for the Swift satellite to observe

[160].

The Gravitational Wave Galaxy Catalogue (GWGC) contains information
such as sky position, distance, blue magnitude etc of 53,225 galaxies, out
to 100 Mpc, and 150 Milky Way globular clusters [163]. The authors claim
this catalogue is nearly complete to ~40 Mpc. Using the skymaps previously
generated, the search volume is limited by only considering galaxies out to 50
Mpc as this was the limit of detecting a binary system containing a neutron
star at the time of the search. These skymaps are tiled into 0.4° x 0.4° pixels
and on average approximately 8% of the pixels within a typical skymap contain
a local galaxy or globular cluster [160]. Each of the pixels is then assigned a

relative likelihood following:

M;L
Poc) ) (2.1)

where L is the likelihood skymap value from the GW data, M; is the blue light
luminosity and D; is the distance of a galaxy or globular cluster associated to
that tile, and the sum is over all galaxies or globular clusters in the tile. This
weighting is given to promote galaxies which have a greater blue luminosity as
this is a rough proxy for mass. The more luminous a galaxy, the greater number
of sources which the galaxy contains. More distant galaxies are disfavoured
as it is expected a closer galaxy will contain more detectable sources than a
more distant galaxy of similar mass. We discuss equation (2.1) in more detail
in Section 3.2. In the case where no galaxies are found within a skymap the
likelihood from the GW skymap is used (P = L). The actual coordinates

which are sent to the telescopes are selected to maximise this P which is
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Figure 2.4: The approximate location of all the EM telescopes which partici-
pated in the search. The Swift satellite has an arbitrary location. Taken from

[160).

summed over pixels within the FoV of a particular telescope [160]. This entire
procedure thus far, starting with collecting the GW data, takes approximately

12 minutes.

The next stage in the search is manual event validation, which takes the
greatest length of time. Although quality of the GW data was assessed at the
time the triggers were identified, additional checks were performed manually.
When a significant trigger was identified, an alert was broadcast to collabora-
tion members via email, text message and a website. These scientists provided
24/7 coverage during 8 hour shifts and would confer with personnel at each of
the three GW detectors to validate an event when one was identified. The in-
tention of these checks was to discard events caused by man-made occurrences
that were not caught by the automated low-latency data quality checks. At
this stage, the aim is that no more than 30 minutes have elapsed since the event
occurred. The observational coordinates are then sent to partner telescopes

for follow-up.

The telescope network used in this search primarily consisted of wide FoV
optical telescopes to try to accommodate the large skymaps produced from
GW position estimates. There were however narrow FoV optical telescopes as
well as radio and x-ray instruments which were used in the search. Optical
partners included PTF [137], Pi of the Sky [164], QUEST [165], ROTSE-III
[166], SkyMapper [167], TAROT [168], Zadko Telescope [169] and the Liv-
erpool Telescope [170] while Swift [124] was the only x-ray instrument and
both LOFAR [171] and the Expanded Very Large Array (EVLA) [172] radio

instruments. Figure 2.4 shows the location of each observatory.
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During the two observing (December 17 2009 to January 8 2010 and Septem-
ber 2 to October 20 2010) periods 9 candidate GW events were sent to partner
telescopes for follow-up. Each observatory responded to at least one event. A
separate analysis of the images taken by each EM observatory was undertaken
due to the different nature of each telescope. Chapter 4 details the methods
used to process the images taken with the ROTSE-III telescope system and
Chapter 5 details the results of the analysis. No significant optical, x-ray or
radio transients were identified to be associated with any of these GW events
(173, 174, 175].
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Identifying the Host (Galaxy of

Gravitational Wave Sources

3.1 Introduction

One of the main obstacles in conducting an electromagnetic (EM) follow-up
search of a gravitational wave (GW) signal (as detailed in Section 2.3.2) is
identifying the host galaxy of the GW source based on the GW emission.
GW interferometers are capable of detecting a signal from most parts of the
sky and localise the position of a source based upon triangulation techniques.
This produces large source localisation regions, typically hundreds of times
larger than the typical field of view (FoV) (few square degrees) of conventional
telescopes. Externally triggered searches (discussed in Section 2.3.1) use the
EM signal, independently observed by a satellite, to estimate the location, on
the sky, of the source. This type of search is not considered in this chapter.

We focus on binary merger signals; potential EM counterparts (optical
afterglows, kilonovae) are discussed in Chapter 2. Mergers of binary neutron
stars (NS-NS) or binaries consisting of a neutron star and a stellar mass black
hole (NS-BH) are the best understood in terms of GW range and expected
rate [34], and are the most likely sources for producing both detectable GW
signals and optical transients. They are also the favoured progenitor model for
SGRBs [76]'. These events will emit a significant proportion of their binding
energy in GWs at frequencies to which the current and next generation of GW
detectors are sensitive.

The distance to which a GW signal can be detected depends on the masses

!The gamma-ray emission might itself be used to identify the host galaxy for those cases
where the emission is beamed towards us.
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of the binary components. There are two conventions for the sensitivity of
a GW detector to binary inspiral signals. The horizon distance Ry is the
maximum distance to which an optimally positioned and orientated system
would produce a signal-to-noise ratio (SNR) of at least 8 in a given detetcor.
The “sensemon range” Rg is the volume- and orientation-averaged distance at
which a system would produce SNR > 8. The expected rate of signals with
SNR > 8 in a single detector is therefore

4
gngD (3.1)

where D is the source rate density [34, 176]. The horizon distance is a factor

2.26 larger than the sensemon distance.

Assuming fiducial masses of 1.4 M, for neutron stars and 10 M, for black
holes, the Initial LIGO observatories could detect NS-NS binary systems with
SNR > 8 out to a maximum distance of approximately Ry ~ 30 Mpc, and
NS-BH systems out to Ry ~ 65 Mpc. With this sensitivity, Abadie et al. [34]
estimate the most likely rate of detectable signals at ~0.02 yr—! for NS-NS
and ~0.004 yr~! for NS-BH systems. For Advanced LIGO (c. 2015+) the GW
horizon range increases to approximately Ry ~ 450 Mpc for NS-NS systems
and Ry ~ 930 Mpc for NS-BH systems, with most likely rate estimates of ~40

1 1

yr— and ~10 yr— respectively.

GW interferometers are non-imaging detectors with a large FoV which
produce large error regions, on the sky, of the source location. Their antenna
response is greater than half-maximum over 65% of the sky. Source localisation
for short-lived signals therefore requires multiple detectors, in order to use
the measured time delay between detectors as well as the amplitude of the
measured signal in each detector to triangulate a sky location. Several methods
of localisation have been investigated [72, 177, 178, 179, 180, 181, 182, 183,
184, 185, 186]. Fairhurst [72] gives the following approximation for the timing

accuracy of a GW signal:
1

- 2rop’

(3.2)

Ot

where o is the effective bandwidth of the signal and p is the SNR. For nominal
values oy = 100 Hz and p = 8, timing accuracies are on the order of 0.1 ms.
This can be compared to the light travel time between detectors, 10 — 30 ms
for the LIGO-Virgo network. For example, for a binary coalescence signal at
the threshold of detectability, Fairhurst [72] estimates a best-case localisation

of 20 deg?® (90% containment), and a typical localisation of twice this. During
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the last science run of LIGO and Virgo (2009-2010) the LOOC UP project (as
detailed in Section 2.3.2) sought to localise GW signals using similar techniques

and found typical localisations areas of ~ 100 deg?.

3.2 A Galaxy Ranking Statistic

It is impractical to image typical localisation areas predicted by Fairhurst (~40
deg?®) and actual GW signal candidates during the last LIGO/Virgo science
run (~100 deg?®). During this period a network of telescopes (for more details
see Section 2.3.2) were available for follow-up which typically had a FoV of a
few square degrees. To confidently identify an EM counterpart, the localisation
region needs to be imaged on several consecutive nights to high magnitudes.
However we can reduce the area that needs to be imaged by assuming the GW
source to be associated with a galaxy [159]. Since a galaxy at a typical LIGO
distance has an angular size of a few arcminutes or less, restricting to galaxies
also makes it feasible for narrow FoV instruments (such as Zadko [169]) to
participate.

Restricting to galaxies within a typical LIGO-Virgo GW error box can
contain over one hundred galaxies out to 100 Mpc. Imaging all to search for
an EM counterpart will likely be impractical. This motivates considering ways
to rank the galaxies by their likelihood of hosting the source of the observed
GW event. We expect a nearby galaxy to be more likely a priori to be the host
of a detectable GW signal source than a more distant galaxy. Furthermore,
larger galaxies contain more potential sources. We therefore propose to rank
each galaxy as the possible host for a GW signal by the following statistic:

Ree¥ dia | (3.3)
Here L is the luminosity of the putative host galaxy, d is the distance to the
galaxy, « is a constant, and x? is the chi-squared match between the measured

and predicted time of arrival of the signal in each detector [179], given by

=yl (3.4)

g:=
i 7

Here o; is the timing uncertainty in each detector, ¢; is the measured arrival
time, p; is the predicted arrival time based on the sky direction of the putative

host galaxy, and the sum is taken over all detectors. We include exp (—x?/2)
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in our ranking statistic as this is the likelihood associated with a Gaussian
timing error in each detector. It determines which galaxies have sky positions
consistent with the observed time delays between detectors; i.e., it represents
the GW triangulation error box. For the LIGO-Virgo network that we will
simulate, the x? sky map is mirror-symmetric through the plane of the detec-
tors, thus usually yielding two error boxes. In principle, the measured signal
SNRs can be used to break this degeneracy and determine which box contains
the correct sky location. For our tests, we use both boxes. Therefore, a more
sophisticated GW analysis than that assumed here may reduce the number of

galaxies that need to be imaged by up to a factor of 2.

R is scaled with luminosity because we assume the luminosity of each galaxy
to be approximately proportional to the number of sources within it. The d=¢
factor favours intrinsically weak signals from nearby galaxies as being more
likely than strong signals from distant galaxies. More generally, assume the
rate of GW events of intrinsic amplitude hy within each galaxy takes the form

Z—Z ~ hg". (3.5)
For any given distance R, the smallest intrinsic amplitude that we are able

to detect, hyg, is related to the minimum amplitude we can detect on Earth,

hthresha as

ho
= h resh.- 36
7 = lunresn (3.6)

The number of observable signals in a galaxy can be defined as

* dN
Nops (R :/ —dh 3.7
(7)= | Gy (37)
and it can be shown
Nops o hg " (3.8)

From equation (3.6) the following relationship can be found
Nobs ox R™¢ (39)

where a = § — 1.

In our simulations we test « = 1,2,3. We find a = 2 gives marginally
better performance for the initial LIGO detectors, and o = 1 the best for
Advanced LIGO. However, the variation in the probability of identifying the

host galaxy is only a few percent; we conclude that our ranking is not sensitive

— 50 —



Chapter 3. Identifying the Host Galazy of Gravitational Wave Sources

to the precise distance weighting used.
For comparison, we also test ranking based purely on the error box, with

no luminosity or distance weighting:

X2

R=e%. (3.10)

This statistic is poor at identifying the host galaxy; the probability of correct
identification is a factor of 2-4 lower (depending on binary mass) than when

including the L/d weighting.

3.3 Host Galaxies Within 100 Mpc

GW signals are simulated from known external galaxies, using the Gravita-
tional Wave Galaxy Catalogue (GWGC) [163]. This catalogue contains ap-
proximately 53,000 galaxies out to a distance of 100 Mpc. There are 22,000
galaxies within 65 Mpc, the maximum distance to which a 1.4-10.0 M, NS-
BH system can be detected with SNR > 8 by Initial LIGO, and 7300 galaxies
within 30 Mpc, the maximum distance for a NS-NS binary. White et al. esti-
mate the catalogue to have a completeness of 60% to 100 Mpc, 75% to 50 Mpc,
and a completeness consistent with 100% out to 40 Mpc. Approximately 50%
of the galaxies have a defined type in the de Vaucouleurs classification [187];
these account for 80% of the total luminosity in the catalogue. The catalogue
only extends to 100 Mpc, we therefore perform tests of the ranking statistic
in two phases. Firstly we use the GWGC and only consider sources within
100 Mpc. This is appropriate for the first generation detectors and also for a
small fraction (~ 10%) of detections in the advanced era. Second, to test the
performance with the full range of Advanced detectors, we simulate a galaxy
catalogue that is complete to 750 Mpc.

To evaluate how well the ranking statistic identifies the true host galaxy
of a GW signal, we simulate how GWs will appear in a realistic search. We
consider inspiralling NS-NS and NS-BH binaries. The strength of their GWs
has a well-defined dependence on the system’s mass, distance, and inclination
of the binary orbital axis to the line of sight. Three different mass pairs
are studied: 1.4-1.4 M NS-NS, 1.4-5.0 M, NS-BH, and 1.4-10.0 M, NS-BH
systems. The orientations are random and isotropic. The true host galaxy is
selected randomly with weight proportional to the galaxy luminosity and with
an additional weighting based on galaxy type as discussed below.

We simulate the LIGO-Hanford, LIGO-Livingston and Virgo network, as-
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suming all three detectors to have sensitivity given by the Initial LIGO design
[51], or the Advanced LIGO design [188]. For each GW, we compute the re-
ceived SNR in each detector based on the binary mass and distance, and the
detector sensitivity to that sky direction and binary orientation. In a single
GW detector the SNR, p, of a GW signal, h(f), is defined as [14]

PP = 4/000 df% (3.11)

where S(f) is the noise power spectral density and A(f) is the Fourier transform

of the received signal

h(t) = Fy (0,6, 90)hs () + Fi (0, 6, 1)hs (£). (3.12)

This equation represents a linear combination of the detector responses (F,
and F.) to the two GW polarisations (h; and hy) where (0, ¢) is the sky
position and 1 the polarisation angle of the source. Finn et al. [176] define

the Fourier transform of the received signal as

5T

I v

) (xfM)75 (3.13)

where M is the chirp mass of the binary system and A is the GW amplitude
which is defined as [176]

A? F7(1+ cos®t)? + 4F% cos® 1] . (3.14)

The source distance is denoted by d;, and ¢ is the angle between the plane of

the source and the line of signt. The SNR of a GW signal in one detector is

[/ v f58<f>] '
(3.15)

The simulations generate random dy, 6, ¢, v and ¢ where the first three quanti-

therefore

[F?(1+ cos®1)” + 4F7 cos® 1]
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ties are taken from the GWGC. The SNR and timing uncertainty o, (equation
(3.2)) is computed for each signal, and for every detected signal the error region
is generated. The ranking statistic (equation (3.3)) then ranks every galaxy

within this error region and notes the rank of the true host.

The measured amplitudes and times are “jittered” by additive Gaussian
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errors to simulate the detector noise background. To be considered detected, a
GW needs to have an SNR of p > 8 in at least two detectors, and a quadrature-
sum SNR > 12 over all three detectors. For each Monte Carlo run we generate

enough binaries to give approximately 800 detected signals.

While the ranking statistic (equation (3.3)) treats all galaxy types equally,
the rate of binary coalescences is likely to be different in different galaxy types.
O’Shaughnessy et al. [189] estimate the rate of NS-NS and NS-BH mergers in
elliptical and spiral galaxies for a large range of plausible binary evolution
scenarios. They produce a total of 488 samples of merger rates, and find the
relative rate in spirals and ellipticals to vary widely in their models. We ac-
count for this uncertainty in our simulations by performing 50 separate Monte
Carlo runs for each waveform type; in each run, the relative rate of mergers
in spirals and ellipticals is determined by a random draw from the models by
O’Shaughnessy et al. Lenticular galaxies are treated as equivalent to ellipticals
and irregular galaxies as spirals for these simulations. For those galaxies with-
out a specified type, one is assigned randomly in proportion to the number of
galaxies of each type in the catalogue. In all, 70% of the galaxies are treated

as spiral, and 30% as elliptical galaxies.

Finally, to simulate the effect of measurement errors in the galaxy catalogue
the luminosity and distance of each galaxy is jittered by a random amount
consistent with the stated uncertainties. This is done by creating a second copy
of the galaxy catalogue and using this jittered catalogue for signal generation

(keeping the original catalogue for ranking).

After the GW signals are generated, we compute the x? match (equation
(3.4)) between the predicted and the measured GW arrival time at each de-
tector. All the galaxies are then ranked as potential hosts for each GW using
equation (3.3). The distribution of ranks assigned to the true host galaxy for
each GW then tells us the probability of observing the true host as a function
of the number of galaxies imaged. This probability is shown in Figure 3.1. We
find that for a narrow FoV telescope (O(10) arcmin, sufficient to image one
galaxy at 10 Mpc) the probability of the true host being the top-ranked galaxy
is 50 4+ 3% for a 1.4-1.4 M, NS-NS system, 32 + 2% for a 1.4-5.0 M., NS-BH,
and 21 + 3% for a 1.4-10.0 M, NS-BH system. When imaging the 5 highest-
ranked galaxies, the chances of including the true host increase to 78 + 3%,
63 £+ 3%, and 48 + 3% respectively. For the Advanced LIGO detectors, and
considering only binaries within 100 Mpc, the probabilities are approximately
independent of binary type: 39 £ 3% / 43 £ 4% / 40 £+ 3% for 1 image and

— 53 —



3.8. Host Galaxies Within 100 Mpc

[

o
©

o
[s)

o©
3

o
o

&)

N

w

© o o o

—1.4-1.4 (NS-NS), LIGO |
1.4-5 (NS-BH), LIGO
——1.4-10 (NS-BH), LIGO
all binaries, advanced LIGO

probability of imaging host galaxy
N

o
=
T

0 o
10 10 10
number of galaxies imaged

2

Figure 3.1: Narrow field of view case. The probability of imaging the true
host galaxy for each type of binary system versus the number of images taken.
The shaded regions denote the 1-sigma uncertainty in the probability estimate.

72+3% / 75+ 3% / 73 + 3% for 5 images. In each case the uncertainties are
dominated by the range of possible relative rates for mergers in spiral versus
elliptical galaxies. These probabilities assume the galaxy catalogue to be com-

plete. For a completeness ¢ < 1 these probabilities should by multiplied by c.

We note that the success rate for initial LIGO is highest for NS-NS sys-
tems, and decreases with increasing binary mass. This is due to two factors.
The effective bandwidth o is larger for low-mass systems, giving smaller tim-
ing uncertainties (see equation (3.2)). Furthermore, less massive binaries are
detectable to smaller distances, hence there are fewer potential hosts for these
systems, so the probability of imaging the true host increases. Indeed, in the
NS-NS simulations for current detectors, we find that 10% of all detected sig-
nals are due to only 10 galaxies: PGC047885, NGC0224 (Andromeda galaxy),
NGC4594 (Sombrero galaxy), ESO468-020, NGC0253, NGC5457 (Pinwheel
galaxy), NGC6964, PGC2802329, PGC009892 and NGC4472.

For the Advanced LIGO detectors, we find that the probability of imaging
the true host galaxy is approximately the same for all binary types. This is
due to the restriction to signals originating within a fixed distance of 100 Mpc.
Higher-mass systems give larger SNR at a fixed distance; this offsets the effect
of their lower effective bandwidth in the timing uncertainty (equation (3.2)).

The LOOC UP program [159] used wide FoV telescopes to image potential
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Figure 3.2: Wide field of view case. The probability of imaging the true host
galaxy for each type of binary system versus the number of images taken. The
shaded regions denote the 1-sigma uncertainty in the probability estimate.

host galaxies, including TAROT [168], QUEST [165], SkyMapper [167], and
ROTSE [166], as well as narrow-field telescopes such as Zadko [169]. Depend-
ing on the length of exposure (between 60 s and 180 s) and the filter used,
these telescopes have limiting magnitudes ranging from 17 to 22, sufficient to
detect the EM emission from binary mergers predicted by Metzger et al. [97]
to 15 — 150 Mpc. The wide-field telescopes can image several square degrees
at once, allowing multiple galaxies to be observed simultaneously and there-
fore increasing the probability of observing the true host in a given number of
exposures. We simulate imaging with a 3-4 deg? FoV telescope by grouping
galaxies which lie within 1 degree of one another when computing the proba-
bility of imaging the host. That is, we consider the true host as having been
imaged if it lies within 1 degree of any of the N top-ranked galaxies, where
N is the number of wide-field images taken. The results are shown in Figure
3.2. We find that for Initial LIGO, for 1.4-1.4 My / 1.4-5.0 My / 1.4-10.0
M, systems the chances of observing the true host are 61 2% / 44 + 2% /
324 2% for 1 image and 89+ 1% / 80+ 1% / 67 2% for 5 images. These are
a factor of about 1.2 better than the narrow FoV results. For the Advanced
LIGO detectors the probabilities are 64 + 1% / 68 £ 1% / 64 £ 1% for 1 image
and 93+ 1% / 94+ 1% / 92 + 1% for 5 wide-field images, a factor of 1.3-1.5

better than in the narrow FoV.
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3.4 Host Galaxies Within 750 Mpc: A Simu-
lated Galaxy Catalogue

Thus far all Monte Carlo simulations have used the GWGC from which to
draw host galaxies within 100 Mpc. Although this is valid for the Initial LIGO
design the restriction to 100 Mpc is not appropriate for Advanced LIGO where
the detectors reach far exceeds that of the galaxy catalogue. Unfortunately
no catalogue exists which is nearly complete out to the limit of the advanced
detectors. Therefore to test the basic idea we create a simulated complete

catalogue.

A simulated galaxy catalogue was created out to 750 Mpc, the reach for a
NS-BH system (of mass 1.4-5.0 M) for Advanced LIGO at design sensitivity.
Galaxies were drawn at random from the GWGC and a fake catalogue was
created by selecting positions distributed randomly and uniformly in volume
out to 750 Mpc. We used a density of galaxies of ~ 0.02 Mpc~2, consequently
this catalogue contains ~ 3.5 x 107 galaxies. With the number of galaxies
under consideration increasing by a factor of 700 (compared to the previous
simulations), it was no longer computationally feasible to consider galaxies
individually. Instead, by tiling the sky in to equal areas with a number of
specified points, using a HEALPix algorithm [190], galaxies can be grouped
together. It was decided to investigate tiles the size of ~0.84 deg® and 3.36 deg?
as this approximates the FoV of both narrow and wide FoV optical telescopes
which were used in the LOOC UP project.

The Advanced LIGO detectors are expected to come online in 2015, with
Advanced Virgo following one year later. However the initial sensitivity of
these detectors is expected to be much less than design sensitivity; it will
take several years and commissioning phases until this goal is reached. Table
3.1 outlines the expected observing schedule and sensitivities of the Advanced
detectors from 2015-2022+ (shown in Figure 3.3). The ranges quoted are
the “sensemon ranges” Rg (described in Section 3.1), a factor of 2.26 smaller
than the maximum reach of the detectors for an optimally oriented source
which produces a GW signal detected with an SNR of 8. The percentage
(90% containment) of localised NS-NS systems in Table 3.1 only considers

information from the detectors; no galaxy weighting is used.

Simulations were conducted in the same manner as described in Section
3.3, with the GWGC being replaced by the simulated galaxy catalogue and
galaxies being grouped together in to tiles as discussed. Only NS-NS (1.4-1.4
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NS-NS Range NS-BH Range | % NS-NS localised
(Mpc) (Mpc) within

Label Epoch LIGO | Virgo | LIGO Virgo | 5 deg? | 20 deg?
early 2015 40-80 - 65-135 - - -

mid 2016-17 80-120 | 20-60 | 135-200 | 35-105 2 5-12
late | 2017-2018 | 120-170 | 60-85 | 200-285 | 105-140 1-2 10-12
final 2019+ 200 65-130 325 105-190 | 3-8 8-28
india 2022+ 200 130 325 190 17 48

Table 3.1:

Observing schedule, expected sensitivities, and source localisation
for the Advanced LIGO and Advanced Virgo detectors, taken from [58]. The
NS-NS (1.4-1.4 M), NS-BH (1.4-5.0 M) range and localisations (complete
to 90%) reflect the uncertainty in the detector noise spectra. In addition the

localisations take in to account the uncertainty in the source rate density of
NS-NS systems [34].

Advanced LIGO Advanced Virgo
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Figure 3.3: One possible evolution of the (a) aLIGO and (b) AdV expected
strain sensitivities with frequency. The curves are shown for early, middle,
and late commissioning periods, in addition to the final design sensitivity and
the BNS-optimised sensitivity. The target date to achieve these sensitivities is

shown as well as the average distance a BNS signal could be seen. Taken from
[58].
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M) and NS-BH (1.4-5.0 M) systems were investigated due to the reach of
the simulated catalogue. In addition « is set to 1 in the ranking statistic (equa-
tion (3.3)) as previously discussed. All observing scenarios for the Advanced
detector era were investigated, to determine how often the true host galaxy of
a GW signal can be found at any point over the evolution of the Advanced
detectors. Due to the spread in the expected ranges of each epoch, they are in-
vestigated separately. For example the “mid” epoch has a NS-NS range 80-120
Mpec for the LIGO detectors and 20-60 Mpc for the Virgo detector. There-
fore the “mid-low” simulations assume a LIGO (Virgo) range of 80 (20) Mpc
and “mid-high” assumes a LIGO (Virgo) range of 120 (60) Mpc. The“india”
epoch assumes a four detector network with the LIGO-India detector having

the same sensitivity as the other aLIGO detectors.

The probability of imaging the tile containing the host galaxy of a GW
signal using a narrow FoV telescope is shown in Figure 3.4. Plots (a) and (b)
illustrate the ability to identify the host tile for a signal from a NS-NS system
and plots (c) and (d) for a NS-BH system. The plots show the evolution of
the probability throughout the Advanced detector era. It is evident that the
ranking statistic performs better at identifying the host tile of a signal from a
NS-NS system compared to a NS-BH system because the range is smaller, and
thus encompasses less galaxies. In the early epoch, where only the two LIGO
detectors are in operation, the localisation is very poor. By imaging the ten
most likely tiles less than 20% (10%) of signals from a NS-NS (NS-BH) are
correctly linked to the host galaxy tile. When Virgo comes online in the mid
epoch the ability to identify the host galaxy tile greatly improves to ~28-36%
(20%) for a NS-NS (NS-BH) signal. The increase in LIGO sensitivity in the
late epoch is more pronounced than that of the Virgo detector, leading to a
slight decrease in localisation probability. However in the final epoch when
all detectors are at or near design sensitivity, the probability of imaging, with
ten images, the true galaxy tile is at its highest for a three detector network,
~30-40% (20-30%) for a NS-NS (NS-BH) GW signal. Only by adding a fourth
detector (LIGO-India) to the network does the sky localisation dramatically
improve. For a GW signal from a NS-NS (NS-BH) system, by imaging the
ten most likely tiles ~80% (65%) of GW signals are identified to the correct
galaxy tile. Similar features are seen for the plots illustrating the wide FoV
case in Figure 3.5. In general the probability of imaging the tile containing
the true host galaxy improves 10-20 percentage points when going from a

narrow to wide FoV telescope. However this is not true for the early epoch;
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the probabilities between the narrow and wide FoV telescopes are comparable.
This can be attributed to the poor localisation ability of a two detector network
and probably also the relatively small density of galaxies within 40-80 Mpc.
For comparison simulations were conducted without the galaxy weighting;
the GW source was determined using triangulation techniques alone (equation
(3.10)). The results of these simulations in addition to the results obtained
using the galaxy weighting technique (equation (3.3)) are compared in Table
3.2. This table shows the percentage of correctly identified host galaxies for
both narrow (0.84 deg® tiles) and wide (3.36 deg® tiles) FoV telescopes using
both 5 and 20 pointings. In both the NS-NS and NS-BH situation the galaxy
weighting technique performs better at identifying the host galaxy in the early,
mid and late epochs. It provides a significant advantage in the early epoch
when only the two LIGO detectors are operational. In the NS-NS case this can
provide a ten fold improvement and the NS-BH case a factor of 5. Once Virgo
comes online in the mid epoch galaxy weighting still proves useful, particularly
for a narrow FoV telescope which can see almost double improvement in imag-
ing the host galaxy. However for a wide FoV telescope the galaxy weighting in
this epoch only provides an improvement of a few percent. This is also the case
in the late epoch. However once the detectors reach their design sensitivity
in the final and india epochs, the galaxy weighting technique provides little
advantage in identifying the host galaxy tile. This is because the localisation
region determined from timing information alone is sufficiently small that a

typical telescope can cover this entire region.

3.5 Concluding Remarks

A galaxy ranking statistic has been presented to better localise a GW source
than using timing information from a network of GW detectors alone. Trian-
gulation techniques can localise a GW signal to 10-100 deg? in a three detector
Initial LIGO-Virgo network. This error region is too large to cover with typ-
ical optical telescopes used in the LOOC UP program. Using the GWGC,
which provides a reasonably complete list of galaxies within 100 Mpc, galax-
ies within the reach of the Initial LIGO/Virgo detectors can be ranked. This
ranking scheme proves much more successful in determining the host galaxy
of a signal than triangulation alone, by a factor 2-4 with one or five pointings.
The coverage of narrow FoV and wide FoV optical telescopes is considered

as well as a GW signal originating from a binary system consisting of NS-NS
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NS-NS 1.4-1.4 M,
No Galaxy Weighting Galaxy Weighting
Narrow FoV Wide FoV Narrow FoV Wide FoV
% Hosts Imaged With % Hosts Imaged With % Hosts Imaged With % Hosts Imaged With

Epoch | 5 pointings | 20 pointings | 5 pointings | 20 pointings | 5 pointings | 20 pointings | 5 pointings | 20 pointings
early 0-1 2-3 1-2 7-8 3-10 8-23 3-10 11-25
mid 14-15 39-41 32-35 72-73 18-26 43-50 35-40 75-76

late 12-14 35-39 31-34 69-73 13-19 37-45 32-37 69-75
final 19-26 49-62 43-53 81-88 20-27 50-63 44-54 82-90
india 59 93 87 99 60 93 87 99

NS-BH 1.4-5.0 M,
No Galaxy Weighting Galaxy Weighting
Narrow FoV Wide FoV Narrow FoV Wide FoV
% Hosts Imaged With % Hosts Imaged With % Hosts Imaged With % Hosts Imaged With
Epoch | 5 pointings | 20 pointings | 5 pointings | 20 pointings | 5 pointings | 20 pointings | 5 pointings | 20 pointings
early 0-1 1-2 1-2 6-9 1-5 4-11 2-5 7-13
mid 10-11 31-33 29-30 64-66 12-13 32-34 28-30 66-68
late 8-10 28-32 26-29 62-66 10-13 30-34 27-30 63-68
final 11-17 35-45 31-40 69-78 12-17 35-47 32-41 70-80
india 44 82 7 98 45 83 77 98
Table 3.2: Localisation ability of the network of Advanced detectors, throughout its observing schedule, to a GW signal from

a NS-NS (1.4-1.4 M) and NS-BH (NS-BH 1.4-5.0 M) system. The percentage of correctly localised signals is shown i) using
triangulation alone and ii) when a galaxy weighting scheme is employed. The percentage of identified events is shown with the area
imaged. For a narrow (wide) FoV telescope 5 pointings is roughly equivalent to 4.2 (16.8) deg® and 20 pointings to 16.8 (67.2) deg®.

— 60 —



Chapter 3. Identifying the Host Galazy of Gravitational Wave Sources

-

4
©

o
o

o
N

o
o

o
n

o
IS

Probability of Imaging the Correct Tile

03
— early-low
0.2 ——early-high
o1 —— mid-low
i : : —— mid-high
o i i : HERH
10° 10t 10?2 10 10
Number of Tiles Imaged
(a)

[

=4
©

o
o

I
N

o
o

o
n

1
kS

Probability of Imaging the Correct Tile

0.3
—— early-low
0.2 ——early-high
o1 —— mid-low
il —— mid-high
0 . i
100 10! 10? 10° 104
Number of Tiles Imaged
(c)

-

© © o o o o o o
N W Y N 0

Probability of Imaging the Correct Tile

F —— late-low
—— late-high
~—— final-low
—— final-high

iy it H I Indla
100 10t 102 103 10¢
Number of Tiles Imaged
(b)

[

Probability of Imaging the Correct Tile
© o © o o o o o o
= N w S v a ~N 0o ©o

o

—— late-low

10°

10t 10? 10° 10*
Number of Tiles Imaged

(d)

Figure 3.4: Narrow FoV case (0.84 deg? tiling). The probability of imaging
the tile which contains the true host galaxy versus the number of tiles imaged.
Plots (a) and (b) represent a NS-NS (1.4-1.4 M) and plots (c) and (d) a NS-
BH (1.4-5.0 Mg). The shaded regions denote the 1-sigma uncertainty in the
probability estimate. These results assume a galaxy catalogue that is complete

to 750 Mpc.
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Figure 3.5: Wide FoV case (3.36 deg? tiling). The probability of imaging the
tile which contains the true host galaxy versus the number of tiles imaged.
Plots (a) and (b) represent a NS-NS (1.4-1.4 M) and plots (c) and (d) a NS-
BH (1.4-5.0 M). The shaded regions denote the 1-sigma uncertainty in the
probability estimate. These results assume a galaxy catalogue that is complete

to 750 Mpc.
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(1.4-1.4M) and NS-BH (1.4-5M, and 1.4-10M), the most likely sources of
the first GW detections. For an Initial LIGO configuration, should a narrow
FoV telescope (which images only one galaxy at a time) image the top five
most likely galaxies, the probability of imaging the correct host is 78 + 3%
/ 63+ 3% / 48 + 3% for a 1.4-1.4M NS-NS / 1.4-5M; NS-BH / 1.4-10M
NS-BH. Considering a wide FoV telescope, and grouping galaxies which lie
with 1 deg® of one another so that groups of galaxies are imaged at once, the
probabilities increase by a factor of 1.2.

For the Advanced detectors two scenarios were considered. The first was
using the GWGC and only considering those sources within 100 Mpc (as this
is the reach of the catalogue). Therefore considering a three detector network
at design sensitivity, the top five most likely hosts, for a narrow FoV telescope
there is ~69-78% chance of imaging the correct host galaxy and 91-95% for a
wide FoV telescope.

In reality the reach of the GW detectors to binary merger sources is much
larger, however complete catalogues do not exist to these distances. Therefore
the second scenario was to create a simulated galaxy catalogue using infor-
mation from the GWGC out to 750 Mpc. This encompasses the reach for a
1.4-1.4 Mg NS-NS and 1.4-5M NS-BH systems. Due to the 700 fold increase
in galaxies being considered, we tiled the sky in to areas of a typical narrow
(~1 deg?) and wide (~3.4 deg?®) FoV telescope. The observing schedule for the
Advanced detector era shows a changing network sensitivity over several years.
Therefore to understand the networks ability to identify the host galaxy of a
GW signal throughout this period a range of network sensitivities was inves-
tigated. Again it can be shown that galaxy ranking improves the probability
of localising a GW signal to the correct host galaxy. This will be a valuable
asset particularly in the early years of Advanced LIGO and Virgo where regu-
lar GW detections are expected to be made, but the localisation region (from
timing information alone) too large for conventional telescopes to cover. This
motivates construction of galaxy catalogues that are complete out to distances
of ~ 1 Gpe.
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Chapter 4

Large Scale Image Processing
with the ROTSE Pipeline

The first attempts to detect electromagnetic (EM) counterparts to candidate
gravitational wave (GW) events were made during the 2009-2010 science run of
the LIGO and Virgo detectors [51, 191]. This search was outlined in Chapter
2, and documented in detail in [160]. Given the GW detector sensitivities at
the time of the search, it is unlikely that any of the GW triggers represent true
astrophysical events. However these joint observations are a useful exercise in
preparing for the era of advanced GW detectors [188, 192] (c. 2015+), when
EM follow- ups will be performed on GW triggers of astrophysical origin.

A number of optical telescopes participated in the 2009-2010 campaign,
one system being ROTSE-III. The ROTSE collaboration has a well estab-
lished image processing pipeline. This pipeline makes use of astronomical
image subtraction by cross-convolution, removing the need for high quality
reference images, with similar computational efficiency to other image pro-
cessing procedures [193]. Transient identification is based on human scanning
of potential candidates identified by the pipeline, and separate generation of
lightcurves of the most interesting candidates. The pipeline has proven to be
successful in finding supernovae as well as GRB afterglows etc. [194, 195, 196].
However, the detection of optical transients associated to GW triggers presents
new challenges, in particular the need to process large numbers of images to
cover a typical GW error region, and the ability to assign a quantitative false
alarm probability on any detected optical transient. It is therefore essential
that we have an automated image processing pipeline, where large numbers of

images can be processed.

In this chapter we present modifications made to the ROTSE pipeline to
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allow the processing of large numbers of images with automated detection and
tentative classification of transients for the 2009-2010 observation campaign.
We evaluate the performance using archival ROTSE images, and use custom-
built software to add simulated transients to images. The results of the 2009-
2010 images associated with candidate GW events are presented in Chapter

5.

4.1 The Challenges in Detecting an Electro-
magnetic Counterpart of a Gravitational
Wave Event

Many systems which produce detectable GWs should also be observable in EM
wavebands [160]. As discussed in Chapter 2, the most promising GW sources
which are also expected to have EM counterparts are mergers of binary neutron
stars (NS-NS) or binaries consisting of a neutron star and stellar mass black
hole (NS-BH). These systems are also the favoured progenitor model for short
gamma-ray bursts (SGRBs) [76]. Abadie et al. [34] summarise predictions
of the rate of detection of such systems by the advanced LIGO detectors.
Metzger et al. [123] review various possible EM counterparts. In addition to
SGRBs, these include orphan optical/radio afterglows, supernova-like optical
transients (“kilonovae”) are thought to be generated by the decay of heavy
nuclei produced in the merger ejecta [95, 97]. Another system which may
produce detectable GWs are long gamma-ray bursts (LGRBs); see [100] for a
summary of possible GW emission scenarios. There is a wealth of observational
data detailing the afterglow of both SGRBs and LGRBs. Observations detailed
in Kann et al. [133, 134] estimate one day after a GRB burst is detected, the
magnitude of a LGRB will be in the range 18-24 mag and SGRB 24-30 mag
(based upon observations where the afterglows are at scaled to be at z = 1)
and follow a power-law decay L oc t~'! (L is luminosity and ¢ is time). The
optical kilonova transient is expected to produce an optical emission peak at
magnitude 18 at one day for a source at 50 Mpc and fade over the course of a
few days [97].

GW events which produce high-energy EM counterparts such as gamma-
ray bursts (GRBs) may be promptly identified and localised by satellites such
as Swift [124] and Fermi [197]. However, for GW events where high-energy

emission is absent, or beamed away from Earth, or where the source is outside
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the field of view of these satellites, the detection of an EM counterpart to a
GW event will be challenging. First, sky localisation using GW data alone will
produce a large error box, typically 10-100 deg? [72, 198]. The field of view of
one of the ROTSE-III telescopes is ~ 3 deg?, making it impractical to image
the entire error region. Instead, we make use of the fact that first-generation
GW detectors had a maximum distance sensitivity of between 30-65 Mpc for
NS-NS and NS-BH binary mergers [34] and focus observations upon galaxies in
the error region within the reach of GW detectors using the Gravitational Wave
Galaxy Catalogue (GWGC) described in [163]. Despite there being hundreds
of galaxies in a typical GW error box, the galaxies can be ranked according
to their distance and luminosity as the most likely host from which the signal
originated (see Chapter 3). Considering a typical pointing with a ROTSE-
I1T telescope, the probability of successfully imaging the correct host galaxy is
estimated at between 30%-60%), not including galaxy catalogue incompleteness
[199]. For the Advanced GW detectors, which will have an order of magnitude
larger distance reach at design sensitivity [188, 192], estimates indicate that
~10 pointings will be required to have reasonable probability of imaging the

host galaxy. More details of this can be found in Chapter 3.

Another complication of detecting EM counterparts to GW events is that
the magnitude and decay timescale of possible EM counterparts are uncertain
[160]. This uncertainty necessitates observations at both early and late times,
ideally from seconds to weeks after the trigger. Combined with the large
error regions associated with GW triggers, this implies the need to process
many images. Given the uncertain nature of the counterpart lightcurve, the
image analysis should be capable of detecting any transient that is inconsistent
with typical background events (which may be real astrophysical transients

unrelated to the GW trigger or image artefacts).

Finally, there has not been a confirmed detection of a GW to date, making
it desirable to be able to assign a high statistical confidence in any putative
EM counterpart. Analysing both “background” images (images from pointings
not associated with a GW trigger) and “injection” images (images containing
simulated transients with known lightcurves) will be vital to quantify the rate
at which simulated transients are detected as well as the performance of the
pipeline. In particular, we need to test any background rejection steps on
injected transients to verify they are “safe”. All of these factors point to
the need to automate the EM image analysis (see for example [200]) to allow

large-scale processing and quantitative characterisation of the pipeline.
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4.2 The ROTSE-III Telescope System

The Robotic Optical Transient Search Experiment (ROTSE) is dedicated to
rapid follow up observations of GRBs and other fast optical transients on the
time scale of seconds to days. ROTSE has undergone two phases of devel-
opment thus far, ROTSE-I and III. ROTSE-I consisted of a 2 x 2 array of
telephoto camera lenses co-mounted on a rapid-slewing platform, located in
northern New Mexico. The array was fully automated and started taking
data in 1998. Observations made by ROTSE-I of GRB 990123 revealed the
first detection of an optical burst occurring during the gamma-ray emission,
demonstrating the value of autonomous robotic telescope systems [201].

The ROTSE-III telescope system came online in 2003 and consists of
four 0.45 m robotic reflecting telescopes located in New South Wales, Aus-
tralia (ROTSE- I1la), Texas, USA (ROTSE-IIIb), Namibia (ROTSE-IIIc) and
Turkey (ROTSE-IIId). The instruments are fully automated and make use of
fast optics to give a 1.85 x 1.85 degree field of view. ROTSE-III is capable of
attaining 17th magnitude with a 5 second exposure and 18.5 magnitude with
a 60 second exposure. If multiple images are stacked on top of one another or
“coadded” ROTSE-IIT can reach ~19th magnitude [202].

Between September 2 and October 20 2010, ROTSE-III took over 700 im-
ages in response to 5 candidate GW triggers as part of the latest science run
of the LIGO and Virgo detectors [160]. All four ROTSE telescopes were used
to gather the images, which span from the first night following the event to
one month later and vary in exposure length (either 20 or 60 seconds). When
a LIGO/Virgo trigger was sent to the ROTSE telescopes, typically 30 images
were taken on the first night and 8 images taken on subsequent follow-up nights,
per telescope, for the first ten nights following the trigger, with additional ob-
servations around nights 15 and 30. We use archival images selected with this
cadence so as to characterise the automated ROTSE pipeline in conditions

matching that of GW followup observations.

4.3 The ROTSE Image Processing Pipeline

4.3.1 Basic features

The ROTSE image processing pipeline [193] was developed by the ROTSE col-
laboration to search for transient objects in images taken with the ROTSE-III

telescopes. The pipeline makes use of cross-convolution to perform image sub-
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traction. Image subtraction is an essential tool needed to remove contributions
from static sources and amplify any subtle changes. For example, without im-
age subtraction it would be almost impossible to find a source buried within
a host galaxy. In this section we give a brief summary of the pipeline; more
details can be found in [193].

The pipeline starts by processing images through SEXTRACTOR [203], giv-
ing a list of objects with precise stellar coordinates. These coordinates are used
to compute corrections for image warping, so that the stellar objects within
the image overlay as closely as possible with those in the reference image. It
is essential to use an image or stacked set of images (see Section 4.3.2) of the
same region from an uninteresting time as the reference image so that a new
transient may be identified. At this point in the analysis pixels within either
image which exceed the saturation level are excluded. To estimate the back-
ground as precisely as possible the background difference is found between the
two images, instead of the individual background for each image separately.
The sky difference map is generated by performing a pixel-by-pixel subtraction
between the warped and the reference image and it is this which is subtracted
from the original image. The main benefit of this sky difference map is that
the final subtracted image will be background-free. This procedure is repeated
for all images which are to be processed before the cross-convolution algorithm

is invoked.

4.3.2 Coadding

On a typical night, two sets of four images of 60 second exposure! with a 30
minute cadence are taken. These images are of the same part of the sky, so
that images may be stacked on top of one another or “coadded”. Coadding
increases, by about one magnitude, the limiting magnitude to which we are
sensitive, allowing fainter objects to be seen without saturating the brightest
objects within the image. Each four-image set is coadded, as well as the eight
images taken for the night, resulting in three co-additions. These three images
are then subtracted from the same reference image, and the three difference
images processed through SEXTRACTOR to reveal the residual objects.

The ROTSE pipeline can also perform a “non-coadded” analysis, in which
just the images taken from the first night are processed without coadding to

see if there are any fast transients on the hour time scale. Since the non-

1A 20 second exposure is used if the target is in the vicinity of a bright galaxy or if the
moon is in a bright phase.
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coadded analysis does not stack images, the images have a shallower limiting
magnitude than those images which have been coadded. We will only present
examples using the coadded method, i.e. characterising the ability to detect

transients with a characteristic timescale of a few days.

4.3.3 Candidate Selection

In the coadded analysis, we have two images made from two sets of four images
(called hereafter the “4-fold images”) and one image made from the coadditions
of all the images taken over the night (the “8-fold image”) as described in
Section 4.3.2. Any residual objects identified in these images by the pipeline
are required to fulfil certain criteria to be considered candidate transients, as
detailed in [204]. First, the object must have a signal-to-noise ratio (SNR)
above 2.5 in the 4-fold images and above 5 in the 8-fold image. Next, the
position of the object between the 4-fold and 8-fold images must match to
within 1.5 pixels for candidates with SNR < 15 and to within 1 pixel for objects
with SNR > 15. The full width half maximum (FWHM) of the object must be
no bigger than twice the median FWHM of the stars in the convolved reference
image, as well as be within the range of one pixel. The change in flux is also
checked in a circular region of diameter ~6 pixels around the object. Different
cuts are applied depending on whether the potential candidate corresponds to
a stellar object or lies in a known galaxy. For example, if an object matches
a star or an unknown object a flux change of 60% is required, whereas if the
object is within 20% of the semi-major axis length from the galaxy centre, but
not consistent with a core, only a 3% flux change is required [204].

After the potential candidates have gone through these checks, further cri-
teria are applied should more than twenty candidates remain. Many candidates
remaining may indicate that the subtraction did not work correctly, or that
the image quality is poor. First source crowding is checked, wherein potential
candidates are rejected if they have more than 15 other potential candidates
within 250 pixels. If there are still more than 20 potential candidates remain-
ing, objects near the edge of the image are discarded, since the edges are liable
to fringing and aberrations [204]. Again, if more than 20 potential candidates
remain, the area is reduced and the process repeated until the area of the image
is 800 pixels in width or there are less than 20 potential candidates remain-
ing. In these situations it is not very likely that something of astrophysical
significance will be found due to the quality of the images.

Objects which have passed all the criteria outlined above form the can-
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didate list. In fact, several candidate lists are generated: one for each night
in the coadded case, and one for each consecutive pair of images in the non-
coadded case. These lists need to be combined to produce a single list of
unique candidates. The vast majority (~ 95%) of these potential candidates
will be image subtraction artefacts, with a minority (~ 2%) due to known
variable objects such as variable stars or asteroids. We identify and remove
these known transients by comparing to the SIMBAD catalogue [205] and the
Minor Planet Checker [206].

4.3.4 Webpages

For each candidate list the pipeline also generates a webpage such as the one
shown in Figure 4.1. At the top of the webpage three images are shown. On
the left is the coadded image for one night, in the middle is the reference image,
and on the right is the subtracted image. The example subtracted image shows
four candidates. Below this are a list of links, one for each candidate. Selecting
a link (in this case the first) displays a table of sub-images for that candidate.
The top left panel of this table shows the first coadded image (from images 1-4
taken on that night), the top middle shows the second coadded image (from
images 5-8), and the top right shows the reference image, all zoomed in to the
vicinity of the candidate. The bottom left plot shows the first subtracted image
(the first coadded image minus the reference), the bottom middle shows the
second subtracted image. The bottom right panel displays information about
the candidate, including the right ascension, declination, magnitude, signal-
to-noise, FWHM (these last three quantities are calculated by comparing the
reference image with the coadded image of the entire night), motion (this is
the variation in distance between the first and second coadded images in units
of pixels), percentage flux change (between the coadded image of the night
and the reference image) and whether a candidate has been found at these
coordinates before. As well there are links to the SIMBAD catalogue, Minor
Planet Checker, SDSS [207], 2MASS [208] and DSS [209] to help decide the
importance of the candidate. From this information, the user manually selects
candidates of interest and lightcurves for these candidates are generated. It
is possible to produce two lightcurves; one which includes both the transient
and background and one which subtracts the background (estimated using
an annulus of inner radius ~6 pixels and outer radius of ~14 pixels) away

producing the lightcurve for just the transient.
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Figure 4.1: A sample ROTSE pipeline webpage, showing links to all the
candidates found as well as a table displaying subimages and information for
the first candidate. The full webpage displays one table for each candidate.
At the top are three images, the coadded image for one night, the reference
image, and the subtracted image respectively. Below this are a list of links,
one for each candidate. Selecting a link (in this case the first) displays a
table of sub-images for that candidate. Starting from the top left panel of
this table is the first coadded image, second coadded image and the reference
image all zoomed in to the vicinity of the candidate respectively. The bottom
left panel shows the first subtracted image and the second subtracted image
respectively. The bottom right panel displays information about the candidate,
including the right ascension, declination, magnitude, signal-to-noise, FWHM,
motion, percentage flux change and whether a candidate has been found at
these coordinates before. In addition are a number of links to help decide the
significance of a candidate.
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4.4 Automating the Pipeline

The ROTSE image processing pipeline has been used to make some significant
discoveries of optical transients [194, 201, 210, 211, 212]. However the follow
up of GW events requires processing larger numbers of images that is not
feasible with a widget-based, user driven setup designed to handle one set of
images at a time. For example, a series of commands in the IDL environment
[213] are used to produce the various lists of candidates and their correspond-
ing webpages. Human scanning is then required to distinguish candidates of
astrophysical interest from those due to poor image subtraction, those due to
minor planets, etc. Further widget-based commands are then needed to pro-
duce the lightcurve of each interesting candidate. This procedure is user inten-
sive and time consuming. However, many of these steps are algorithmic, such
as checking for candidates at the same right ascension and declination across
nights, and suitable for automation. We have therefore written a wrapper to
the pipeline that automates the processing of large sets of images. A single
command now runs the complete end-to-end pipeline: looping over image sets,
finding transients, identifying transients detected across multiple nights, and

generating light curves for all transients.

Other barriers to processing large numbers of images are the need to have an
IDL license for each instance of a running pipeline, and a pipeline architecture
that is designed to process only a single set of events at one time. We have
altered the pipeline architecture to automatically create separate directory
structures for each set of images, allowing multiple instances of the pipeline
to run simultaneously without conflict. Furthermore, we have removed the
need for separate IDL licenses for each instance of the pipeline by compiling
the pipeline in an IDL virtual machine [214]. Only one license is required,
and only at the compilation stage. Combined, the change in architecture and
freedom from license restrictions enables the processing of multiple sets of
images simultaneously on computer clusters. We have written scripts for large
scale processing using the CONDOR/DAGMAN job management system [215].
The automated processing is able to perform a complete analysis, identifying
candidates and generating lightcurves, within a few hours [216]. We have
verified that the automated version of the pipeline produces lists of candidates

that are identical to those produced by the original manual analysis®.

2The source code repository can be found at https://gravity.astro.cf.ac.uk/cgit /rotse and
all documentation at https://wiki.ligo.org/Bursts/LoocUpROTSE.
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4.4.1 Candidate Validation and Classification

Once the automated code has produced the lightcurve information for all the
potential candidates identified by the pipeline, a series of pass/fail tests are
applied to each candidate. Specifically, we test whether the candidate ap-
pears on more than one night, whether its coordinates overlap with a known
variable source (by querying the SIMBAD catalogue) or with an asteroid (by
querying the Minor Planet Checker), and if the lightcurve of the potential
candidate varies sufficiently. This last test has two components: a check that
the lightcurve decays sufficiently 48 hours after the event took place, and a
chi-square test to check that the candidate’s lightcurve is not too flat, given

by equation (4.1).

. 2
- — 1nt
> ()’ a
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Equation (4.1) represents the flatness condition, where mag; is the magnitude
of a transient in image ¢ with a magnitude error, error;. A least squares linear
fit is used to calculate the best fit intercept, inter, to the data. This same
method is used to calculate the gradient of the candidate lightcurve 48 hours
to one month after the event took place. We required that the gradient < —1
to pass this test. This condition along with that in equation (4.1) were decided
upon through tests comparing lightcurve data from simulated transients and
background artefacts.

The multiple-night and flatness tests are very effective at rejecting non-
astrophysical background, particularly image-subtraction artefacts. The decay
test is seen to reduce significantly the background of astrophysical transients
unrelated to the GW trigger while not rejecting simulated astrophysical tran-
sients correlated with the GW trigger (see Section 4.6). The specific require-
ment of decay after 48 hours is motivated by models of EM counterparts for
systems with strong GW emission, specifically kilonovae and SGRB/LGRB af-
terglows. While there are astrophysical optical transients that do not decay on
this timescale, such as supernovae [217], the expected GW emission by these
sources make them less likely to produce GW triggers than compact-object
mergers.

We refer to these pass/fail tests collectively as the “hard” cuts in the analy-
sis. Any candidate which fails one or more of the hard cuts is discarded. Those
which survive the hard cuts are looked at further in two ways. Firstly we see

whether the candidate’s coordinates overlap (to within three times the size of
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the major diameter) with a known galaxy. We use the GWGC [163], consider-
ing only galaxies within 50 Mpc, as this is approximately the maximum range
of current GW detectors to NS-NS and NS-BH binaries [160]. Secondly, we
perform a chi-square test comparing the candidate’s lightcurve with several
theoretical models: kilonovae, SGRB afterglows, and LGRB afterglows. Can-
didates that fulfil any of these conditions are highlighted in the final candidate
list.

The final candidate list following application of these tests typically con-
tains fewer than 5 candidates. In order to better assess the statistical signifi-

cance of any surviving candidates, we assign to each an ad hoc ranking statistic
R defined as
R=> (18 = m;)O(18 — m;) x w; . (4.2)

Here ©(x) is the step function, m; is the background-subtracted magnitude of

the transient in image 7, and w; is a weight factor defined by

1 t; —tow < 1day

w; = —a
(1 + logyg tll—jaG;V) t; —tow > lday

(4.3)

where tgw is the time of the GW trigger and ¢; is the time of image . The
power law index a is chosen to be 3 as this is the approximate gradient of
the three target theoretical lightcurves, and magnitude 18 is the approximate
limit of the majority of the ROTSE images we are analysing. Candidates
with magnitude m; > 18 are likely to be processing artefacts, so the © factor
ensures a rank of zero for those cases. While equation (4.2) is ad hoc, it has the
desirable property of favouring brighter candidates which appear in multiple

images close in time to the GW trigger.

4.4.2 Simulated Transients & Detection Efficiency

Adding simulated transients (“injecting”) into the ROTSE images is key to
quantifying both the detection efficiency and the magnitude limit of the pipeline.
We therefore use the injection code developed specifically to add transients to
ROTSE images by White et al. [218]. Since the processing uses image subtrac-
tion to remove the background, it is not so trivial as copying a model star and
placing it somewhere else in the image. The variation in background around
the transient in question has to be taken into account to realistically inject a

simulated transient into the ROTSE images.
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To begin, the user selects a number of real stars from the image as model
stars. These stars must be sufficiently bright and isolated, so that the injection
code does not take into account the flux of any unwanted stars and is able to
accurately determine the point spread function (PSF) of the model star. We
note that simple models for the PSF (e.g. a Gaussian) are not applicable for
wide field of view images such as those from ROTSE, as the PSF varies across
the image. An injection is performed by selecting a random position within
100 pixels of the model star, and selecting the distance to the source. The
flux of the model star (minus the background) is scaled to follow the desired
lightcurve, such as the kilonova or afterglow models discussed in Sections 4.1
and 4.4.1. The magnitude required in each image is calculated by taking into
account the time between the GW trigger and the image being taken; for our
tests we assume an interval of 0.5 days elapsed between the trigger time and
the first image [218].

It is vital to inject a transient not only with the correct parameters, but
also with the correct background. Simply copying a model star to a new lo-
cation in the image would produce a background around the injection that
is significantly higher than elsewhere in the image, as the post-injection back-
ground would comprise both the pre-injection background at that location and
the background around the original model star. This could lead to the image
processing pipeline identifying fainter injected transients than is realistic. We
therefore scale the background around the injection by a constant amount so
that the background before and after the injection is comparable; see Figure

4.2 for an example and [218] for further details.

A slight limitation of this injection procedure is that sometimes, injections
are placed at slightly different coordinates in each set of images. To add the
injection at exactly the same right ascension and declination, the injection
pipeline needs to know how to compensate for image warping. However it
does not do this in the same way as the ROTSE pipeline (due to different code
packages) so the warping correction does not always match that done by the
automated pipeline. As a consequence the effective location of the injection
changes from image to image by more than that of a real star. The location of
real stars matches from image to image by ~1 pixel, whereas the location of
injections may vary by several pixels. Since the pipeline requires a transient’s
location to be fixed within 3.5 pixels, some injections are mistakenly rejected

by this procedure.
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Figure 4.2: An example of injecting a number of transients into an image:
(top left) original image (top right) same image with 14 injections. The regions
where the injections occurred are highlighted by yellow circles in both images
for comparison. (bottom) Same images as top, focussed on the region around a
single injection. Note the smoothness of the background around the injection.
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4.5 Background Study

Assigning a statistical significance to an event identified by the pipeline as
associated with a GW trigger requires quantifying the false alarm probability.
This is the probability of obtaining a similar event due to background, where
for our purposes “background” includes both image-processing artefacts and
real astrophysical transients that are not associated with a GW trigger. To
quantify this probability we have performed a background study using archival
ROTSE data. We selected at random 102 sets of images taken in response to
non-GW pointings over 2 years. To better mimic a GW trigger follow-up, each
set was required to have observations spanning at least a month. This yielded
a total of 103 sets of images. One of these was selected at random to be our
test “GW trigger”, and the other 102 were used for background estimation.
The background is characterised as follows: each set of background images
is processed by the automated pipeline and the highest rank R in equation
(4.2) is found. If a background set has no surviving candidates after the hard
cuts, a rank of zero is recorded. The distribution of highest-ranked events
for our 102 background pointing sets is shown in Figure 4.3. We find a bi-
modal distribution where approximately 80% of the pointings having a ranking
statistic of less than 1 and approximately 10% have a rank greater than 11.
The highest-ranked background event has R ~ 30. A candidate in the GW
trigger image set would therefore require R 2 11 (R 2 30) to have a false
alarm probability of 0.1 (0.01) or smaller.

4.6 Injection Study

In order to test the robustness of the pipeline we have performed an injection
study whereby transients of a given model (either kilonova, SGRB afterglow,
or LGRB afterglow) are injected into the archival ROTSE images selected
as our test ‘GW trigger’. The exact formulae® used to inject transients of a
given magnitude, maggir,o, magsgre, Mmagrgrn, following a kilonova, SGRB

or LGRB afterglow respectively, are shown below.

104197 x days®*? days < 0.7
Lstar = —logyg days + log1g 0.59 442 (44>
10 log1g 6 logy0 6 dayS Z 07

3The equations are taken from https://trac.ligo.caltech.edu/loocup/browser/trunk /image
s/catalog_search/pipeline3/mfiles
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Figure 4.3: The distribution of ranking statistic R (equation (4.2)) for the
highest-ranked transient in each of the 102 background image sets from the
ROTSE archive. The poisson errors for the background distribution are also
plotted. Image sets with no candidates surviving after the hard cuts are as-
signed a rank of zero. The highest-ranked background transient over the 102
sets has a rank of R = 29.5.

mMaggirLo = Msun - gloglo ﬁ (4 5)

+51og;, (distance x 10%) — 5.3

magsqre = 23 + offset + % log,, daysOF

distance
+510g10 epgin

magrgrs = 16 + offset + %loglo daysOF

distance
+5 10810 Sepgiet

(4.7)

Equation (4.4) and (4.5) give the kilonova model taken from [97] where Lgt,,
is the luminosity of the source (erg s™1), Mgy, is the bolometric absolute mag-
nitude of the Sun, Lg,, is the luminosity of the Sun, and days is the time
since the trigger (in days). Equation (4.6) shows the SGRB model taken from
[134] and equation (4.7) the LGRB model from [133]. Since the data taken
from [133, 134] are of GRBS at z = 1, the time since the trigger needs to
be corrected to obtain magnitudes in the cosmological frame rather than the

observer frame, given as

cosmological frame time = observer frame x (1 + z). (4.8)
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Chapter 4. Large Scale Image Processing with the ROTSE Pipeline

Therefore the time since the trigger is defined as daysOF=2xday; distance is
the distance to the source (Mpc) and refdist is the distance to z = 1 in Mpec.
The offset quantity has been added to equations (4.6) and (4.7) to represent
the spread in observational data taken from [133, 134]. The brightest afterglow
lightcurves have an offset of 0 and the dimmest lightcurves a value of 8; offset
can take a value between 0-8. Therefore at a given distance two GRB afterglows

can differ by ~ 8 magnitudes.

We choose 14 reference stars in the first image as our models for the in-
jections. These reference stars are chosen as uniformly as possible so injection
performance may be tested across the image. This is then repeated 10 times so
that 140 injections of each model are performed at a given distance. For conve-
nience, we choose to inject all the models at similar magnitudes, corresponding
to different source distances. For example, a kilonova at 1 Mpc corresponds to
a SGRB afterglow at a distance between 0.2 and 8 Mpc and a LGRB afterglow
between 5 and 200 Mpc. Injection magnitudes between 8 and 17 were tested,
corresponding to distances between 0.4 and 30 Mpc for the kilonova model
and larger distances for the afterglow models. The lightcurve of an injected
transient following both a kilonova and GRB model are shown in Figure 4.4.
The injected magnitudes of a model transient are shown in addition to the
measured magnitudes. For comparison, the variation in the weight factor, w;

(equation (4.3)), is given over the time period.

Figure 4.5 shows the efficiency of the pipeline in finding the injections in
terms of distance and magnitude. This figure assumes the GRB afterglows
are the brightest possible (offset=0), however the distances quoted could be a
factor of up to 40 lower if the dimmest afterglow was considered (offset=8).
In this case an injection is considered to be detected if a transient with R > 0
is found within 3.5 pixels of the injection location. At very close distances
or low magnitudes all efficiencies suffer from saturation: the injections are so
bright that their image pixels are saturated. As described in Section 4.3.1, the
pipeline removes saturated pixels at a very early stage as they are assumed bad
and not astrophysically interesting. Attempts have been made to overcome this
issue by fitting each of the injection models to the data. The best-fit model
is selected and used to predict the magnitude at the time of each image. For
any images for which the candidate is not reported by the pipeline and for
which the predicted magnitude is low enough to cause saturation, a new rank
is calculated using the predicted magnitude for that time. We find that this

procedure successfully retrieves transients ~1 magnitude too bright for the
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Figure 4.4: Magnitude versus time of an injected transient following a (top)
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Chapter 4. Large Scale Image Processing with the ROTSE Pipeline

unaltered pipeline, but it is not effective for even brighter (closer) transients.

Figure 4.5 shows that the automated pipeline achieves detection efficien-
cies above 50% for all models over magnitudes of approximately 9 — 14. The
maximum detection efficiency is greater than 60% for all models tested. Of the
35% — 40% of injections which are not found, more than half are lost because
insufficient lightcurve data could be generated. As described in Section 4.3.4,
the pipeline generates two lightcurves for each candidate, one without back-
ground subtraction, and one with the background subtracted. To determine
the lightcurve data for a candidate, a sub image is made (300 x 300 pixels)
around the candidate (as well as a reference sub image). The data for the
former lightcurve can be found at this point. To obtain the data for the lat-
ter lightcurve, the background needs to be subtracted from the candidate sub
image. The candidate sub image is therefore warped so certain objects/stars
overlay with the same objects/stars in the reference sub image. The USNO-B
catalogue is used for this step. However if there are not enough “reference
objects” in the candidate sub image to overlay it with the reference sub image,
the background cannot be subtracted accurately. At least 16 points of refer-
ence are needed in the candidate sub image to overlay with the reference sub

image.

The ranking statistic R (equation (4.2)) is based on the background-subtracted
lightcurve which is highly dependent on image quality and the position of the
transient in the image. In reality the edges of an image can have a much lower
limiting magnitude than the centre of the image. It is therefore more likely
that the background could not be subtracted accurately in these regions and
a transient not be identified. If we were to only require a transient to pass the
hard cuts described in Section 4.4.1, the peak efficiency for each model would
be closer to 90%. Therefore a future study would potentially incorporate the
lightcurve generated before background subtraction. As well, to combat the
poor image quality around the edge of an image, ROTSE could take images

which would overlap to build a mosaic of a region of the sky.

The efficiency of detecting injections with a false alarm probability of less
than 10% (i.e., with R 2 11) is shown in Figure 4.6. The efficiencies are
not as high as those found in Figure 4.5, with maximum efficiencies between
~45% and ~60% depending on the model. This would therefore suggest that
all candidates which pass the hard cuts should be looked at further to see
whether they are astrophysically interesting. Figure 4.7 shows the distribution

of injections, in terms of rank, at various distances. At close distances the rank
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of injections is higher than the loudest candidate found in the background. At
a kilonova distance of 1 Mpc the loudest injections are comparable to the
loudest background event. As the distance/magnitude is increased the ranks
slowly fall to much lower numbers, making them unexceptional when compared
to the loudest events in the background. This again supports the suggestion
that any candidate to make the final candidate list be further investigated for

significance even if it had a low rank.

4.7 Concluding Remarks

An autonomous pipeline for large scale processing of images taken with the
ROTSE-IITI telescope system has been presented, in addition to a ranking
scheme for classify potential candidates. The ranking scheme favours a tran-
sient which is seen on multiple nights, has a bright magnitude and a decaying
lightcurve. A background study of more than 100 random pointings taken
from the ROTSE archives has been performed as well as an injection study
of more than 4500 simulated transients added to additional archival images.
Results show that the pipeline and ranking scheme are good at identifying
transients which are injected with magnitudes brighter than 13.5 on the sec-
ond night. Injections which are in the range 7.5-9 magnitude have a ~50%
chance of suffering from saturation. Those injected transients which are found
however, tend to have very low FAR. From Figure 4.6 only 10-50% of injections
(depending on magnitude) fall into this category of “recovered best” (i.e. FAR
< 10%). At greater magnitudes the injections fall within the background, and
have a false alarm probability comparable to ~20% of the background.

An important limiting factor in recovering injections is the availability of
background-subtracted lightcurves, ~ 40% of injections are lost due to this.
The ability of the pipeline to produce this data for a transient depends on both
its position in the image and on good image quality. If the pipeline is not able
to identify 16 reference objects within a 300 x 300 pixel area of the transient
then the background cannot be subtracted accurately and the injection is not
recovered. A potential solution to this is if the lightcurve before background
subtraction is considered or if images are taken by ROTSE overlap with one
another to build a mosaic of the region.

The maximum injection efficiency, for all three models, is ~60% for mag-
nitudes 10 — 13 in the second night’s image. Requiring only that the pipeline

identify an injection, regardless of lightcurve data, the maximum detection
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Fraction of injections found

Fraction of injections found

Figure 4.5: (top) Efficiency of injections found by the automated ROTSE
pipeline, with R > 0, versus distance for an archival ROTSE event. The dis-
tances quoted for the gamma-ray burst models assume the brightest afterglows
from Kann et al. [133, 134] (i.e. offset = 0 in equations (4.6) and (4.7)) but
could be smaller by up to a factor of 40 (if the dimmest afterglows with an
offset = 8 were considered). (bottom) Efficiency versus injection magnitude
(1.5 days after the trigger time). All the models suffer from poor efficiency at
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efficiency is closer to 90%. Efficiencies fall to a few percent at the largest mag-
nitudes. All these results motivate the need for further human scanning of the
handful of interesting candidates identified by the pipeline, as well as further
study of ranking statistics and possible background-rejection tests.

The background distribution (Figure 4.3) has a large tail from the ~ 20% of
background pointings with candidates surviving the ‘hard’ cuts. The majority
of these candidates come about due to poor image subtraction with a suffi-
ciently varying lightcurve. Consequently a new cut would need to be employed
to reject these poor subtractions, for example the shape of the transient could
be taken in to account. Poor subtractions tend to have a ring or arc which
masks as varying magnitude. Therefore a boosted decision tree could be used
to classify and reject candidates based upon their geometrical properties, such
as that used in [219] and [220].

The ability to process large sets of images in a matter of hours will be
essential in the Advanced GW detector era, where GW detections will be a
regular occurrence. Within this chapter we have demonstrated the ability to
process images taken of one ~4 deg® region. In the Advanced detector era it
is likely we will need to process ten times this. Therefore it is vital that a
method is found which eliminates the tail of the background (shown in Figure
4.3). In addition a much lower FAR per image set would be imposed. For
example to obtain a FAR of 10% on the whole image set (i.e. 40 deg?) a 1%
FAR would be required on each 4 deg® image. To further this work, a possible
method to explore would be using a multi-variate analysis approach, such as
that adopted by the Ice Cube collaboration [220] or Bloom et al. [200]. During
the next few years it is vital we build tools to cope with the demand to process
EM data triggered from GW events.
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Chapter 5

Analysis of the Images Taken by
ROTSE in Response to

Gravitational Wave Events

5.1 ROTSE and the LOOC UP Project

The most recent science run (July 2009 - October 2010) of LIGO and Virgo
saw the first efforts to detect electromagnetic (EM) counterparts in response
to candidate gravitational wave (GW) events. At the time of collecting this
data, the GW detectors could detect binary neutron star (NS) and stellar
mass black hole (BH) systems (NS-NS/NS-BH) to 30-65 Mpc. The LOOC
UP project [159] ran two observing periods, December 17 2009 to January 8
2010 and September 2 to October 20 2010 [160]. During the latter “autumn”
observing period the ROTSE-III telescope system (Section 4.2) followed up on
five GW events, alongside other EM telescopes which are detailed in Section
2.3.2. All four ROTSE telescopes were used in this effort to capture over
780 images, however over 100 images had to be discarded due to poor image
quality.

Each GW event is named by an identification tag as shown in Table 5.1.
This table also shows the date and time of the GW trigger, as well as the
algorithm which identified the event, either coherent WaveBurst (cWB) [31,
161], Multi-Band Template Analysis (MBTA) [162] or the Omega pipeline (2)
[31]. A discussion of these three algorithms can be found in Section 2.3.2. The
false alarm rate (FAR) for each trigger is also reported, which is the average
rate at which noise fluctuations will create an event with the same or lower

probability. The lower this value the more significant an event is. For example,
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5.1. ROTSE and the LOOC UP Project

ID Date UTC  Algorithm  FAR  Analysable ROTSE
(day™')  Images  Telescope
G18666 Sep 7, 2010 21:37:48 cWB 0.13 125 c
G19377 Sep 16, 2010 06:42:23 cWB <0.01 117 a,c
G20190 Sep 19,2010 12:02:25 MBTA  0.16 257 abed
G21852  Sep 26, 2010 20:24:32 cWB 0.02 130 b
G23004  Oct 3, 2010 16:48:23 Q 0.21 153 b,c,d

Table 5.1: Triggers in the autumn run which the ROTSE telescopes responded
to. Details include the trigger ID tag, date and time (UTC) of the trigger, the
false alarm rate (FAR), the number of analysable images and which telescopes
responded to the trigger and took images. Event G19377 was later revealed to
be a “blind injection” secretly added to the GW data as a test of the search
and follow-up procedures.

it is expected there would be 0.13 events per day similar to the G18666 trigger
(i.e. you would expect 1 event every 7.7 days), whereas the G19377 event
was much rarer. Also reported are the number of analysable images taken and
which ROTSE telescopes were used, where ROTSE-IIIa is located in Australia,
-IITb in Texas, USA, -Illc in Namibia and -IIId in Turkey.

The analysis of the images taken in response to each event is detailed be-
low, separated into subsections named after the identification tag given to each
GW trigger. The automated ROTSE pipeline, as described in Chapter 4, was
used to analyse these images. A background study for each event was con-
ducted in the same manner as that detailed in Section 4.5 but incorporating
the ROTSE archival event which was used to test the pipeline. This means
that 103 random archival ROTSE events, taken over a 1 month period, were
used in the background study. The background for each GW event can be
approximated separately using the same 103 pointings by considering the la-
tency of the images taken for each GW event. For example, if a GW event
had images taken on nights 1, 2, 3, 15 and 30, the background for this GW
event is found by only considering those images in the 103 archival events on
nights 1, 2, 3, 15 and 30. The location on the sky of all these archival events
as well as the GW events are shown in Figure 5.1. The archival events were
chosen blindly, therefore there are areas of the sky where more of them occur.

However there does seem to be background events in the vicinity of all the
GW events.

In addition to the background study we perform an injection study for each
of the GW events, identical to that documented in Section 4.6. In this study

simulated transients following kilonova [97], short gamma-ray burst (SGRB)
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Figure 5.1: Location on the sky of all the background and GW events. The
background events were chosen blindly from the ROTSE archives by select-
ing image sets with a similar latency to the GW images (i.e. over a month
timescale). The clustering of background events in certain regions of the sky
is due to surveys of those regions by ROTSE.

[134] and long gamma-ray burst (LGRB) [133] lightcurves are placed at random
locations in the GW image at various distances to test the pipeline’s ability to
identify theoretical lightcurves of some of the most promising GW-EM sources

(more discussion of these sources is found in Chapter 2).

5.2 G18666

Event G18666 occurred on September 7 2010 at 21:39:48 UTC. ROTSE-IIIc
observed a single field centred on RA: 250.69500° Dec: —25.54000° beginning
20 hours 38 minutes after the event, returning on 13 subsequent nights up to
day 29. In total 125 images were taken, with 77% (23%) of them having a 60s
(20s) exposure time. No galaxies within 50 Mpc are within the field of view
(FoV) for this event. The probability skymap as generated by ¢WB is shown in
Figure 5.2, along with a box illustrating the area imaged by ROTSE. The top
plot in this figure shows the full sky and the bottom plot is zoomed in on the
region of interest, with galaxies within 50 Mpc according to the Gravitational
Wave Galaxy Catalogue (GWGC) [163] marked. The coloured regions show
the estimated likelihood that each pixel contains the true source direction

independent of any galaxy weighting (more information on this weighting can
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5.8. G19377

be found in Section 2.3.2). The cumulative probability summed over the entire
coloured regions is ~25%; i.e., the cWB skymap has containment of ~ 25%.
This Figure shows that ROTSE did not search over any of this likelihood
region. Upon further investigation it was found ROTSE was meant to localise
on RA: 178.90° Dec: 52.80° which would have been within one of the most likely
regions, however a computing error occurred which pointed the telescope to an
incorrect location. The ROTSE images are therefore not useful for detecting
an EM counterpart. However, they do provide another opportunity to test the
automated pipeline under the conditions of the autumn run, so the results of

the G18666 analysis are included in the Appendix.

5.3 G19377

Event G19377 occurred on September 16 2010 at 06:42:23 UTC. The ROTSE-
IIIc telescope responded ~12 hours after the event when 30 (20-second expo-
sure) images were taken within ~15 minutes. On subsequent follow up nights
(6-29) both ROTSE-IIIa and c telescopes gathered 80 (20-second exposure)
images, all centred on the region RA: 115.56000° Dec:—30.00000°. Due to im-
age quality only 72 of these images could be used in the analysis. There are
three galaxies (PGC078133, PGC078144, PGC086068) visible within the FoV
all at ~24 Mpc. The probability skymap as generated by ¢cWB is shown in
Figure 5.3, along with a box illustrating the area imaged by ROTSE. The top
plot in this figure shows the full sky and the bottom plot is zoomed in on the
region of interest, with galaxies within 50 Mpc marked. The coloured regions
show the estimated likelihood that each pixel contains the true source direc-
tion independent of any galaxy weighting (more information on this weighting
can be found in Section 2.3.2). The cumulative probability summed over the
entire coloured regions is ~19.2% (i.e. the cWB skymap has containment of
~19.2%) and the cumulative probability contained within the region imaged
by ROTSE (without accounting for galaxy weighting) is ~0.4%.

It was later revealed that this event was a “blind injection” which was
secretly added to the GW data. To test our ability of making a confident
GW detection, search procedures are trained and tested on simulated signals
which are injected into the GW data stream or the detectors themselves. A
“blind” test is when select members of the GW community secretly insert a
simulated signal in to the data and the details of this blind injection placed in

an “envelope” to be opened once the searches are complete [22, 221]. We used
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Figure 5.2: G18666: Skymap showing the estimated likelihood that each

coloured location is the correct source location.

This is the likelihood be-

fore the galaxy weighting is applied. The top plot shows the full sky and the
bottom plot zoomed in on the location which ROTSE observed, which is shown
by the black box in both plots. The x’s in the bottom plot indicate galaxies
within 50 Mpc according to the GWGC. The total likelihood over the whole

coloured map is ~25%.
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Figure 5.3: G19377: Skymap showing the estimated likelihood that each
coloured location is the correct source location. This is the likelihood be-
fore the galaxy weighting is applied. The top plot shows the full sky and the
bottom plot zoomed in on the location which ROTSE observed, which is shown
by the black box in both plots. The x’s in the bottom plot indicate galaxies
within 50 Mpc according to the GWGC. The total likelihood over the whole
coloured map is ~19.2%.
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Fuvents

this event as a test case for prototyping the automated analysis procedure.

Here we present the full analysis results, like for all the other GW events.

A timeline of the limiting magnitudes of the analysable images is shown
in Figure 5.4 along with the evolution of models which are expected to pro-
duce joint GW-EM transients, all scaled for a source at 50 Mpc (approximate
farthest distance a GW source could have been detected at the time of data
taking). These models include kilonovae, on- and off-axis gamma-ray bursts
(GRBs) and supernova data (taken from SN1998bw [222]). There are four
kilonova curves. The light blue curves illustrate a kilonova produced from NS-
NS (1.4-1.4 M) (solid line) and NS-BH (1.4-10 M) (dashed line) systems
according to models presented by Piran et al. [93]. The dark blue curves are
taken from Figure 5 in [97]. These include kilonovae models, powered by the
radioactive decay of elements produced in the merger of NS-NS and NS-BH
systems as put forward by Metzger et al. [97]. The solid line assumes a total
ejecta mass of 1072M,,, electron fraction of Y, = 0.1, mean outflow speed of
~ (.1c and thermalisation energy €;er-m = 1 whereas the dashed line repre-
sents the same parameters based upon the LP98 model (first suggested in [95]
and as implemented in [96, 223]). On-axis long and short GRBs are shown
by the light green curves and taken from Figures 4 and 5 in [133] and [134]
respectively. The dark green curves represent off-axis GRBs taken from [224],
assuming jet energies ~ 10°° erg, a uniform interstellar medium (ISM) density

of 1 atom cm™3, jet angle of 0.2 rad and an observer angle of 0.4 rad.

From Figure 5.4 it is evident that if a bright LGRB (on- or off-axis) occurred
at 50 Mpc the limiting magnitude of these images are sufficient for a detection.
The images could also have captured the optical signature of a supernova
similar to SN1998bw in ~60% of images. However the images are not sensitive

enough to detect a kilonova, SGRB or off-axis low luminosity GRB at 50 Mpc.

209 potential candidates were identified by the automated pipeline, of which
176 potential candidates were not seen on more than one night (within 3.5 pix-
els of the original location), 11 potential candidates lightcurves were considered
too flat and 21 potential candidates lightcurves did not decay by a sufficient
amount from 48 hrs to 1 month after the event (as outlined in Section 4.4.1).
No candidates were coincident with any asteroids in the Minor Planet Checker
or variable stars in the SIMBAD catalogue. This resulted in 1 candidate which
survived the event validation tests. This candidate was not highlighted as near
a galaxy (within three times the semi-major diameter) or following a model

theoretical lightcurve.
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Figure 5.4: Timeline illustrating the limiting magnitudes of the images taken in
response to G19377 (black) and expected models/EM observations, all scaled
for sources at 50 Mpc. These include kilonovae [93, 97] (blue), supernova
1998bw [222] (red) and both short (SGRB) and long (LGRB), on-axis (light
green) [133, 134] and off-axis (dark green) GRB afterglows [224]. LL-GRB

represents a low luminosity GRB [224].
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Figure 5.5: G19377: Distribution of the background events (cyan) and the
candidate (black) in terms of rank against the cumulative fraction of point-
ings. To be considered significant (false alarm probability less than 1%) the
candidate would need to have a ranking of greater than 27.

Figure 5.5 shows the background distribution (cyan curve) in addition to
the rank (R ~ 6) of the candidate (black point). A significant candidate
would need to have a rank of 27 or greater as this is the rank of the most
significant background event. However the potential candidate has a rank
comparable to 10% of the background with a value of ~6 and is therefore not
interesting. Nonetheless, we investigated this candidate further by examining

its lightcurves.

The ROTSE pipeline is capable of producing two lightcurves; one which
incorporates the transient and the background, and one with the background
subtracted revealing the lightcurve of just the transient. The first lightcurve is
generated by taking the data within a circle of radius ~6 pixels with the tran-
sient at the centre. The second lightcurve however is generated the same but
with the background removed. This is done by overlaying the reference image
with the original image and subtracting it to reveal the data from the transient
alone. However it is not always possible to construct this second lightcurve.
Should the transient in question lie in a region of the image where there are less
than 16 reference stars (i.e. stars which are catalogued in USNO-B) within
a 300 by 300 pixel box around the transient, the pipeline is not accurately
able to overlay the reference image with the original image to subtract the

background.
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Figure 5.6 shows the two lightcurves for this single candidate, where lightcurve
1 shows the lightcurve generated from both the transient and the background
whereas lightcurve 2 shows the background-subtracted transient only. Greater
confidence is given to the second lightcurve as it should more accurately rep-
resent the true behaviour of the transient. The black curve in lightcurve 1
shows the magnitude of the transient to vary by less than one magnitude over
the observations. No upper limits are reported as the transient was found in
every image. The best chi-square fit lightcurves following a kilonova, SGRB
and LGRB are also plotted in this figure and the distances at which these
sources would have to be to produce these lightcurves reported. (The SGRB
and LGRB models produce the same curve, only the distance to the source is
different.) When the transient is found in an image, a point is placed on the
theoretical lightcurves which corresponds to the same time the transient was
seen in an image, with the aim to highlight the difference between the mea-
sured magnitude and the magnitude the transient would need to have to follow
one of the models. If an upper limit is quoted for an image however there is
no point on the theoretical lightcurve. From Figure 5.6 it is clear that the
theoretical curves are not a good match to the data, implying the candidate
does not look like a kilonova or GRB afterglow.

When the background is subtracted, lightcurve 2 reveals the data from the
transient only. With the background is subtracted, the candidate’s lightcurve
is seen to be much more variable. It does not appear to follow a decaying trend
in the manner illustrated by the model lightcurves, but rises until day 10 and
then declines, in a similar fashion a supernova might be expected. It is worth
noting however that the candidate only appears on 3 nights and is not found
between day 1-10, where images with a sufficient sensitivity are available to
definitively show this trend if it were real. Therefore it is not thought that

this candidate is of astrophysical origin.

5.3.1 G19377 Injection Study

Simulated transients following lightcurves for a kilonova, SGRB and LGRB
between 0.4-30 Mpc away were injected in to the images taken in response to
event G19377, following the procedure as described in Section 4.6. Over 4000
injections were made at random locations within the images after which the
automated pipeline was invoked. Figure 5.7 shows the efficiency of identifying
these simulated transients versus distance (top plot) or magnitude (bottom

plot). The magnitudes used to characterise the simulation are those which

— 96 —



Chapter 5. Analysis of the Images Taken by ROTSE in Response to Gravitational Wave

Fuvents

G19377: Candidate 1
Lightcurve 1 - Transient and Background

6

: | — Candidate
-{ ¥ ¥ Candidate upper limits |4
Kilonova at 0.6 Mpc

SGRB at 7 Mpc
~ LGRBat 166 Mpc

=~
T

©o [oe]
T T

Magnitude
=

[
—
T

»—‘
[N}
T

—_
w
T

Gy
Time since trigger (days)

Lightcurve 2 - Transient with Background Subtracted

7 : —
: : A : : i i | — Candidate
8 |zt et ¥y Gandidate upper limits [
9 : A : Poob Kilonova at 1.4 Mpc
S e R S SGRB at 15 Mpc
; NS ‘ . i |7 LGRBat389Mpc
9 10 : _
S 11}
c
o 12
©
= 13|
14+
15}
16 ; SN R ; NI
10! 1° 10!

Time since trigger (days)

Figure 5.6: The top figure shows the lightcurve of the G19377 candidate
which includes the background and the bottom figure shows the lightcurve
with the background subtracted. In each plot the candidate’s data points
and error bars are plotted in black. Open circles on the model lightcurves
indicate times at which the transient was detected. If a candidate was not
identified in a given image, an upper limit is shown. This reports the limiting
magnitude of the image at the location of the candidate. For comparison we
also show the model lightcurves for both kilonovae (equations (4.4) and (4.5))
and afterglows (equations (4.6) and (4.7) with an offset=0) scaled to source
distances which produce the best match to the measured magnitudes of the
candidate. The SGRB and LGRB models give identical lightcurves the source
distance is different as shown.

— 97 —



5.8. G19377

the transient would have in the second set of images (usually the second night
of observations). This is motivated by the first test in the event validation
procedure described in Section 4.4.1, which is that the transient be seen on
at least two nights. Since all of the model lightcurves are decaying by the
second night, we expected the magnitude on the second to be one of the most
important factors in determining whether an injection will be detected. The
fact that the efficiencies versus magnitude for the kilonova and afterglows are

essentially identical (Figure 5.7, bottom) supports this assumption.

The distances quoted for the GRB models are the largest possible. Equa-
tions (4.6) and (4.7) define the GRB models. In each of these equations is
the offset quantity, which can take any value between 0 and 8, and repre-
sents the range in observational data taken from [133, 134]. An offset of 0
represents those brightest afterglows and 8 the dimmest. Therefore the GRB
distances quoted in the lightcurve figures could be anywhere up to a factor
of 40 smaller. All the models suffer from poor efficiency at the closest dis-
tances/brightest magnitudes due to saturation issues. This is because during
the image processing saturated pixels are discarded as they are thought to be
telescope, rather than astrophysical, artefacts. Consequently ~50% of the in-
jected transients between magnitude 7.5 and 9 are not recovered. Between the
magnitudes of 9-12 the pipeline correctly identifies between 70-80% of injected
transients, meaning we are most sensitive to finding transients resembling a
kilonova / SGRB / LGRB at distances ~ 1 Mpc / 10 Mpc / 300 Mpc. As
the distance/magnitude increases the efficiency falls and it is not possible to
identify transients with magnitudes above 15 or distances 2 10 Mpc / 80 Mpc
/ 2 Gpc for a kilonova / SGRB / LGRB.

An efficiency of 100% is not attained due to the background-subtracted
lightcurve not being generated or the injections sometimes being placed at
slightly different coordinates in each set of images. To be coincident the au-
tomated pipeline requires a candidate to be within 3.5 pixels in each set of
images. This is the radius used to set the area over which data is taken to
determine a candidate’s lightcurve. This movement of the injections is an arte-
fact of the injection pipeline. To add the injection at exactly the same right
ascension and declination, the injection pipeline needs to know how to com-
pensate for image warping. However it does not do this in the same way as
the ROTSE pipeline (due to different code packages) so the warping correction
does not always match that done by the automated pipeline. As a consequence

the effective location of the injection changes from image to image by more
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than that of a real star. The location of real stars matches from image to im-
age by ~1 pixel, whereas the location of injections may vary by several pixels.
Since the pipeline requires a transient’s location to be fixed within 3.5 pixels,
some injections are mistakenly rejected by this procedure. Approximately 10%
of injections are lost in this event.

Figure 5.8 illustrates the efficiency of identifying those simulated transients
with a rank (R > 4.4) comparable to 10% of the background. Again the effi-
ciency at close distances/bright magnitudes is low due to the saturation prob-
lem already discussed and peaks at the same efficiency as Figure 5.7. However
the fraction of injections with a FAR < 0.1 suddenly drops at magnitude ~11
to between 10-30% and rises again to between 30-40% at magnitude 13. This
behaviour is unexpected as the efficiency should monotonically decrease with
increasing magnitude/distance. The distribution of the injections, and back-
ground in terms of rank is illustrated in Figure 5.9. These ten plots show the
evolution of the injection distributions with increasing distance. Of those injec-
tions which are correctly identified at a distance < 1 Mpc / 8 Mpc / 200 Mpc
for a kilonova / SGRB / LGRB, the loudest injections have a rank comparable
to or larger than the background. However the sudden drop in the efficiency
already discussed can be seen from plots (d) to (f). It is unknown why the
rank of those injections at magnitude ~11 is lower than those at magnitude

~13 as image quality should not be a factor.

5.3.2 G19377 Conclusions

G19377 occurred on September 16 2010 at 06:42:23 UTC when ROTSE-IIIa
and ¢ were triggered to follow-up on this event for one month. The error box
containment in the region imaged by ROTSE was ~0.4%. The automated
pipeline would have been able to detect an associated kilonova counterpart
with R > 0 with >50% probability to a distance of ~5 Mpc, assuming the
true source direction was within the area imaged by ROTSE. For a SGRB
(LGRB) afterglow the corresponding distance is ~3-45 Mpc (~90-1000 Mpc),
depending on offset factor. A bright SGRB (LGRB) within 3 Mpc (100 Mpc)
might have been missed by the automated pipeline due to saturation. Only
one potential candidate was identified by the pipeline which was not coincident
with a galaxy. The rank of this candidate was comparable to 10% of the
background and the lightcurves for this candidate did not suggest it to be of
astrophysical origin. Therefore the ROTSE telescope system did not identify
any EM candidates associated to event G19377. It should be noted however
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Figure 5.7: G19377: Efficiency of finding simulated transients with R > 0
versus distance (top) and magnitude (1.5 days after the trigger time) (bottom).
The distances quoted for the gamma-ray burst models assume the brightest
afterglows from Kann et al. [133, 134] (i.e. offset = 0 in equations (4.6) and
(4.7)) but could be smaller by a factor of up to 40. All the models suffer from
poor efficiency at very close distances / low magnitudes due to saturation.
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smaller. The distances for the GRB models assume the brightest afterglows
from Kann et al. [133, 134] (i.e. offset = 0 in equations (4.6) and (4.7)).
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Figure 5.9: G19377: The distribution of injections (kilonova-yellow, SGRB-red
and LGRB-green) and background (cyan) at various distances and magnitudes
(1.5 days after the trigger). Plot (a) kilonova ~ 0.4 Mpc / SGRB ~ 3.3 Mpc
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Mpc etc. In these figures we assumed he GRB models to have the brightest
afterglows from Kann et al. [133, 134] (i.e. offset = 0 in equations (4.6) and
(4.7)). Therefore the GRB distances could be a factor 40 smaller.
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that after the analysis took place it was revealed this GW event was a simulated
signal secretly added to the data known as a “blind injection” [221]. The

purpose of the blind injection was to test search procedures.

5.4 G20190

Event G20190 occurred on September 19 2010 at 12:02:25 UTC. All four
ROTSE-III telescopes responded to this GW trigger, taking images spanning
from 34 hours 38 minutes after the event to 29 days later, centred on the region
RA: 333.25000° Dec: 18.03400°. Due to image quality, all images taken with
the ROTSE-IIIa, b and d telescopes had to be discarded, resulting in only 56
images being used for the analysis. There is one galaxy within the FoV for this
event, namely UGC11944 at ~24 Mpc. The probability skymap as generated
by ¢WB is shown in Figure 5.10, along with a box illustrating the area which
ROTSE searched over. The top plot in this figure shows the full sky and the
bottom plot is zoomed in on the region of interest, with galaxies within 50 Mpc
marked. The coloured regions show the estimated likelihood that each pixel
contains the true source direction independent of any galaxy weighting. The
cumulative probability summed over the entire coloured regions is ~100% (i.e.
the cWB skymap has containment of ~100%) and the cumulative probability
contained within the region imaged by ROTSE (without accounting for galaxy
weighting) is ~10%.

A timeline of the limiting magnitudes of the analysable images is shown in
Figure 5.11 along with the evolution of models which are expected to produce
joint GW-EM transients. These include kilonova models [93, 97], on- and off-
axis GRB afterglows (data taken from [133, 134, 224]) and data from SN1998bw
[222].  All these models are scaled for a source at 50 Mpc as this was the
approximate farthest distance a GW source could have been detected at the
time of data taking. A full description of how these curves were generated is
discussed in Section 5.3. From this figure it is evident that if there was a bright
or off-axis LGRB the limiting magnitude of these images are sufficient for a
detection. It is also possible to detect a supernova similar to SN1998bw in
most of the images. Some of the images could also have captured the optical
signature of an off-axis low luminosity LGRB. However the images are too
faint to detect SGRB and kilonovae.

The automated pipeline identified 77 potential candidates associated to

this event. 68 candidates were discarded because they were only seen on one
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Figure 5.10: G20190: Skymap showing the estimated likelihood that each
coloured location is the correct source location. This is the likelihood before
the galaxy weighting is applied. The top plot shows the full sky and the bottom
plot zoomed in on the location which ROTSE observed, which is shown by the
black box in both plots. The x’s in the bottom plot indicate galaxies within
50 Mpc according to the GWGC. The total likelihood over the whole coloured
map is ~100%.
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Figure 5.11: Timeline illustrating the limiting magnitudes of the images taken
in response to G20190 (black) and expected models/EM observations, all
scaled for sources at 50 Mpc. These include kilonovae [93, 97| (blue), su-
pernova 1998bw [222] (red) and both short (SGRB) and long (LGRB), on-axis
(light green) [133, 134] and off-axis (dark green) GRB afterglows [224]. LL-
GRB represents a low luminosity GRB [224].
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Figure 5.12: G20190: Distribution of the background events (cyan) and the
candidate (black) in terms of rank against the cumulative fraction of point-
ings. To be considered significant (false alarm probability less than 1%) the
candidate would need to have a ranking of greater than 17.

night, 5 candidates had a lightcurve which was considered too flat, 3 candidates
lightcurves did not decay sufficiently between 48 hours to 1 month after the
event and 1 candidate’s coordinates were in the vicinity of a variable star in
the SIMBAD catalogue. No candidates were discarded by the Minor Planet
Checker. For this GW event no candidates survived the event validation tests.

Since no candidates were identified by the pipeline, only the background
distribution for this event is shown in Figure 5.12. If a candidate were to be
identified it would need to have a rank greater than the loudest background

event, i.e. rank of 17, to be considered significant.

5.4.1 G20190 Injection Study

As described in Section 4.6 over 4000 simulated transients following kilonova,
SGRB and LGRB lightcurves at a range of distances were placed at various
locations in the images. Figure 5.13 shows the fraction of injections identi-
fied versus either distance or magnitude. The distances quoted for the GRB
models are the largest possible (offset=0); they could be anywhere up to a
factor of 40 smaller (since offset is between 0 and 8). Equations (4.6) and (4.7)
define the GRB models. In each of these equations the offset quantity repre-
sents the range in observational data taken from [133, 134] and can take any

value between 0 and 8. An offset of 0 (which was used here) represents those
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brightest afterglows and 8 the dimmest. The magnitudes reported are from
the second set of images as the first requirement in the event validation checks
(as described in Section 4.4.1) is that a candidate is found in more than one set
of images. All the models suffer from poor efficiency at close distances/bright
magnitudes with over 50% of those candidates with a magnitude between 7.5
and 9 being missed. This is due to the injections saturating and the pipeline
discarding them since they are assumed to be telescope artefacts rather than
of astrophysical origin. As the magnitude/distances increase so does the effi-
ciency which peaks at ~80% between magnitudes 9-11. For this event we are
most sensitive to sources similar to a kilonova / SGRB / LGRB at distances
of ~ 2 Mpc / 20 Mpc / 200 Mpc. The reason we do not reach an efficiency of
100% is due to the injections not always being placed at the same coordinates in
each set of images (as discussed in Section 5.3.1) or the background-subtracted
lightcurve not being generated. The efficiency however begins to decrease as
the injections are placed at greater distances/dimmer magnitudes until ~15th
magnitude where the efficiency is only a few percent. In terms of distance this
implies a transient could not be detected if it followed a kilonova / SGRB /
LGRB at distances 2 10 Mpc / 100 Mpc / 2 Gpe.

To differentiate between all found injections and those which are the most
interesting, i.e. those with a high rank, the fraction of those injections with a
FAR < 0.1 (R > 1.7) with distance and magnitude is shown in Figure 5.14.
This figure is very similar to Figure 5.13 which means that the majority of
injections were favourably ranked against the background. This is because the
background distribution falls below FAR~ 10% at very low rank (R ~ 1.7);
see Figure 5.12.

The distribution of injections and background with increasing distance are
depicted in Figure 5.15. Plots (a) shows injections made at the closest dis-
tances, i.e. kilonova ~ 0.4 Mpc / SGRB ~ 3.3 Mpc / LGRB ~ 84 Mpc and (j)
at the farthest distances, i.e. kilonova ~ 30 Mpc / SGRB ~ 250 Mpc / LGRB
~ 6.3 Mpc. Unfortunately even the injections made at the closest distances do
not have a rank greater than the loudest event within the background, which
suggests if a potential candidate was found for this event the rank alone could
not be used to demonstrate a very high significance. More information, such

as the lightcurve shape, would need to be considered.
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Figure 5.13: G20190: Efficiency of finding simulated transients with R > 0
versus distance (top) and magnitude (1.5 days after the trigger time) (bottom).
The distances quoted for the gamma-ray burst models assume the brightest
afterglows from Kann et al. [133, 134] (i.e. offset = 0 in equations (4.6) and
(4.7)) but could be smaller by a factor of up to 40. All the models suffer from
poor efficiency at very close distances / low magnitudes due to saturation.
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Figure 5.14: G20190: Efficiency of injections found with a false alarm proba-
bility of < 0.1 (R > 1.7). The injections performed for the SGRB and LGRB
models show the largest distance possible; the numbers could be a factor 40
smaller. The distances for the GRB models assume the brightest afterglows
from Kann et al. [133, 134] (i.e. offset = 0 in equations (4.6) and (4.7)).
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Figure 5.15: G20190: The distribution of injections (kilonova-yellow, SGRB-
red and LGRB-green) and background (cyan) at various distances and magni-
tudes (1.5 days after the trigger). Plot (a) kilonova ~ 0.4 Mpc / SGRB ~ 3.3
Mpc / LGRB ~ 80 Mpc, (b) kilonova ~ 0.5 Mpc / SGRB ~ 4 Mpc / LGRB
~ 100 Mpc etc. In these figures wejggsumed the GRB models to have the
brightest afterglows from Kann et al. [133, 134] (i.e. offset = 0 in equations
(4.6) and (4.7)). Therefore the GRB distances could be a factor 40 smaller.
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5.4.2 G20190 Conclusions

All the ROTSE telescopes were used to follow up on this event which took
place on September 19 2010 at 12:02:25 UTC, however only images taken with
ROTSE-IIIc were of sufficient image quality to analyse. The error box con-
tainment in the region imaged by ROTSE was ~10%. The automated pipeline
would have been able to detect an associated kilonova counterpart with R > 0
with >50% probability to a distance of ~5 Mpec, assuming the true source
direction was within the area imaged by ROTSE. For a SGRB (LGRB) after-
glow the corresponding distance is ~5-45 Mpc (~100-1000 Mpc), depending
on offset factor. A bright SGRB (LGRB) within 5 Mpc (120 Mpc) might
have been missed by our automated pipeline due to saturation. No candidates
were identified by the automated pipeline for this event and therefore no EM

counterpart was identified for event G20190.

5.5 G21852

This event occurred on September 26 2010 at 20:24:31 UTC. ROTSE-IIIb took
images spanning from 11 hours 53 minutes to 29 days later centred on the re-
gion RA: 11.04000° Dec: 41.61000° which, within its FoV, contained three
galaxies (NGC0205, NGC0221 and NGC0224) all within 1 Mpc. Due to image
quality one follow-up night had to be ignored. 81% (19%) of the images had an
exposure time of 60s (20s). The probability skymap as generated by cWB is
shown in Figure 5.16, along with a box illustrating the area imaged by ROTSE.
The top plot in this figure shows the full sky and the bottom plot is zoomed in
on the region of interest, with galaxies within 50 Mpc marked. The coloured
regions show the estimated likelihood that each pixel contains the true source
direction independent of any galaxy weighting. The cumulative probability
summed over the entire coloured regions is ~87% (i.e. the cWB skymap con-
tainment is ~87%) and the cumulative probability contained within the region
imaged by ROTSE (without accounting for galaxy weighting) is ~0.3%.

A timeline of the limiting magnitudes of the analysable images is shown in
Figure 5.17 along with the evolution of models which are expected to produce
both GW-EM data. These include kilonova models [93, 97], on- and off-axis
GRB afterglows (data taken from [133, 134, 224]) and data from SN1998bw
[222].  All these models are scaled for a source at 50 Mpc as this was the
approximate farthest distance a GW source could have been detected at the

time of data taking. A full description of how these curves were generated
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Figure 5.16: G21852: Skymap showing the estimated likelihood that each
coloured location is the correct source location. This is the likelihood before
the galaxy weighting is applied. The top plot shows the full sky and the bottom
plot zoomed in on the location which ROTSE observed, which is shown by the
black box in both plots. The x’s in the bottom plot indicate galaxies within
50 Mpc according to the GWGC. The total likelihood over the whole coloured
map is ~87%.
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Figure 5.17: Timeline illustrating the limiting magnitudes of the images taken
in response to G21852 (black) and expected models/EM observations, all
scaled for sources at 50 Mpc. These include kilonovae [93, 97] (blue), su-
pernova 1998bw [222] (red) and both short (SGRB) and long (LGRB), on-axis
(light green) [133, 134] and off-axis (dark green) GRB afterglows [224]. LL-
GRB represents a low luminosity GRB [224].

is discussed in Section 5.3. From this figure it is evident that if a supernova
occurred similar to SN1998bw or there was a bright or off-axis LGRB (including
low luminosity) the limiting magnitude of most of the images is sufficient for
a detection. The images have a limiting magnitude too faint to detect SGRBs

and kilonovae at 50 Mpc.
187 potential candidates were identified by the automated pipeline, of which

4 survived the event validation tests (as outlined in Section 4.4.1). 134 po-
tential candidates did not appear in more than one set of images and were
discarded, as were 23 potential candidates because their lightcurves were con-
sidered too flat, 24 potential candidates since their lightcurves did not decay
sufficiently 48 hours to 1 month after the event took place and 2 candidates
which were too close to stars in the SIMBAD catalogue. No candidates were
discarded by the Minor Planet Checker. All four potential candidates are
highlighted as near (within three times the semi-major diameter) a galaxy (ei-
ther NGC0224 (Andromeda) or NGC0205 (dwarf galaxy that is a satellite of
Andromeda). They have ranks of R ~ 3.7, 3.6, 3.3 and 0.1.
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Figure 5.18: G21852: Distribution of the background events (cyan) and the
candidate (black) in terms of rank against the cumulative fraction of point-
ings. To be considered significant (false alarm probability less than 1%) the
candidate would need to have a ranking of greater than 17.5.

The rank of each of the 4 potential candidates (illustrated by black points)
as well as the background distribution (cyan curve) are shown in Figure 5.18.
In order to be significant a candidate would need to have a rank larger than the
greatest background event, i.e. rank > 17.5. None of the potential candidates
however have a rank close to this; the most significant candidate has a rank of

~4. This is equivalent to ~9% of the background.
The four potential candidates were investigated further by plotting their

lightcurves. The lightcurves are generated in the same way as described in
Section 5.3 and are shown in Figures 5.19, 5.20, 5.21 and 5.22. Candidate 1
is the highest ranked candidate from Figure 5.18 and candidate 4 the lowest.
Greater confidence is given to the second lightcurve of each candidate as this
shows the lightcurve of just the transient with the background subtracted,
and therefore reports dimmer magnitudes. For all the potential candidates,
lightcurve 1 shows the potential transient and background to vary by less than
one magnitude over the range of images. The best chi-square fit lightcurves
which follow a kilonova, SGRB and LGRB are also plotted, along with the
distance these sources would be to produce the model lightcurve. Note that
the SGRB and LGRB models give the same curve but the sources are located

at different distances.

The second lightcurve for candidate 1 shows the potential transient to
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be quite variable. The lightcurve increases and decreases in magnitude over
the range of images. It does not suggest however that the candidate follows
one of the theoretical models or that the source produces both GW and EM
waves. It appears to be consistent with a telescope artefact. Candidate 2
was only found in two sets of images when the background was subtracted.
The limiting magnitudes of the images on most occasions were sufficient to
detect the candidate if it were to follow one of the models. These conclusions
can also be applied to candidate 3. Candidate 4 does seem to follow the
model lightcurves quite well but was only found in three sets of images. The
limiting magnitude of the images which did not detect the potential candidate
were insufficient to have detected the transient if it were to follow one of the
theoretical models. The distance the source would have to be to produce
one of the GRB lightcurves is likely to be outside the range at which the GW
detectors were able to detect a source. As well the distance the kilonova source
is expected to be too distant to be found by the pipeline for these images. This

will now be discussed further.

5.5.1 G21852 Injection Study

As previously described, over 4000 simulated transients, at various distances,
were randomly placed in to the images for this event and processed through
the automated pipeline. Figure 5.23 illustrates the efficiency of finding these
injections with distance and magnitude. The distances quoted for the GRB
models are the largest possible; they could be anywhere up to a factor of 40
smaller. Equations (4.6) and (4.7) define the GRB models. In each of these
equations the offset quantity represents the range in observational data taken
from [133, 134] and can take any value between 0 and 8. An offset of 0 (which
was used here) represents those brightest afterglows and 8 the dimmest. The
distances quoted for the GRB models are the largest that can be expected.
They could however be a factor of 40 smaller due to the range in observational
data for GRBs [133, 134]. The magnitudes reported are those which the in-
jection would have in the second set of images as the first requirement in the
event validation procedure (as detailed in Section 4.4.1) is to test whether a
candidate appears on more than one night. As shown in the previous GW
event injection studies, it is expected that the efficiency of the injections at
close distances/bright magnitudes to be ~50% as a number of the simulated
transients are discarded due to saturation. However the efficiency for this event

is ~0% at magnitudes below 8 and only rises to a maximum of ~50% between
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Figure 5.19: The top figure shows the lightcurve of the G21852 candidate
which includes the background and the bottom figure shows the lightcurve
with the background subtracted. In each plot the candidate’s data points
and error bars are plotted in black. Open circles on the model lightcurves
indicate times at which the transient was detected. If a candidate was not
identified in a given image, an upper limit is shown. This reports the limiting
magnitude of the image at the location of the candidate. For comparison we
also show the model lightcurves for both kilonovae (equations (4.4) and (4.5))
and afterglows (equations (4.6) and (4.7) with an offset=0) scaled to source
distances which produce the best match to the measured magnitudes of the
candidate. The SGRB and LGRB models give identical lightcurves the source
distance is different as shown. This candidate has a rank R ~ 3.7.
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Figure 5.20: The top figure shows the lightcurve of the G21852 candidate
which includes the background and the bottom figure shows the lightcurve
with the background subtracted. In each plot the candidate’s data points
and error bars are plotted in black. Open circles on the model lightcurves
indicate times at which the transient was detected. If a candidate was not
identified in a given image, an upper limit is shown. This reports the limiting
magnitude of the image at the location of the candidate. For comparison we
also show the model lightcurves for both kilonovae (equations (4.4) and (4.5))
and afterglows (equations (4.6) and (4.7) with an offset=0) scaled to source
distances which produce the best match to the measured magnitudes of the
candidate. The SGRB and LGRB models give identical lightcurves the source
distance is different as shown. This candidate has a rank R ~ 3.6.
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Figure 5.21: The top figure shows the lightcurve of the G21852 candidate
which includes the background and the bottom figure shows the lightcurve
with the background subtracted. In each plot the candidate’s data points
and error bars are plotted in black. Open circles on the model lightcurves
indicate times at which the transient was detected. If a candidate was not
identified in a given image, an upper limit is shown. This reports the limiting
magnitude of the image at the location of the candidate. For comparison we
also show the model lightcurves for both kilonovae (equations (4.4) and (4.5))
and afterglows (equations (4.6) and (4.7) with an offset=0) scaled to source
distances which produce the best match to the measured magnitudes of the
candidate. The SGRB and LGRB models give identical lightcurves the source
distance is different as shown. This candidate has a rank R ~ 3.3.
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Figure 5.22: The top figure shows the lightcurve of the G21952 candidate
which includes the background and the bottom figure shows the lightcurve
with the background subtracted. In each plot the candidate’s data points
and error bars are plotted in black. Open circles on the model lightcurves
indicate times at which the transient was detected. If a candidate was not
identified in a given image, an upper limit is shown. This reports the limiting
magnitude of the image at the location of the candidate. For comparison we
also show the model lightcurves for both kilonovae (equations (4.4) and (4.5))
and afterglows (equations (4.6) and (4.7) with an offset=0) scaled to source
distances which produce the best match to the measured magnitudes of the
candidate. The SGRB and LGRB models give identical lightcurves the source
distance is different as shown. This candidate has a rank R ~ 0.1.
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magnitudes 11-13 or distances of 2 Mpc / 40 Mpc / 1 Gpce for a kilonova /
SGRB / LGRB before the efficiency drops again to 0% at magnitude ~17.
This would suggest that in ~50% of the regions where simulated transients
were placed, it would not be possible to detect them. This is due to poor
image quality in certain regions of the image; the image quality is not uniform
across the image. In general the edges of the image are at a lower limiting
magnitude compared to the centre of the image. However in the images for
this event, there seems to be more variation in the limiting magnitude in dif-
ferent regions of the images. In particular, the fact that the efficiency of the
injections extends as far as magnitude 17 suggests that in certain regions of
the image, the image quality is better than for the other GW events. Indeed,
Figure 5.24 shows that injections recovered by the pipeline tend to have FAR
< 10% (R > 0.9).

The distribution of the injections, as well as the background in terms of
rank, is illustrated in Figure 5.25. These ten plots show the evolution of the
injection distributions with increasing distance. Plot (a) shows the injections
made at the closest distances, i.e. kilonova ~ 0.4 Mpc / SGRB ~ 3.3 Mpc
/ LGRB =~ 84 Mpc whereas plot (j) at the furthest distances i.e. kilonova
~ 30 Mpc / SGRB ~ 250 Mpc / LGRB ~ 6.3 Gpc. Unfortunately none of
the injections, even at the closest distances/brightest magnitudes have a rank
greater than the loudest background event. This would suggest the rank of
a candidate alone cannot establish a very high significant candidate; other

information such as the lightcurve must also be taken in to account.

5.5.2 G21852 Conclusions

ROTSE-IIIb followed up on event G21852 which occurred on September 26
2010 at 20:24:31 UTC. The error box containment in the region imaged by
ROTSE was ~0.3%. Investigations showed the image quality played a large
role in processing these images, as injections which were placed in certain re-
gions of the images were not found. It can be estimated ~50% of injections
were missed for this reason. To 50% confidence, it would be possible to identify
a kilonova (SGRB) at ~2 Mpc (40 Mpc). A LGRB however would be missed
because the efficiency of detecting a LGRB within the range of the GW detec-
tors (within 50 Mpc) is zero. Four potential candidates were identified by the
automated pipeline, however the rank of the candidates suggest they are not
dissimilar to the background. The loudest candidate had a rank comparable

to 9% of the background. The lightcurves for these potential candidates were
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Figure 5.23: G21852: Efficiency of finding simulated transients with R > 0
versus distance (top) and magnitude (1.5 days after the trigger time) (bottom).
The distances quoted for the gamma-ray burst models assume the brightest
afterglows from Kann et al. [133, 134] (i.e. offset = 0 in equations (4.6) and
(4.7)) but could be smaller by a factor of up to 40. All the models suffer from
poor efficiency at very close distances / low magnitudes due to saturation.
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Figure 5.24: G21852: Efficiency of injections found with a false alarm proba-
bility of < 0.1 (R > 1). The injections performed for the SGRB and LGRB
models show the largest distance possible; the numbers could be a factor 40
smaller. The distances for the GRB models assume the brightest afterglows
from Kann et al. [133, 134] (i.e. offset = 0 in equations (4.6) and (4.7)).

- 122 -



Chapter 5.  Analysis of the Images Taken by ROTSE in Response to Gravitational Wave

FEvents
10“
@ Kilonova
£ ... SGRB
[
3 - LGRB
»510 1 ——  Background
[ .
2 \
8 Il
24 L
8
=3
E
p=3
o
107, 5 15 20 2 %0 3 10 15
Ranking Statistic
(a) 0.4 Mpc/mag 7.7
10°
@ Kilonova
£ . SGRB
3 e -« LGRB
51071 Lo = Background
c b -
S \
g Sy
2102 i
£ B
=3
£
=3
$]
—3 i
1075 5 W15 20 % 3 540 1
Ranking Statistic
(c) 0.75 Mpc/mag 9
10°
0 RO Kilonova
5 5 . SGRB
q>) 5 == LGRB
5 1! L \ —— Background
c
o X A
k3] 00 i o
£ —H
o . b
2107 :
g {
=3
£
=3
o
3
10 5 I IER %53 RN ( — ]
Ranking Statistic
(e) 2 Mpc/mag 11.2
10°
) Kilonova
GC) =+ SGRB
a = LGRB
*5]“71 b = Background
=4 AL
£ \
g 4
S i
8
=}
E
p=3
o
107 51 (| I — E—
Ranking Statistic
(g) 10 Mpc/mag 14.7
10”
@ Kilonova
£ . SGRB
[
3 .- LGRB
»510 1 ——  Background
o .
2 Y
g | Il
- 1
_g”,fz i _\__
8
>
E
3
o
1077 5 T0 B A0 1

15 20 25 3
Ranking Statistic

(i) 20 Mpc/mag 16.2

Cumulative fraction of events Cumulative fraction of events Cumulative fraction of events Cumulative fraction of events

Cumulative fraction of events

100

,_A
15)

10°

107!

,_A
15}

107!

10°

Kilonova
=+ SGRB
-+ LGRB
~—  Background

0 5 20 25 30
Ranking Statistic

(b) 0.5 Mpc/mag 8.2

Kilonova
+ SGRB
-+ LGRB
= Background

10 15 20 2 30
Ranking Statistic

(d) 1 Mpc/mag 9.7

Kilonova
. SGRB
- LGRB
= Background

10 15 30

20 25
Ranking Statistic

(f) 5 Mpc/mag 13.2

s
8

03

—

Kilonova
+ SGRB
- LGRB
= Background

100

10 15 20 2 30
Ranking Statistic

(h) 15 Mpc/mag 15.5

,_A
15)

Kilonova
«++ SGRB
-=+ LGRB
~—  Background

10 15 25 30

20 2
Ranking Statistic

(j) 30 Mpc/mag 17.1

Figure 5.25: G21852: The distribution of injections (kilonova-yellow, SGRB-
red and LGRB-green) and background (cyan) at various distances and magni-
tudes (1.5 days after the trigger). Plot (a) kilonova ~ 0.4 Mpc / SGRB ~ 3.3
Mpec / LGRB ~ 80 Mpc, (b) kilonova ~ 0.5 Mpc / SGRB ~ 4 Mpc / LGRB
~ 100 Mpc etc. In these figures wejagsumed the GRB models to have the
brightest afterglows from Kann et al. [133, 134] (i.e. offset = 0 in equations
(4.6) and (4.7)). Therefore the GRB distances could be a factor 40 smaller.
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also generated for further validation, however they showed little evidence to
be considered astropysically interesting. We conclude that no significant EM

counterparts to event G21852 were identified by the ROTSE telescope system.

5.6 G23004

Event G23004 occurred on October 3 2010 at 16:48.23 UTC. The ROTSE-IIIb,
¢ and d telescopes responded to this trigger beginning at 6 hours 25 minutes
and took images up to days 29. These images were centred on RA: 61.97000°
Dec: —20.91000 and contained four galaxies (within 17 Mpc) in the FoV.
Due to the quality of the images, ~75% had to be discarded, resulting in the
analysis of 30 images. The probability skymap as generated by cWB is shown
in Figure 5.26, along with a box illustrating the area which ROTSE searched
over. The top plot in this figure shows the full sky and the bottom plot is
zoomed in on the region of interest, with galaxies within 50 Mpc marked.
The coloured regions show the estimated likelihood that each region is the
true source direction independent of any galaxy weighting. The cumulative
probability summed over the entire coloured regions is ~17.1% (i.e. the cWB
skymap has containment of ~17.1%) and the cumulative probability contained
within the region imaged by ROTSE (without accounting for galaxy weighting)
is ~0.11%.

A timeline of the limiting magnitudes of the analysable images is shown in
Figure 5.27 along with the evolution of models which are expected to produce
both GW-EM transients. These include kilonova models [93, 97], on- and off-
axis GRB afterglows (data taken from [133, 134, 224]) and data from SN1998bw
[222].  All these models are scaled for a source at 50 Mpc as this was the
approximate farthest distance a GW source could have been detected at the
time of data taking. A full description of how these curves were generated
is discussed in Section 5.3. From this figure it is evident that if a supernova
occurred similar to SN1998bw or there was a bright or off-axis LGRB the
limiting magnitude of most of the images is sufficient for a detection. In
approximately half the images an off-axis low-luminosity GRB at 50 Mpc would
also be detected. However a kilonova signature or a SGRB at 50 Mpc would
be missed.

The automated pipeline identified 124 potential candidates of which 122
did not appear in more than one set of images and were discarded. In addi-

tion 1 candidate’s lightcurve was considered to flat and one other candidate’s
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Figure 5.26: G23004: Skymap showing the estimated likelihood that each
coloured location is the correct source location. This is the likelihood before
the galaxy weighting is applied. The top plot shows the full sky and the bottom
plot zoomed in on the location which ROTSE observed, which is shown by the
black box in both plots. The x’s in the bottom plot indicate galaxies within
50 Mpc according to the GWGC. The total likelihood over the whole coloured
map is ~17.1%.
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Figure 5.27: Timeline illustrating the limiting magnitudes of the images taken
in response to G23004 (black) and expected models/EM observations, all
scaled for sources at 50 Mpc. These include kilonovae [93, 97] (blue), su-
pernova 1998bw [222] (red) and both short (SGRB) and long (LGRB), on-axis
(light green) [133, 134] and off-axis (dark green) GRB afterglows [224]. LL-
GRB represents a low luminosity GRB [224].
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Figure 5.28: G23004: Distribution of the background events (cyan) and the
candidate (black) in terms of rank against the cumulative fraction of point-
ings. To be considered significant (false alarm probability less than 1%) the
candidate would need to have a ranking of greater than 18.

lightcurve did not decay sufficiently 48 hours to 1 month after the event took
place. No candidates were rejected because of the Minor Planet Checker or
the SIMBAD catalogue. This left zero potential candidates associated to event
G23004.

Since no candidates were identified by the pipeline, only the distribution of
the background for this event is shown in Figure 5.28. If a candidate were to
be identified it would need to have a rank greater than the loudest background
event, i.e. rank of 18, to be considered significant (FAR < 1%).

5.6.1 G23004 Injection Study

Over 4000 simulated transients following kilonova, SGRB and LGRB lightcurves
at a range of distances, were placed at various locations in the images, as de-
scribed in Section 4.6. Figure 5.29 shows the fraction of injections identified
with either distance or magnitude. The distances quoted for the GRB models
are the largest possible; they could be anywhere up to a factor of 40 smaller.
Equations (4.6) and (4.7) define the GRB models. In each of these equa-
tions the offset quantity represents the range in observational data taken from
[133, 134] and can take any value between 0 and 8. An offset of 0 (which was
used here) represents those brightest afterglows and 8 the dimmest. The mag-

nitudes reported are from the second set of images as the first requirement in
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the event validation checks (as detailed in Section 4.4.1) is that a candidate is
found in more than one set of images. Unfortunately for this set of images the
maximum efficiency of correctly identifying injections is only ~20%, between
magnitudes 9-13. At the closest distances/brightest magnitudes the efficiency
is zero, then rises to this maximum efficiency before falling to zero again at
magnitude ~15. This low efficiency is due to poor image quality. As already
mentioned the majority of images taken in response to this GW trigger had to
be rejected due to poor image quality which only left a few nights of images
to analyse. Injections are randomly placed throughout the images, and in this
situation it is evident that there are only a few regions where we would be
able to identify a transient. Figure 5.30 shows the same information, which
implies that of the identified injections, they are favourably ranked compared
to the background because the background distribution falls sharply in Figure
5.28; the rank for a FAR < 10% is R ~ 0.3. However due to the low efficiency
over the range of magnitudes/distances, if this GW event did produce an EM
counterpart it is unlikely to have been detected.

The distribution of injections and background with increasing distance are
depicted in Figure 5.31. Plots (a) shows injections made at the closest dis-
tances, i.e. kilonova ~ 0.4 Mpc / SGRB ~ 3.3 Mpc / LGRB ~ 84 Mpc and
(j) at the farthest distances, i.e. kilonova ~ 30 Mpc / SGRB =~ 250 Mpc /
LGRB ~ 6.3 Mpc. The loudest background event has a rank of 18, and the
most significant injections have a rank less than half this value. This suggests
that if a potential candidate were to be found for this event the rank alone
could not be used to establish a very high significance; lightcurve or other data

would also need to be considered.

5.6.2 G23004 Conclusions

ROTSE-IIIb, ¢ and d followed up on event G23004 which took place on October
3 2010 at 16:48.23 UTC. The error box containment in the region imaged
by ROTSE was ~0.11%. The majority of the images taken in response to
this GW event however had to be discarded due to poor image quality. The
remaining images were investigated by injecting simulated transients following
kilonova, SGRB and LGRB models. The maximum efficiency of identifying
these injections was found to be ~20% between a kilonova / SGRB / LGRB
distance of ~ 1-5 Mpc / 6-50 Mpc / 150-1000 Mpc. These GRB distances
assume the brightest afterglows, i.e. an offset of 0, and could therefore be a

factor of 40 smaller. The cause of this low efficiency can be attributed to poor
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Figure 5.29: G23004: Efficiency of finding simulated transients with R > 0
versus distance (top) and magnitude (1.5 days after the trigger time) (bottom).
The distances quoted for the gamma-ray burst models assume the brightest
afterglows from Kann et al. [133, 134] (i.e. offset = 0 in equations (4.6) and
(4.7)) but could be smaller by a factor of up to 40. All the models suffer from
poor efficiency at very close distances / low magnitudes due to saturation.
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Figure 5.30: G23004: Efficiency of injections found with a false alarm proba-
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from Kann et al. [133, 134] (i.e. offset = 0 in equations (4.6) and (4.7)).
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Figure 5.31: G23004: The distribution of injections (kilonova-yellow, SGRB-
red and LGRB-green) and background (cyan) at various distances and magni-
tudes (1.5 days after the trigger). Plot (a) kilonova ~ 0.4 Mpc / SGRB ~ 3.3
Mpec / LGRB ~ 80 Mpc, (b) kilonova ~ 0.5 Mpc / SGRB ~ 4 Mpc / LGRB
~ 100 Mpc etc. In these figures wejggsumed the GRB models to have the
brightest afterglows from Kann et al. [133, 134] (i.e. offset = 0 in equations
(4.6) and (4.7)). Therefore the GRB distances could be a factor 40 smaller.
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image quality, where only in select regions of the images could a transient be
identified. Consequently it would be highly unlikely that a transient associated
to this GW event would be found. In fact, the automated pipeline did not find
any potential candidates attributed to this event. Therefore no EM candidates
were found for event G23004 by the ROTSE telescope system.

5.7 Concluding remarks

The analysis of images taken in response to five GW events by the ROTSE
telescope system has been performed using the automated ROTSE pipeline,
developed specifically for this analysis (details of this pipeline can be found
in Chapter 4). Background studies have revealed the expected distribution of
background transients for each of the five GW events. In addition studies have
been performed where simulated transients, following a kilonova, SGRB and
LGRB model, have been placed at random locations within the GW images
to access the efficiency of identifying a transient. The background distribution
and efficiencies vary greatly between GW events, due in part to the quality of
the images. Over 100 images for various candidates had to be discarded before
the analysis could begin due to poor image quality, and in some instances (such
as G21852 and G23004) the image quality hampered the search.

No significant optical counterpart to any of the five GW events has been
identified. However for the first GW trigger (G18666) this was expected as
a computer error caused the ROTSE-IIIc telescope to point at an arbitrary
sky location. The result for the other four GW triggers is consistent with the
findings that none of these events were triggered by actual GWs [22], but more
likely from serendipitous environmental factors. However, of the five potential
candidates the automated pipeline identified to events G19377 and G21852,
four of them had a FAR~ 10%. This is probably due to systematic differences
between images taken in the LOOC UP program and those used for background
study. With GW detectors at the sensitivities they were at the time of this
search, none of the triggers were likely to represent true astrophysical events.

This analysis completes the LOOC UP search which began in 2009 [159,
160]. This search was the first of its kind in which GW information was used to
point EM telescopes in an attempt to capture the signal from both channels.
Although a detection was not expected, this search and subsequent develop-
ment of pipelines, such as this one, have lead to improved practises which will

be an advantage in the Advanced detector era where regular GW detections
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Fuvents

are expected. This analysis demonstrates the ability to characterise the back-
ground of optical images and place a statistical significance on any potential
candidates the pipeline may identify. This procedure will be necessary when

the first GW-EM detections are being made.
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Conclusions

The second generation of gravitational wave (GW) detectors, Advanced LIGO
[188] and Virgo [57], are due to come online in 2015 and they promise to
bring the first direct detection of GWs. The first signal is likely to be from
the merger of compact objects, consisting of neutron stars (NS) and/or stellar
mass black holes (BH). GW interferometers, past and future, are optimised
to detect signals from these sources. They are the best understood sources
in terms of rate; Advanced detectors are expected to detect ~40 GW events
per year [34]. The merger of NS-NS and NS-BH systems are the favoured
progenitor model for short gamma-ray bursts (SGRBs). In addition kilonovae
are another expected EM signature of mergers.

Multi-messenger astronomy promises much scientific reward as electromag-
netic (EM) and GW information will be completely complementary. Benefits
of EM follow-up of GW events include precise source localisation, determina-
tion of the host galaxy and also an independent measurement of Hy. SGRBs
have been extensively modelled and studied and have real potential to provide
detectable signals in both the EM and GW bands, in addition to their after-
glows. As well, the hypothesised supernova-like transient known as a kilonova
is believed to hold real potential. The lightcurves (either from data or simula-
tions) of these models are expected to be detectable by current and future EM
observatories, such as Pan-STARRS [135] and LSST [136], which have both
suitable cadence and sensitivity. However this all relies on prompt notifica-
tion of a source, as the lightcurves decline rapidly within hours or days in the
optical band.

During the last science run of LIGO and Virgo a new form of search was
performed in which GW data was analysed in real-time and the sky location

of the candidate GW sources was estimated and sent to conventional EM
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telescopes for follow up. One of the main challenges this form of search presents
is locating where on the sky the signal originated. GW interferometers are
sensitive to signals from a large portion of the sky; a single detector is not
capable of locating a source. Therefore triangulation between a network of
interferometers is used to determine the source direction. With the three
GW detectors (LIGO-Hanford, LIGO-Livingston and Virgo) at the sensitivities
they had during the last science run, they were likely to localise a source to tens
or hundreds of square degrees. The majority of telescopes used in this follow
up search were wide field of view optical telescopes, with 3-4 deg?® typical
coverage. Such telescopes require tens or hundreds of pointings to cover a
typical source region which is not feasible. We therefore propose a ranking
statistic (equation (3.3)) which considers all galaxies within the reach of the
detectors (using the Gravitational Wave Galaxy Catalogue (GWGC) [163])
and ranks them based upon their luminosity and distance as being the most
likely host of a GW source. Simulations suggest this statistic performs 2-4
times better at identifying the location of the source compared to triangulation
alone. A form of this statistic was consequently used to aid sky localisation in
this EM follow up search.

The Advanced detector era, which begins in 2015, is expected to pass
through many phases where the detectors become increasingly sensitive un-
til they reach design c. 2020-22 [58]. Sky localisation is expected to be poor
in the early phases until the network of detectors is able to localise just a
few square degrees at design sensitivity. Simulations suggest that once three
detectors are in operation (2016+) the galaxy ranking scheme performs much
better at localising a GW signal to a host galaxy, between a 10-20% improve-
ment, provided a complete galaxy catalogue exists. Current catalogues with
the desired information (such as luminosity, distance, type etc) only go to 100
Mpc. This work strongly recommends that efforts be placed on constructing

a deeper catalogue, to ~ few hundred Mpc or even ~ Gpc.

Even with an effective galaxy ranking statistic, many pointings are required
to have a high probability of imaging the true host. This requires automated
analysis. We demonstrate such an analysis using ROTSE-III, which was one of
the wide field of view optical telescopes used in the EM follow up search. The
ROTSE-III telescope system consists of four robotic optical telescopes across
the world which are capable of slewing on to a source within seconds. ROTSE
followed up on five GW events and took over 700 images using all four tele-

scopes. Although the ROTSE collaboration have an image processing pipeline,
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the analysis of images taken in response to GW events presents new challenges.
As already discussed the localisation of GW signals is poor. In addition the
decay timescale and magnitude of a possible EM counterpart are uncertain.
These two factors point to the need to analyse a large number of images. As
well, since a GW detection has not been made yet, it is desirable to place a
statistical significance on any EM counterpart. These factors necessitated the
automation of the image processing pipeline in addition to the construction
of automated validation tests and classification techniques. The automated
pipeline typically identified a few hundred potential candidates during the
analysis of a set of images. Therefore a series of cuts were constructed with
the aim of identifying the most astrophysically interesting transients. These
cuts included discarding a potential candidate which was not seen on more
than one night, if the candidate’s lightcurve was not varying sufficiently and
if the potential candidate’s coordinates coincided with an asteroid or variable
star. These cuts proved effective in removing most background transients, typ-
ically leaving less than five potential candidates. The automated pipeline is

presented in Chapter 4.

The automation of the image processing pipeline allowed both background
and efficiency studies to be performed. A background study of over 100 archival
ROTSE pointings allowed the optical background to be ascertained. This
therefore allows a significance to be placed on any EM candidate which is
identified by the automated pipeline. To test the pipeline’s ability to iden-
tify a source, simulated transients resembling some of the most likely GW-EM
sources (i.e. kilonovae and GRBs) were placed in to a set of images. To high-
light the most interesting candidates which the pipeline may identify, a statistic
(equation (4.2)) was proposed which favours brighter transients that appear
in multiple images close in time to the GW event. This ad hoc statistic proves
quite useful in highlighting the most interesting candidates. The background
distribution typically has a bimodal distribution with ~90% having low ranks
and ~10% having high ranks. The “tail” of the 10% highly ranked background
indicates more work needed to identify actual EM counterparts with a high
significance, for example more use of lightcurve information. The analysis of a
set of images taken from the ROTSE archives (not associated to a GW event)

as a “test run” is presented in Chapter 4.

The analysis, using the automated pipeline, of the images taken in re-
sponse to the five GW events, during the LOOC UP program, are presented in

Chapter 5. No significant optical counterparts to the GW events were found,
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however with the detectors at the sensitivity they were in the previous science
run, a joint detection was unlikely to be made. The analysis of event G18666
was unlikely to be interesting because of a pointing error which caused images
to be taken of an incorrect region of the sky. In addition event G19377 was
revealed to be a simulated GW or “blind injection”. For the remaining three
events the automated pipeline identified no potential candidates for events
G20190 and G23004. However the images taken for event G21852 overlapped
with Andromeda, and four potential candidates were identified, of which three
had false alarm probabilities of < 0.1. Upon further investigation of these can-
didates they appeared to be consistent with background subtraction artifacts.

The analysis of the LOOC UP images using the automated pipeline re-
vealed that most of the surviving candidates had unusually low false alarm
rates (<10%), indicating the background images were statistically dissimilar
from the LOOC UP images. This suggests that we need to collect images
specifically for background studies for advanced detector follow-up. In addi-
tion the ~10% tail in the background distribution needs to be reduced as this
limits the significance of any candidate identified by the automated pipeline.
This indicates the need for further research, perhaps using the lightcurve shape
or considering different analysis techniques such as multi-variate analysis.

A major limitation in the injections studies performed for each GW event
is that in some instances ~50% of injections were lost due to a background-
subtracted lightcurve not being generated or due to poor image quality. This
motivates investigations in to perhaps using the lightcurve which is generated
before background subtraction or pointing the ROTSE telescopes in such a
way that images overlap with one another to build a mosaic of a sky region.
In addition transients in galaxies were not sufficiently investigated due to the
limitation of the injection software. This again needs to be addressed for the
Advanced detector era.

Despite the likelihood of a joint EM-GW detection being low in the last sci-
ence run, the methods and analysis techniques learnt from performing an EM
follow-up search will prove invaluable in the Advanced detector era. Within
the next few years GW detectors will come online, ushering in the epoch of

regular GW detections and start of GW astronomy.
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Appendix A

Image Analysis of Event G18666

Event G18666 occurred on September 7 2010 at 21:39:48 UTC. ROTSE-IIIc
observed a single field centred on RA: 250.69500° Dec: —25.54000° beginning
at 20 hours 38 minutes and returning on 13 subsequent nights up to days 29.
In total 125 images were taken, with 77% (23%) of them having a 60s (20s)
exposure time. No galaxies within 50 Mpc are within the field of view (FoV)
for this event.

A timeline of the limiting magnitudes of the analysable images is shown in
Figure A.1 along with the evolution of models which are expected to produce
both GW and EM transeints. These include kilonova models [93, 97], on-
and off-axis GRB afterglows (data taken from [133, 134, 224]) and data from
SN1998bw [222]. All these models are scaled for sources at 50 Mpc as this was
the approximate farthest distance a GW source could have been detected at
the time of data taking. A full description of how these curves were generated
is discussed in Section 5.3. From this figure it is evident that if a supernova
occurred similar to SN1998bw or there was a bright LGRB (on- or off-axis)
the limiting magnitude of these images are sufficient for a detection. However
the models for a kilonova, SGRB and some low luminosity off-axis LGRBs are
too faint for these images. However since ROTSE-IIlc did not observe the
correct sky region, it is extremely unlikely an optical counterpart to this GW
trigger would be found. However these images provide a useful “dry run” of
the analysis under conditions of the 2009-2010 observing run.

The automated image processing pipeline identified 309 potential candi-
dates, of which 3 survived the event validation tests (these tests are docu-
mented in Section 4.4.1). 242 potential candidates were discarded because
they were only seen on one night, 31 candidates had too flat a lightcurve, 29

candidates did not decay by a sufficient amount 48 hours to 1 month after
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Figure A.1: Timeline illustrating the limiting magnitudes of the images taken
in response to G18666 (black) and expected models/EM observations, all
scaled for sources at 50 Mpc. These include kilonovae [93, 97] (blue), su-
pernova 1998bw [222] (red) and both short (SGRB) and long (LGRB), on-axis
(light green) [133, 134] and off-axis (dark green) GRB afterglows [224]. LL-
GRB represents a low luminosity GRB [224].
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Figure A.2: G18666: Distribution of the background events (cyan) and the
candidate (black) in terms of rank against the cumulative fraction of point-
ings. To be considered significant (false alarm probability less than 1%) the
candidates would need to have a ranking of greater than 29.

the event took place and 4 candidates coordinates were too close to a star as
identified by the SIMBAD catalogue. No candidates were rejected due to the
Minor Planet Checker. None of the three candidates were identified as being
in the vicinity (within three times the semi-major diameter) of a galaxy. They
have ranks of R ~ 1.0, 0.3 and 0.2.

The background distribution as well as the rank (defined by equation (4.2))
of each of the candidates for this event were found and plotted in Figure
A.2. The cyan curve shows the distribution of the background, with the three
candidates shown by black points. To be considered significant a candidate
would need to have a rank greater than the loudest background event, i.e. a
rank of 29 or more. However none of the candidates have a rank above ~1,
and are therefore not significant. The strongest candidate has a false alarm
probability of ~0.1. The three surviving candidates were investigated further
by plotting their lightcurves (a description of how lightcurve are generated is
found in Section 5.3). Candidate 1 is the highest ranked candidate from Figure
A2, with candidate 3 the lowest.

Figure A.3 shows the lightcurves for candidate 1, where lightcurve 1 shows
the lightcurve generated from both the transient and the background data
whereas lightcurve 2 shows the transient with the background subtracted. The

black curve in lightcurve 1 shows the transient to be approximately constant
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in magnitude. No upper limits are reported as the transient was found in
every image. Lightcurve 2 reveals the data from the transient only; the poten-
tial candidate is observed on these separate nights and follows the theoretical
lightcurves well. However for the remainder of the images the transient was
not found as shown by the numerous upper limits which report the limiting
magnitude of the image where the transient should be located. At the time of
taking this data the GW interferometers could detect NS-NS and NS-BH sys-
tems to ~ 50 Mpc. In addition the candidate is not thought to be a kilonova
or SGRB as it was not found in the other eight images where the sensitivity
was sufficient to detect the transients according to the models. Figures A.4
and A.5 show the lightcurves for the other two, lower ranked candidates. For
the same reasons as candidate 1, both candidate 2 and 3 are not thought to

be astrophysically interesting.

G18666 Injection Study

In the same manner as described in Section 4.6 simulated transients following
a kilonova, SGRB and LGRB, at various distances, were placed at random
locations in the G18666 images. Over 4000 transients were injected and the
automated pipeline run to show the performance of the pipeline in identifying
these sources. Figure A.6 shows the fraction of simulated transients which were
identified with distance or magnitude. The magnitudes reported are from the
second night of observation as one of the requirements for the pipeline to
identify a candidate is that it appears more than once (i.e. on at least two
nights). The distances quoted for the GRB models are the largest possible;
they could be anywhere up to a factor of 40 smaller. Equations (4.6) and
(4.7) define the GRB models. In each of these equations the offset quantity
represents the range in observational data taken from [133, 134] and can take
any value between 0 and 8. An offset of 0 (which was used here) represents
those brightest afterglows and 8 the dimmest. The distances quoted for the
GRB models are the largest that can be expected. They could however be a
factor of 40 smaller due to the range in observational data for GRBs [133, 134].
All the models have a low efficiency at bright magnitudes/close distances due
to saturation. Early in the image processing the pipeline discards transients
which are too bright as the assumption is that they are telescope artefacts
and not of astrophysical origin as they saturate the image. Therefore ~50%
of the injections between magnitudes 7.5 and 9 are discarded. However as the

injected magnitude drops the efficiency rises to its maximum between 80-90%
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Figure A.3: The top figure shows the lightcurve of the G18666 candidate
which includes the background and the bottom figure shows the lightcurve
with the background subtracted. In each plot the candidate’s data points
and error bars are plotted in black. Open circles on the model lightcurves
indicate times at which the transient was detected. If a candidate was not
identified in a given image, an upper limit is shown. This reports the limiting
magnitude of the image at the location of the candidate. For comparison we
also show the model lightcurves for both kilonovae (equations (4.4) and (4.5))
and afterglows (equations (4.6) and (4.7) with an offset=0) scaled to source
distances which produce the best match to the measured magnitudes of the
candidate. The SGRB and LGRB models give identical lightcurves the source
distance is different as shown. This candidate has a rank R ~ 1.0.
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G18666: Candidate 2
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Figure A.4: The top figure shows the lightcurve of the G18666 candidate
which includes the background and the bottom figure shows the lightcurve
with the background subtracted. In each plot the candidate’s data points
and error bars are plotted in black. Open circles on the model lightcurves
indicate times at which the transient was detected. If a candidate was not
identified in a given image, an upper limit is shown. This reports the limiting
magnitude of the image at the location of the candidate. For comparison we
also show the model lightcurves for both kilonovae (equations (4.4) and (4.5))
and afterglows (equations (4.6) and (4.7) with an offset=0) scaled to source
distances which produce the best match to the measured magnitudes of the
candidate. The SGRB and LGRB models give identical lightcurves the source
distance is different as shown. This candidate has a rank R ~ 0.3.
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G18666: Candidate 3
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Figure A.5: The top figure shows the lightcurve of the G18666 candidate
which includes the background and the bottom figure shows the lightcurve
with the background subtracted. In each plot the candidate’s data points
and error bars are plotted in black. Open circles on the model lightcurves
indicate times at which the transient was detected. If a candidate was not
identified in a given image, an upper limit is shown. This reports the limiting
magnitude of the image at the location of the candidate. For comparison we
also show the model lightcurves for both kilonovae (equations (4.4) and (4.5))
and afterglows (equations (4.6) and (4.7) with an offset=0) scaled to source
distances which produce the best match to the measured magnitudes of the
candidate. The SGRB and LGRB models give identical lightcurves the source
distance is different as shown. This candidate has a rank R ~ 0.2.
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when the magnitude on the second night is between 9.5-11.5. We are most
sensitive to sources resembling a kilonova / SGRB / LGRB at distances of ~ 1
Mpec / 20 Mpc / 300 Mpc. The reason we do not reach an efficiency of 100% is
either due to the background-subtracted lightcurve not being generated or due
to the injections not always being placed at the same coordinates in each set
of images (see Section 4.4.2 for details). With increasing distance/magnitude
the efficiency begins to decrease until injected transients with a magnitude of
16, on the second night, are not found. In terms of distance, this means we
cannot detect a transient which approximates a kilonova / SGRB / LGRB at
2 20 Mpc / 100 Mpc / 3 Gpe.

In an attempt to differentiate between all the identified injections and those
which are the most interesting, i.e. those which have a high rank, Figure
A.7 shows the fraction of injections which have a FAR < 0.1 with distance
and magnitude (R 20.4). These figures are essentially identical to Figure
A.6, meaning that approximately all detected injections are favourably ranked
compared to the background. This is due to the fact that the background
distribution falls below FAR ~ 10% at very low rank, R =0.4.

Figure A.8 depicts the distribution of injections and the background with
increasing distance. Plot (a) shows the injections made at the closest distances,
i.e. kilonova ~ 0.4 Mpc / SGRB ~ 3.3 Mpc / LGRB ~ 84 Mpc whereas plot
(j) at the farthest distances i.e. kilonova ~ 30 Mpc / SGRB ~ 250 Mpc /
LGRB ~ 6.3 Gpc. When injections are made at a close distances (kilonova
< 1 Mpc / SGRB < 8 Mpc / LGRB < 200 Mpc) their ranks are comparable
to or greater than the loudest background events. However as the simulated
transients are placed at greater distances and therefore dimmer magnitudes,
their distributions fall within the background and the rank is no longer useful

in separating the injections from the background.

G18666 Conclusions

ROTSE-IIIc followed up on event G18666 which occurred at 21:37:48 UTC on
Sep 7, 2010. However a computer error meant the telescope was pointed to an
incorrect point on the sky unassociated to this GW trigger. The images taken
in response to this trigger were analysed as normal before this discovery was
made. Investigations showed that should a kilonova (SGRB) within the region
imaged by ROTSE the automated pipeline would be able to detect the source
with 50% probability out to ~5 Mpc (45 Mpc). The pipeline would however
miss the brightest LGRB within this distance due to the source saturating
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Figure A.6: G18666: Efficiency of finding simulated transients with R > 0
versus distance (top) and magnitude (1.5 days after the trigger time) (bottom).
The distances quoted for the gamma-ray burst models assume the brightest
afterglows from Kann et al. [133, 134] (i.e. offset = 0 in equations (4.6) and
(4.7)) but could be smaller by a factor of up to 40. All the models suffer from
poor efficiency at very close distances / low magnitudes due to saturation.
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Figure A.8: G18666: The distribution of injections (kilonova-yellow, SGRB-red
and LGRB-green) and background (cyan) at various distances and magnitudes
(1.5 days after the trigger). Plot (a) kilonova ~ 0.4 Mpc / SGRB ~ 3.3 Mpc
/ LGRB ~ 80 Mpc, (b) kilonova ~ 0.5 Mpc / SGRB ~ 4 Mpc / LGRB ~ 100
Mpc etc. In these figures we assumed ghie GRB models to have the brightest
afterglows from Kann et al. [133, 134] (i.e. offset = 0 in equations (4.6) and
(4.7)). Therefore the GRB distances could be a factor 40 smaller.
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the images and the pipeline discarding it. Three potential candidates were
identified by the automated pipeline. The rank for each of these potential can-
didates was found and compared with that expected from background. The
most significant potential candidate was found to be comparable to 10% of the
background. The lightcurves for these three candidates were also generated
and studied. They showed no evidence to be considered astrophysically inter-
esting. Therefore we conclude that no significant EM candidates were found
for event G18666 by the ROTSE telescope system.
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