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Abstract

Gravitation and Multimessenger Astrophysics

by

Imre Bartos

Gravitational waves originate from the most violent cosmic events, which are often hidden

from traditional means of observation. Starting with the first direct observation of gravita-

tional waves in the coming years, astronomy will become richer with a new messenger that

can help unravel many of the yet unanswered questions on various cosmic phenomena.

The ongoing construction of advanced gravitational wave observatories requires disruptive

innovations in many aspects of detector technology in order to achieve the sensitivity that lets

us reach cosmic events. We present the development of a component of this technology, the

Advanced LIGO Optical Timing Distribution System. This technology aids the detection of

relativistic phenomena through ensuring that time, at least for the observatories, is absolute.

Gravitational waves will be used to look into the depth of cosmic events and understand

the engines behind the observed phenomena. As an example, we examine some of the plausible

engines behind the creation of gamma ray bursts. We anticipate that, by reaching through

shrouding blastwaves, efficiently discovering off-axis events, and observing the central engine

at work, gravitational wave detectors will soon transform the study of gamma ray bursts.

We discuss how the detection of gravitational waves could revolutionize our understanding

of the progenitors of gamma ray bursts, as well as related phenomena such as the properties

of neutron stars.

One of the most intriguing directions in utilizing gravitational waves is their combination

with other cosmic messengers such as photons or neutrinos. We discuss the strategies and

ongoing efforts in this direction. Further, we present the first observational constraints on

joint sources of gravitational waves and high energy neutrinos, the latter of which is created

in relativistic plasma outflows, e.g., in gamma ray burst progenitors.

High energy neutrinos may be created inside a relativistic outflow burrowing its way out



of a massive star from the star’s collapsed core. We demonstrate how the detection of high en-

ergy neutrinos can be used to extract important information about the supernova/gamma-ray

burst progenitor structure. We show that, under favorable conditions, even a few neutrinos

are sufficient to probe the progenitor structure, opening up new possibilities for the first

detections, as well for progenitor population studies.

We present the science reach and method of an ongoing search for common sources of

gravitational waves and high energy neutrinos using the initial LIGO/Virgo detectors and

the partially completed IceCube detector. We also present results on the sensitivity of the

search. We argue that such searches will open the window onto source populations whose

electromagnetic emission is hardly detectable.
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Chapter 1

Introduction

Comprehending Nature often necessitates learning about phenomena at their extremes. Ex-

ploring our environment in the greatest or smallest scales may teach us about the middle as

well. Astrophysics, in many senses, is set to take on this journey to the extremes: to the

farthest, most energetic, most violent phenomena in the Universe.

We can learn about extreme phenomena in galaxies far, far away via cosmic messengers

that travel through vast distances to tell us their tales of origin. Gravitational waves are

special kinds of such messengers: They are produced in the very core of violent cosmic events,

at the highest densities and most volatile motion of matter. These cores are often engines

driving hosts of other mechanisms that in turn will be observable via other messengers.

Understanding the connection between the engine behind these violent events and the set

of processes they initiate is one of the most intriguing challenges in astrophysics. To achieve

this goal one needs to combine the information available through different cosmic messengers

that convey different aspects of the story.

Multimessenger astrophysics with gravitational waves aims to reach towards this goal.

Beyond combining the available information channels, it also utilizes the different messen-

gers to reach farther into space by increasing the distinction between the signal from an

astrophysical source and the unavoidable noise that could obscure our view. Such additional

information can be crucial, especially since the detection of gravitational waves is compli-

cated by gravitation’s extremely weak interaction with matter. The electromagnetic force is

∼ 1020× stronger than gravitation. On the other hand, this weak interaction is responsible

for letting gravitational waves escape from the densest environments where they are created,
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without being sidetracked by matter.

To observe gravitational waves from large distances requires the construction of ever more

sophisticated detectors that can sense the minute ripples in spacetime, with sensitivities

beyond our imagination. For typical sources of interest, one needs to detect distortions that

are 1000-times smaller than the tiniest atomic nuclei. Such a futuristic goal has been achieved

through a series of scientific and engineering breakthroughs, leading to the construction of

interferometric gravitational wave detectors, such as the Laser Interferometer Gravitational-

wave Observatory (LIGO).

We are advancing towards the first direct detection of gravitational waves through de-

veloping advanced interferometers that can reach out to the cosmic phenomena producing

gravitational waves. We contributed to the development and construction of advanced inter-

ferometers that hold the promise of first detection. A part of this work will be presented in

this dissertation.

Reaching farther in our search for cosmic phenomena requires not only the advance of

interferometer technology, but also the sophisticated use of information from gravitational-

wave and other detectors. In order to present the progress in such use of information, we

outline the different directions within the gravitational-wave community. We discuss different

astrophysical messengers, search techniques, and recent searches.

The present dissertation describes a novel multimessenger search technique that was de-

veloped to combine information from gravitational waves and high energy neutrinos, as well

as the anticipated direction of cosmic events of interest based on the local distribution of

galaxies. The presented technique sets a new direction in multimessenger searches, where

none of the combined messengers is, by itself, certain evidence of a cosmic event. We further

present the first observational constraints on common sources of gravitational waves and high

energy neutrinos based on existing observational results, as well as projected constraints from

advanced detectors.

One of the most enigmatic phenomena in the distant universe are gamma ray bursts:

short, catastrophic events emitting copious amounts of very energetic, narrowly beamed

photons. In the dissertation we review plausible mechanisms that can drive gamma ray bursts,

aiming to explore the gravitational wave signature of such mechanisms. We further explore
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how such signatures can be used to gain understanding of extreme physical phenomena that

are otherwise virtually impossible to observe.

To better understand the information encoded in various cosmic messengers, we examine

some of the information carried in high energy neutrinos about their source. We demonstrate

how even a few neutrinos, under favorable conditions, can constrain the progenitor of the

emission. This case is of special importance, as the expected flux of high energy neutrinos

will likely be very low for most detected sources.

The dissertation is organized as follows. In Section 1.1 we give a brief description of

gravitational waves, their generation, and their detection, in order to facilitate our discussion

on gravitational wave observatories and searches.

In Section 1.2, we review possible gravitational wave emission mechanisms from gamma

ray bursts. While many other astrophysical phenomena can result in the emission of gravita-

tional waves, gamma ray bursts are probably the most intriguing targets of multimessenger

astronomy with gravitational waves, especially in the frequency range accessible with earth-

based interferometers. Gamma ray bursts are also interesting targets because there are many

unanswered questions about their central engine, which is responsible for driving the burst.

These central engines can be directly probed via gravitational waves. Beyond the presen-

tation of plausible scenarios of gravitational wave emission, we further discuss some of the

various physical phenomena that could be better understood by the detection of gravitational

waves from gamma ray bursts.

In Section 1.3 we present some of the most important elements of gravitational wave inter-

ferometry. We briefly introduce the LIGO observatory, and some of the recent developments

towards advanced detectors.

In Section 1.4 we discuss potential common sources of gravitational waves and high energy

neutrinos.

Section 1.5 describes search strategies for gravitational wave sources, with special em-

phasis on utilizing other astrophysical messengers in aiding the search. We discuss different

messengers that are being used in multimessenger searches with gravitational waves, and

present a short outline of the targeted astrophysical sources of interest. We further outline

ongoing and past searches with respect to the different strategies and messengers.
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In Chapter 2 we introduce the Advanced LIGO Optical Timing Diagnostic System, also

discussing the role of timing information from the perspective of astrophysical measurements

and data analysis. In general, upon the detection of gravitational waves, the (astro-)physical

results should not be limited by the precision of timing. The Advanced LIGO Timing System

is designed to provide UTC-synchronized timing information for the Advanced LIGO detec-

tors that satisfies the above criterion. We further demonstrate the precision and robustness

of the Timing System through testing results.

In Chapter 3 we derive a conservative coincidence time window for the two messengers

from gamma ray bursts. Further, we present observational constraints on their population

for current measurements, and projected constraints achievable with advanced observatories

in the near future.

In Chapter 4 we examine the information encoded in observed high energy neutrinos

about their sources. We demonstrate that important information can be recovered, under

favorable conditions, even with a few observed neutrinos.

In Chapter 5 we present a search method, and preliminary result, for common sources of

gravitational waves and high energy neutrinos. The search for common sources of these two

messengers presents a new direction in gravitational wave astronomy, in which one combines

different messengers which by themselves would not be sufficient to discover a cosmic event.

Finally, we shortly summarize our discussion in the Conclusion.

1.1 Gravitational Radiation

We start our discussion in this dissertation by introducing gravitational radiation. We briefly

discuss its interaction with matter, which makes gravitational radiation observable, as well

as its generation. Finally, we note that gravitational radiation has been indirectly observed.

Below we use the works of Einstein & Rosen [15], Landau & Lifshitz [16], Misner et al. [17]

and Hraskó [18] in our discussion.
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1.1.1 Ripples in spacetime

According to Einstein’s General Theory of Relativity [19], gravitation is a consequence of

the curvature of space and time (or spacetime). Since information cannot propagate faster

than the speed of light [20], a sudden, local change in the curvature will also propagate at

a finite speed. This finite propagation speed of the gravitational interaction necessitates the

existence of waves in the fabric of spacetime. We refer to such waves as gravitational waves

[21, 22].

The existence of gravitational waves was predicted by Einstein soon after the completion

of the General Theory of Relativity. We start with the Einstein field equations [15]:

Rµν −
1

2
gµνR =

8πG

c4
Tµν , (1.1)

where Rµν is the Ricci curvature tensor, gµν is the metric tensor, R = gµνRµν is the scalar

curvature, Tµν is the stress-energy tensor, and c and G are the speed of light and Newton’s

gravitational constant, respectively. We adopted Einstein’s summation convention. Here and

below, Greek indices will refer to four-coordinates, while Latin indices will denote spatial co-

ordinates only. We consider a weak gravitational field that will represent a small perturbation

in the spacetime metric. We can write the metric tensor in the form

gµν = ηµν + hµν , (1.2)

where ηµν is the Minkowski tensor of flat spacetime

ηik = δik, ηi0 = 0, η00 = −1, (1.3)

and hµν is a small perturbation term. In the linear approximation, in which we consider hµν

only to first order, the Riemann tensor will assume the form

Rµν = ∂αΓαµν − ∂νΓαµα =
1

2

(
∂µ∂αh

α
ν + ∂ν∂αh

α
µ − ∂µ∂νh−�2hµν

)
, (1.4)

where �2 = ∂k∂
k is the D’Alembertian operator, and h = gµνhµν . We introduce the
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transverse-traceless quantity

hµν = hµν −
1

2
ηµνh (1.5)

We can choose the coordinate system such that it satisfies the Lorentz gauge

∂µhµν = 0. (1.6)

With such choice, expressing Eq. 1.4 with hµν , one arrives at the simple form

�2hµν = −16πG

c4
Tµν . (1.7)

If no matter is present, then Tµν = 0 and hµν satisfies the relativistic wave equation in

vacuum. For the vacuum solutions of Eq. 1.7, one can utilize the additional gauge freedom1

in hµν to reduce it to transverse-traceless (TT) form, in which

h = h = 0. (1.11)

In this gauge hµν also satisfies the vacuum wave equation:

�hµν = 0. (1.12)

1Given the Lorentz gauge, hµν is ambiguous to the extent of an infinitesimal coordinate transformation
[17]

xµ → ξµ + ξµ (1.8)

for which
�ξµ = 0. (1.9)

For this transformation hµν changes as

hµν → hµν − ∂µξν − ∂νξµ + ηµν∂αξ
α (1.10)
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The simplest solution of Eq. 1.12 is a monochromatic plane wave

hµν(z, t) =


0 0 0 0

0 −h+ h× 0

0 h× h+ 0

0 0 0 0

 sin(kzz − ωt),

where h+ and h× are the amplitudes of the two independent gravitational wave polarizations,

ω and kz = ω/c are the frequency and wave vector of the plane wave, respectively, and the

wave’s direction of propagation was chosen to align with the z coordinate axis.

1.1.2 Interaction of gravitational waves with matter

Here we examine the effect of a passing gravitational wave on test particles. We consider two

test particles, A and B. Let us use A’s proper reference frame in which A is at the spatial

origin (xĵA = 0) and B is at xĵB. For a passing gravitational wave, the separation xĵB−x
ĵ
A = xĵB

varies as [17]

d2xĵB
dt2

= −Rj0k0 xĵB =
1

2

∂2hjk
∂t2

xĵB (1.13)

where we used the transverse traceless gauge. This can be integrated to yield

xĵB = xk̂B(0)(δjk +
1

2
hjk), (1.14)

where xk̂B(0) is the position of B when no gravitational wave is present.

It is useful to look at the phase shift of a plane wave of light during a round trip traveling

from A to B and then back to A. If the wavelength of the gravitational wave is much greater

than |xk̂B(0)|, then for the travel time we can approximate the gravitational wave to have

constant h+ and h× polarization components. If the gravitational wave is traveling along the

z axis and xk̂B(0) = Lx̂ is along the x axis, then the phase shift experienced by the light beam

will be

φx = 2
2πL

λ
(1− 1

2
h+). (1.15)

For a direction towards the y axis, the phase shift due to the same gravitational wave will
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be φy = −φx. The gravitational wave polarizations h+ and h× are therefore related to the

relative change in the distances between test particles

∆L

L
=

1

2
h+ (1.16)

Due to this simple geometrical analogy, the effect of gravitational waves on distances, as well

as the polarization amplitudes themselves, are sometimes referred to as strain.

1.1.3 Generation of gravitational waves

In linear approximation, the generation of gravitational waves is connected to the stress-

energy tensor Tµν through Eq. 1.7. Integrating this equation over the volume where Tµν 6= 0,

we obtain a retarded solution familiar from electromagnetism [18]:

hµν(−→x , t) = −4G

c4r

∫
d3x′ · Tµν

(−→x ′, t− |−→x −−→x ′|) , (1.17)

where we considered the far-field case when the distance r ≡ |−→x | is much greater than the

size of the source.

For the simple case of nearly Newtonian masses, gravitational radiation is similar to

electromagnetic radiation (with e2 → −m2), although there are quantitative differences due to

gravitation being a spin-two (tensor) field. The striking difference, however, is that for gravity,

dipole radiation vanishes because a closed system has zero gravitational dipole momentum.

Similarly, gravitational magnetic dipole momentum is also zero due to the conservation of

angular momentum. The smallest non-vanishing order is therefore gravitational quadrupole

radiation. The power of gravitational quadrupole radiation is [17]

Lgw =
G

5c5
〈
...
I jk

...
I
jk〉, (1.18)

...
I
jk ≡

∫
ρ

(
xjxk −

1

3
δjkr

2

)
d3x, (1.19)

where ρ is matter density.
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1.1.4 Indirect evidence for the existence of gravitational waves

While we are advancing towards their first direct detection, gravitational waves have already

been indirectly detected. In 1974, Hulse & Taylor [23] discovered the pulsar PSR 1913+16

in a binary system, and detected that its pulsation period varies over the binary’s period of

∼ 8 h. Measuring this cycle (that is due to the binary’s rotation) over a longer period, they

could measure the slow drift in the rotation period, which is consistent with the expected

angular momentum loss due to gravitational radiation. Other pulsar systems (e.g. [24]) also

show agreement with the emission of gravitational waves as predicted by General Relativity.

1.2 Astrophysical Sources of Gravitational Waves

In the previous section, we introduced gravitational radiation. Here, we discuss some of the

astrophysical phenomena that are sources of observable gravitational wave emission.

Gravitational waves (GWs) are detectable from sources with very large, changing quadrupole

moment. As the interaction of GWs with matter is extremely weak, only the most energetic

cosmic events can produce a GW signal that is strong enough to be observed with currently

existing and planned detectors.

Various cosmic sources are interesting potential GW sources that may be observed in the

near future, after the completion of advanced interferometers such as Advanced LIGO and

Virgo. Such sources include black hole (BH) and neutron star (NS) binaries coalescences,

core collapse supernovae (CCSN), gamma ray bursts (GRBs), giant flares from magnetars,

eccentric binary coalescences, pulsars, and others.

Below, we review in more detail perhaps the most interesting and mysterious astrophysical

sources of GWs: gamma ray bursts. GRBs, discovered only about 50 years ago, are still poorly

understood in many respects, even though significant progress has been made in the last two

decades. By reaching through shrouding blastwaves, efficiently discovering off-axis events,

and observing the central engine at work, GW detectors will soon revolutionize the study of

gamma ray bursts.

In this section we examine the three main astrophysical phenomena that are thought to

be progenitors of GRBs: compact binary coalescence, the core collapse of massive stars, and
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magnetars. In Section 1.2.1 we review the suggested emission processes of these progenitors.

In Section 1.2.2 we review some of the interesting astrophysical questions that could be

answered via the detection of GWs from gamma ray bursts.

1.2.1 Gravitational wave emission processes in GRBs

Here we survey different GRB models, focusing on their expected GW signature. The aim of

this survey is to outline the range of possible GW emission from GRBs, which vary widely

with respect to predicted signal strength and characteristic frequency, as well as model as-

sumptions.

Compact binary coalescences

Compact binary coalescences, i.e. NS-NS/BH-NS mergers, are thought to power the majority

of the short-hard GRBs [25, 26, 27, 28]. As EM observations provide only limited information

on these mergers, and due to the complexity of the process, an important tool in better

understanding their properties is through analytical and numerical methods.

Numerical simulations performed to model NS-NS or BH-NS binaries have aimed to re-

produce an increasing portion of the physics involved in the merger, such as general relativity

(GR), detailed microphysics, realistic equation of state (EoS), spin, and magnetic fields. See

Refs. [29, 26, 30] for reviews. Fig. 1-1 shows a schematic diagram of the main steps of bi-

nary evolution, illustrating similarities and differences between NS-NS and BH-NS binaries.

Fig. 1-2 summarizes the main features of GW emission in a schematic spectrum of the GW

effective amplitude.

Inspiral phase

The inspiral phase occurs when the two objects are significantly farther from each other than

their respective radii. For the early inspiral phase, the bodies can be described essentially

like point masses. The finite size of the NSs, their precession and magnetic fields play little

role [31, 30].

As the two objects approach each other, these properties become increasingly important.

For instance, the tidal deformation of NSs in a binary system can slightly affect the rotation
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Figure 1-1: Schematic diagram of the evolution of compact binary coalescences. While the
inspiral phase is observable for a few seconds, the merger and ringdown phases last only a few
milliseconds. If a hypermassive NS is formed during the merger, it can survive potentially
for up to a second before collapsing into a BH.



12

period (and therefore the GW waveform) in the late inspiral phase [32, 33, 34]. If any of

the objects is rapidly rotating, general relativistic spin-orbit or spin-spin coupling can cause

the binary’s orbital plane to precess, significantly affecting the binary’s evolution and GW

emission [35, 36, 37]. Magnetized NS-NS binaries have an extended inspiral phase compared

to non-magnetized binaries [31]. This delayed merger of magnetized NSs results in a much

stronger GW signal during this phase because a few more inspiral periods are added to the

waveform. For BH-NS binaries, increasing the BH spin (prograde) can also prolong the

inspiral phase and increase the mass of the final accretion disk [38, 39], as the radius of

the BH’s innermost stable circular orbit (ISCO) is smaller for prograde Kerr BHs than for

non-spinning BHs.

Binary early inspirals are of special interest for the detection of GWs. As the binary’s

orbital frequency increases, for some time during the binary evolution it will emit GWs in the

most sensitive frequency band (∼ 150 Hz) of earth-based interferometers, reaching relatively

high signal-to-noise ratios compared to later, higher-frequency phases. The Advanced LIGO-

Virgo network will be able to detect a NS-NS inspiral up to ∼ 450 Mpc, while BH-NS inspiral

will be detectable up to ∼ 950 Mpc (for optimal source orientation) [40]. This corresponds

to potentially tens of NS-NS and a few BH-NS binaries detected with advanced detectors

each year [40]. Third generation detectors are expected to reach 10× farther than advanced

detectors, to several Gpc, and thus will be able to observe tens of thousands of events a year

(e.g. [41]).

The effective amplitude of GW signals in the early inspiral phase scales approximately

with heff = h(f)f ∼ f−1/6 [42, 1], up to the cutoff frequency fcut ∼ 1 − 3 kHz [42, 43, 1],

with . 1 kHz and 1 − 3 kHz traditionally considered the inspiral and early merger phases,

respectively (for f . fcut the merger retains a binary-like structure) [1].

Merger phase

Depending on the binary system, the merger phase can progress in distinct directions with

qualitatively different GW and gamma-ray emission. For the creation of GRBs, it is prob-

ably crucial that a massive accretion disk is formed [26]. Disk formation requires the tidal

disruption of a NS at some point in the merger [44, 38, 39]. Whether tidal disruption occurs
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Figure 1-2: Schematic spectrum of effective amplitude heff for compact binary coalescences.
During the inspiral phase up to ≈ 1 kHz and the early-merger phase up to fcut ∼ 3 kHz,
the system retains its binary-like structure and heff scales as f−1/6. If a BH is present or is
promptly formed, matter quickly falls in the BH, losing angular momentum through emitting
GWs around a peak frequency fpeak ∼ 5−6 kHz. If a HMNS is formed from a NS-NS binary,
it will radiate GWs through its quasiperiodic rotation at fqpd ∼ 2−3 kHz. As the HMNS loses
substantial angular momentum before collapsing into a BH, its GW emission at fpeak will be
smaller. After matter falls into the BH, the BH rings down, emitting GWs at ≈ 6.5− 7 kHz
with exponentially decaying amplitude. (Inspired by Fig. 2 of Ref. [1]).
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depends on the binary properties (mass, spin, etc.), as well as the NS EoS. A disk mass of

∼ 0.01 M� is probably sufficient to supply the energy for the creation of a short GRB [1].

According to accretion disk simulations, the observed variability in gamma-ray luminosity

can also originate from accretion [45].

Here we list the possible outcomes of a merger and outline the scenarios that can lead to

them.

• Prompt BH formation with no accretion disk — for BH-NS binaries if the ISCO

radius RISCO is greater than the tidal disruption radius Rtidal, the NS plunges into the

BH before it could be tidally disrupted, resulting in a BH with no accretion disk. This will

be the case for binaries with relatively high BH-NS mass ratio (& 5 : 1) [38, 39, 26]. For

spinning BHs, the mass ratio above which no disruption occurs is higher [46].

For NS-NS binaries with equal masses, if the binary mass exceeds a threshold Mthr, the

NSs will promptly collapse to a BH upon merger [47], leaving essentially no accretion disk

behind [44, 47]. Kiuchi et al. [34] find, in a full GR simulation with hybrid EoS, that a BH

is promptly formed if total mass of the binary system is & 2.9 M�. In this scenario, GWs

are emitted around a peak amplitude fpeak ∼ 5 − 6 kHz, corresponding to matter falling

into the central BH [1]. At such high frequency, the detection of this GW component is

difficult with current interferometers. This scenario is not a good candidate for the creation

of GRBs.

• Prompt BH formation with accretion disk — For BH-NS binaries with relatively

low mass ratio (. 4 : 1), the NS will be tidally disrupted before falling into the BH, which

leads to the formation of a massive accretion disk [48, 38, 39, 26]. For spinning BHs, the

mass ratio below which disruption occurs is even higher [46], and the mass of the formed

disk can greatly depend on BH spin and spin-alignment [49]. For NS-NS binaries with

unequal NS masses and sufficiently large total mass (& 3 M� [34, 50]), the smaller NS

will be tidally disrupted followed by the larger NS’s prompt collapse into a BH, leaving a

potentially massive accretion disk behind [51].

In this scenario, GWs are emitted around a peak amplitude fpeak ∼ 5− 6 kHz (similar to

the previous case), corresponding to matter falling into the central BH [1]. At such high
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frequency, the detection of this GW component is difficult with current interferometers.

This scenario is a good candidate for the creation of accretion-powered GRBs.

• Hypermassive NS formation — NS-NS binaries with total mass . 3M�, [34, 47, 50] will

not promptly collapse into a BH, but will first form a so-called hypermassive NS (HMNS)

supported by differential rotation and thermal pressure [26, 1, 50]. The collapse of the

HMNS into a BH is delayed (� 10 ms) until enough angular momentum and temperature

is lost through GWs, magnetic processes and neutrino emission [50, 52].

A rapidly rotating HMNS with stiff EoS will assume an ellispoidal shape, this being ener-

getically favorable over a spheroid [26]. Such an ellipsoidal HMNS will emit a strong GW

signal at its (quasiperiodic) rotational frequency fqpd ∼ 2− 3 kHz [43, 34, 47, 50].

HMNS rotation is differential, its core rotating faster than its surface. For a HMNS with

large magnetic fields, its core loses angular momentum due to magnetorotational instability

(e.g. [53]) or magnetic winding (e.g. [54, 31]), eventually collapsing into a BH with a

massive accretion disk. Losing angular momentum through magnetic effects, however,

decreases GW emission, which is the competing mechanism through which the system

would lose angular momentum.

HMNSs may leave a massive accretion disk behind after collapsing into a BH [44, 47, 55].

It seems that the outcome gradually depends on the binary mass. As the total binary

mass decreases, the livetime of the HMNS increases, resulting in stronger GW emission

and a more massive accretion disk. This gradual change is suggested by the intermediate

step found by Hotokezaka et al. [47], who found that with total masses just below prompt

BH formation, a very short-lived HMNS is formed with likely suppressed accretion disk

formation.

In this scenario, a significant amount of GW energy is emitted from the HMNS at around

its quasiperiodic rotation frequency. Quasiperiodic GW emission from a HMNS may be

detectable with advanced detectors from ∼ 20 Mpc [56, 50], especially because it will be

accompanied by an inspiral phase with significantly higher SNR. This scenario is a good

candidate for the creation of accretion-powered GRBs.

Accretion disks themselves may contribute to the GW emission of binaries [57]. BH-torus
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systems can be unstable to non-axisymmetric perturbations [58] that may give rise to non-

axisymmetric torus structure, resulting in quasiperiodic GW emission at a few-hundred Hz.

While this contribution is weaker than GWs from the inspiral phase, it may be detectable

from up to 100 Mpc [57].

Ringdown phase

Above ∼ fpeak at ≈ 6.5− 7 kHz, the GW spectrum is qualitatively independent of the prop-

erties of the binary. It decays exponentially due to the m = 2 quasinormal mode oscillation

of the final black hole [42, 26]. For solar-mass binaries, GW radiation from the BH ringdown

is undetectable due to its high frequency.

For NS-NS binaries in which a long-lived HMNS is formed, a significant fraction of the

angular momentum is lost before the HMNS collapses into a BH. This decreases the angu-

lar momentum that remains for the ringdown phase, substantially reducing the ringdown

amplitude.

Collapsars

Collapsars emit GWs through various mechanisms [59]. Below we focus on the mechanisms

producing GWs that may be sufficiently strong to be detected on scales relevant to GRBs,

i.e. that are detectable from � 10 Mpc with 2nd or 3rd generation GW interferometers. A

schematic diagram of these emission processes are shown in Fig. 1-3. For recent reviews on

GW emission mechanisms that are relevant for galactic and nearby sources (< 10 Mpc), see,

e.g., [60, 41, 61].

Rotational instabilities in protoneutron stars

For massive stars with initial stellar masses 10 M� . M . 30 M�, the collapsing core is

expected to form a NS [62]. The resulting rotating protoneutron star (PNS) can be unstable

to non-axisymmetric deformations, giving rise to copious GW emission [63, 64, 65, 66]. The

onset of rotational instabilities depends on the rotational rate of the star, which can be con-

veniently parameterized by β ≡ Trot/|W |, i.e. the ratio of the star’s rotational kinetic (Trot)

and gravitational potential (W ) energies [67]. The resulting non-axisymmetric structure is
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Figure 1-3: Schematic diagram of GW emission scenarios of collapsars.

typically dominated by a growing bar-like m = 2 mode, giving rise to a characteristic GW

emission at twice the rotational frequency. While there are still various uncertainties in the

evolution and role of rotational instabilities (e.g., non-linear mode coupling effects [66] or the

role of viscosity and neutrino cooling), the emerging picture is that rotational instabilities

are likely viable and strong emitters of GWs and may play an important role in the future

detection and understanding of GRBs through their GW signature.

The energy available for GW emission is abundant. The rotational energy of a typical

NS with 1 kHz rotational frequency is ∼ 10−2M� c2 (e.g. [68]). Even a fraction of this

energy, if radiated away in GWs, could be detectable to large distances (� 10 Mpc) with

advanced detectors. The PNS may also accrete supernova fallback material or material from

a companion star [69, 70, 28]. Such an accretion further increases the angular momentum

and energy that can be radiated away in GWs [71, 72].

The amplitude of a GW signal emitted by a rotating bar scales as h ∼MR2f2/d, where

M , R, f and d are the mass, radius, rotational frequency, and distance of the NS, respectively

[28]. The energy radiated away in GWs, in the Newtonian quadrupole approximation, can

be estimated as

EGW ≈ 10−3M�c
2
( ε

0.2

)2( f

1 kHz

)6( M

1.4M�

)(
R

1.2 km

)2 ( τ

0.2 s

)
, (1.20)

where ε is the ellipticity of the bar and τ is the duration of the presence of the instability.

• Dynamical instabilities – Rapidly rotating stars will be subject to dynamical instabilities

driven by hydrodynamical and gravitational effects [63, 70, 66]. Approximating the PNS
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as a uniformly rotating, classical fluid body, dynamical instability will arise at a rotation

rate β & 0.27 ≡ βdyn [73]. Stability conditions are essentially the same for relativistic stars

(for which βdyn ∼ 0.24 [66, 28]). Differentially rotating stars, however, are subject to non-

axisymmetric instabilities even at much slower rotation with β . 0.09 [74, 75, 76, 77]. Such

low-β instabilities in differentially rotating PNSs are probably analogous to the Papaloizou-

Pringle instability [58]: the PNS core is surrounded by a fluid rotating at the frequency

of a non-axisymmetric mode of the core, hence exciting this mode [70]. As numerical

simulations have so far been too short to capture the long-term behavior of some dynamical

instabilities, they are not conclusive in terms of the total energy emitted via GWs from

dynamical instabilities. Nevertheless, GW emission seems to be fast relative to the cooling

time of the PNS, or compared to energy loss due to viscosity. Consequently, if competing

mechanisms that radiate away angular momentum (e.g. magnetic fields) are weak, then

GWs can carry away a significant part of the PNS rotational energy, producing a signal

that may be detectable from

D & 60 Mpc

(
f

10−2 M�c2

)1/2( f

1 kHz

)−1
(1.21)

for narrow-band, circularly polarized GW signals from optimal source direction (given 10×

sensitivity improvement for advanced detectors; based on the results of [78] that used only

one GW detector – multiple detectors could see even farther). The frequency scaling of

the distance only applies to f & 300 Hz.

• Secular instabilities – Stars with lower rotation rates can be subject to secular (dissipation-

driven) non-axisymmetric instabilities [79]. Dissipation can be driven by gravitational ra-

diation [79] or fluid viscosity [63, 28]. GW emission drives frame-dragging (the so-called

Chandrasekhar-Friedman-Schutz) instabilities to modes that are retrograde with respect

to the star but prograde with respect to the observer [80, 81]. Among GW-driven instabili-

ties, f-mode bar instabilities (buoyancy being the restoring force) have the shortest growth

time for the relevant rotation rates, is 0.1 s . τGW . 7 × 104 for 0.27 & β & 0.15 [82]. In

the uniformly rotating approximation of a relativistic star, the PNS becomes unstable to

GW-driven m = 2 f-mode instabilities for β & 0.06 − 0.09 ≡ βsec depending on the EoS
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and stellar mass (compare with the Newtonian limit of β & 0.14 [80, 82]) [83]. As angular

momentum is radiated away through GWs, the PNS’s rotation frequency and therefore the

GW frequency decreases, sweeping through the most sensitive band of LIGO-like detec-

tors. Analytical and numerical results indicate that such a GW signal may be detectable

at distances up to ∼ 100 Mpc with advanced interferometers [82, 84, 85, 86]. Some recent,

realistic numerical simulations are also promising, even though they only cover the first

few milliseconds after core collapse and therefore cannot capture the longer term evolution

of the bar mode [75, 76].

Rotating PNSs are also unstable to GW-driven r-mode oscillations (the restoring force

being the Coriolis force) at any rotation rate [87, 28]. R-modes will be important if their

growth time is greater than the damping time of viscous forces. GW signal from PNS

r-modes may be detectable for several years after core collapse [88]. Given such a long

duration, the emitted GW signal may be integrated for a measurement of ∼ 1 yr that would

give a detectable signal to distances of ∼ 30 Mpc [88] (or to even farther if the PNS is a

strange quark star [41, 89]). Other calculations (see [28] and references therein), however,

suggest the emergence of other modes due to nonlinear coupling that may significantly

decrease GW emission from r-modes.

• Accreting neutron stars – Some NSs accrete material from a companion star [69, 70, 28].

Some of these systems are observed as Low-Mass X-ray Binaries (LMXB) [28]. It is possible

that NSs radiate away the angular momentum they gain from accretion through GWs. Such

radiation can happen even at fairly low rotation rates due to r-mode instabilities, which can

arise at any rotation rate (although may be damped by the star’s viscosity) [71, 90]. Such

accretion-induced GW emission is relatively weak, detectable only for galactic or nearby

sources with advanced detectors [28]. Nevertheless, such a process can be ongoing for

millions of years and therefore the source population is significantly higher than transient

events present for shorter time scales.
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Accretion disk non-axisymmetric instabilities

Upon the core-collapse of massive stars (& 30 M�; [62]), a plausible scenario is the formation

of a central BH surrounded by an accretion disk [91]. Such a BH-torus system can be the

source of copious GW emission if the disk assumes a finite quadrupole structure due to non-

axisymmetric instabilities [59]. The emergence of such a non-axisymmetric structure on the

time scales comparable to the life time of the accretion disk requires a stellar progenitor with

sufficiently high angular momentum. A high rotation rate is also probably required for the

creation of a GRB (e.g. [92]). Below we outline some of the possible scenarios through which

non-axisymmetric instabilities in accretion disks may result in strong GW emission.

• Non-axisymmetric structure via Papaloizou-Pringle instability – Differentially

rotating accretion disks can be subject to a global non-axisymmetric (so-called Papaloizou-

Pringle, PP) instability [58, 93]. The PP instability gives rise to a (m = 1) non-axisymmetric

structure, on a dynamical time scale (i.e. order of rotation period). Such non-axisymmetric

structure can persist for much longer than the dynamical time scale, resulting in strong,

quasiperiodic GW emission. The PP instability and the resulting non-axisymmetric struc-

ture have been observed in 3D relativistic simulations of BH-torus systems [94, 57]. These

simulations indicate that BH-accretion disk systems subject to the PP instability emit

GWs in the 100-1000 Hz frequency range that may be detectable from ∼ 100 Mpc with Ad-

vanced LIGO/Virgo [57]. Strong magnetic fields present in the accretion disk can enhance

the instability for thick disks (and may suppress it for thin disks) [95].

• Disk fragmentation via gravitational instability – Accretion disks with sufficiently

large angular momentum are gravitationally unstable [96, 97, 98]. A gravitationally unsta-

ble disk will fragment if the disk cooling time is sufficiently short (. orbital period) [99].

The resulting fragmented disk will emit a strong chirp-like GW signal [100]. Viscosity and

GW emission drive the angular momentum loss of the disk. Consequently, low disk viscos-

ity favors stronger GW emission, which may be detectable from ∼ 100 Mpc with Advanced

LIGO/Virgo [97]. GW frequency at its highest signal-to-noise ratio (SNR) is probably in

the 102 − 103 Hz range, depending on the strength of viscous forces. The duration of GW

emission may be similar to that of gamma-ray emission. Further, the tidal disruption of
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fragments in the accretion disk may result in some of the X-ray flares observed in GRB

afterglows [97]. Accretion disk fragmentation has been found in approximate numerical

simulations [98].

• Suspended accretion – It has been speculated (e.g. [101]) that, in order for accretion

around a central, rotating BH to continue for the time scales of long GRBs, accretion

is “suspended” (i.e. slowed down). Such suspended accretion may be achieved through

magnetic fields, which transfer some of the rotational energy of the BH to the disk. A

significant fraction of this rotational energy can then be radiated away through GWs,

making the central BH a large reservoir of energy transferable to GW emission. In order to

emit GWs, the accretion disk needs to lose its axial symmetry, e.g., through fragmentation.

GW radiation from suspended accretion has been estimated to carry away as much as

EGW ∼ 10−2 M� in the sensitive frequency band of LIGO/Virgo-like interferometers over

a duration comparable to the duration of long GRBs (∼ 30 s) [101, 102]. Such a source may

be detectable to ∼ 100 Mpc with advanced detectors. Suspended accretion may be present

even for slower-rotating stellar progenitors, compared to other types of disk fragmentation.

• Fragmentation of collapsing core – In very rapidly rotating stars, infalling matter may

fragment even before the formation of a BH-torus system. It has been suggested that, in

analogy with observed phenomena in star formation, the collapsing core may fragment and

form two or more compact objects [103, 104, 100]. Such fragmentation was observed in

relativistic numerical simulations of approximate pre-supernova cores [105, 106, 107]. Such

core fragmentation would give rise to strong, characteristic GW emission, similar to the

case of binary mergers. Nevertheless, the rotation rate necessary for such fragmentation

seems to be difficult to achieve with current stellar models [59].

Magnetars

Highly magnetized neutron stars (magnetars) are thought to be the engine behind soft gamma

repeaters (SGRs) and anomalous X-ray pulsars (AXPs) [108, 109, 110, 111, 112]. Some

magnetars occasionally produce so-called giant flares that resemble short GRBs ([113] and

references therein). Giant flares are much less energetic than typical short GRBs at cosmo-
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logical distances, hence they are only detectable from the Milky Way or nearby galaxies, up

to . 40 Mpc with current instruments [113]. The lack of excess short-GRB population from

the direction of these galaxies indicates that magnetars may only be responsible for a small

sub-population of short GRBs [114].

As magnetars can exhibit occasional flaring activity over a long period of time, giant flares

are much more common (with much weaker gamma emission) than other types of GRBs, as

indicated by the rate of observed galactic and nearby giant flares [115, 116, 117, 78, 118].

Due to their vicinity, they will be detectable with GW observatories even with much weaker

GW emission compared to other, extragalactic GRBs.

Giant flares (as well as SGR activity or abrupt changes in the NS spin period; [119]) are

thought to be the result of so-called starquakes: the tectonic activity (cracking) of the NS

crust [119], which is followed by the reconfiguration of the NS’s magnetic fields [114]. Star-

quakes induce seismic vibrations in the NS, causing the observed quasi-periodic oscillations

(QPOs) in the X-ray tails of giant flares [120, 121, 122, 123, 124, 121]. It has been suggested

[125, 126] that QPOs cannot be driven by oscillations in the NS crust due to the quick (∼ 1 s)

dissipation of the vibration via Alfvén waves into the neutron star interior. Nevertheless, such

models, at least for now, have difficulty explaining the stability of QPO frequencies over tens

of seconds, or explaining the similar statistical properties of SGR events and earthquakes,

the latter of which is known to be due to tectonic activity [114].

NS seismic vibrations result in the emission of GWs [127, 128, 129, 112]. In the optimal

scenario for GW emission, magnetic reconfiguration can liberate 1048 − 1049 erg of crustal

elastic energy, which is the upper limit for the energy radiated away via GWs [129, 112].

This energy can be even higher if the NS is of strange quark matter [112].

A fraction of the energy from magnetic reconfiguration can excite NS fundamental f-modes.

F-modes are damped by GWs on a very short time scale (∼ 200 ms; [112] and references

therein), which is shorter than most other potential damping mechanisms. Therefore, most

of the energy in the f-modes may be radiated away via GWs [112]. F-modes oscillate at

1− 2 kHz (for stiff EoS), not too far from the most sensitive band of Advanced LIGO/Virgo

[128]. Given the extreme case of 1049 being transferred into f-modes that oscillate at ∼ 1 kHz,

the resulting GW could be detected up to . 2 Mpc with Advanced LIGO/Virgo (given 10×
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sensitivity improvement compared to initial detectors) [78]. “Stacking” the GW signals from

multiple events can extend this distance even farther [130, 118]. In a more realistic scenario in

which the excitation energy is comparable to the observed giant flare energy (∼ 1046 erg) and

not all energy is lost through GWs, the GW signal is probably detectable from the Galaxy

with advanced detectors.

Quasi-periodic oscillations (QPOs) with various frequencies from ∼ 10 − 103 Hz and

durations up to ∼ 100 s have been observed in every giant flare X-ray afterglow so far

[120, 121, 122, 123, 124, 121]. Some of these QPOs may be connected to the seismic modes

of the NSs [120, 124]. These seismic oscillations may result in the emission of GWs ([117]

and references therein), although some of them may be poor GW emitters [131]. Of special

interest is the QPO around ∼ 100 Hz, which falls in the most sensitive frequency band of

LIGO/Virgo. Possible GW emission of ∼ 1044 erg at this frequency would be detectable out

to ∼ 10 kpc with Advanced LIGO/Virgo (given 10× sensitivity improvement compared to

initial detectors) [78].

1.2.2 GRB astrophysics with gravitational waves

This section addresses the question: What can a GW signal add to our understanding of

the physics of GRBs? Detectable electromagnetic radiation, our main source of information

on GRBs, is emitted from relatively large distances (& 1013 cm) from the central engines

responsible for the creation of GRBs. GWs are created right at the central engine, and can

convey information about it without being distorted by matter on its way to the observer.

Here we outline some of the questions of interest that could be answered through observing

the GW signature of GRBs.

Binary mergers

• Progenitors of short GRBs – As compact binary mergers will be detectable from hun-

dreds of Mpc with the Advanced LIGO-Virgo network [40], within these distances it will

be possible to confirm or disprove binaries as GRB progenitors. GWs can be the ulti-

mate tool in progenitor identification, as identification based on EM signals is not always

straightforward [27]. By connecting each measured source with the presence or absence of
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emission, and by exploring the correlations between observed EM counterparts and their

binary progenitors, we can therefore probe what drives the central engine.

• Population prospects – The populations of short GRBs [132], as well as compact binaries

[40], are highly uncertain. The observation of GWs from compact binary coalescences could

be an effective way of determining the source population. Due to the very large field-of-

view of GW detectors, they can be used efficiently to locate practically all sources within

their well-determined horizon distance of hundreds of megaparsecs. As source distances

can also be determined using GWs (see next subsection), the binary coalescence population

could also be mapped as a function of redshift.

• Source distance and luminosity – The detection of a presumably binary coalescence

GW signal from an observed short GRB can be used to determine the distance and redshift

of the source [133]. In fact, the determination can be done independently of the cosmo-

logical distance ladder. Distances of short GRBs can be reconstructed to a ∼ 10 − 30%

precision for & 500 Mpc for NS-NS, and for & 1.5 Gpc for BH-NS binaries using the Ad-

vanced LIGO-Virgo detector network [133]. Reconstructed source distance can then be

used to accurately reconstruct the luminosity of short GRBs.

• Jet angular structure – The angular structure of relativistic jets from short GRBs is

poorly constrained [52]. The rate of binary mergers detected through GWs, together with

the rate of short GRBs for which a binary progenitor can be confirmed with GWs, could

be used to determine the opening angle of short GRBs.

Further, the polarization of the inspiral GW signals could be used to characterize the view-

ing angle of observed GRBs [134]. The GW polarization from a binary inspiral depends

on the viewing angle compared to the rotational axis of the binary (e.g. [135]). Towards

the rotational axis, the GW signal is circularly polarized, while the polarization becomes

elliptical for off-axis observers, eventually becoming linear for observers in the equatorial

plane. For sufficiently strong GW signals from the inspiral phase, reconstructing the ec-

centricity of the GW polarization could provide information on the opening angle. With

a large number of measurements, the angular structure of the jet could be mapped as well

[134].
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• Neutron Star Equation of State – The EoS of high-density matter is poorly constrained

at NS densities [32]. The observation of NSs with masses up to ∼ 2 M� [136] presume a

stiff EoS.

The evolution of NS-NS/BH-NS binaries greatly depends on the NSs’ nuclear EoS. There-

fore, the GW signal from binary coalescences can be used to determine/constrain the EoS.

The simplest case is the tidal disruption of a NS during the binary merger. The orbital

frequency at which tidal disruption occurs can be used to determine the radius of the NS.

This, together with the NS mass reconstructed from the inspiral GW waveform [137], can

be used to constrain the nuclear EoS [138, 139, 140].

The tidal deformation of NSs in a binary system can affect the GW waveform even prior

to the merger phase. The GW energy spectrum during the last few orbits of a NS-NS

binary prior to merger can be used to determine the compactness ratio (M/R) of the NSs

[141]. For these last few orbits of the binary, the GW frequency is still reasonably close to

the sensitive frequency band of LIGO-type detectors, making the analysis of these last few

orbits feasible.

The tidal deformation of a NS in the inspiral phase can be described by one parameter (the

so-called Love number [32]), which is effectively the ratio of the star’s induced quadrupole

moment to the quadrupole moment of the perturbing tidal gravitational field of the binary

companion. Flanagan & Hinderer [32] showed that the nuclear EoS of NSs can be con-

strained even through the early inspiral phase due to the effect of tidal deformation on the

waveform. Read et al. simulated the inspiral phase of NS-NS binaries, showing that NS

EoS can be constrained (to 10− 40% accuracy) with advanced GW detectors for a source

at a distance up to 100 Mpc [33]. With the Einstein telescope, the EoS can be constrained

from an order of magnitude farther [140].

Further, it is possible that the inner part of a NS becomes strange quark matter at high den-

sities. A star made of quark matter can be self-bound, a marked difference from hadronic

NSs that are gravitationally bound [29]. The GW emission of a strange quark star is sub-

stantially different from that of hadronic NSs [139], hence GWs could be used to determine

whether NS interiors may contain quark matter [142, 143, 144].
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• Magnetic fields in neutron stars – Magnetic fields can play an important role in the

evolution of binary mergers as well as in the formation of GRBs [26, 52]. The GW signature

of binary mergers could be used to better understand their specific role and field strength

in NSs and compact binaries. For instance, fast rotating HMNSs can lose their angular

momentum through magnetic processes (e.g. [53, 54, 31]), leaving less angular momentum

for GW emission. The attenuation of the quasiperiodic GW signal from an HMNS may be

used to constrain the strength of magnetic fields in the HMNS.

Further, the merger of magnetized NS-NS binaries shows substantial differences compared

to the non-magnetized case. For example, aligned NS magnetic fields delay the merger

of the stars, resulting in strong inspiral-like GW emission for a few more cycles [31]. As

these additional cycles reduce the angular momentum of the system, the after-merger GW

signal in the magnetized case will be suppressed. The detection of the merger phase GW

emission from NS-NS binaries therefore carries information about NS magnetic fields and

their alignment as they were present prior to merger. We note that the inspiral GW

waveform shows essentially no dependence on the presence of magnetic fields, not even for

very strong fields [51].

Magnetic fields in NS-NS binaries can be significantly amplified via Kelvin-Helmholtz in-

stabilities in the shear layer between the merging NSs [145, 51]. Even if magnetic fields are

small prior to merger, the amplified fields can be strong enough to affect the evolution of

the merger and therefore GW emission.

By reconstructing the magnetic properties of a large number of NSs in binary mergers, one

could answer questions such as [29]:

- What is the highest achievable magnetic field frozen in a stationary neutron star?

- How is the maximum neutron star mass affected by strong magnetic fields?

• Accretion disks – The accretion disk around a BH can be subject to non-axisymmetric

(Papaloizou-Pringle) instabilities [58] that can result in the emission of GWs. The GW

waveform depends on the mass and other properties of the accretion disk, such as its

momentum profile, showing marked difference for different masses and profiles [57]. The

large-amplitude, quasiperiodic GW emission from these instabilities will have characteristic
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frequency of a few hundred Hz, making this signal detectable at distances of up to 100 Mpc

[57]. The detection of such a signal, probably together with the detection of the earlier

inspiral phase from the binary, could be utilized to reconstruct properties of the accretion

disk, even if no EM signal is observed from the source.

Collapsars

• Progenitors of long GRBs – One of the most important goals of GW astrophysics is to

shed light onto the mechanism that creates long GRBs. It is anticipated that long-GRB

progenitors are collapsars, which can be confirmed via the detection of the GW signature

of long GRBs. Further, the internal evolution of a collapsar, which may largely depend on

the specific progenitor, can also be examined. For example, the formation of a PNS or a

BH-torus system, or the fragmentation of the collapsar core can be differentiated via GWs.

• Neutron star equation of state – The mass and radius of NSs have a profound effect on

their potential GW emission through rotational instabilities. Detecting the GW signature

of these instabilities can be used to constrain the mass-radius relation, and therefore the

EoS, of NSs.

Further, rotational instabilities in NSs result in qualitatively different GW emission for

conventional and strange quark NSs [41, 89]. Whether a NS is composed of strange quark

matter could be inferred from the detected GW signature of the NS’s rotational instability.

• Neutron star internal physics – The evolution of the GW waveform from PNS rota-

tional instabilities strongly depends on the internal physics of PNSs. Differential rotation

inside a PNS [74, 75, 76, 77], temperature (e.g. [88]), viscosity and neutrino cooling [88]

may all leave their mark on the evolution of rotational instabilities and the resulting GW

emission.

• Accretion physics – For BH-torus systems, the occurrence of suspended accretion [101]

can be confirmed or excluded, as for this model the GW frequency is much more stationary

than in the case of other models. Also, for BH-torus systems the strength of viscosity (and

possibly the strength of other processes through which the torus loses angular momentum)

can be determined, as these are competing effects for angular momentum loss: The total
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loss of angular momentum can be inferred from the GW frequency, while the loss through

GWs can be inferred from the GW signal amplitude.

Accretion of matter by the PNS results in extended GW emission due to the intake of

angular momentum [71, 72]. As the time scale and nature of accretion is likely different

for accretions from supernova fallback material or material from a companion star, the

extended GW signal from rotational instabilities will carry important information on the

accretion mechanism.

• Magnetic fields in neutron stars – Sufficiently strong magnetic fields inside a PNS can

be competing with GWs in radiating angular momentum away. As NS spindown may be

reflected in the GW frequency, measuring the GW amplitude and NS spindown can provide

information on the strength and nature of magnetic fields present in the NS.

Magnetars

The detection of GWs in coincidence with a giant flare from a magnetar would confirm that

the phenomenon is indeed connected to the tectonic activity of the NS. Further, the frequency

of GWs from NSs excited by, e.g., starquakes, could be used to infer the NS mass, radius

and EoS [127, 128, 146]. The GW signature of magnetar giant flares would also differentiate

between baryonic and strange quark matter within the NS [112].

1.3 Gravitational Wave Detectors

As we saw in Section 1.1, a passing GW effectively varies (strains) the distance between

two nearby test particles. This effect can be utilized to observe GWs. After introducing

some of the detectable sources in the previous section, here we outline some of the most

important elements of GW interferometry. We also briefly introduce the Laser Interferometer

Gravitational-wave Observatory (LIGO).

Pioneering work towards the direct detection of GWs has been carried out by Joseph

Weber, through the construction of resonant mass (bar) detectors [147] and a series of (con-

troversial) measurements [148, 149]. A passing GW strains the bar detector that will oscillate

at its resonance frequency. Bar detectors are therefore sensitive to GWs in a very narrow
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frequency band (< 1 Hz). Due to size limitations, bar detectors are typically sensitive to a

frequency somewhere on the order of a kilohertz. Since Weber’s work, bar detectors have

been constructed with significantly improved sensitivity (e.g.[150]).

In the following, we focus on GW interferometry. Interferometry is well suited to achieve

highly sensitive measurements of the effects of gravitational radiation, for a wide range of

frequencies [151]. It is based on the the principle that the effect of a passing GW is different on

light beams traveling along paths that are not parallels. (see Section 1.1). In the following

we describe the operation of GW interferometers in general. We then go on to describe

some of the existing and future GW detectors, in particular the LIGO observatory network.

[152, 153, 154, 155].

1.3.1 Gravitational wave interferometry

Interferometers measure the differential distance between two paths by sending a synchro-

nized light beam along those paths. The incoming light beams that travel along the two

distinct paths are directed to a common point where they interfere. The resulting intensity

is determined by the phase difference of the two light beams. This phase difference may be

used to reconstruct the differential distance between the two paths. Since light needs to be

monochromatic and coherent traveling over long distances, interferometers operate with very

stable lasers as light sources.

Michelson interferometer

The most common interferometer type is the so-called Michelson interferometer [156], in

which a light beam is split into two by a semi-transparent mirror, the so-called beam splitter.

The split beams bounce back on two mirrors at the end of their paths and are recombined

by the beam splitter.

In the simplest configuration, one can choose two perpendicular, equidistant paths for the

interferometer arms. Consider a Cartesian coordinate system in which the two arms of the

interferometer point towards the x and y coordinates. A passing gravitational plane wave,

coming along the z axis (with the right polarization), will modify the lengths of the two

arms differentially: when the x arm is stretched, the y arm is compressed, and vice versa.
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Figure 1-4: Schematic diagram of the effect of a passing gravitational wave on a Michelson
interferometer (courtesy of Giacomo Ciani; with modifications).

Such distortion is illustrated in Fig. 1-4). For a GW (+ polarization) amplitude h+ and

interferometer arm length Lx = Ly ≡ L (when no GW is present), the differential arm length

between the two arms is defined as (see Eq. 1.16)

L− ≡
∆Lx −∆Ly

2
=
L1

2h+ + L1
2h+

2
=
h+L

4
. (1.22)

Measuring the phase difference ∆φ of the light beams traveling along the two arms of the

interferometer through their interference yields the GW amplitude:

h+ = ∆φλ/(4πL). (1.23)

Fabry-Pérot cavity

As GWs only cause extremely small variations in the lengths of the interferometer arms,

further interferometer components need to be added to increase measurement sensitivity.

One of the most important additions is the so-called Fabry-Pérot cavity (e.g., [157]), which

is placed along each arm of an interferometer. In principle, a Fabry-Pérot cavity consists of
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two, highly reflecting mirrors, which are used to fold the optical path of the laser beams in

the arms. Usually curved mirrors are used to suppress the widening of the laser beam due to

diffraction [157].

In a heuristic picture, the cavity’s effect is the following: light is reflected back and forth

between the two mirrors. After each round trip, a fraction of the light exits. The effect

of such a cavity is that light will travel along the interferometer arm multiple times, hence

the interferometer has a longer effective length. This amplifies the detector’s response to a

GW, i.e. a smaller length difference will be measurable with the same precision of measuring

∆φ. Further, since each photon inside the cavity has a finite probability to exit the cavity

after each bounce, a fraction of the light inside the cavity will exit after each bounce. Such

an effect is important in measuring GWs whose wavelength is comparable to the folded

arm length (i.e. actual length × average number of bounces inside the cavity). For a GW

with a wavelength exactly matching the folded arm length, an interferometer for which light

bounces a fixed number of times would be completely insensitive as the effect of gravitational

distortion cancels out for a photon traveling for the full period of the GW (see, e.g., [157]).

For a GW with a wavelength much shorter than the effective length of the interferometer, the

Fabry-Pérot cavity increases the signal-to-noise ratio by a factor of N equal to the average

number of bounces inside the cavity. Fig. 1-5 shows an example of a Michelson interferometer

with Fabry-Pérot cavities in the two arms.

Power recycling

The interferometer’s sensitivity to passing GWs depends on the power of the light beam.

The precision of measuring the departure from the equidistant interferometer configuration,

when light from the two paths destructively interfere, increases with increasing light beam

power. Further, higher beam power suppresses shot noise, decreasing the measurement error

for higher frequency signals.

To increase the power of the light beam in the interferometer, an additional, so-called

power-recycling cavity is formed by placing a partially transmitting mirror (the so-called

power recycling mirror) in the path of the beam between the light source and the beam

splitter (see Fig. 1-5) [158]. This semi-reflecting mirror “recycles” most of the light that



32

“Antisymmetric” 
photodiode 

Fabry-Perot 
arm cavity 

“Recycling” 
mirror 

Input mirror 

Beam splitter 

End mirror End mirror 

Fabry-Perot 
arm cavity 

Input mirror 

Suspensions 

~ 6W 

Figure 1-5: Schematic diagram of LIGO (courtesy of Yoichi Aso).
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Figure 1-6: Conceptual plot of the dominant sources of noise in LIGO (courtesy of LIGO).

would otherwise leave the system towards the light source. Such power recycling cavity

is in fact similar in effect to a Fabry-Pérot cavity [159]. Fig. 1-5 shows an example of a

Michelson-Fabry-Pérot interferometer with a power-recycling mirror.

1.3.2 Noise sources in earth-based interferometers

GW interferometers need to face a host of different noise sources that could surpass the

extremely weak GW signals. Below we present a short summary of a selection of these noise

sources. They can be either displacement noises that affect the actual arm length of the

interferometer, or sensing noises that affect our ability to determine the arm lengths [159].

Below we mostly follow the discussion in Weiss [151] in describing the noise sources. The

dominant noise contributions for LIGO are presented in Fig. 1-6.
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The major noise sources in earth-based interferometers are the following:

• Seismic – Motions of the ground, both horizontal and tilt, can drastically change the

differential arm length. Various processes can result in seismic vibrations, from earthquakes

and ocean waves to traffic and logging. There are also tidal effects due to the Moon that

change the separation over typical interferometer lengths with several micrometers. Seismic

noise can be the dominant background at low frequencies, albeit “technical” noise2 is also

significant. To ensure a large degree of isolation, GW interferometers are equipped with

sophisticated seismic isolation systems (e.g., [160]). As part of such isolation systems, the

mirrors of the interferometers are hung from long, thin wires (glass fibers) to minimize

the effect of external forces coupling into the motion of the mirror in the direction of the

incoming laser beam (see Fig. 1-5).

• Mechanical thermal – Mechanical thermal effects introduce displacement noise through

the thermal fluctuation of the mirrors and the suspension system of the interferometer. As

a consequence of thermal effects, either the mirrors’ center of mass moves or their shape

varies. In order to minimize such noises, in some planned detector configurations (e.g.,

KAGRA [161] or the Einstein Telescope [162]), the mirrors will be cooled to cryogenic

temperatures (< 20 K; [163]).

• Thermal gradient – A temperature difference between the mirror and the chamber sur-

rounding the mirror results in differential pressure on the mirror via the residual gas

molecules within the chamber. Decreasing the gas density around the interferometer is

an efficient way of suppressing this noise.

• Radiation pressure – Fluctuation in the input laser amplitude results in fluctuating radi-

ation pressure along the beam path. Such fluctuation can introduce noise in the differential

arm length through affecting the two arm lengths differently due to slight asymmetries in

the arms.

• Laser output – Fluctuation in the laser output amplitude results in fluctuation in the

perceived interference of the laser beams. Since the level of deviation from completely

2Technical noises are introduced by the instrument hardware, as opposed to fundamental noises, which are
imposed by the laws of nature.
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destructive interference can be characterized by the brightness of the interference pattern,

fluctuating laser power converts to fluctuation in the conversion factor between the per-

ceived interference level and differential arm length. Laser phase and frequency fluctuations

result in displacement noise for non-zero differential arm length [151, 164].

• Residual gas – Residual gas in the path of the laser beams causes the fluctuation of the

index of refraction along the path, causing a displacement noise. To suppress this effect,

interferometers need to be operated at ultra-high vacuum (10−8 − 10−9 torr; e.g., [154]).

This requires that every optical or other component placed inside the vacuum system needs

to be cleaned through heating (“baked”) prior to its placement in order to remove water

and other gases. Further, any kind of activity close to components that will be inside the

vacuum system requires specialized protective equipment (see Fig. 1-7).

• Stray light – The laser beams in GW interferometers are placed in vacuum system to

minimize the effect of residual gas. Some of the light may get reflected from the surface

of this system (tube) along the beam path. To suppress this effect, baffles are placed to

the inner surface of the tubes to ensure that reflected light cannot couple back to the laser

beam, which otherwise would result in displacement noise [165].

• Gravity gradient – Ambient seismic waves propagating in the earth induce density fluc-

tuations, which in turn produce varying gravitational forces on the interferometer test

masses [166]. While such noise was much below the sensitivity of initial GW detectors,

it will be important for advanced detectors. Gravity gradient cannot be attenuated, for

instance because of its similarity to stochastic GWs. An effective method for suppressing

the effect of gravity gradients is to monitor density fluctuations underground close to the

observatory, and subtract their effect from the measured displacement [167].

• Cosmic rays – High energy muons from the atmosphere can interact with the interfer-

ometer mirrors, causing impulsive displacements of the order 10−18 cm for typical muon

energies and mirror masses [151]. Such effect, however, is significantly below the sensitivity

of GW interferometers [168] (nevertheless, this effect is important for bar detectors, where

the deposited energy can excite bar vibrations similar to a passing gravitational wave).
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Figure 1-7: Protective equipment is required for activity close to the vacuum system in
order to protect the the interferometer from contamination. The figure shows the Author
participating in maintenance work at the LIGO Hanford observatory.
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1.3.3 Laser Interferometer Gravitational-wave Observatory

LIGO is a network of Michelson-type GW interferometers in the United States (see Fig. 1-8)

[154, 169, 170, 171]. Initially, LIGO detectors operated at two sites: two detectors, one with

a 4-km and one with a 2-km baseline were placed in Hanford, Washington, while a third one

with 4-km baseline was placed in Livingston Parish, Louisiana. Initial LIGO detectors were

designed to be able to detect GW strain amplitudes as small as h ∼ 10−21 in their most

sensitive frequency band around ∼ 150 Hz. They were sensitive to GWs in a wide frequency

band of 80− 7000 Hz [154]. They reached their design sensitivity and continued data-taking

from November 2005 to September 2007 as part of the so-called S5 science run. After the

S5 science run, the 2-km interferometer in Hanford was decommissioned. After further im-

provements, another data-taking period (S6) took place from July 2009 until October 2010,

with somewhat better sensitivity than S5 (e.g., [172]). Fig. 1-9 shows the sensitivity curve

of initial LIGO (S5).

Since the finish of the S6 science run, LIGO is being upgraded to its advanced configu-

ration that will be completed around 2015. The sensitivity of Advanced LIGO is planned

to exceed the sensitivity of initial LIGO by a factor of 10. Further, its sensitive frequency

band will include frequencies down to ∼ 10 Hz instead of the 80 Hz of initial LIGO [170]. The

ten-fold improvement in sensitivity will provide 10× farther reach for the detector, increasing

the detectable source rate compared to initial LIGO by a factor of 1000. Fig. 1-9 shows the

sensitivity curve of Advanced LIGO as a function of GW frequency.

In order to achieve this increased sensitivity, most subsystems of the detector are being

replaced with improved components (while the vacuum system will remain mostly the same).

There are also additional subsystems that were not present in initial LIGO. One of these

subsystems is the signal recycling mirror, which is placed between the beam splitter and

the readout [173]. Without the signal recycling mirror (i.e. the case of initial LIGO), the

detector’s response is maximal to an essentially zero-frequency GW, and decreases for greater

frequencies. The rate of this decrease depends on the finesse of the Fabry-Pérot cavities.

Increased finesse corresponds to greater response at low frequencies, while there is no change

for high frequencies (see, e.g., [157]). The limitation of using an ever greater finesse is the

thermal tolerance of the optics.
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Figure 1-8: The LIGO interferometers at Hanford, Washington and Livingston, Louisiana
(USA).
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Figure 1. Characteristic noise amplitudes
√

f Sn(f ) for Initial LIGO (dotted), Advanced LIGO in
a broadband configuration (solid) and a locus of noise minima for Advanced LIGO in narrowband
configurations tuned to various frequencies (long-dashed).

translated into dimensionless strain units. It is dominated below 40 Hz by the ‘seismic wall’
cut-off of the seismic isolation system. Between 40 and 150 Hz, it is dominated by thermal
fluctuations within the test mass and its suspension. Above 150 Hz it is dominated by shot
noise: the quantum limit due to the statistical variations in the number of photons received by
the photodetector. This defines a broad frequency window between about 35 Hz and 2000 Hz
to which the instrument is sensitive, with a peak sensitivity to instantaneous gravitational-wave
strain amplitude of ∼3 × 10−22 in a ∼150 Hz bandwidth about 150 Hz.

Initial LIGO detectors are anticipated to reach their design sensitivity by 2004, after
which they will commence a 2 year data run aimed at collecting at least 1 year of integrated
high-sensitivity data. However, as I will show in later sections, there is a distinct possibility
that no astrophysical sources will be detected at that sensitivity level, making improvements
in sensitivity a high priority. Second-generation detectors are proposed to be placed into
LIGO around 2007, and commissioned through 2008, with the goal of achieving their planned
sensitivity around 2009.

The planned upgrades for Advanced LIGO detectors are given in [2, 3], and can be
summarized as follows. The 11 kg silica test masses will be replaced with 40 kg crystalline
aluminium oxide (sapphire), and the steel suspension wires will be replaced with fused-silica
ribbons. The higher mechanical quality factor of these materials will reduce thermal noise at
all but a few resonant frequencies. An active seismic isolation system will be used to push
back the seismic wall. The input laser power will be increased from 10 W to 125 W, reducing
shot noise by increasing the laser power in the interferometer. Finally, an additional signal-
recycling mirror will be added [4], changing the optical system from a simple interferometer to
a tunable optical–mechanical resonator (using correlations between shot noise and mechanical
noise due to laser light pressure to reduce the effects of each at some frequencies [5, 6]). The
normal sensitivity curve for Advanced LIGO detectors assumes a broadband response, with
slightly reduced shot noise at high frequencies, but still dominated by other noise sources at
low frequencies. However, by changing the position and reflectivity of the signal-recycling
mirror, the instrument can be tuned to have much lower shot noise in a specific narrow band,
in exchange for higher combined light-pressure/shot noise at other frequencies.

Figure 1-9: Characteristic noise amplitudes (
√
fSn(f), where f and Sn(f) are the GW

frequency and detector’s power spectral density, respectively) of initial LIGO (dotted), Ad-
vanced LIGO in a broadband configuration (solid), and the minimum noise level achievable
with Advanced LIGO in its narrow band configuration (dashed). Taken from [2].

With the addition of the signal recycling mirror, one can displace the frequency of maximal

response to higher frequencies, with the expense of greater suppression for lower frequencies

[173]. Such displacement can be useful if one aims to find GWs from narrow-band, high-

frequency sources (see Section 1.2 for examples of such sources). Fig. 1-9 shows the sensitivity

achievable with the narrow band configuration for individual frequencies (i.e. the sensitivity

shown can be achieved for one specific frequency at a time).

Advanced LIGO will consists of three detectors. Beyond one detector in Hanford and one

in Louisiana, there are plans for placing the third LIGO detector (instead of its originally

planned location at Hanford as a second detector) in India [169]. This third, distant loca-

tion would provide much improved direction reconstruction capability, as well as improved

sensitivity, for the Advanced LIGO network.
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1.4 Multimessenger Sources of Gravitational Waves and High

Energy Neutrinos

In this section we discuss the joint sources of GWs and high energy neutrinos (HENs). Such

sources are the aim of intense investigation that will be further discussed in Chapters 4 &

5. The goal of this section is to present some of the important elements of our current

understanding of these multimessenger sources.

1.4.1 High-Energy Neutrinos

Production

GRBs are produced by highly beamed, relativistic plasma outflows (jets), driven by a central

engine in the GRB progenitor, such as NS-NS binary mergers or core collapse supernovae.

In our discussion below, we will assume that gamma-ray emission is induced through

collisionless internal shocks. We note here, however, that GRBs may in fact be created

through fundamentally different mechanisms. A promising alternative model is collisional

heating [174]. According to this model, variability in the Lorentz factor Γ of a baryonic

outflow evolves to a “two-fluid” state, in which, besides the outflowing plasma, there is a

neutron outflow with Lorentz factor Γn � Γ. Nuclear collisions between the neutron and

proton fluids produces mildly relativistic pions. These pions immediately decay: π± →

µ± + νµ → e± + νe, and π0 → γ + γ [174]. These neutrinos escape the progenitor with

observed energies ∼ 0.1Γ GeV. This model is therefore very promising for creating detectable

of HENs. The energy of these e± pairs is converted into radiation. Such a radiation above the

photosphere results in the observed GRB. We note that similar, collisional heating can result

in the production of HENs for pp collisions as well (e.g. [175]). Another possible alternative

model for GRBs is Poynting flux powered outflows driven by a magnetized, rotating central

engine [176]. Non-axysymmetry in the central engine’s magnetic field leads to variations

in the electromagnetic field around the engine, which carries energy outwards. Poynting

flux can efficiently carry energy in the relativistic jet without the need of baryon transport.

This can help explain high Lorentz factors observed in GRBs that would require very large

energies if a matter component is also present in the outflow. In such outflows, the GSuch
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outflows are inefficient emitters of HENs, therefore HEN observations or non-observation will

be informative on the Poynting flux components of relaticistic jets [176].

According to the traditional emission model, the variability in the output of the central

engine results in internal shocks within the jet, which accelerate electrons and protons to high

energies. Internal shocks can occur even when the relativistic jet is still propagating inside

the star [177]. For jets inside the star, reverse shocks can also occur [178] at the head of the

jet, which can also accelerate electrons and protons to relativistic energies.

Relativistic electrons emit gamma rays through synchrotron or inverse-Compton radia-

tion. Relativistic protons interact with these gamma rays (pγ), or with other non-relativistic

protons (pp), producing pions and kaons. Photomeson interactions produce charged pions

(π+) through the leptonic decay pγ → π+. Proton-proton interactions produce charged pions

(π±) and kaons (K±). Charged pions and kaons from these processes decay into neutrinos

through

π±,K± → µ± + νµ(νµ) (1.24)

Muons further decay to produce secondary neutrinos through, e.g., the process µ+ → e+ +

νe + νµ. Nevertheless, if the synchrotron photon density is high enough, or in the presence

of strong magnetic fields (i.e. for smaller radii), they may immediately undergo radiative

cooling, giving a flux of lower energy neutrinos [9, 179].

The energy of charged mesons from both pγ and pp processes is about 20% of the proton’s

energy, while roughly 1/4th of this energy is given to νµ(νµ) [180]. The energy of the produced

neutrinos and antineutrinos is therefore∼ 5% of the proton energy. The energies of the photon

(εγ) and proton (εp) in the pγ interaction need to satisfy the photo-meson threshold condition

of the ∆-resonance [180]

εγεp ≈ 0.2Γ2 GeV2 (1.25)

where Γ is the Lorentz factor of the shock. Assuming Lorentz factor Γ ∼ 300 and observed

γ ray energy εγ ∼ 1 MeV, one obtains a characteristic neutrino energy of εν ∼ 1014 eV [180].

For both pγ and pp processes, the energy spectrum of HENs is determined mainly by

the proton energy spectrum, and the optical depths of the pγ and pp interactions. The

distribution of the proton energy εp in internal shocks, in the observer frame, is d2N/(dεpdt) ∝
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ε−2p , with a maximum energy cutoff due to photo-pion losses. The cutoff energy depends on

both jet properties and the radius where the internal shocks occur.

The collisional or radiative nature of the internal shocks at high densities can be an

impediment to Fermi acceleration. For mildly relativistic jets, particle acceleration happens

less efficiently because the shock is somewhat spread out [181]. However, the details of the

acceleration process are still uncertain, and for many alternative acceleration scenarios this is

not an issue [182, 183, 184]. On the other hand, neutrinos are the best probes for the physics

responsible for the acceleration, and HEN observation should shed light on this aspect.

Interactions and Oscillations

HEN emission from internal shocks can commence at a distance rs ≈ Γ2
jcδt ≈ 3 × 109 cm

[177], where Γj = 10 is the jet Lorentz factor and δt = 10−3 s is the jet variability time.

Photo-pion losses determine the cut-off in the energy spectrum.

Whether and when HENs escape the star depends on the star’s optical depth to neutrinos,

which depends on neutrino energy as well as where neutrinos are emitted inside the star.

HENs can only escape after the relativistic jet gets to a low density region, beyond which the

interaction of HENs with the stellar medium is negligible.

The effect of HEN interaction with matter on observable HEN emission prior to the

outbreak of the jet has been discussed previously, e.g., by Razzaque, Mészáros, and Waxman

[185]. Using a simplified model for the jet and progenitor star, Razzaque et al. found

that HEN interaction is negligible if the jet gets close to the surface (estimated as having

roughly ∼ 0.1 M� envelope mass over 4π above the jet front). If the jet is deeper inside the

star (with overlying envelope material of ∼ 1 M�), they found HEN interaction effects to be

noticeable, especially for stellar models that lost their hydrogen envelope. For this latter case,

they found that the neutrino optical depth becomes larger than unity for neutrino energies

εν & 2.5 × 105 GeV. Horiuchi and Ando [178] also mention HEN interactions for jets within

the stellar envelope. They find that only neutrinos with energies less than εν < 102 GeV can

escape a progenitor star from r ≈ 1010 cm.

The interaction probability of HENs increases with their energy, and can be non-negligible

if a neutrino beam were to travel through large quantities of dense matter, as is the case
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for neutrinos produced inside massive stars. The mean free path of HENs is determined by

inelastic scattering processes, with neutrino-nucleon interactions (νN or νN) being the major

determinant of the optical depth [10, 186]. At the relevant neutrino energies, the interaction

cross sections are approximately the same for all neutrino flavors [186], therefore we treat the

cross section to be flavor independent (see [186]). Electron-antineutrinos are the exception

to the above, as the interaction of electron-antineutrinos and electrons (νee) becomes the

dominant effect around the resonant neutrino energy ενe ≈ 6.3 × 106 GeV [10]. We shall

neglect this exception as it only results in the attenuation of a small fraction of HENs, i.e.

the radius at which neutrinos of a given energy can first escape does not change.

To obtain HEN interaction lengths, we adopt the neutrino cross sections obtained by

Gandhi et al. [10] (other calculations give similar results; see, e.g., [187]). We additionally

take into account nuclear effects (i.e. that both free and bound nucleons are present) cal-

culated by Pena et al. [188]. Gandhi et al. [10] calculated the cross sections for charged

and neutral currents, the sum of these two giving the total cross section σν . For the range

of neutrino energies of interest here, neutrino cross sections are, to a good approximation,

flavor invariant [10, 186]. We note that the cross sections for neutrinos and antineutrinos are

somewhat different.

The neutrino-nucleon interaction cross section σν(εν), obtained numerically by Gandhi et al.

[10], assumes that matter is in the form of free nucleons. To take into account the pres-

ence of bound nucleons (mostly helium), we approximate nuclear effects following Cas-

tro Pena et al. [188]. The ratio of the total cross section σν(A) corrected for nuclear effects

over the cross section σν without correction (free-nucleon case) decreases with energy and

with atomic mass number A. The effect is practically negligible (order of a few percent)

below a neutrino energy of εν ≈ 105 GeV. Above εν ≈ 105 GeV, we approximate the energy

dependence presented in [188] (see Figure 2 therein) with the empirical function

σν(εν , A)

σν(εν)
≈
( εν

105 GeV

)− ln(A)/556
. (1.26)

Given the neutrino interaction cross sections, one can obtain the interaction length (or mean
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free path) λν via
1

λν(εν , r)
=
∑
A

ρ(r)ωA(r)Navσν(εν , A) , (1.27)

where ρ(r) is the stellar density as a function of the radial distance r from the center of

the star, ωA(r) is the mass fraction of elements with mass number A, Nav is the Avogadro

constant, and σν(εν) is the νN interaction cross section as a function of neutrino energy εν

and atomic mass number A. For antineutrino interaction length λν , the difference compared

to λν is the energy-dependent ratio of neutrino and antineutrino cross sections.

Besides scattering, neutrinos also undergo flavor mixing due to neutrino flavor oscillations.

After the neutrinos escape the star, the neutrinos travel a very long distance in space wherein

the wave-packets of each mass eigenstate must separate. Therefore, neutrinos observed at

Earth should be considered as incoherent superpositions of these mass-eigenstates. If the

expected neutrino flavor ratio at the source is φνe :φνµ :φντ = 1:2:0, neutrino oscillations from

the source to the detector transform these ratios to 1:1:1 [189]. If muon radiative cooling is

significant, then only muon neutrinos are produced through the decay of kaons and pions,

i.e. the flavor ratio at the source will be 0:1:0. This leads to measured flavor ratios of 1:2:2

at the detector [189]. Other flavor ratios are possible and have been explored [190]. As the

energy and time profile of neutrino emission remains almost unchanged by oscillations, we do

not consider these oscillation effects. We note that these ratios can be modified by neutrinos

oscillations inside the star that may be important for neutrino energies . 104 GeV [186].

Detection

HENs traveling through Earth interact with the surrounding matter creating secondary parti-

cles, mostly muons. Cherenkov radiation from these muons is detected by neutrino detectors,

which reconstruct direction and energy based on the detected photons [191]. While the Ice-

Cube detector [192] has a nominal threshold of ∼ 102 GeV, Earth starts to become opaque to

neutrinos with energies εν & 106 GeV, decreasing the neutrino flux that reaches the vicinity

of the detector after crossing Earth [14]. So-called upgoing neutrinos (i.e. neutrinos whose

trajectory crosses Earth before reaching the detector) with energies above ∼ 106 GeV are

practically undetectable, as most of them are absorbed before reaching the detector (note
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that this is true for muon-neutrinos; tau-neutrinos can penetrate Earth even at higher en-

ergies [14]). For upgoing muons this sets the observable energy window at (102 − 106) GeV.

Downgoing and horizontal neutrinos (i.e. neutrinos whose trajectory reaches the detector

without crossing Earth) are detectable at practically any energy [14]. The disadvantage of

such directions is the much higher background noise from atmospheric muons that are, for

these directions, not filtered out by Earth. Due to this high background, most HEN analyses

only consider upgoing HEN events. The only exception is extremely-high energy neutrinos

(& 106 GeV), as atmospheric muons seldom reach such high energies.

There are several currently operating HEN telescopes, e.g., IceCube [192], a km3 detector

at the South Pole, and Antares [193] in the Mediterranean sea. Both Antares and a

third detector at the lake Baikal [194] are planned to be upgraded into km3 telescopes [195].

These km3-scale detectors observe HEN events and measure their energy, time, and arrival

directions. While uncertainties remain in the emission mechanism and expected source flux

[196], depending on the model, these km3-scale detectors may observe (1− 100) HEN events

in the energy range (102 − 106) GeV, for a typical GRB at 10 Mpc.

The uncertainty of muon energy reconstruction in neutrino telescopes is∼ 0.3 in log10(εν/GeV)

[197, 198, 199], becoming somewhat larger [199] for partially contained muons of greater ener-

gies. Timing resolution is expected to be on the nanosecond level [200, 201]. Angular pointing

is expected to be . 1◦ at these energies, which may allow identification of the source inde-

pendently. Although we will not perform a detailed simulation of the observable signal, we

shall keep in mind these experimental parameters.

1.4.2 Common sources of gravitational waves and high energy neutrinos

GWs and HENs may originate from a number of common sources. Plausible sources include

gamma-ray bursts (GRBs) [180, 202, 178, 203, 204, 185, 205, 206, 207], core-collapse super-

novae (CCSNe), soft gamma repeaters [208, 209, 210] and microquasars [211, 212]. For a

joint GW+HEN search, potentially the most interesting sources are those which are difficult

to detect using electromagnetic (EM) telescopes. Below we shortly describe some of these

sources of interest.
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Choked GRBs

CCSN progenitors can have observable gamma-ray emission only if the relativistic outflow

from the central engine, that is responsible for the production of gamma-rays, breaks out of

the star [178]. The outflow can advance only as long as it is driven by the central engine.

If the duration of the activity of the central engine is shorter than the breakout time of the

outflow, the outflow is choked, resulting in a choked GRB [177].

HENs, due to their weak interaction with matter, can escape from inside the stellar enve-

lope, from depths gamma-rays cannot. Consequently choked GRBs, similarly to “successful”

GRBs, may be significant sources of HENs [178, 213]. Choked GRBs are expected to emit

GWs similarly to successful GRBs.

Low-luminosity GRBs

Low-luminosity (LL) GRBs [214, 215, 216, 217, 218, 219, 220, 221] form a sub-class of long

GRBs with sub-energetic gamma-ray emission. Of the six detected long-GRBs with spec-

troscopically confirmed SN associations, four are of the LL-GRB variety [222]. Although in

general both of these classes of GRBs have been associated with luminous Type Ic SNe, the

less energetic SN that accompanied low-luminous burst GRB 060218 suggests that the con-

nection may extend towards lower energy SN explosions (e.g. [218]). In addition, the relative

close proximity of observed LL-GRBs implies a much higher rate of occurrence than that of

canonical high-luminosity (HL) GRBs [218, 220]. Due to this higher population rate, the total

diffuse HEN flux from LL-GRBs can be comparable or even surpass the flux from conven-

tional HL GRBs [207, 223, 224]. While individual LL GRBs are less luminous in neutrinos,

the higher population rate makes LL-GRBs valuable sources for GW+HEN searches.

Unknown Sources and Mechanisms

A potential advantage of the search for astrophysical GW and HEN signals is the discovery

of previously unanticipated sources or mechanisms. Such mechanisms include, for example,

HEN emission at a larger beaming angle than the observed beaming angle for gamma rays.
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Source population

Some of the most interesting GW+HEN sources, CCSNe (SNe Ib/c) are expected to be simi-

larly or somewhat less abundant [9] than galactic SNe, with an estimated rate of∼1/century/Milky

Way equivalent (MWE) galaxy [225]. Additionally, late-time radio observations of super-

novae indicate that . 1% of SNe have mildly relativistic jets [226]. The expected rate of

another interesting population, LL-GRBs, is ∼ 3 × 10−5 yr−1 / galaxy (∼300 Gpc−3yr−1)

[227], although this value is highly uncertain [228]. The rate of HL-GRBs is several orders of

magnitudes smaller (∼ 1 Gpc−3yr−1) [227].

1.5 Searching for Gravitational Waves

In this section we outline the main GW search strategies that have been developed and

applied in observations. Further, we outline searches for GW sources performed using the

LIGO network (often together with other observatories, e.g. the Virgo GW observatory [229]),

organized along the different messengers used together with GWs. The presentation below

is based on our recent work to review the GW signature of GRBs, which will be published

in the near future.

In the past decade since the construction of LIGO (the first kilometer-scale GW obser-

vatory), a large number of searches have been performed with two distinct aims: to achieve

the first direct detection of GWs, and to extract astrophysically meaningful information from

the measurements. Nevertheless, these two goals require similar steps to be taken in many

respects. By achieving a higher probability of observing a GW event, one reaches farther

in testing our understanding of the Cosmos and its habitants. Further by combining the

information channels from different astronomical messengers, one can extract significantly

new information about the source, along with suppressing the false alarm probability of a

potentially significant signal.

1.5.1 Gravitational wave search strategies

Search strategies for GW transients can be divided into four main categories based on their

use of other messengers.
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1 All-sky searches, in which no information is used from other messengers (e.g. [230, 231]).

2 Externally-triggered searches, in which one specifically looks for GW signals from

sources confirmed via other messengers. For instance one can search for GW signals from

detected GRBs, using their location, time, and other parameters (e.g. [232, 233, 234, 118]).

3 EM follow-up searches, in which GW signal candidates are used to trigger electromagnetic

or other follow-up searches with other telescopes (e.g. [235, 236, 237]).

4 Coherent multimessenger searches, in which one uses sub-threshold signal candidates

from multiple observatories of different messengers in a joint search (e.g. [212, 238, 13]).

In the following we shortly review some of the GW search strategies and past GW searches

for GRBs, organized along the above categories.

All-sky searches

All-sky GW transient searches provide a generic way to identify plausible GW sources with

minimal assumptions on source models, and without relying on the detection of other mes-

sengers. Many initial LIGO/Virgo analyses have been performed as all-sky searches. Besides

looking for nearby sources that have not been detected electromagnetically (e.g., off-axis

GRBs), all-sky searches were able to set competitive population upper limits on various GW

sources. In the latest LIGO-GEO-Virgo all-sky analysis of sources with unmodeled transient

waveforms (bursts), Abadie et al [230] have found no significant event, and set a loudest-

event source rate upper limit of Rul & 10−6(Eisogw/1M�c
2) yr−1Mpc−3, where Eisogw is the

isotropic-equivalent GW emission of the source. This result was obtained at 90% confidence

for the ∼ 1 yr long observation, for linearly polarized signals with sine-Gaussian waveform,

at the most sensitive frequency band of the LIGO-Virgo detectors (∼ 150 Hz). This upper

limit greatly depends on the characteristic frequency of the signal (see Fig. 7 of [230]), as

well as the signal waveform (see Tables II, III and IV of [230]). The obtained upper limit

can be expressed in source rate per Milky Way-equivalent galaxy, assuming that the source

population follows the blue-luminosity distribution of galaxies [13] (see Figure 2 in [13]).

In the latest all-sky analysis for GWs from neutron star (NS)-NS and NS-black hole

(BH) coalescences, Abadie et al. [239] used non-detection to establish source rate upper
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limits over a total mass range of 2M�-25M�. They calculated the so-called horizon distance

Dh for the measurement for various sources, which is defined as the distance at which an

optimally located and oriented source would produce signal-to-noise ratio (SNR) of 8. For

a NS-NS binary each with 1.35 M�, they obtained Dnsns
h ∼ 40 Mpc, which corresponds to

90% confidence rate upper limit Rnsns
90% ≈ 1.3 × 10−4 yr−1(Lmw

b )−1 (for non-spinning NSs),

where (Lmw
b )−1 is the blue luminosity of the Milky Way. For a BH-NS binary with 1.35 and

5.0 solar masses, respectively, they obtained a horizon distance of Dnsbh
h ∼ 80 Mpc, and 90%

confidence source rate upper limit of Rnsbh
90% ≈ 3.6× 10−5 yr−1(Lmw

b )−1.

Externally triggered searches

External triggers in GW searches present various advantages due to the additional information

that can be used in the analysis. A crucial advantage of external triggers is greatly increased

search sensitivity. An external GRB trigger reduces the temporal and spatial parameter

space in which one has to search for a GW signal above the background, which is particularly

important due existing non-Gaussian noise transients, so-called glitches, in GW detector data

[240]. A detected external trigger can also be used to set constraints on the GW signal. For

example, observing a GRB implies that, for most GRB progenitor models, the rotational

axis of the progenitor is likely pointing towards the observer (within the beaming angle).

For compact binary mergers and for various CCSN models, this implies a circular or closely

circular gravitational waveform.

Previous GRB-triggered GW searches include searches for both unmodeled GW bursts

and compact binary mergers. In one of the most interesting GW analyses, Abbott et al.

[241] searched for signals coincident with GRB 070201, a short-hard GRB whose electro-

magnetically determined sky position overlapped with the spiral arms of the Andromeda

galaxy (M31). Given the proximity of M31, a binary merger from this galaxy would have

been observable by LIGO. Abbott et al. used non-detection to rule out a compact binary

progenitor. The remaining, most likely progenitor of the event is a SGR, which is likely

the first confirmed extragalactic SGR [242]. Other, similar searches are possible for GRBs

whose direction overlaps with a nearby galaxy from where plausible GW amplitudes could

be detected. Another analysis searched for a GW counterpart of GRB 051103, a short-hard



50

GRB whose electromagnetically determined sky position was coincident with the M81 group

(3.63 Mpc away from Earth) [243]. No evidence for GW emission was found, ruling out

compact binary progenitors from M81, making the source a likely extragalactic SGR giant

flare.

Besides searches for coincidences with individual, nearby GRBs [244, 241], other analyses

searched a large set of GRBs for coincident GW events. In the most recent GW burst

search, Abadie et al. [245] looked for GW bursts in coincidence with 154 GRBs. Most GRBs

were identified by the Swift [4] or Fermi [246] satellites. No GW event was found, allowing

for a median exclusion distance of D ∼ 17 Mpc (Eisogw/10−2M�c
2)1/2 for characteristic GW

frequencies of 150 Hz, where Eisogw is the isotropic-equivalent emitted GW energy of the GRB.

For NS-NS and BH-NS binaries, the same search yielded exclusion distances of 16 Mpc and

28 Mpc, respectively.

Several GW searches aimed to identify GWs in coincidence with SGR flares [117, 78,

130, 118]. Most recently Abadie et al. used 1279 flares from six magnetars as triggers,

aiming to identify GW signals from neutron-star f-mode ringdowns or other GW-producing

mechanisms. The search set constraints on the energy of GW emission from these flares

comparable to some giant flares’ electromagnetic energies, and an order of magnitude below

previously existing limits. For a nearby magnetar (SGR 0501+4516) located at ∼ 1− 2 kpc

that emitted a large number of flares during the observation period, the obtained upper limit

on f-mode GW emission was ∼ 1047 erg. The upper limit for GW emission at ∼ 102 Hz, i.e.

within most sensitive frequency band of LIGO/Virgo, was ∼ 3× 1044 erg, a promising limit

compared to theoretical upper limits on GW emission from SGRs [112].

Electromagnetic follow-up

With the rise of a global GW detector network, it became possible to reconstruct, albeit

with a relatively large uncertainty, the direction of a GW signal candidate. Such reconstruc-

tion enables the use of GW signal candidates in triggering electromagnetic (EM) followup

observations, during which a telescope or satellite with a limited field of view is used to

take observations in the assumed direction (i.e. a larger confidence region) of the GW signal

candidate [235, 247]. There are various scientific advantages of such follow-up search:



51

• As EM observations cannot continuously cover the whole sky with high sensitivity, GWs

can be used to guide these telescopes and point towards the right direction at the right

time.

• Oftentimes the most interesting and strongest emission from an EM transient comes within

the first seconds after its onset. Since GW emission is, in many cases, expected to precede

the onset of EM emission, telescopes have the chance to commence follow-up observation

in a very early emission stage, or even catch the onset of the EM event.

• GW signal candidates will often have too low significance to be unambiguously identified

as extraterrestrial signals. The observation of an EM follow-up event can greatly enhance

the significance of the joint observation, making detection more probable.

• Similarly to other multimessenger searches, information from the different messengers can

enhance the information (and therefore science) that one can extract from the source.

The first implementations of EM follow-up observations were introduced for the initial

LIGO-Virgo detector network in 2009-2010 (S6-VSR2+3 science run) [248, 249]. Events

with ∼ 1day−1 false alarm rates were selected, and sent out to telescopes after automatic as

well as manual data quality validations. Due to the typically large and irregularly shaped

reconstructed point spread function, probable directions were further down-selected based

on a galaxy catalog [250]. The remaining directions were distributed to various (typically

wide-field, robotic, optical) telescopes [251], such as QUEST, TAROT, ZADKO, Pi in the

sky, ROTSE, SkyMapper, the Palomar Transient Factory [248], and the Swift satellite [249].

Coherent multimessenger analyses

These analyses generalize the idea behind externally triggered searches by combining infor-

mation from sub-threshold signal candidates of various messengers into one powerful test

statistic. While in many cases each type of sub-threshold messenger would individually have

too low significance to be identified as an astrophysical signal of interest, the combination of

individual significances can greatly enhance the analysis’ potential of identifying astrophysical

events (see Chapter 5 for a coherent multimessenger search).
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The AMON initiative [252] is planned to combine sub-threshold triggers of multiple mes-

sengers in a low-latency coherent multi-messenger analysis. It will introduce a radically

new approach that combines multiple messengers in a coherent manner to identify high-

significance candidates for EM follow-up observations. It is planned to use the extracted

information, besides claiming detection itself, to initiate EM followup observations, which

can add to the number of coincidentally observable messengers.

1.5.2 Electromagnetic counterpart

The electromagnetic emission of many GRBs that are beamed towards the earth can be de-

tected even from very large distances. These distances are often much greater than how far

GRB progenitors can be detected through GWs. Due to this extremely luminous EM emis-

sion, many GRBs are established astrophysical sources, and can be used as external triggers

for GW searches. Long GRBs have typical isotropic-equivalent luminosities of 1052 erg s−1,

and can be detected through their gamma ray emission at redshifts up to z ∼ 10 [253]. GW

emission from long GRB progenitors, considering optimistic emission scenarios, will be de-

tectable out to hundreds of megaparsecs with advanced GW detectors (comparable to NS-NS

sensitivity estimate in [40]; see Chapter 1.2). Short GRBs have similar peak gamma-ray lu-

minosities as long GRBs, but have lower overall radiated energy. They are detectable only

at smaller distances than long GRBs, up to redshifts z ∼ O(1) [254]. For compact binary

progenitors, a GW signal can be detected up to ∼ 500 Mpc for NS-NS and ∼ 1000 Mpc for

BH-NS binaries with advanced GW detectors [40]. Magnetar progenitors of short GRBs can

emit giant gamma flares with energies up to ∼ 1046 erg that could be detected from . 40 Mpc

with existing EM instruments [114, 113]. The GW emission of magnetar progenitors will be

detectable, optimistically, for galactic sources [118] (see Chapter 1.2).

GW searches are also promising in the context of GRBs with sub-luminous EM emission

towards the Earth. Sub-luminous emission can be difficult to detect/identify with gamma-ray

telescopes such as Swift [255], Fermi [246] or the Palomar Transient Factory [256] without

external information on the source. GW transient searches can effectively trigger EM-followup

searches of such transients. These followup searches can increase the probability of detecting

sub-luminous EM transients, while they can also increase detection confidence on the GW
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side. Some sub-luminous events, such as off-axis GRBs that are beamed away from the Earth,

may produce EM radiation with weaker emission than on-axis GRBs. Matter ejected from

compact binary encounters may produce such electromagnetic transients [257, 258, 259, 260,

261, 55]: the ejected neutron star matter can undergo radioactive decay, producing a short

isotropic emission named “macronova” [262] or “kilonova” [259]. The ejected matter can

also interact with the ambient medium, producing an isotropic radio emission detectable for

weeks to up to z ≈ 0.1 [263].

Another sub-class of potentially sub-luminous events are low-luminosity GRBs [220, 227,

207, 264]. These low-luminosity GRBs may be a distinct population from high-luminosity

GRBs [227, 264]. Heavier stars may form a black hole after collapse, and produce a high-

luminosity, high-Lorentz factor outflow, while lighter stars may form a neutron star after

collapse, and drive an outflow with low luminosity and Lorentz factor [265, 264]. Low-

luminosity GRBs are thought to be an order of magnitude more common than their high-

luminosity counterparts, with lower EM luminosity and smaller beaming angle [220, 227],

making them a promising source type for multimessenger detections.

Beyond the prompt gamma-ray emission, GRB afterglows also promise to carry informa-

tion connected to GW radiation. Corsi and Mészáros [266] showed that the observed X-ray

plateau in the afterglow of some GRBs may be connected to the formation of a highly magne-

tized millisecond pulsar that can lose angular momentum through GWs during a 103 − 104 s

period.

1.5.3 Neutrino counterpart

Many GW sources, and in particular GRBs, are expected to be copious emitters of neutrinos

[267, 268, 8, 177, 211, 269]. Astrophysical neutrino emission can be divided into two main

sub-groups based on two distinct emission mechanisms, with two distinct energy ranges. So-

called low energy neutrinos (with energies εν . 100MeV ) are produced in the extremely hot,

dense central regions of CCSNe and probably GRBs. High energy neutrinos (with energies

εν & 100GeV ) are thought to be emitted by shock accelerated particles in relativistic outflows

driven by the central engine of the GRB (e.g. [8]). So far only low energy astrophysical

neutrinos have been confirmed, and in one instance, for supernova 1987A [270, 271].
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One of the advantages of joint GW-neutrino searches [13, 272] is that both GW and

neutrino detectors (low and high energy) continuously observe the whole sky, recording signal

candidates without the need to “point” the detector in a particular direction. Such full sky

coverage is of special importance for multimessenger searches as the sky coverage for each

messenger needs to overlap for a joint search. Further, while EM follow-up searches require

low-latency response from EM telescopes, GW-neutrino observations can be performed with

high latency without loss of information.

Low-energy neutrinos

In CCSN progenitors, the iron core of a massive star collapses after exceeding the Chan-

drasekhar mass of ∼ 1.44 M� via silicon shell burning [273]. After the center of the collaps-

ing core reaches nuclear densities (ρ0 ≈ 1014 g/cm3), its compressibility becomes much lower,

and it bounces due to the increased pressure. A dynamic shockwave forms that results in a

burst of ∼MeV neutrinos [274] that carries away a significant fraction of the core’s binding

energy [275]. In a CCSN, both low energy neutrino [275, 276] and GW emissions [60, 277]

are expected to commence near core bounce within a few milliseconds (. 10 ms). This tem-

poral correlation is orders of magnitude greater than correlation with EM signals [238, 269],

and can greatly enhance the sensitivity of a search for joint GW-low energy neutrino sources.

Low-energy neutrino emission peaks within a fraction of a second after bounce, while emission

continues for up to tens of seconds as the protoneutron star cools and contracts [276, 274].

The joint detection of GWs and low energy neutrinos could provide constraints on the

CCSN mechanism as well as information on the properties of matter at high energies and

densities [269]. For example the neutrino spectrum from CCSNe depend both on the nuclear

equation of state (EoS; [278]) as well as the spin of the core [279]. One can break this degen-

eracy using the additional information available in the GW channel, inferring information on

both the EoS and the spin of the core. A potential secondary collapse due to hadron-quark

phase transition in the protoneutron star during its post-bounce evolution [280] would also

result in characteristic neutrino and GW emissions [280, 281].

Long and short GRB central engines are also probably strong emitters of low energy

neutrinos [267, 268, 282, 268]. As the progenitors of long GRBs may be the progenitors of
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CCSNe as well [283, 284, 285], emission from long GRBs may commence similarly to the case

of CCSNe. In the collapsar scenario, neutrino emission from the core ceases upon black hole

formation, while a newly formed accretion disk will become a significant source, as a large

fraction of the accretion energy can be carried away by neutrinos [267].

Compact binary mergers – the likely progenitor of short GRBs – are expected to emit low

energy neutrinos [267, 268] from the accretion disk around the central black hole. In the case

of NS-NS binary mergers, a HMNS may form prior to BH formation, and further produce

neutrino [268] as well as GWs [51] emission. Neutrino emission from compact binary mergers

is expected to commence at the beginning with the merger phase, in coincidence with the

GW burst due to the merger. This GW burst signal is preceded by the much longer inspiral

phase, and followed by the ringdown phase. Such temporal coincidence can be utilized in a

joint search.

Several large-scale low energy neutrino detectors are currently in operation. These include

Super-Kamiokande (Japan) [286], KamLAND (Japan) [287], LVD (Italy) [288], Borexino

(Italy) [289] and Baksan (Russia) [290]. Further, the IceCube high energy neutrino detector

[291] is also capable of detecting bursts of low energy neutrinos [276], albeit without the

ability to reconstruct the source direction. Recognizing the importance of multimessenger

observations, Super-Kamiokande, LVD, Borexino and IceCube are members of the Super-

nova Early Warning System (SNEWS) [292]. These observatories send real-time triggers of

detected supernova candidate events, which are distributed to the astronomer community to

allow for low-latency follow-up EM (or other) searches.

The most sensitive current low-energy neutrino detectors (Super-Kamiokande and Ice-

Cube) are able to detect the low energy neutrino signal of a supernova from up to ∼100 kpc

[293]. The expected event number within this distance, however, is relatively small outside

of the Milky Way. Planned megaton detectors, such as LBNE [294] or Hyper-Kamiokande

[295], could detect SNe from up to .10 Mpc [296] with a SN rate of ∼ 1 per year. Multi-

messenger searches of low energy neutrinos and GWs could further increase these detectable

supernova rates [297], and would provide increased confidence in a detected signal. This can

be especially important when no EM counterpart is detected.
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High energy neutrinos

Non-thermal, high energy (TeV) neutrinos are thought to be created by shock-accelerated

particles in relativistic outflows driven by the central engine [8, 202, 177, 298, 204, 299, 300,

301]. The emission mechanism is similar for both long and short GRBs, the former expected

to be the stronger emitter. Magnetars [302, 303, 209] or CCSNe with rapidly rotating cores

[301, 179] are also expected to emit high energy neutrinos (see also Section 1.4.2). While early

high energy neutrino emission models have been significantly constrained [192], the standard

fireball picture for neutrino emission remains viable [304, 305].

As their production mechanism is connected to that of gamma photons, high energy

neutrinos are probably beamed similarly to gamma rays. This decreases the rate of detectable

joint sources similarly to the case of EM emission (see above).

There are several ongoing searches for joint sources of GWs and high energy neutrinos.

A first externally triggered search using the initial LIGO-Virgo (S5/VSR1 science runs) and

the partial Antares detector in its 5-string configuration has been completed. The analysis

used the directional distribution and the time of arrival of neutrinos to trigger a GW analysis,

similar to the analysis used for GW searches with EM external triggers from GRBs (e.g.

[233]). The search used the conservative coincidence time window of 500 s of Baret et al.

[238], which is a model-motivated, observation based time window on coincident GW and

high energy neutrino emission from GRBs (see Section 3.1).

Joint searches for GWs and high energy neutrinos are well-suited for coherent multi-

messenger analyses, as both messengers have typically sub-threshold significances. For this

purpose Baret et al. [272] developed a multimessenger analysis method that coherently com-

bines the significance and other information from the two messengers (see Chapter 5).

1.5.4 Host galaxies

The location of potential or confirmed host galaxies of GRBs can be utilized in GW searches

to enhance sensitivity as well as in event selection or localization.

Long GRBs are found to occur in star-forming regions of distant galaxies, in accordance

with their association to the deaths of massive stars [284]. Consequently, the rate of long

GRBs is correlated to the blue luminosity of galaxies [306, 307, 284, 308, 309]. Long GRBs
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are actually found in the very brightest region of their host galaxies, which are significantly

fainter and more irregular than typical host galaxies of CCSNe, suggesting that they are

associated with extremely massive stars, and galaxies with limited chemical evolution [308].

Star-formation rate in host galaxies of short GRBs is significantly lower than that of long-

GRB host galaxies [254]. In fact many short GRBs show association with an old (∼ 1 Gyr)

stellar population in their host galaxies [254, 310], and it is highly unlikely that short and

long GRBs are drawn from the same underlying population [310]. Nevertheless, the rate of

short GRBs in a given galaxy is correlated with the optical light of their host, and to less

extent with the blue luminosity of the galaxy [311], indicating that short-GRB progenitors

have a wide age distribution of several Gyr. As neutron stars may experience an initial kick

at birth [312, 313, 104], binary mergers can take place far away from the star-forming region

where they originate from. For kick velocities of O(100 km s−1) and inspiral times of several

Gyr, binaries can travel megaparsecs from their birth place before their merger [254, 314],

traveling far outside their host galaxies. Typical predicted distances are ∼ 10−100 kpc [132],

the predicted distance distribution being well-matched by observed short-GRB distributions

[315].

Magnetars [109, 254] form another possible progenitor type of short GRBs, making up less

than ∼1/3rd of their population [310]. They are weaker and softer gamma-ray emitters than

other short GRBs, making them identifiable mostly at smaller distances, within the Milky

Way and the Large Magellanic Cloud. Their expected GW emission is also much weaker

than the GW emission of compact binary mergers, making them interesting for the purposes

of GW measurements only at smaller distances. Nevertheless, some detected extragalactic

short GRBs may be (unconfirmed) magnetar flares [316]. One GRB (070201) has been likely

an extragalactic giant flare from a magnetar, as suggested by GW measurements [115, 116].

Magnetars are thought to be created in SN explosions [316], AS they can receive an initial

kick velocity during the SN explosion similarly to radio pulsars, only a fraction of them may

be near its respective SN remnant, in accordance with observations [316]. Magnetars are

observed to be mostly young (∼104 yr) objects [316], therefore they did not travel far from

the star forming region of their respective SNe. Consequently, extragalactic magnetar flares

can be expected to occur within the star-forming regions of galaxies.
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The expected probability distribution of GRBs can be used to enhance GW searches

by providing an addition significance measure to signal candidates (e.g. [272]). A priori

information on source distribution has been used in multiple GW-GRB searches using various

methods and weights. The used weights depend on the scope of the search in terms of

potential sources as well as used messengers. For extragalactic sources, their distribution is

expected to follow the galaxy distribution of the universe.

The first GW search where the galaxy distribution played a significant role was the search

for the GW counterpart of GRB 070201 [115]. The direction of this short GRB overlapped

with the direction of M31. A binary merger from M31 would have been strong-enough to be

detected, therefore non-detection excluded this possibility.

The galaxy distribution plays a significant role in EM follow-up searches, in which GW

triggers are followed up by EM observations. Since most GW signal candidates have a

reconstructed point spread function spreading over a few degrees (which is scattered over a

larger area on the sky), it is greater than the field-of-view of most astronomical instruments

used for follow-up observations. To decrease the surveyed area on the sky, the directions

in which EM follow-up is performed is down-selected using the directions of nearby galaxies

overlapping with the GW point spread function [247].

In coherent multimessenger searches, the distribution of galaxies can be used to increase

the significance of astrophysical signals as well as to reject background events whose directions

do not overlap with the direction of a galaxy (see Chapter 5).
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Chapter 2

The Advanced LIGO Timing

System

After outlining in Chapter 1.3 the upcoming Advanced LIGO experiment, which holds the

promise of the first direct detection of GWs, below we present our work on a mission-critical

component of the observatory: the Advanced LIGO Optical Timing Distribution System.

A network of detectors, besides lowering the noise floor compared to a single detector1,

provides increased sensitivity by being able to efficiently reject signal-like background events

(called glitches). Glitch rejection is based on the fact that detectors separated by large

distances will have uncorrelated backgrounds, while real GW signals are correlated appear

coincidentally and have coherent waveforms in the detectors. Direction reconstruction, a

crucial element of retrieving astrophysical source information from a measurement, relies

upon the accurate knowledge of the arrival times of GW signals to determine the source

direction.

This chapter introduces the Advanced LIGO Timing System, based on the work of Bartos

et al. [317]. Section 2.1 discusses the role of timing from the perspective of astrophysical

measurements and data analysis. Section 2.2 introduces and describes the Advanced LIGO

1Since the background noise in multiple detectors are independent, while an astrophysical signal is cor-
related, this correlation can be utilized to efficiently extract an astrophysical signal from the background.
Further, one of the main sources of uncertainty in reconstructing astrophysical signals is the non-Gaussianity
of the background. Such non-Gaussian features (glitches) can be filtered out by requiring coincidence between
multiple detectors.
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Timing System that will provide timing for the Advanced LIGO detectors. We discuss the

structure and specific components, the synchronization methods and system diagnostics. Fi-

nally, section 2.3 presents some performance tests of the Advanced LIGO Timing System

that demonstrate its precision in practice and its robustness against environmental and con-

figurational changes. The chapter is based on the extensive description and documentation

of the Advanced LIGO Timing System [317, 318, 319, 320, 321, 322, 323, 324, 325, 326, 327,

328, 329, 330, 331].

2.1 Timing in Gravitational-wave Astrophysics

Timing information of GW signals is vital for multiple purposes. First, coincident arrival

times in different detectors separated by large distances is one of the main tools of background

rejection. Another important purpose of precision timing is the reconstruction of source

direction. Not only does it increase detection confidence by enabling comparison to possible

celestial sources, but it is also essential for electromagnetic follow-up observations [332].

Furthermore, accurate direction reconstruction can greatly enhance multimessenger, e.g.,

GW-high energy neutrino joint searches [333, 212, 13].

The accuracy of direction reconstruction largely depends upon the accuracy of timing (it

further depends on the network geometry, the source direction compared to detector locations,

uncertainty introduced by the analysis method, and detector calibration) [332, 334]. For

instance if one precisely knows the arrival time of a signal for a network of three detectors,

the signal direction can be precisely reconstructed with a degeneracy including the actual

direction and its mirror image with respect to the plane of the three detectors (for some

cases amplitude information can be used to break this degeneracy) [332]. A typical angular

uncertainty for the advanced LIGO-Virgo detector network for a detectable signal is ∼ 4◦

(for a circularly polarized signal with characteristic frequency in the detectors’ most sensitive

frequency band, and with signal-to-noise ratio of 8) [334].

Timing jitter, another crucial factor that can affect measurement precision, has special

importance due to the intrinsic sensitivity curve of the Advanced LIGO detectors. Timing

jitter introduced in the analog to digital converter (ADC) of a detector will result in the
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sampling process creating higher harmonics to the existing noise. Due to the steep negative

slope of the Advanced LIGO noise curve (see, e.g., [335]) at low frequencies, the background

at low frequencies below the interferometer’s most sensitive frequency regime will be much

higher than the background at the frequencies of its higher harmonics. This will result in

the higher harmonics being much more emphasized compared to the case of uniform noise

spectrum. It is therefore critical to reduce the appearance of higher harmonics by minimizing

timing jitter.

As an example to the precision of arrival time reconstruction, assume that a GW signal

of frequency f0 is incident on a detector. The uncertainty of the measured arrival time can

be approximated as [336, 337]

∆t ' 1

2πf0

1

SNR
(2.1)

where SNR is the signal to noise ratio. We will assume a signal of higher characteristic

frequency of f0 ≈ 1 kHz, that can be produced by several sources interesting to Advanced

LIGO (see Chapter 1.2). With a signal to noise ratio of SNR ≈ 10, we obtain ∆t ≈ 15µs.

The Advanced LIGO Timing System is required to provide timing information with un-

certainty below 1µs2. This uncertainty limit is safely below the requirements of arrival time

or direction reconstruction. This requirement also allows for a possible 1% amplitude and

1◦ phase calibration - for the case of, e.g., a 1 kHz signal, this would mean 2.8µs maximum

allowed uncertainty. We note here that, between the actual timing of GW data and the

timing signal from the Advanced LIGO Timing System, there are other data acquisition sub-

systems, whose accuracy might also introduce timing/phase errors that will be added in the

total timing error of GW data. It is hence important that the precision of the Advanced

LIGO Timing System stays below the limit required by the considerations described above

to “leave room” for sources of uncertainty from other subsystems.

The provided timing signals are required to be synchronized to Coordinated Universal

Time (UTC) provided by the GPS satellite system. We note that the nominal accuracy of

the GPS system provided by the United States government is below 100 ns.

2This requirement was 10µs for initial LIGO.
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2.2 System Architecture

Timing information for GW detectors requires different levels of synchronization. First, one

needs to provide synchronous timing to sub-systems of a given detector, a challenging task

due to the large size of the Advanced LIGO interferometers. Furthermore, in order for results

to be comparable between each detector and to be comparable with non-GW measurements,

timing needs to be synchronized between different detectors, and needs to be synchronized

to an absolute time measure.

The Advanced LIGO Optical Timing Distribution System (Advanced LIGO Timing Sys-

tem) [318, 319] provides timing information to detector sub-systems. Timing is synchro-

nized to Coordinated Universal Time (UTC), this way insuring both relative and absolute

synchronization 3. The system distributes timing information in a modular structure. A

central component, called the Master module, synchronizes its internal clock to UTC, and

distributes this synchronized timing through optical fibers to peripheral components, called

Slave modules. Slave modules synchronize their internal clocks to the received timing sig-

nal, and provide timing information based on their internal clock signal to external devices.

The distribution of timing information is aided using intermediate components, so called

Fan-Out modules. Fan-Out modules synchronize their internal clock to the received timing

from an upstream source, and distribute it to up to 16 destinations (either other Fan-Out

or Slave modules), enabling a highly flexible structure of arbitrary size. We note here that

the key element of providing flexibility to the Advanced LIGO Timing System is the use of

Field-programmable gate arrays (FPGAs, type: Xilinx Spartan-3E) in each module. FPGAs

are integrated circuits designed such that they can be easily (re-) programmed by the user

or developer on site, without the need to re-manufacture the modules.

Below we describe the structure of the Advanced LIGO Timing System by following the

path of timing information throughout the system. The structure of the system, as well as

an example configuration are depicted in Figure 2-1.

We start with the UTC time stamp that is provided by the GPS satellite network. UTC

time is received by the Master module through two paths. An external GPS receiver is used

to receive and pre-process UTC timing and provide it as the primary input of the Master

3Optionally, common view GPS can be used to confirm timing precision if requirements make it necessary.
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Figure 2-1: (left) Schematic structural diagram of the Advanced LIGO Timing System.
The Master module is connected to a GPS receiver module that receives timing from a
GPS antenna. Another, failover GPS antenna is connected directly to the Master module.
GPS antennae are connected to the GPS receiver and the Master module through lightning
arresters. The Master module provides timing information to a Fan-Out module, while the
Fan-Out module sends back diagnostics information. The Fan-Out module provides timing
information to a Slave module, while the Slave module sends back diagnostics information
(including the clock signal that is used to compensate for the time delay in the fiber). The
Slave module, together with a Timing Converter interface outputs timing information to an
external device. The Master and Fan-Out modules output diagnostics information to an
external computer through the internet. (right) Example organization of Advanced LIGO
Timing modules in a star-like structure. Practically any number of Fan-Out modules can be
serially connected, while one Fan-Out or Master module can provide timing information to
up to 16 Fan-Out or Slave modules.
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module in the form of one pulse per second (1PPS) signal. The Master module also has

its internal GPS receiver sub-module (type: Oncore) that, upon being connected to a GPS

antenna, will provide the Master module’s secondary, failover 1PPS timing input that is used

if 1PPS is not received through the primary input.

2.2.1 Master module

The Master module [318] 4 uses the received 1PPS signal to which it synchronizes its internal

clock. The core of the Master module’s internal clock is an Oven Controlled Crystal Oscillator

(OCXO, type: Wenzel) that has excellent phase noise characteristics and naturally operates

on a 2N Hz base frequency. The OCXO is synchronized to the external 1PPS through a

phase-locked loop with a bandwidth of several millihertz, that filters out higher frequency

fluctuations in GPS timing.

The Master module provides synchronized timing information through optical fibers based

on its internal clock signal, to up to 16 Fan-Out or Slave modules. Timing information is

transferred in the form of a 223 Hz (∼ 8.4 MHz) square-wave signal. The positive edges of this

square-wave signal are spaced equally, and are used as the clock signal. The spacing of the

negative edges is used to transfer additional information between the modules, such as the

1PPS signal, or diagnostics information (pulse-width based binary encoding, see also Section

2.2.11).

The time delay due to signal transfer in the optical fibers is automatically compensated for.

The Master module sends out a 1PPS signal to the downstream (Fan-Out or Slave) module

that, upon reception, immediately sends it back to the Master module. The Master module

uses the measured time delay between these two signals to determine and compensate for

the time delay due to signal transmission. This synchronization is done upon the connection

of a new module, therefore its value does not change during proper operation. The 8.4 MHz

clock signal is also adjusted to compensate for the delay due to the cable.

4Schematics and components information: [322] (front panel) and [323] (rear panel); Assembly Drawing:
[324]; Chassis Integration Plan: [326]; Test Procedure: [328]
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2.2.2 Fan-Out module

Synchronized (and delay compensated) timing information is transmitted from the Master

module to a Fan-Out module [318]. Fan-Out modules use the received timing information to

which they synchronize their internal clocks. The core of a Fan-Out module’s internal clock is

a Voltage Controlled Crystal Oscillator (VCXO, type: Vectron) whose oscillation frequency

is synchronized to the received 8.4 MHz clock signal. The 1PPS of the Fan-Out module is

determined based on the incoming 1PPS signal.

We note here that the Fan-Out and Master modules are mostly identical, the only dif-

ference being the OCXO and GPS receiver that the Master module has but the Fan-Out

module does not.

The Fan-Out module, similarly to the Master module, provides synchronized timing in-

formation of a 8.4 MHz clock signal and 1PPS signal, based on its internal clock signal, to

up to 16 Fan-Out or Slave modules. It also compensates for time delay in the optical fibers

similarly to the Master module.

2.2.3 Slave module

Synchronized timing information from the Master module, after being transferred through

an arbitrary number of Fan-Out modules, will be received by a Slave module [318]. Slave

modules, similarly to Fan-Out modules, use the received timing information to which they

synchronize their internal clocks. Their internal clock is also identical to those of the Fan-Out

modules.

Slave modules provide timing information to external devices, i.e. detector sub-components.

They convert the received 8.4 MHz clock signal and 1PPS signal into the format required by

the specific device they communicate with. Slave modules use operation specific interfaces:

daughter boards that are placed onto the Slave modules. While these interfaces provide the

physical connection between the Slave module and external devices, operation specific timing

information is generated within the (also operation specific) FPGA code programmed onto

the Slave module’s FPGA chip.

Operation specific interfaces include the Timing Converter Interface described below, that

is used to synchronize the analog-to-digital and digital-to-analog converters, RF units and
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some of the CPU clocks of Advanced LIGO. Another interface is the Timing Comparator

interface, that is used to (i) output UTC synchronized 1PPS signals from the Slave module

through multiple BNC ports and (ii) compare 1PPS signals from several different external

devices to high precision. Further interfaces include the IRIG-B (Inter-range Instrumentation

Group B) interface, that is used to communicate with devices that require IRIG-B input, such

as some computer interfaces.

2.2.4 DuoTone generation

Advanced LIGO analog-to-digital and digital-to-analog converters require a two-tone signal

to monitor their state of synchronization. The two-tone signal generated by the Advanced

LIGO Timing System, called DuoTone, is the sum of two sinusoids of 960 and 961 Hz. The

frequency difference ∆f = 1 Hz between its two components enables the precise determination

of every 1 second mark by using the phase difference between the two sinusoids. While, for

a 1PPS signal, one uses a few microseconds of data each second to determine the precise

position of the 1 second mark (e.g. the rising edge of 1PPS), for a DuoTone signal, one can

use the full 1 second long data stream for the same purpose. The narrow Fourier band width

of a DuoTone signal is another important advantage that decreases possible cross-channel

contamination. The LIGO GW channels can have significant narrow band noise at the 60 Hz

power line harmonics. There can be a crosstalk between ADC channels, therefore it was safe

to place the frequencies of the timing signals on top of a high frequency line harmonics, where

the crosstalk cannot cause an additional loss of bandwidth.

Advanced LIGO sub-components that require DuoTone signal, such as the analog-to-

digital and digital-to-analog converters, will be connected to the Timing System through a

so called Timing Converter interface [318]. Besides a DuoTone signal, they also require other

timing signals, which are shown and explained in Figure 2-2.

2.2.5 Operation Diagram

Fig. 2-3 summarizes the operation of the Master and Fan-Out Modules, representing the

main, distinct parts of operation with separate “black-boxes”. The detailed operation of

these black-boxes are discussed in subsequent diagrams below. There is an order in which
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(a) (b) 

Figure 2-2: (a) Input/Output signals of the Timing Converter interface (excluded the Duo-
Tone signal), compared to 1PPS. The Timing Converter continuously outputs Clock #1 and
Clock #2, two 217Hz clock signals which are the inverse of each other and are synchronized
to 1PPS. The external device (i.e. an analog-to-digital converter), upon starting conversion
at an arbitrary time, sends a Gate Request signal to the Timing Converter. The Timing
Converter outputs a Gate signal after Gate Request was turned on, starting right before the
1PPS signal such that it is closer to the 1PPS signal than the half cycle of Clock #1. The
Timing Converter also outputs two additional clock signals, Clock #3 and Clock #4, that
are the logical products of Gate and Clock #1 and Clock #2, respectively. (b) On/Off test of
the Advanced LIGO Timing System: deviation between the input and output 1PPS signals
of a Master-Fan-Out-Slave module chain as a function of time. The red vertical lines show
the times of power recycle for the Master module (first and second line) and the Slave (third
line) modules. The Master module and Fan-Out modules were connected through a 4km
long fiber. The system restores itself and acquires precise timing within 3 minutes after the
Master module is restarted, and within 20 seconds after the Slave module is restarted. Note
that the Fan-Out module uses the same synchronizing mechanism as the Slave module.
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Figure 2-3: Schematic diagram of the Master and Fan-Out modules.

the system sets itself up in the case of startup or change/error in the input signals. This

order is shown in Fig. 2-3. First, the system checks whether it has a built in OCXO. This

determines whether it will operate as a Master (has OCXO) or as a Fan-Out (has no OXCO),

and thus which inputs it will use for communication with other boards and to which inputs

it locks its internal clock to.

Next, the system uses a phase locked loop (PLL) to lock its internal clock to the proper

external signal. Finally, the system sends out timing information to external devices based

on its locked internal clock. The whole process is being diagnosed and diagnostics informa-

tion is sent upstream and downstream. Diagnostics information is eventually collected from

connected boards and can be sent to an external computer.
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Figure 2-4: Schematic diagram of the selection of the 1PPS input signal by the Master or
Fan-Out module, also shown in Fig. 2-3 as “Select 1PPS”.

2.2.6 Selection of 1PPS input

The procedure depicted in Fig. 2-4 shows the detailed operation of the “Select 1PPS” box in

Fig. 2-3. It describes the procedure of how a Master or Fan-Out module selects the external

1PPS source that it uses to lock its internal clock. There is an order of preference in which the

module selects the 1PPS source, if such source is present. The selection process is different

for Master (has OCXO) and Fan-Out (has no OCXO) modules. After a selection is made,

the module will use the selected 1PPS source until the signal from the source is lost or a new

signal source becomes active. In this case the selection process is restarted. The selection

process as a whole is executed in a small fraction of a second therefore it does not interfere

with other processes. Changing the time source always generates a diagnostic flag.

2.2.7 Master Phase-locked Loop Configuration

Fig. 2-5 shows the process how the Master module locks its OCXO to an external reference

1PPS chosen previously by the “Select 1PPS” process, and its internal clock to the OCXO.
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The Master PLL uses two internal clocks, an OCXO and a VCXO. The clock signal used

in FPGA (FPGA clock) is taken from the VCXO. The signals of these two clocks, after

being transformed to ∼ 8 MHz, go to a phase detector that consists of positive-edge-triggered

flip-flops with asynchronous resets and an AND gate. After the phase detector, the signal

reaches a filter that operates as the servo compensation, providing feedback to the VCXO

to synchronize it to the OCXO. A 1PPS signal, obtained from the VCXO clock signal, is

then compared to the reference 1PPS from the source previously chosen by Select 1PPS. If

the difference is above threshold, the 1PPS is reset, otherwise it goes through a low pass

filter and is used to lock the OCXO to the external reference by changing the applied control

voltage on it.

2.2.8 Fan-Out/Slave Phase-locked Loop Configuration

Fig. 2-6 shows the process of how the Fan-Out and Slave modules lock their internal clock

(VCXO) to an external reference 1PPS coming from an upstream Master or Fan-Out module

(the upstream source was chosen by Select 1PPS using the fact that OCXO is not present).

The VCXO receives a similar feedback from a filter from the comparison of its clock signal

to the uplink source than for the case of the Master PLL Configuration. The VCXO clock

signal is then used to provide the FPGA clock. The 1PPS is based upon direct comparison

to the 1PPS from the uplink source.

2.2.9 Fiber Delay Determination

Fig. 2-7 shows how the correct time shift of an output to an external device is determined.

The output consists of an 8 MHz clock signal, 1PPS and diagnostics information.

After a signal is detected from the external device connected to the Output, the Master

or Fan-Out module starts the transmission of the output signal (clock signal, 1PPS and

diagnostics). The external device (a Fan-Out or Slave board) automatically synchronizes

its internal 1PPS to the received 1PPS, and sends this 1PPS back. The Master or Fan-Out

Module measures the delay of the received 1PPS from which it can determine the delay due to

signal transmission time. This delay is then compensated for by sending out the 1PPS signal

in advance to the internal 1PPS of the Master or Fan-Out Modules. Delay is determined 16
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Figure 2-5: Schematic diagram of the phase-locked loop (PLL) synchronization of the Master
module. This diagram is shown in Fig. 2-3 as “Config. with OCXO.”
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Figure 2-6: Schematic diagram of the phase-locked loop (PLL) synchronization of the Fan-
Out and Slave modules. This diagram is shown in Fig. 2-3 as “Config. without OCXO.”

times, using 16 seconds for each determination (except the first that takes 13 seconds). The

determined value of the delay is then stored, therefore it is a fixed value after system startup,

this way preventing fluctuations due to noise. In case of loss of signal, the determination of

the delay restarts. This enables the change of external devices or cables without restarting

the whole system.

2.2.10 Structure of the Diagnostic Output Data: Overview

Internal parameters of the Advanced LIGO Timing System are designed to accurately group

all necessary information that is to be communicated to the consumer, user and/or devel-

oper. A computer interface of the Advanced LIGO Timing System (hereafter Computer)

redistributes this information in order to make it easy to decipher, focusing on the require-

ments from the users perspective. Here we shortly outline the structure of the diagnostic data

that appears on the RS422 output of the Master module every second. A detailed description

can be found in [321].
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Figure 2-7: Schematic diagram of the determination of fiber delay by the Fan-Out and Slave
modules. This diagram is shown in Fig. 2-3 as “Output #?.”
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Figure 2-8: Schematic diagram showing the data structure of the Computer output.”

Since the structure of the Advanced LIGO Timing System (i.e. the architecture of the

network of Master, Fan-Out and Slave modules) is not fixed, the structure of the data output

also needs to be dynamic. The data structure implementation can also dynamically handle

any structural changes, adapting to changes without the need to restart the system.

Data is accessible by the user in the following structure (see Fig. 2-8).

The data structure, similarly to the structure of the Advanced LIGO Timing System, is

based on a hierarchical, tree-like structure. Data from an Advanced LIGO Timing System

module (i.e. a Master, Fan-Out or Slave) is represented as a data unit, while other modules

connected to the Advanced LIGO Timing System module are represented by data subunits.

As shown in Fig. 2-8, the main data unit represents the Advanced LIGO Timing System

itself. This has data subunits representing each Master. Data units representing a Master
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contain subunits for each Fan-Out and Slave connected to them, as well as subunits for every

port (containing synchronization information). While there are 16 Slave and Port subunits

independently of the number of connected modules, the number of Fan-Out subunits is equal

to the number of connected modules. Note that the data units for Masters and Fan-Outs are

identical, i.e. they contain identical parameters; the difference is only in the values assigned

to these parameters. This identity mirrors the identity of Master and Fan-Out modules, the

only difference being the presence of an OCXO and consequently the usage of the modules.

Data units represent modules and parts of the timing distribution system, as follows:

1. Advanced LIGO Timing System - represents the Advanced LIGO Timing System as a

whole, containing the data units of each Master present.

2. Master / Fan-Out - represents a Master or a Fan-Out module (it also contains in-

formation on which module it represents). Besides containing the information on the

module, it also contains the data modules of each Fan-Out or Slave connected to the

given Master/Fan-Out, as well as a data unit for every connected port (containing

synchronization information).

3. Slave - represents a Slave module. Contains information that is specific to Slave type,

i.e. Fan-Out5, Slave and DuoTone. It also contains a data subunit SlaveBasic.

4. SlaveBasic - contains the information of a Slave module that is independent of the Slave

type, i.e. basic information.

2.2.11 Diagnostics

To monitor the operation of the Advanced LIGO Timing System, diagnostics information is

collected from each Master module, Fan-Out and Slave module, as well as about the structure

and configuration of the system as a whole. Diagnostics information is transferred every

second through the optical fibers connecting the modules, along with timing information (see

Figure 2-1) [321]. Data transfer is accomplished using pulse-width based binary encoding.

5Note that Fan-Out boards are also Slave boards from this perspective; therefore a Fan-Out board will have
two subunits, one for its Fan-Out purposes and one for its Slave purposes (i.e. locking to another Fan-Out or
a Master).
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It utilizes the fact that only the positive edges of the 223 Hz square-wave clock signal are

used for synchronization purposes, leaving the negative edges available to carry additional

information. Information bits are therefore encoded by shifting the negative edges by a

quarter-cycle. Negative and positive shifts are both used to represent ’1’ bits, while no shift

represents ’0’ bits. To account for the fiber receiving circuit’s AC-coupling and to preserve

DC-balance, positive and negative shifts are used one after the other for ’1’ bits. The only

exception is the 1 second mark, which is differentiated from other information by having

two consecutive ’1’ bit signs with the same shift (see [320] for further information on data

encoding).

Data is collected by each Master and Fan-Out module from all downstream components,

and is sent to a computer using RS422 or ethernet connection (see Figure 2-1). Assigned

addresses of modules are used to construct a map of the physical fiber connections between

modules. Diagnostics information further includes status and configuration information for

each module. If needed, one can also send information to each module from a computer

interface. Note that status information, besides signaling whether the system is up and

running, also includes information on every error, e.g. temporary loss of signal, the time

compensation applied for each connection due to delay in fiber, etc. For further information

on data structure and processing, see [321].

2.3 Performance and Tests

As discussed above, the Advanced LIGO Timing System is required to provide O(µs) timing

synchronized throughout a detector, as well as between different detectors. Besides the

internal precision of the system, this microsecond precision needs to include the uncertainty

introduced by communication with external devices, i.e. timing reconstruction using the

DuoTone signal output. Of further importance is the Timing System’s robustness against

environmental and structural changes. In the following we present several test results that

show the system’s performance.

The Advanced LIGO Timing System transfers timing information using a modular system,

each module is synchronized to its upstream module. To demonstrate proper synchronization
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of the entire system, we tested the synchronization between the two ends of a typical modular

configuration including all elements. The configuration took its input timing 1PPS from a

UTC GPS receiver. A Master module was connected and synchronized to this GPS 1PPS. A

Fan-Out module was connected to the Master module, and a Slave module to the Fan-Out

module. The Master and Fan-Out modules were connected with a 4 km long optical fiber,

that allows for testing long distance-synchronization, as well as being the realistic setup for

Advanced LIGO. We tested the synchronization of this GPS-Master-Fan-Out-Slave module

network by comparing the 1PPS output of the Slave module to the GPS 1PPS. Conducting

a 24 hours long measurement, we obtained a median of 14.3 ns and a 99% confidence interval

of 6.2 ns (with maximum of 24 ns and minimum of 10.5 ns), showing that the uncertainty of

internal synchronization is a small part of the total allowed error budget of 1 µ s6.

Some external devices require a DuoTone signal for sub-second time stamping or diag-

nostics. To determine the precision of this time stamping, we compared the 1PPS signal

reconstructed from the DuoTone signal and the actual 1PPS signal. We conducted an ∼ 9

days long measurement, calculating the difference between the reconstructed and actual 1PPS

signals once every hour. The obtained time difference was ∆t = −263 ± 2 ns. This result

demonstrates that the DuoTone signal can be used to precisely reconstruct the timing infor-

mation.

Besides timing precision, the Advanced LIGO Timing System is also capable of quickly

re-synchronizing itself if one changes its configuration by disconnecting or connecting some

of its modules. To test this property, we used the configuration used for testing internal

synchronization, i.e. a Master-(4km fiber)-Fan-Out-Slave module chain. After allowing the

system to synchronize, we power cycled the Master module (twice) and then the Slave module.

The results can be seen in Figure 2-2 (b). After restarting the Master module, the system

re-acquired precise timing in about 3 minutes. This time frame is due to the low pass filter

applied in synchronizing the Master module’s OCXO. After restarting the Slave module,

the system re-synchronized in about 20 seconds which is the time it takes for the FPGA

chip on the board to reboot itself and the time of measuring the signal time delay in the

fiber that connects the Slave module to the rest of the timing system. We note that the

6For comparison, the initial LIGO phase uncertainty was equivalent to a few microseconds (dominated by
calibration, and not timing, uncertainties), with O(µs) variation during scientific data taking periods [338, 339]
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same reboot durations apply for components that are newly connected to the system. This

measurement demonstrated that the system is robust against power cycling or disconnection

of its components, which provides additional safety and easy access to the system, enabling

the quick addition and/or removal of elements.

2.4 Summary

The Advanced LIGO Optical Timing Distribution System provides UTC synchronized time-

stamping throughout the Advanced LIGO detector, as well as to a network of detectors

to sub-microsecond precision in hardware. This accuracy guarantees that uncertainties in

arrival time and direction reconstruction will be unaffected by synchronization uncertainties.

Sub-microsecond precision also enables a possible 1% amplitude and 1◦ phase calibration of

the Advanced LIGO detectors. The self-diagnostics system of the Advanced LIGO Timing

System allows for remotely monitoring status and structural information that enables the

traceability of the modular structure, as well as possible errors. We demonstrated that the

Advanced LIGO Timing System robustly recovers after power cycling or after the (dis-)

connection of components.
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Chapter 3

Observational Constraints on Joint

Sources of Gravitational Waves and

High Energy Neutrinos

3.1 Bounding the time delay between gravitational waves and

high energy neutrinos from GRBs

This section, following Baret et al. [238], describes the possible time delay between GW and

HEN signals arriving from a GRB.

Previous single or multimessenger searches for GWs, HENs and/or (electromagnetically

detected) GRBs have defined various different time windows. Aso et al. [333] designed a

GW+HEN multimessenger search algorithm and investigated possible time windows from

0.1 s to up to 1 day. In a search for HEN counterparts of detected GRBs, Abbasi et al.

(IceCube Collaboration) [340] considered three different time windows around each burst.

The first time window covered the observed prompt gamma-ray emission, expecting prompt

neutrino emission to overlap with prompt gamma-ray emission. The second considered time

window covers neutrino-producing processes before gamma-rays can escape from the fireball.

This time window is taken to be 100 s immediately preceding the prompt emission time win-

dow. Abbasi et al. (IceCube Collaboration) [340] also considered a generic time window that
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was chosen to be much wider than the previous two to include possible unknown mechanisms.

This third time window was chosen to be [−1h, 3h] around the start of the prompt emission,

a compromise between including unknown mechanisms and keeping the HEN background

relatively low.

In a HEN search for GRB 080319B, one of the brightest GRBs ever observed, the IceCube

Collaboration [341] uses two time windows for HEN detection. A shorter time window of 66s

was used that overlapped with the GRB’s prompt gamma-ray emission. Another, ∼ 300s

long extended time window was also analyzed. Data from the detector was only available in

this 300s around the GRB which motivated the choice of this time window.

Very recently a search for neutrinos from 117 GRBs was conducted using data from the

IceCube detector’s 40-string configuration [342]. Two different searches were performed; one

model independent search, using no model for the energy distribution of HENs from GRBs.

This search used a time window of ±24 hours around the burst. The second, model dependent

search used the predicted energy distribution from GRBs by Guetta et al. [14]. This search

considered the observed start (Tstart) and stop (Tstop) times of gamma-ray emission from

each GRB. A probability distribution was assigned for expected neutrino times with uniform

probability between Tstart and Tstop, and with Gaussian tails around this uniform window.

The width of the tails was chosen to be Tstop − Tstart, and was constrained to at minimum 2

seconds and at maximum 30 [342].

In GW burst searches triggered by long and/or short GRBs, performed with the LIGO-

Virgo GW network, [343, 344, 241, 345], a time window of [−120s,+60s] was used around

the GRB trigger. This time window is longer than the duration of most analyzed GRBs.

It was also chosen to include models predicting gamma-ray emission up to 100s after initial

GW emission (e.g. [346]), as well as measurement uncertainties in GRB trigger time. For a

search for GW inspiral counterparts of detected short GRBs, Abadie et al. (LIGO Scientific

Collaboration and Virgo collaboration) [347] used a time window of [−5s,+1s) around the

trigger time of GRBs, aiming to capture “the physical model with some tolerance for its

uncertainties.”

The analysis of the GW+HEN coincidence time window described below mainly relies

on model-motivated comparisons with observations and simulations. We consider different
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types of information we have on GRBs from their detected electromagnetic radiation, and

infer to the plausible time frame of GW or HEN emission based on this information. We

use observations by BATSE [3], Swift [4] as well as Fermi LAT [348]. We estimate the

duration of different emission epochs, and combine them to obtain an overall time window.

While a joint search for GW and HEN signals mainly aims to detect astrophysical sources

with unobserved electromagnetic (EM) counterpart, we constrain their emission based on the

emission of detected sources, assuming that these two types have similar emission.

Below we discuss the different emission processes with special emphasis on their relative

timing, defining their contribution to the GW+HEN coincidence time window.

3.1.1 Gamma-ray Emission

The observed temporal structure of gamma-ray emission from GRBs can be used as the

foundation in the description of the temporal structure of GW and HEN emission. For

the purposes of GW+HEN analysis, we define a practical upper limit for GRB duration as

the 95% quantile of the T90’s of GRBs detected by the Burst Alert and Transient Source

Experiment (BATSE). We obtain this limit using data from the 4th BATSE GRB catalog

(1234 GRBs, [3]), that includes 1234 GRBs with duration information (see Figure 3-1). As

the measure of GRB durations, we use their T90, the time interval in which the integrated

photon counts from a GRB in the BATSE detector increased from 5% to 95%. See Figure

3-1 for the distribution of T90’s of BATSE GRBs in comparison with tGRB95 . The obtained

duration upper limit is

tGRB95 ' 150 s (3.1)

For comparison we note here that the 90% and 99% quantiles are tGRB90 ' 100s and tGRB99 '

300s. Considering a similar analysis for GRBs detected by the Swift satellite (534 GRBs,

[4]), we find that 87% of Swift GRBs have T90 . 150s. For Swift, the 90%, 95% and 99%

quantiles are 180s, 300s and 500s, respectively. See Figure 3-1 for the distribution of Swift

T90’s.
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Figure 3-1: (left) Distribution of T90’s for GRBs measured by BATSE (straight line, 1234
GRBs, [3]) and Swift (dotted line, 534 GRBs, [4]). The vertical line shows tGRB95 , i.e. the
95% quantile of the T90’s of BATSE GRBs. (right) Distribution of time difference between
the onset of a precursor and the onset of the main GRB. The vertical line shows tprecursor95 ,
i.e. the 95% quantile of the time differences (the delays were obtained by Burlon et al. [5]
using data from BATSE [3]).

3.1.2 High-energy Gamma-ray Emission

While typical gamma-ray energies from GRBs are in the range of 0.1− 1 MeV, some GRBs

also emit gamma-rays with energies above 100 MeV (e.g. [349, 350]). Such high-energy

component was first observed by the Energetic Gamma-Ray Experiment Telescope (EGRET,

e.g, [351, 352, 353]), and has recently been identified for more than 20 GRBs [354] by the

Large Area Telescope (LAT) on the Fermi satellite [348]. GeV gamma-ray emission from

these GRBs, in most cases, shows radically different characteristics [349, 350, 355] compared

to MeV gamma-ray emission.

The different temporal and spectral behavior of GeV photons imply that they are likely

produced by different processes during a GRB than MeV photons. There are different pro-

posed mechanisms responsible for the creation of GeV photons. It is also possible that dif-

ferent mechanisms are responsible for the GeV photon output for different GRBs. Studying

the high energy emission of GRB 090510, Ghirlanda et al. [356] suggested that this may be

explained entirely due to external shock emission. On the other hand, several other authors

[357, 358, 359] have shown that internal shocks may also play a role, especially during the

first few seconds of the high-energy tail. Toma et al. [360] argue that GeV photon emission
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can be due to Compton upscattered photospheric emission, during which photons are upscat-

tered by electrons in internal shocks. Photohadronic interactions in proton-dominated bursts

have also been considered, that may be responsible for the production of the high-energy

component [361, 362]. In this case, GRBs with GeV photon emission can be excellent sources

of HENs. In the more standard Waxman-Bahcall model, however, GeV emission, associated

with higher Lorentz factor, results in decreased HEN emission (e.g. [341]). See e.g. [349] for

a summary of possible emission mechanisms.

Due to the small number of detected LAT GRBs, as well as our limited understanding

of the emission mechanisms, investigating the temporal behavior of high-energy gamma-ray

emission is difficult. It seems, however, that in many cases the light curves follow a power-

law decay in time: FLAT ∝ t−α with α ' 1.5 [355, 363, 364], while the rising parts for some

cases are consistent with FLAT ∝ t2. We note that the characteristic rising and decay were

observed both for short and long bursts [355].

For the purposes of GW+HEN analysis, we are interested in the proportion of high-energy

photons emitted in a given time window, T , following the onset of the GRB. For this estimate,

following [356], we model the temporal distribution of high-energy photons with a smoothly

broken power law

FLAT (t) =
A(t/tb)

α

1 + (t/tb)α+β
+B (3.2)

with α = 2 and β = 1.5 as discussed above. The peak emission is at time tpeak =

tb(α/β)1/(α+β). A is an amplitude and B is the background level, both irrelevant for the

calculation of the temporal behavior (for simplicity, we will assume B = 0).

Due to the low number of available data, we restrict our analysis to estimating the ratio of

GeV photons arriving in the 150s time window, i.e. the GRB emission time window described

above in Section 3.1.1. Following [355], we use 8 out of the 12 GRBs for which the detected

GeV emission has high enough signal-to-noise ratio for the reconstruction of the temporal

structure. We assume that the emission of these GRBs follow Equation 3.2, with tpeak equal

to the maximum shown in [355]. Taking all 8 GRBs into account with equal weights, we

verify that ∼ 90% of the GeV photons arrive within a 150s time window after the onset of

the GRB (see Figure 3-2). For comparison, 50% of the photons arrive within ∼ 7s, while 95%

of the photons arrive within 650s. We conclude that the 150s time window is a reasonable
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upper bound for the high-energy gamma-ray emission as well. We note that the obtained

time window does not depend significantly on the initial rising part. The important factors

are the peak time and the slope afterward.

We note that, while the majority of GeV photons seems to arrive within the first 150s

after the onset of the GRB, the importance of detected GeV photons from the perspective of

neutrino emission can be that it might indicate a process, such as external shocks, that can

produce HENs. If in such process the emission of GeV photons is not proportional to the

emission of HENs (i.e. if the durations of the arrival of ∼ 90% of GeV photons and HENs

are different), the duration of HEN emission might be longer than 150s.

3.1.3 Gravitational-wave Emission

While gamma-ray and HEN emission from GRBs are practically independent from the specific

mechanisms driving the (varying) relativistic outflow1, GW emission is closely connected to

the central engine.

Various mechanisms can result in the emission of GW transients. Here we first consider

stellar core collapses, the likely progenitors of at least some long GRBs. For these the

collapse of the rotating iron core, as well as the following rebound in the inner core instantly

produce a GW burst lasting for tens of milliseconds (see e.g. [365]). Other mechanisms

following core bounce can also emit GWs shortly, within a few seconds after the collapse.

These processes include rotational non-axisymmetric instabilities, post-bounce convection,

standing-accretion-shock instability (SASI), or non-radial proto-neutron star pulsation [365].

The collapse results in the formation of a protoneutron star, that can further collapse to

form a stellar-mass black hole (e.g. [366] and references therein). The rotating, collapsing

core might also fragment into two or more compact objects, whose coalescence can emit

strong GWs [367, 368]. After the formation of a black hole, weaker GW emission is possible

from accreting matter around this central black hole that can fragment due to gravitational

instability. The resulting black hole - fragment binaries can emit GWs detectable by Earth-

based GW interferometers [367, 369, 370, 97]. For high enough accretion disk masses, the self-

1The distance from the central engine at which observable gamma-rays and HENs are produced is much
larger than the central engine (e.g. [8]).
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gravity of the disk can result in gravitational instabilities such as spiral arm or bar formation,

emitting GWs (e.g. [371], [372] and references therein). Non-uniform, non-axisymmetric

accretion can also deform the central black hole that will emit gravitational waves during its

ring-down [372]. Such GW emission processes can last for the duration of the accretion, i.e.

possibly the duration of the GRB.

Compact binary coalescence, the likely progenitor of short GRBs, is anticipated to be

strong GW emitters in the sensitive frequency band of Earth-based GW detectors (e.g [347,

373, 372]). Double neutron stars, black hole-neutron star binaries and black hole-white dwarf

binaries are considered as possible sources (e.g. [372]). Most of the GW output of such sources

is emitted in the form of a very short, ∼ 1ms long transient (e.g. [374, 372]). Furthermore,

many short GRBs occur at low redshifts [375], increasing their significance as potential GW

(and HEN) sources.

Based on the models discussed above, GRBs are expected to be strong emitters of GWs.

While core-collapse and binary merger are expected to emit the strongest GW transient,

emission is possible during the entire duration when the central engine is active (see Figure

3-2). GW emission can consist of either one or more short burst (e.g. due to core collapse

or the infalls of fragments of the accretion disk [369, 370, 97]), or longer duration GWs (e.g.

due to the emission of rotational energy [371]). If the central engine consists of an accretion

disk, the activity of the central engine coincides with the emission of GWs.

3.1.4 High-energy Neutrino Production

In a GRB, according to the internal shock model, HENs and gamma-rays are expected to be

produced due to the variability of the central engine’s activity, that results in fluctuations

of the relativistic outflow, creating internal shocks in the ejecta [8, 376, 14, 377, 378, 379]

(note that other, alternative emission models also exist; see Section 1.4.1. Below we will

focus on the internal shock model). These internal shocks accelerate electrons and protons

in the outflow through the process of Fermi acceleration. Shock-accelerated electrons radiate

their energy through synchrotron or inverse-Compton radiation (e.g. [378, 380]), emitting

gamma-rays. Shock-accelerated protons interact with gamma-rays (pγ) as well as with other,

non-relativistic protons (pp), producing charged pions and kaons [301]. Pions and kaons from
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these processes decay into HENs through [9]

π±,K± → µ± + νµ(νµ) (3.3)

The resulting muons can further decay through, e.g., the process µ+ → e++νe+νµ. Neverthe-

less, these muons may undergo radiative cooling, which would suppress neutrino production

from this muon decay [9, 381, 178]. For the proton energy range Ep ≈ 104 − 105.2 GeV the

pγ process dominates HEN production, while outside of this energy range the pp process is

dominant [301].

Since internal shocks in the relativistic outflow result in both gamma-ray and HEN emis-

sion, HENs are expected to be produced during the emission of gamma-rays (see Figure 3-2).

We note here that, since efficient neutrino production requires significant target density of

radiation and/or particles, typical HEN production is likely to happen close to the central

engine and during the highest gamma-emission phase, when the engine is the most active.

For the case of long GRBs created by core-collapse supernovae, internal shocks in the

relativistic outflow can occur even before the outflow emerged from the stellar envelope,

therefore HENs are also expected to be produced before observable gamma-ray emission

[178, 185]. While gamma rays emitted in this early phase cannot escape from the star due

to its large optical depth, neutrinos have much longer mean free paths and may therefore

pass through the stellar envelope. This pre-GRB neutrino emission is expected to precede

the start of gamma-ray emission by up to 100s [178, 185] (see Figure 3-2).

GRB afterglows are not considered here as a part of the coincidence time window. After-

glows are produced by the relativistic jet driven into the surrounding medium (e.g. [380]),

although some far-ultraviolet and X-ray flashes in the afterglow may be due to the late ac-

tivity of the central engine [206]. The observed radiation, similarly to the case for prompt

gamma-ray emission, is produced by synchrotron emission of shock-accelerated electrons.

The energy distribution of protons is expected to be similar to that of electrons [380], there-

fore the softer emission spectrum of afterglows indicate that protons might also be of lower

energy. These protons would need higher energy gamma-rays to produce neutrinos2, that are

scarcely present in the afterglow spectrum.

2In photomeson interactions producing HENs, the photon’s energy εγ and the proton’s energy εp are related,
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We note that a few ultra high-energy neutrinos (UHENs) of energies ∼ 108 − 109GeV

might be emitted during the afterglow phase [202, 380, 382, 206, 383], if GRBs can accelerate

some protons to energies εp ∼ 1011GeV. In our time window estimation, we do not take into

account such emission from the afterglow.

3.1.5 GRB Precursors

Gamma-ray bursts are sometimes preceded by fainter, softer electromagnetic emissions, so-

called precursors (e.g. [384]). The underlying mechanism(s) creating these precursors is yet

unknown. They have been detected for about 8 − 20% of GRBs [384, 385, 5, 386], with

some GRBs apparently having multiple precursors. It is expected, however, that a higher

percentage of GRBs are preceded by precursors, as many of these might be missed due to,

e.g., beaming, low signal-to-noise ratio, the proximity of the precursor and the main event,

or the definition of what is considered a precursor [384].

Analyzing precursors detected by BATSE, Lazzati [384] finds that the net count of a

precursor, a value connected to the energy of the events, is up to about 1% of the main burst,

most precursors having non-thermal spectra. Burlon et al., using a more detailed analysis of

data from the Swift telescope [385] and BATSE [5], finds that precursors, on average, emit

∼ 30% (for Swift) and ∼ 10−20% (for BATSE) of the energy of the main burst. Burlon et al.

find that precursors and main events have very similar spectral properties, concluding that

precursors and main GRBs are likely to be produced by the same underlying mechanism.

There are several different GRB precursor models in the literature (e.g. [5]). The “two-

step engine” model [387] argues that precursors are produced by initial weak jets, that are

created by and coincide with the actual core collapse. The “progenitor precursor” model (e.g.,

[388]) connects precursors with isotropic emission marking the jet breakout. The “fireball

precursor” model [389] considers a simple model of an isotropic, post-acceleration GRB with

constant rest mass and kinetic energy.

Depending on the considered model, either or both the precursor and main GRB can

have GW and/or HEN emission. While not all of the models result in such emissions, due to

at the threshold of the ∆-resonance, by
εγεp = 0.2GeV2Γ2 (3.4)

in the observer frame, where Γ is the bulk Lorentz factor of the outflow [380].
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our lack of understanding of the underlying mechanisms responsible for precursor emission,

we consider them as potential GW+HEN emitters in our conservative time window upper

limit. The potential detection of HENs prior core-collapse/bounce GW emission from a joint

source therefore can be an indicator of such precursor activity; an example when the temporal

structure of joint emission can shed light on the underlying mechanisms.

We note that, while the models above are concerned with precursors from stellar core

collapses, precursor emission has also been identified from short GRBs [386].

We estimate an upper bound for the time difference between the onset of a precursor and

the onset of the main burst using the results of Burlon et al. [5]. Burlon et al. analyzed 2121

BATSE GRBs, out of which 264 (12.5%) was found to be preceded by one or more precursors

(in total 369 precursors). From this data, we determine an upper bound tprecursor95 to the time

difference between the start of the precursor and the main burst, which is the 95% quantile

of precursor time differences measured between the onset of the precursor and of the main

GRB, as calculated by Burlon et al. Figure 3-1 shows the distribution of the time differences

and the 95% quantile, for which we obtain (also see Figure 3-2)

tprecursor95 ' 250 s (3.5)

For comparison, we note here that tprecursor90 ' 150s and tprecursor99 = tprecursormax ' 350s. We

use tprecursor95 as the upper limit of time difference between the main burst and a precursor.

For the main GRB above, we used an upper limit of ∼ 100s for the time difference between

the activation of the central engine and the onset of observable gamma-ray emission. We will

use the same delay upper limit for precursors, i.e. the delay of the onset of gamma/X-ray

emission from the precursor is estimated to be less than 100s after the start of the central

engine (see Figure 3-2).

3.1.6 Summary

A summary of the considered emission processes and their time frames are shown in Figure

3-2. Note, that for the case of GW emission, a time frame possibly having GW signals means

that there can be one or more short transients at any time of the time frame. There can also
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Figure 3-2: Summary of upper bound of GRB emission process durations taken into account in
the total GW+HEN coincidence time window. (a) active central engine before the relativistic
jet has broken out of the stellar envelope; (b) active central engine with the relativistic jet
broken out of the envelope; (c) delay between the onset of the precursor and the main
burst; (d) duration corresponding to 90% of GeV photon emission; (e) time span of central
engine activity. Overall, the considered processes allow for a maximum of 500s between
the observation of a HEN and a GW transient, setting the coincidence time window to
[−500s, 500s]. The time window for GW or HEN signals from the onset of the GRB is
tGW − tGRB ≈ tHEN − tGRB ∈ [−350s,+150s]. Note that we show a period between the
end of the precursor emission and the start of the main GRB with no GW or HEN emission.
While we cannot exclude the possibility of GW or HEN emission in this period, such emission
would have no effect on our estimated time window. The top of the figure shows a schematic
drawing of a plausible emission scenario.

be a longer GW emission during this time (see Section 3.1.3 for further details).

• We start with the onset of gamma-ray emission from the main GRB. The duration of

the main GRB is, in 95% of cases, shorter or equal than 150s (see Section 3.1.1). During

this time frame, as the central engine needs to be active, both HEN and GW emission

is possible.

• Recent Fermi/LAT observations (e.g. [349, 350]) have shown that at least some GRBs

also emit high-energy (GeV) gamma-rays, with temporal structure different from that

of gamma-rays of typical energies (see Section 3.1.2). Our estimated time scale of
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the emission shows that most (& 90%) of the high-energy photons are expected to be

detected within 150s after the onset of the GRB.

• GW and HEN emission can commence up to 100s before the onset of gamma-ray emis-

sion (see Section 3.1.4) due to the time it takes for the relativistic jet to break out of

the star (e.g, [178]). The central engine is active during this time, for the jet needs to

be actively driven in order to advance.

• Precursor emission can begin up to tprecursor95 ' 250s prior to the onset of the main

GRB (see Section 3.1.5). Since a precursor can be active practically any time within

this time frame, and since the activity of the central engine is a prerequisite of precursor

emission, both HEN and GW emission is possible during this period.

• The activity of the central engine responsible for a precursor can begin up to 100s before

the onset of gamma/X-ray emission by the precursor (see Section 3.1.5). During this

time, as the central engine is active, both HEN and GW emission is possible.

• We note that our choice for the GW/HEN coincidence window is not affected by what

happens in between the precursor(s) and the main GRB. Since HEN and/or GWs may

be present both at the precursor and during the main GRB, the GW/HEN coincidence

window needs to extend anyway from the precursor up to the end of the main event.

Thus, such a choice also covers the case in which GWs and/or HEN are also emitted

between the precursor and the main GRB.

Considering the processes described above, we obtain a time frame of 500s during which both

HEN and GW emissions are possible. This means that the difference between the arrival

time tHEN of a HEN and the arrival time tGW of a GW transient from the same GRB is

within the upper bound (i.e. time window) of

tHEN − tGW ∈ [−500s,+500s] (3.6)

Note that multiple HEN (or GW) signals from a given source should arrive within a 500s

time window.
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We emphasize that the above time window is an estimated upper bound for GRBs. While

the emission mechanisms considered are connected to the progenitor associated with long

GRBs, short GRBs likely have shorter emission span and are therefore also bound by this

time window. Also, we exclude potential GW/HEN emission from GRB afterglows from the

time window (the emission of ultra-high energy (≈ 108 − 109GeV) neutrinos may be more

extended; see Section 3.1.4). Other effects, such as some predicted by different Quantum

Gravity models (e.g. [390]), can introduce additional time delay between different messengers.

Searching for such effects may require larger time windows [390].

The processes considered above can also be used to set an upper bound on time window

of GW or HEN signals coincident with an observed GRB. If the onset of a GRB is detected

at tGRB, both GW and HEN signals are expected to arrive within the time window

tGW − tGRB = tHEN − tGRB ∈ [−350s,+150s] (3.7)

3.2 Observational constraints on multimessenger source pop-

ulation

In this section, following Bartos et al. [13], we interpret and combine previously published

and independent GW and HEN observational results, to derive the first joint constraints

on the rates of GW+HEN sources. We first discuss constraints from individual HEN and

GW searches, and then combine these to derive upper limits on GW+HEN sources. We

finally estimate projected constraints on GW+HEN sources with future detectors and joint

GW+HEN searches.

3.2.1 Upper limits from neutrino observations

— Abbasi et al. [7] searched for transient point sources with the partially constructed IceCube

detector in its 40-string configuration (hereafter IceCube-40) for over 1 year. The search

covered the northern sky with various emission time-scales; no evidence for transient sources

was found. With a conservative time window of 500 s for HEN emission from GRBs ([238]; see

Section 3.1), 3 spatially coincident neutrinos in this analysis would have been sufficient for a
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Figure 3-3: (Color online) Top: fraction of neutrino-emitting sources within 1 Gpc which
would be detected with 1, 2, 3, or ≥ 3 neutrinos, as a function of nhen (the mean number
of detected neutrinos from a source at 10 Mpc) for a detector with northern sky coverage
(e.g. IceCube). Only sources are considered that emit neutrinos towards the Earth. Bottom:
source population upper limit Rul as a function of nhen, assuming a beaming factor of fb = 14,
and considering only the northern sky.
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(5σ) discovery (even with the higher event rate of IceCube-86, three coincident neutrinos will

remain a highly unlikely outcome from the background). We therefore estimate the source

population upper limit as the maximum source rate that has . 90% probability to result in

at least one occurrence of ≥ 3 coincident neutrinos in a time window of 500 s during a 1-year

measurement.

We model the source population as following the blue-luminosity distribution of galaxies

[391]: (i) for up to 40 Mpc, we take the blue-luminosity distribution given in the Gravitational

Wave Galaxy Catalog [250] (we note that any incompleteness in the galaxy catalog makes our

upper-limits conservative.); (ii) for larger distances (up to 1 Gpc) we adopt the homogenous

blue-luminosity density from Blanton et al. [392]; (iii) we assume that IceCube is uniformly

sensitive to sources in the northern sky only, which is a reasonable approximation of the

detector’s directional sensitivity [7]. Our upper-limits are calculated as a function of nhen,

defined as the average number of detected HENs from a source at 10 Mpc (e.g. [178]). This

representation is independent of specific neutrino emission models or detectors, however its

conversion to isotropic-equivalent neutrino luminosity Lisoν depends on the neutrino spectrum,

duration of emission (t0), and detector sensitivity. Writing Lisoν = κnhent
−1
0 , we estimate the

conversion factor for IceCube-40 [7, 393] as κ ≈ 1.5×1049 erg for high-luminosity (HL) GRBs

[differential spectrum n(εν) ∼ ε−2ν , 4 TeV < εν < 2 PeV], and κ ≈ 8 × 1049 erg for choked

GRBs [n(εν) ∼ ε−2ν e−εν/3TeV , 300 GeV < εν < 4 TeV]. The conversion assumes that the

detectable νµ flux represents 1/3 of the total ν flux (after oscillations). For IceCube-86, κ

differs by an estimated ×0.5 (HL; [393]) to ×0.2 (choked; [394]).

The results provided here assume that each source has the same intrinsic neutrino bright-

ness (limits based on a fixed average brightness are conservative compared to those using

any other brightness distribution), and account for beaming of the HEN emission. For a

source with intrinsic brightness nhen at distance r, the probability that ≥ 3 neutrinos will be

detected from it is

p(n ≥ 3|r, nhen) = 1− F
(
2|(10 Mpc/r)2nhen

)
, (3.8)

where r is the source distance, F is the Poisson cumulative distribution function, and n is the
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number of detected neutrinos from the source. Therefore for galaxy i with blue luminosity

L
(i)
b at a distance ri, the average number N̂i of sources which are discovered (i.e. have ≥ 3

detected neutrinos) will be

N̂i(R, T ) = p(n ≥ 3|ri, nhen) ·R/fb · T · L
(i)
b /Lmwb , (3.9)

where R is the source rate [number of sources per year per Milky Way equivalent (MWE)

galaxy (w.r.t. blue luminosity)], fb is the HEN beaming factor of the source, T is the duration

of the measurement (≈ 1 yr [7]), and Lmwb is the blue luminosity of the Milky Way. The

90% confidence source population upper limit Rul will be the upper limit that satisfies 2.3 ≥∑
i N̂i(R

ul, T ), i.e.

Rul(nhen) =
2.3fbL

mw
b

T
∑

δi≥0 p(n ≥ 3|ri, nhen)L
(i)
b

, (3.10)

where the sum is over all galaxies with declination δi ≥ 0. For r > 40 Mpc where we

consider a homogeneous matter distribution, the summation is substituted with an integral.

Figure 3-3 (top) shows the fraction of HEN sources as a function of nhen. In the lower plot,

population upper limits for HEN sources are shown, taking into account the sources’ HEN

beaming factor fb. As mildly relativistic jets from CCSNe and low-luminosity (LL) GRBs

are expected to make up a significant portion of HEN sources of interest [9, 178, 211], we

adopt fb = 14 corresponding to LL-GRB beaming factor obtained in [227].

3.2.2 Upper limits from gravitational-wave observations

— We use the limits obtained by the latest GW all-sky burst search by Abadie et al. [6].

We consider their result for sine-Gaussian GW waveform in the sensitive band of the GW

detectors (LIGO band, ∼ 150 Hz). Abadie et al. report no detection using the initial

LIGO-GEO-Virgo detectors [154, 165, 229], and set a frequentist 90% confidence upper limit

of RAbadie ≈ 10−3(10−2M�c
2/Eisogw)3/2 yr−1Mpc−3, or 2.0 detectable events per year, on

the population of the considered GW bursts. Here we interpret this result through intro-

ducing a GW horizon distance Dgw(Eisogw), within which any GW bursts with Eisogw energy

would have been greater than the loudest background event of the measurement, such that

4
3π(Dgw)3RAbadie · (1 yr) ' 2.0. This gives Dgw(Eisogw) = 7.8 (Eisogw/10−2M� c2)1/2 Mpc.
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Figure 3-4: (Color online) Source population upper limits as functions of the sources’ GW
emission in isotropic-equivalent energy Eisogw. Dashed red: observational limits with initial
LIGO-GEO-Virgo [6]. Solid blue: projected limits for the Advanced LIGO-GEO-Virgo GW
detectors in the event of non-detection.

Using Dgw is a reasonable approximation of the detection efficiency of [6]. We conservatively

assume isotropic GW emission since GW beaming is expected to be small (e.g. [134]). We

thus derive a galaxy-based GW source population upper limit as a function of Eisogw, using

the blue-luminosity-weighted distribution of galaxies as described in (i)-(ii) above:

Rul(Eisogw) =
2.0Lmwb∑
ri≤Dgw L

(i)
b

· yr−1. (3.11)

Here, we assumed that each GW source emits the same amount of GW energy. We estimate

the achievable population upper limit for the Advanced LIGO-Virgo GW detector network

by assuming a ∼ 10× increase in sensitivity compared to initial detectors, with similar mea-

surement duration. Results are shown in Figure 3-4.

3.2.3 Joint GW+HEN population upper limits

— Individual GW and HEN observations can be combined to determine a GW+HEN source

population upper limit in the EisoGW –nhen parameter space. In Figure 3-5 (top) we provide

GW+HEN population upper limits based on the statistical combination of current observa-
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Figure 3-5: (Color online) GW+HEN source population upper limits based on the statistical
combination of independent GW and HEN measurements. Top: observational results for
measurements with the initial LIGO-GEO-Virgo GW detectors [6] and the IceCube-40 HEN
detector [7]. Bottom: projected results for 1-year observations with Advanced LIGO-Virgo
and IceCube-86. The limits shown assume a HEN beaming factor of 14. Horizontal lines:
expected HEN rate from the Waxman-Bahcall [8] (solid) and Ando-Beacom [9] (dashed line)
models, scaled to the IceCube-40 (top) and IceCube-86 (bottom) detector configurations.
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tional results from independent GW and HEN measurements. We obtain a joint observational

upper limit by considering that, on average, less than 2.3 GW+HEN bursts occur within Dgw

or have ≥ 3 detected HENs per year (this is a > 90% confidence upper limit, since the GW and

HEN measurements were longer than one year). The observational GW+HEN upper limit

for a source population proportional to the blue-luminosity-weighted galaxy distribution will

therefore be

Rul(Eisogw, nhen) =

2.3Lmwb · yr−1

1
fb

∑
{ri>Dgw,δi≥0} p(n ≥ 3|ri, nhen)L

(i)
b +

∑
{ri≤Dgw} L

(i)
b

.
(3.12)

Note that the first sum in the equation runs over sources farther than Dgw. This is to

ensure that sources detectable by both GW and HEN detectors are not counted twice in the

statistics. As the theoretical estimates [8, 9] shown in Fig. 3.12 are provided for km3 scale

detectors, for Fig. 3.12(top) we convert them to estimates for IceCube-40 using the factors

0.5 (hard) and 0.2 (soft) for the difference in sensitivity between IceCube-86 and IceCube-40.

Similarly to the above observational results, we also calculate the projected GW+HEN

population upper limits based on the statistical combination of projected results from in-

dependent, 1 year long measurements with Advanced LIGO-GEO-Virgo and IceCube-86.

Results are shown in Figure 3-5 (bottom).

We now estimate the projected population upper limits for GW+HEN sources obtainable

with a joint GW+HEN search, considering a 1-year measurement with the Advanced LIGO-

Virgo and IceCube-86 detectors. We consider an event candidate to be the coincidence of 1

GW trigger and 1 HEN. While we might detect more than 1 HEN from some sources, the

fraction of such sources is small (see Figure 3-3), therefore we conservatively omit multi-HEN

sources. For the joint search we define a horizon distance Dgwhen(Eisogw), such that a joint

GW+HEN event with 1 detected HEN and GW energy Eisogw, within Dgwhen would be more

significant than the (anticipated) loudest background event. We estimate Dgwhen to be the

same as the exclusion distance of the externally triggered search for GW bursts by Abbott

et al. [345], who obtained a median exclusion distance of D ∼ 12 Mpc (Eisogw/10−2M�c
2)1/2

with GW emission in the LIGO band. Such comparison to externally triggered GW searches
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Figure 3-6: (Color online) Projected GW+HEN source population upper limits for a joint
analysis of 1 year of observations with Advanced LIGO-Virgo and IceCube-86. Results are
given as functions of source emission parameters EisoGW (GW emission in isotropic-equivalent
energy) and nhen (average number of detected neutrinos from a source at 10 Mpc). Hori-
zontal lines: expected HEN rate from the Waxman-Bahcall [8] (solid) and Ando-Beacom
[9] (dashed line) models. The limits shown assume a HEN beaming factor of 14.

is a reasonable approximation if the joint search has O(1) chance overlaps of background GW

and HEN events (which can be controlled by adjusting the event selection threshold). For

the joint GW+HEN search the estimated source population upper limit Rul will be

Rul(Eisogw, nhen) =
2.3fbL

mw
b

T
∑
{ri≤Dgwhen,δi≥0} p(n ≥ 1|ri, nhen)L

(i)
b

. (3.13)

The estimated population upper limits for a GW+HEN search are shown in Figure 3-6 for

Advanced LIGO-Virgo and IceCube-86.
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3.2.4 Discussion.

— To compare our results to emission models, we consider SNe Ib/c with mildly relativistic

jets as promising GW+HEN emitters, whose rate Rjetsn is . 1% [226] of the SN Ib/c rate Rsn.

This estimate is based on radio observations. It has been proposed, however, that mildly

relativistic jets may be much more common, but completely choked (bright in neutrinos,

dark in gamma-rays and radio) [178, 9]. The nearby CCSN rate is high enough to allow

testing these models soon.

All-sky population upper limits with IceCube-86 are projected to exclude sources at rates

≥ Rsn (. 3× 10−2/yr/MWE galaxy) for nhen & 12 and at rates ≥ Rjetsn for nhen & 300 (Fig.

3-3). The former is comparable to the emission expected from SN jets by Ando & Beacom

(nhen ≈ 10; [9]), or emission through reverse shocks in mildly relativistic jets (nhen . 7;

[178]). The latter is comparable to the Waxman-Bahcall flux, which estimates emission from

HL-GRBs (which are, however, much rarer than SNe or LL-GRBs and have different spectra).

Moreover, as evident from Fig. 3-4, advanced GW detectors are projected to exclude sources

at rates ≥ Rsn for Eisogw & 2× 10−4M�c
2, and at rates ≥ Rjetsn for Eisogw & 5× 10−3M�c

2. Both

of these limits would exclude the suspended accretion model in the LIGO band [395], and

significantly constrain, e.g., the collapsar accretion disk fragmentation model [97].

We obtain projected population constraints with a joint GW+HEN search (Fig. 3-6) that

can be more restrictive in some regions of the parameter space than individual searches if

the GW horizon distance Dgw of the joint search is & 2.4× greater [∼ f
1/3
b ] than Dgw of

individual GW searches.
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Chapter 4

Probing the Structure of Jet Driven

Core-collapse Supernova and Long

Gamma Ray Burst Progenitors

with High Energy Neutrinos

This Chapter examines the question: What do the times of arrival of detected high energy

neutrinos tell us about the properties of their source? We investigate the role of the opac-

ity of CCSN/GRB progenitors in the properties and distribution of observed HENs, and

how these observed HEN properties can be used to probe the progenitors’ structure. Study-

ing the optical depth at which HENs can escape the progenitor, we find a progenitor- and

energy-dependent temporal structure of the high energy neutrino emission and jet break-

out. Observations of HEN signatures of CCSNe or GRBs at neutrino telescopes, even with

one or two events, could provide crucial information for differentiating between progenitors

and characterizing their properties. Such information would advance our understanding of

CCSNe, GRBs, and their relationship to each other.

Below, in Section 4.1, we review CCSN and GRB stellar models that we will use in our

examination. In Section 4.2.1, we describe our calculations of the neutrino interaction length

and optical depth inside the stellar envelope, and present our results on the energy-dependent
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radius from which neutrinos can escape. In Section 4.2.2, we discuss the temporal structure

of energy-dependent neutrino emission from advancing and stalled jets for different stellar

progenitors. This is followed in Section 4.2.3 by our results for energy dependent onset and

emission duration of HENs. In Section 4.3, we present our interpretations for the energy-

dependent onset of HEN emission and discuss how it probes the progenitors, particularly

with a few detected neutrinos. We summarize our results in Section 4.4.

4.1 CCSN and GRB Progenitors

Current understanding of canonical long GRBs suggests that they are collapsars requiring a

massive progenitor star that is (i) rapidly spinning [396, 397, 398, 399] and (ii) has a small

radius (∼ solar radius) [400, 401]. Successful GRBs also appear to prefer a lower metallicity

[402], but choked GRBs may not require that. While this limited information does not always

allow one to identify a specific progenitor, it does suggest that the progenitors are massive

rotating stars [401].

Rotating red and blue supergiants (e.g., [403, 11]) may be the progenitors of many GRBs.

These stars are in the final stages of the pre-collapse evolution of massive stars, whose collapse

can naturally lead to CCSNe and GRBs. Furthermore, some of these stars may lose their

hydrogen envelope due to a binary companion, which can help the stars retain the fast

rotation necessary for the creation of GRBs [404].

Wolf-Rayet (WR) stars are originally heavy, but lose their hydrogen envelope (and there-

fore a significant fraction of their mass) through stellar winds. A relativistic jet from a

rotating WR star can therefore escape without having to penetrate a hydrogen envelope,

making these stars a common type of progenitor [11, 405]. Mass loss through stellar winds

is expected to be significant for stars with higher metallicity [406]. One difficulty with such

mass loss is that it carries away crucial angular momentum from the star. As the emergence

of relativistic jets requires a very rapidly rotating core, losing angular momentum decreases

the possibility of a GRB [407]. As a result, compact progenitors (i.e. that have lost their

hydrogen and/or helium envelopes) also regularly explode as type Ibc supernovae without

indications of a central engine injecting jet power into the explosion (e.g., [408]).
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Model Z M MHe MH R RHe Ref.
[Z�] [M�] [M�] [M�] [1013 cm] [1011 cm]

15L 10−4 14.9 4.5 7.4 0.4 1.4 [11]
15Lc 10−4 5.2 1.7 0.4 N/A 1.4 [11]
15S 1 12.6 4.0 5.5 5.9 1.9 [11]
16T 10−2 15.1 0.1 3× 10−4 8× 10−2 N/A [407]
40S 1 8.7 0.1 10−3 8× 10−3 0.8 [11]
75S 1 6.3 0.2 8× 10−4 7× 10−3 0.7 [11]

12L 10−4 11.9 3.4 6.2 2.4 1.6 [11]
20L 10−4 19.9 6.1 9.0 0.3 1.9 [11]
25L 10−4 24.9 7.7 10.4 0.3 2.3 [11]
35L 10−4 34.8 10.9 12.7 1.2 3.4 [11]
12S 1 10.7 3.4 5.1 4.3 1.9 [12]
15Sb 1 11.9 3.8 4.8 6.1 2.3 [12]
20S 1 12.7 4.0 3.5 7.7 2.8 [12]
25S 1 12.2 3.2 1.7 8.2 3.2 [12]
35S 1 14.6 2.2 0.4 0.1 0.2 [12]

Table 4.1: Properties of pre-supernova stellar models used in the analysis. The columns
are: model name, metallicity, pre-supernova (PS) stellar mass, helium mass, hydrogen mass,
stellar radius, helium core radius, and reference to models. Model names contain the ZAMS
stellar mass, and a letter representing metallicity (L - low, T - 1% Solar, and S - Solar).
There is additional differentiation between the various 15 M� models we use.

Alternatively to stellar winds, massive stars can lose their hydrogen envelope to a com-

panion star, which can leave more angular momentum at the core. Such rotating objects,

composed of the bare helium core left behind, may also be GRB progenitors. Unusually rapid

rotation on the main sequence can also result in mass loss [407].

Single stars with extremely rapid rotation may experience almost complete mixing on the

main sequence [407], leading to a chemically homogeneous star. Such stars bypass the red

giant phase and resemble WR stars, but with little mass loss. This scenario is particularly

interesting for GRB production as it combines low mass loss with rapid core rotation, the

two prerequisites for GRB emission.

Guided by these facts, we shall examine the following progenitor models in detail:

1. Red supergiant – zero-age main sequence (ZAMS) mass of 15 M�, both with solar (15S)

and low (15L) metallicities. We further study the 15L model with its hydrogen envelope

removed (15Lc) due to, e.g., a companion star.
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2. Wolf-Rayet star – ZAMS mass of 75 M� with solar metallicity (75S).

3. Bare helium core – ZAMS mass of 40 M� with solar metallicity (40S).

4. Chemically homogeneous star – ZAMS mass of 16 M� with low metallicity (16T).

We have indicated, in parentheses, the names of the models we consider in this study. To

obtain the matter distribution and composition of these models, we use the numerical results

of Woosley et al. [11], Woosley and Heger [407], and Heger et al. [12]. A detailed list of their

properties (and a reference to the literature) is given in the upper box in Table 4.1. We also

indicate in the table the references to the numerical results of the stellar progenitor models.

In addition to the models listed above, we examine other low- and solar-metallicity stars in

the ZAMS mass range of (12 – 35) M�, also listed in the lower box in Table 4.1, to investigate

some of our results’ dependence on stellar mass and metallicity. Some of these models, which

have ZAMS masses of . 30 M� will probably not create successful GRBs. Nevertheless, they

can have choked relativistic jet activity that can be observed through neutrinos.

4.2 Calculations and Results

In this section, we characterize the effect of neutrino interactions on the observable HEN

energies from jets. This effect can modify the neutrino flux from choked jets as well as from

precursor neutrino emission for successful jets. We consider internal shocks for the calculation

of the temporal structure and derive the energy-dependent onset time and duration for HEN

emission. We note that there are alternative GRB emission models, which also predict

different HEN emission (see Section 1.4.1). Below we consider internal shocks as the emission

mechanism.

4.2.1 Optical Depth for High-Energy Neutrinos

Given the mass distribution ρ(r) in a star, one can employ the expression for the neutrino

mean free path described in the previous section to calculate the HEN optical depth of the

star for a given distance from the center. We are interested in the innermost radius at which

neutrinos can escape from the star.
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Figure 4-1: (top) High energy neutrino optical depths as a function of distance from the
center of the star for different neutrino energies for a ZAMS 15 M� star with low metallicity.
A vertical dashed line shows the radius of the helium core. As a comparison, we show the
optical depth of the helium-core-only case indicated with thick lines. The horizontal dashed
line shows τ = 1. Above this line, the stellar envelope is opaque to neutrinos. (bottom)
The star’s mass density as a function of distance from the center.
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The optical depth τ of the star at a distance r0 from its center, towards neutrinos that

are produced at r0 and are moving radially outward, is

τν(εν , r0) =

∫ r0

R

1

λν(εν , r)
dr (4.1)

where R is the stellar radius. We approximate neutrino absorption such that neutrinos with

energy εν cannot escape from below a critical radius rν for which τν(εν , rν) ≈ 1.

We calculated the optical depths for the considered massive stellar models (see Table

4.1) as functions of radial distance r from the center of the star, as well as neutrino energy

εν . In Figure 4-1, we exhibit the representative behavior of the neutrino optical depth as a

function of distance from the center for a stellar model with M = 15 M� ZAMS mass and

low metallicity. We can see that the hydrogen envelope of the ZAMS M = 15 M� star with

low metallicity, for most relevant energies, is transparent to neutrinos. We also see that, for

this stellar model, the helium core becomes opaque to neutrinos with all depicted energies

around ≈ 1010cm.

To obtain rν as a function of neutrino energy, we inverted Equation 4.1 to derive the

critical radii. In Figure 4-2, we present the critical radii for neutrinos. In the lower panel,

we present the ratio of critical radius of antineutrinos and neutrinos (for the representative

M = 20 M� low-metallicity case). One can see that the neutrino and antineutrinos have very

similar critical radii. The maximum difference between the two radii is about 25%, indicating

that our results on critical radii are valid for antineutrinos as well.

We have investigated the dependence of the above results on the mass and metallicity

of the progenitor. To do so, we repeated the above exercise for models with low and solar

metallicity, from (12-35) M� listed in Table 4.1, and plotted the critical radius as a function

of energy and ZAMS mass, separately for low and solar metallicity. A contour plot indicating

the effect of ZAMS stellar mass on rν for different metallicities and neutrino energies is shown

in Figure 4-3. The critical radius that corresponds to the supernova-progenitor’s helium core

is indicated with dashed horizontal lines (if all neutrinos with εν < 106 GeV can escape the

core, the horizontal dashed line lies above the shown parameter space; this is indicated with

arrows pointing upwards).
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Figure 4-3: Critical radius rν = r0(τν = 1) as the function of ZAMS stellar mass and neutrino
energy εν for low-metallicity (left) and Solar-metallicity (right) simulations by Woosley et
al. [11], and Heger et al. [12]. The horizontal dashed lines show, for each ZAMS mass,
the energy for which the critical radius is equal to the pre-supernova helium core radius (if
all neutrinos with εν < 106 GeV can escape the core, the horizontal dashed line lies above
the shown parameter space; this is indicated with arrows pointing upwards). Consequently,
neutrinos with energies above the dashed lines cannot escape if produced inside the helium
core. Note that, as shown for an example in Figure 4-1, the presence of the hydrogen envelope
has only small effect on this threshold energy.
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Figure 4-3 shows that the critical radius lies within the stellar helium core for neutrino

energies of εν . 105 GeV for practically all massive progenitors. Consequently, the most rel-

evant neutrino energy range for observations will become observable somewhere beneath the

stellar core, making neutrino observations from choked-GRBs relevant. The results further

indicate that rν(εν) is determined predominantly by the pre-supernova mass (and not the

ZAMS mass) of the progenitors.

4.2.2 Temporal Structure of Jets

Jets have been studied numerically and analytically, and a detailed understanding has been

developed; see, e.g., references in [178]. For our work, we use the semi-analytic method of

Horiuchi and Ando [178] to calculate the velocity of the jet head advancing inside the star in

order to characterize the temporal structure of HEN emission. This simple treatment assumes

a constant jet opening angle, and will suffice to illustrate our point, but in the future this may

be improved through more detailed numerical modeling of the jet morphology for individual

progenitors.

Horiuchi and Ando consider the propagation of a relativistic jet with Lorentz factor

Γj � 1. As the head of the jet advances through stellar matter with Lorentz factor Γh, a

reverse and forward shock occur. The reverse shock decelerates the head, while a forward

shock accelerates the stellar material to Γh. In the following, we use the subscripts j (jet,

unshocked), h (jet head, shocked), s (stellar, shocked), and ext (stellar, unshocked) to denote

quantities at different regions in and around the jet. Using this notation, the evolutions of

the two shocks at the jet head are governed by the following equations [409, 410]:

es/nsmpc
2 = Γh − 1, ns/next = 4Γh + 3, (4.2)

eh/nhmpc
2 = Γh − 1, nh/nj = 4Γh + 3, (4.3)

where mp is the proton mass, c is the speed of light, and ni and ei are the particle density

and internal energy measured in the fluids’ rest frames. Lorentz factors are measured in the

lab frame, except Γh = ΓjΓh(1 − βjβh) that is measured in the jet’s comoving frame (βic is
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Figure 4-4: (left) Onset of observable HEN emission measured from the time when HEN
production commences (te(εν) − t0), as a function of neutrino energy, for different stellar
progenitors. (right) Time of jet breakout measured from the time of the onset of observable
HEN emission (tbr − te(εν)), as a function of neutrino energy, for different stellar progenitors
(note the inverse scale on the y axis). The calculations are carried out for the stellar models
in Table 4.1 with jet energy Liso = 1052 erg s−1 and jet Lorentz factor Γj = 10.

the velocity). For a jet with constant opening angle, the jet particle density at radius r is

nj(r) =
Liso

4πr2Γ2
jmpc3

(4.4)

where Liso is the isotropic-equivalent jet luminosity. At the jet head, the shocked jet head and

shocked stellar matter are separated by a contact discontinuity, and are in pressure balance.

Equating their pressures (ph = eh/3 and ps = es/3, respectively) and using Equations (4.3)

and (4.4), we arrive at
nj
next

=
(4Γh + 3)(Γh − 1)

(4Γh + 3)(Γh − 1)
(4.5)

We numerically solve Equation (4.5) using the appropriate stellar particle number density

next = next(r) of the considered stellar models (see Table 4.1) to obtain the jet propagation

velocity as a function of radius. We took the terminal Lorentz factor of the jet head to be Γj

in the limit of zero density. Similarly to Ref. [178], we find that the velocity of the jet head

is practically independent of the gamma factor Γj of the jet, and increases with the isotropic

equivalent energy Liso of the jet (in the relativistic limit, the gamma factor of the jet head

Γ ∝ Γ
1/4
j [177]).
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4.2.3 Energy-dependent Emission Onset Time

The skewed neutrino emission due to stellar neutrino-opacity can be characterized through

the temporal structure of observable emission. Let t0 be the time when the relativistic jet

reaches the shock radius rs ≈ Γ2
jcδt ≈ 3 × 109 cm. At this radius, internal shocks can form,

causing HEN production to commence [180]. Neutrinos that are produced while the jet is still

beneath the stellar surface may only be able to escape from the star through the envelope

at a later, energy-dependent “escape” time te(εν), where εν is the energy of the neutrino.

At te(εν) the jet has advanced far enough so the remaining envelope and the jet itself is no

longer opaque to neutrinos with energy εν . More specifically, we take te(εν) to be the time

when the jet reached the critical radius rν for which τν(εν , rν) = 1.

In Figure 4-4 (left), we show te(εν)− t0 (observer frame) as a function of εν for different

stellar progenitors, which we calculated assuming a mildly relativistic (Γj = 10) jet with

Liso = 1052 erg s−1 output. We can see that as neutrinos with lower energies can easily

escape through the stellar envelope, one finds te(εν � 100 GeV)− t0 ≈ 0.

It is also interesting to compare the escape time te(εν) with the jet breakout time tbr

from the stellar envelope. The point of jet breakout was chosen to coincide with the jet

reaching the radius at which the simulated stellar progenitor models end. This corresponds

to a sharp drop in matter density, dropping below 10−10 g cm−3 for models 15L and 16T, and

dropping below 10−4 g cm−3 for models 40S and 75S, while the simulation ends at 1013 cm for

model 15S. Due to the low densities at the boundary of the simulated progenitors, the results

should be robust to the specific choice of jet breakout radius. We note that the bulk of the

gamma-ray emission from the jet may be shortly delayed compared to the breakout due to

dissipation within the jet until the jet advances to a distance of & 1013 cm [411, 62, 389, 412].

The GRB will become detectable within a few seconds after the jet head leaves the helium

core [413].

Figure 4-4 (right) shows the time it takes for the jet to break out of the star from the

point from which neutrinos can first escape (i.e. tbr − te(εν)), as a function of εν for different

stellar progenitors. As before, a mildly relativistic (Γj = 10) jet with Liso = 1052 erg s−1

output has been used. A disadvantage of using tbr for comparison is that it is only available

for successful jets, and therefore it cannot be used to characterize, e.g., choked GRBs.
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As the figure shows, when the jet is close to the center of the progenitor, only low energies

neutrinos can escape the star. Gradually, as the jet proceeds outward, higher energy neutrinos

become observable. Consequently, neutrinos escaping (and observed) earlier are expected to

have lower energies, leading to a time dependent neutrino energy distribution, with the

average energy increasing with time. Such distribution may be indicated upon the detection

of multiple neutrinos from a CCSN. The precise relationship of the energy-dependent onset

times and emission durations of HENs can encode information about the progenitors’ density

profile and composition.

4.2.4 Dependence on source parameters

The results presented above were calculated for sources with mildly relativistic jets (Γj =

10) with Liso luminosity, and with jet variability of δt. From these parameters, Γj and δt

determine the shock radius rs (see Sec. 4.2.3). For greater Γj and δt, neutrino production

will commence only at a greater radius, changing the lowest radius and earliest time from

which neutrinos are observable. The jet luminosity Liso affects the jet head velocity, with

greater (smaller) Liso corresponding to greater (smaller) velocity, which in turn change the

time scale on Figure 4-4; the jet head velocity is practically independent of Γj and δt (see

also [178]). These dependencies, however, do not affect our conclusions qualitatively.

4.3 Interpretation of Energy and Time Structure of Neutrino

Emission

4.3.1 Strong-signal limit

For a very nearby CCSN or GRB, one expects a modestly large HEN flux of perhaps & 100

events. Although this possibility is rare, it does represent a rather lucrative opportunity.

The highest energy neutrino detected from such a source at any time constrains the total

matter content of the envelope above the jet head at that time. Therefore, one can take the

opportunity to map the inner stellar density profile and the jet’s velocity.

Comparison of the emission onset profiles of different stellar progenitor models in Fig-

ure 4-4 (left panel) shows that, with a high-enough HEN flux, the stellar models have distin-
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guishable energy-time profiles (i.e. cutoff energies as a function of time). For example, for a

5s long precursor emission, the groups of models {16T}, {40S,75S} and {15L, 15Lc,15S} are

distinguishable, while members of a given group have practically the same energy cutoff.

Another consequence of the radius-dependent neutrino energy cut-off is that neutrinos

emitted by choked relativistic jets (e.g., choked GRBs) will have an energy cutoff, resulting

in lower average energy than jets that successfully break through to the surface of the star

(e.g., successful GRBs). Such a difference can possibly be indicated upon the detection

of a sufficient number of neutrinos from a set of CCSN with and without electromagnetic

counterparts. The indication of a difference in average energies from successful and choked

jets can provide information, e.g., on the distance the choked jets advance before they stall,

a possible indicator of the energy and/or baryon content of the jets.

4.3.2 Weak-signal limit

Most observed astrophysical sources will only lead to O(1) detected neutrinos. Therefore, we

find it more practical to consider the possibility that only a few neutrinos are detected. In

the following, we explore some ideas for recovering structural information of the progenitors

using only a few observed HENs. Such recovery may not be conclusive for every detected

source, but for specific detections where the energy and timing of detected neutrinos are

favorable, it can provide important information about the source.

HEN timing prior to time of jet breakout

The time difference between the onset of the (energy-dependent) observable HEN emission

and the jet breakout can be used to constrain the possible progenitors, potentially even with

one detected HEN. If the observation time of a detected neutrino and the time of the jet

breakout differs more than what is allowed for a progenitor model, the respective progenitor

model can be ruled out or weakened. For example, if one detects a HEN with reconstructed

energy εν ≈ 103 GeV approximately ∼5 sec before the jet breakout, Figure 4-4 (right) suggests

that one can practically rule out models {15S,16T,40S,75S}, while models {15L,15Lc} are

possible progenitors. We note that it may be difficult to directly observe the time of jet

breakout as the gamma-ray photosphere typically lies above the stellar surface.
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HEN relative timing

It is also possible to constrain progenitors even if the jet does not break out of the star. In

this case, the time difference between at least two observed neutrinos can be used to constrain

possible progenitors by determining whether the observed time difference is possible or likely

for a given progenitor model and the reconstructed neutrino energies. For example, the

observation of two neutrinos, both with energies εν ≈ 103 GeV with ∼10 sec time difference

would rule out all models but 15L out of those considered in Figure 4-4, indicating the presence

of a hydrogen envelope.

Jet duration vs. onset of neutrino emission

Neutrinos above εν & 103 GeV for all models but 15L are emitted only in a small fraction of

the time the jet spends within the progenitor. Since it is unlikely that jets are fine-tuned such

that they stop just before breaking out of the star, the detection of HENs with εν & 103 GeV

from confirmed astrophysical sources with no EM counterparts would make it highly probable

that the progenitors have kept their hydrogen envelope prior to explosion.

Neutrinos and gravitational waves

The coincident observation of gravitational-waves and HENs from a common source has

far-reaching astrophysical implications [13, 238]. The relation between the observed times of

arrival of gravitational waves and HENs from a stellar core collapse could provide information

on the stellar structure below the shock region of & 1010 cm (complementary to information

from HENs and EM radiation, which map the structure at and above the shock region).

The time relativistic jets take to cross the stellar envelope is likely comparable to or less

than the observed duration of prompt gamma-ray emission (as the duration of the outflow

fed by the central engine is unlikely to be fine-tuned to the envelope crossing time). Given

the observed long-GRB durations of ≈ (10− 100) s and expected stellar progenitor densities

at small radii, the jet is only likely to be able to cross the envelope within ≈ (10 − 100) s if

the stellar density significantly decreases along the rotational axis [413]. Gravitational-wave

emission from the stellar progenitor is likely connected to the onset of jet propagation (core-

collapse and the formation of an accretion disk are both potential sources of gravitational
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waves [272]). Consequently, comparing the time of arrival of gravitational wave signals and

HENs from a GRB or supernova progenitor can provide information on stellar densities below

the shock region, and may provide information on the development of jets (see [413]).

Extremely high energy neutrino triggers

Extremely high energy neutrinos of energies εν & 100 TeV may be emitted once the relativistic

jet becomes sparse enough such that neutrino production is not suppressed by strong magnetic

fields or high synchrotron-photon density [185, 178]. The emission of such extremely high

energy neutrinos may commence only once the jet has advanced substantially, likely outside

the helium envelope [178]. These neutrinos will therefore be produced only after most lower

energy HENs are created while the jet is at lower radii (we note that the central engine

of GRBs may show activity on a longer time scale than the prompt gamma-ray emission

[414], therefore weaker, longer duration neutrino emission is also plausible). Processes other

than internal shocks, such as the jet’s interaction with the interstellar medium, can further

produce so-called ultra high energy neutrinos with energies up to 1010 GeV that may be of

interest here [202, 415, 382]. Hence, it may be interesting to search for & 100 TeV neutrinos in

coincidence with . 100 TeV neutrinos that arrived prior to an extremely high energy neutrino

up to tens of seconds.

While HEN detectors mainly use Earth as a shield from atmospheric muons, extremely

high energy neutrinos with εν & 1 PeV are also absorbed before they can cross Earth, and

thus can only be detected from downgoing and horizontal directions [14]. Even though there

is an abundant atmospheric muon background from these directions in the detector, most

these muons have lower energies; hence, astrophysical extremely high energy neutrinos are

relatively easy to identify.

Based on the above model, a search could be performed for extremely high energy neu-

trinos in coincidence with . 100 TeV neutrinos that arrived from the same direction, prior to

the extremely high energy neutrino up to tens of seconds. This search could be particularly

interesting, as . 100 TeV neutrino data have not been utilized in searches for astrophysical

neutrinos (nevertheless, these downgoing events are recorded and stored for IceCube [416]).
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4.4 Conclusions

In this Chapter we investigated the opacity of massive pre-supernova stars to high energy

neutrinos (HENs) in order to address the question: What do the times of arrival of detected

high energy neutrinos tell us about the properties of their source? We investigated the effect of

opacity on the observable HEN emission from both successful and choked jets. In particular,

we have examined various zero-mass main sequence (ZAMS) stellar masses from (12-75) M�

for low-metallicity non-rotating and stellar-metallicity rotating cases.

For the considered progenitors, we presented the energy-dependent critical radius from

which HENs cannot escape. We found that the presence of the stellar hydrogen envelope has

a negligible effect on the optical depth for neutrino energies of εν . 105 GeV, i.e. the most

relevant energy range for HEN detection. The critical radius, however, largely varies with εν

within the helium core, which has relevant consequences on observations.

The neutrino emission spectrum changes as the relativistic jet advances in the star. Con-

sidering mildly relativistic jets (Γj ≈ 10) and HEN production in internal shocks, the energy

dependence of the onset of neutrino emission is shown in Figure 4-4. Such time dependence

can provide important information on the stellar structure. For instance, with observation

of multiple HENs, the detected neutrino energies and times provide constraints on stellar

density at different depths in the star. The energy of a detected precursor HEN can also

provide information on the maximum time frame in which the relativistic jet will break out

of the star and become observable.

We examined how neutrino interaction with dense stellar matter can be used to probe

stellar progenitors. We investigated both the strong and weak-signal limits, i.e. when many

or only a few neutrinos are detected, respectively. We demonstrated that under favorable

conditions one can use the time difference between a precursor neutrino and the jet breakout

to exclude some progenitor models. The relative times of arrival for multiple neutrinos

may also be sufficient to exclude progenitor models, even with no observed electromagnetic

emission. Additionally, the detection of HENs with energies above & 103 GeV from choked

GRBs makes it likely that the progenitor possessed a hydrogen envelope prior to explosion.

Also, while the detection of HENs and electromagnetic signals can provide information on
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the stellar region at and above the shock radius, the coincident detection of HENs with

gravitational waves [13] may be informative w.r.t. jet development and propagation below

the shock radius. We proposed the use of extremely-high energy neutrinos (εν & 100 TeV)

detected by cubic-kilometer neutrino detectors such as IceCube for searches for coincident

downgoing neutrinos. These extremely-high energy events probably arrive after other lower

energy events that can be used in a coincident analysis. Downgoing neutrinos with lower

energies are typically not used in searches due to the large atmospheric muon background

from these directions and energies.

A future extension of this work will be the calculation of neutrino fluxes from different

radii, similar to the calculations of Razzaque et al. [185], who estimated the flux for two

different radii, but without timing information. Such addition to the temporal structure of

neutrino energies can provide a more detailed picture of not only the information in neutrinos

about the progenitor, but also the likelihood of detecting neutrinos with given information

content.

We note here that the uncertainty in the reconstructed energy and timing of HENs intro-

duces uncertainty in the measurement of the onset of HEN emissions at the energies of the

detected neutrinos. These uncertainties need to be taken into account when comparing emis-

sion models to observations. Additionally, there could be other factors, e.g., physics related

to jet propagation, that we have treated schematically in this work, but could have similar

impact on the temporal structure of HEN events. However, we have pointed out some generic

features which should motivate future work that investigates experimental detectability of

these features.
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Chapter 5

Search for Common Sources of

Gravitational Waves and High

Energy Neutrinos

In this chapter, following [272], we present a joint GW and HEN analysis algorithm that

combines the observations of a network of GW detectors and a HEN detector. We then

describe preliminary, closed box results from this search performed using GW data from

initial LIGO/Virgo (S5/VSR1 science runs), and the partially completed IceCube detector

(22 strings; hereafter IceCube-22). To scale theoretical expectations on the HEN rate for

km3 detectors to expectations for IceCube-22, we estimate IceCube-22 to be approximately

10 times less sensitive than the completed IceCube.

Besides looking for astrophysical GW+HEN messengers, the search can also be used

to derive upper limits on the population and flux of GW+HEN sources. We estimate the

anticipated science reach for initial and advanced detectors, and discuss some of the existing

emission models and how they can be constrained in the event of non-detection.

In Section 5.1 we describe the output of the GW and HEN detectors, as well as the astro-

physical source distribution. We derive the quantities that will be used in joint GW+HEN

analyses. In Section 5.2 we go on and describe the joint analysis method for the search for

GW+HEN signals. Next, in Section 5.3 we investigate the constraints one can introduce
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with the GW+HEN search on the population of astrophysical GW+HEN sources. Finally,

in Section 5.4, we present preliminary results of the analysis.

5.1 Data

5.1.1 Gravitational-wave Data

GW search algorithms are designed to detect and extract information about a GW signal from

a stream of strain data from a set of GW detectors (e.g. [417, 418, 419]). One can think of

a generic search algorithm as a GW radiometer, outputting the excess GW energy measured

by a network of detectors, as a function of time t and sky location −→xs. These data analysis

algorithms usually output so-called GW triggers, potential GW signals whose significance

exceed a given threshold. A GW trigger’s significance is characterized by a suitable test

statistic (see e.g. [417, 418, 417]). GW triggers can have additional parameters, such as time

of arrival, amplitude or waveform. Data from a network of GW detectors can also be used

to recover directional information (e.g., [332]).

For the purposes of the joint GW+HEN analysis, we consider short transient events. The

duration of a transient GW event is expected to be much shorter than the coincidence time

window [238] of GW and HEN events (the window in which all GW and HEN signals arrive).

To obtain the background distribution of GW triggers, we time-shift data from the dif-

ferent GW detectors compared to each other such that no astrophysical signal can appear in

more than one detector at a time. Background triggers can be generated in such a way for

many different time shifts.

Let us assume that we have a GW search algorithm that identifies a set of GW triggers,

for each trigger calculating a test statistic TS and a skymap (point spread function) Fgw(−→xs).

The point spread function gives the probability distribution of source direction, given that

the GW event is of astrophysical origin. To calculate the significance of a joint event, we

need to take into account TS as well as Fgw(−→xs). The background distribution of TS can

be obtained from time-shifted data. The distribution of TS for the case of a signal present,

however, is not available, as it would greatly depend on the properties and direction of the

signal. Therefore, we take into account TS in the joint significance by calculating its p-value,
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given the background distribution.

Let FARi be the false alarm rate of GW event i, corresponding to the rate of GW events

with TS≥TSi (average number of events over unit time). For TSi we assign a p-value of

p
(i)
gw = 1− Pois(0;T · FARi),

where Pois(k, λ) is the Poisson probability of k outcome with λ average, and T is the coinci-

dence time window (see section 5.2.1). FARi is calculated from the distribution of background

events.

For the skymap Fgw(−→xs) both the background and signal distributions are available. We

therefore take this information into account in the form of a likelihood ratio. Here our null

hypothesis is that the GW event is a random fluctuation from the background, i.e. it has

no preferred direction. We therefore approximate the background likelihood B(i)gw to be a flat

distribution over the whole sky, i.e.

B(i)gw =
1

4π
. (5.1)

Our alternative hypothesis is that GW event i came from an astrophysical source at direction

−→xs. The signal likelihood S(i)gw will be the calculated skymap, i.e.

S(i)gw(−→xs) = Fgw(−→xs). (5.2)

5.1.2 High-energy Neutrino Data

The direction of HENs can be reconstructed using the arrival time of Cherenkov photons at

different optical sensors, with a precision of ∼ 0.5◦ − 1◦ (depending on energy) for IceCube

[394], or less than 0.3◦ for Antares [193]. Direction reconstruction is also one of the major

tools in background rejection. So-called atmospheric muons, created by cosmic rays inter-

acting with particles in the atmosphere over the detector, are the dominant background. To

suppress these events, searches for neutrinos are principally performed using up-going events,

i.e. those that have traveled through Earth and therefore can be attributed only to a neu-

trino. The vast majority of these up-going neutrinos are themselves the result of cosmic ray

interactions on the other side of the Earth. These are the so-called atmospheric neutrinos,
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and in general constitute an irreducible background in searches for astrophysical neutrinos

from space.

Many sources of astrophysical neutrinos are expected to exhibit a harder energy spectrum

(typically E−2) compared with the soft spectrum of atmospheric neutrinos (∼ E−3.7). In such

cases, reconstructed energy can play a role in further separating signal from background.

The measured energy of the muon (related to the amount of light detected) becomes an

estimated lower bound for the neutrino primary energy, since the muon may have propagated

an unknown distance before reaching the detector. Probability distribution functions for the

muon energies expected from signal (of different source spectra) and background can then

be used in likelihood analyses to enhance sensitivity for hard source spectra while retaining

sensitivity to softer spectra [191, 420].

A given reconstructed neutrino event i consists of a time of arrival t
(i)
ν , reconstructed

direction −→xi , directional uncertainty σi and reconstructed neutrino energy Ei. The neutrino

point spread function, i.e. the probability distribution of the neutrino source direction, is

defined as

Fν(−→xs|−→xi) =
1

2πσ2
· e
− |
−→xi−
−→xs|2

2σ2
i , (5.3)

where −→xs is the true sky location of the source. The HEN point spread function is incorporated

in the joint GW+HEN significance in the form of a likelihood ratio. Our null hypothesis is

that HEN event i is a detected atmospheric neutrino, having no preferred direction. We

approximate the background likelihood B(i)ν to be a flat distribution over one hemisphere

(since a neutrino detector is only sensitive to roughly half the sky), i.e.

B(i)ν =
1

2π
. (5.4)

Our alternative hypothesis is that the neutrino came from an astrophysical source at direction

−→xs. The signal likelihood S(i)ν will be the point spread function, i.e.

S(i)ν (−→xs) = Fν(−→xs). (5.5)

For reconstructed neutrino energy Ei, the background distribution is known from the
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detected (background) neutrinos. The distribution of Ei for astrophysical signals, however,

depends on the source emission model, therefore we treat it as unknown. We therefore take

into account Ei in comparison with its background distribution by calculating its p-value

p
(i)
hen, defined as the fraction of background neutrinos having energy E ≥ Ei.

5.1.3 Neutrino Clustering

After obtaining the properties of individual neutrino events, we consider the possibility that

multiple neutrinos are detected from the same astrophysical source. A set of neutrinos can

potentially originate from the same source only if they are spatially and temporally coincident.

As it is described in section 5.2.1 below, assuming that a GW+HEN source emits neutrinos

within a time interval ∆tν (denoted by t
(+)
ν − t

(−)
ν in section 5.2.1), we consider a set of

neutrinos to be temporally coincident if all neutrinos arrive within a ∆tν time interval.

For spatial coincidence, we require that all neutrinos have a common direction of origin

from where each neutrino can originate with probability above a threshold Pmin = 0.05

(i.e. if the probability that a neutrino came from a direction farther from its reconstructed

direction than the common direction is ≤ Pmin). This probability threshold corresponds

to an angular difference threshold ∆−→x maxs,i between the common direction and the neutrino

direction (∆−→x maxs,i = σi
√

2 ln(1/Pmin). The average angular difference threshold for IceCube-

22 neutrinos is ∼ 2.5◦ for Pmin = 0.05). Neutrinos i and j will be spatially coincident if their

angular distance is ≤ (∆−→x maxs,i + ∆−→x maxs,j ).

To take into account more than one neutrino in the joint GW+HEN significance, one

needs to account for the probability of detecting a certain number of neutrinos from the

background. The distribution of the number of neutrinos expected for astrophysical signals is

model-dependent due to the non-homogenous source distribution, and is in general unknown.

However, the probability of background neutrinos to occur in the same time window can be

calculated. Given that we have at least one detected neutrino, the probability of detecting

N neutrinos in the allowed time window is Pois(N − 1; fν∆tν), where fν is the background

neutrino rate (its typical value is ∼ 10−4 Hz for IceCube-22 and ∼ 10−2.5 Hz for the completed

IceCube). We calculate the p-value for one neutrino to be in a time-window with N or more
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neutrinos to be

pcluster(N) = 1−
N−2∑
i=0

Pois(i; fν∆tν). (5.6)

This p-value is additionally taken into account to the other p-values in the joint test statistic.

Note that, if one has only one detected neutrino in the cluster, pcluster(1) = 1.

Note that the decision of whether to treat coincident neutrinos as a cluster or as individual

events is made by the analysis based on which combination yields the highest significance (this

decision process can proceed iteratively on the remaining neutrinos until all are accounted

for).

5.1.4 Astrophysical Source Distribution - the Galaxy Catalog

The distribution of astrophysical GW+HEN sources at detectable distances is not uniform.

This can be used in a joint search algorithm to increase sensitivity. One can weigh event

candidates based on the expected source density in their direction. The density of proposed

GW+HEN sources can be connected to the blue luminosity of galaxies [421, 422], while source

density can also depend on, e.g., the galaxy type [423, 424]. We take the blue-luminosity dis-

tribution of galaxies up to 40 Mpc from the Gravitational Wave Galaxy Catalogue (GWGC)

[250].

Let the astrophysical GW+HEN source density be ρ(r,−→x ), where r and −→x = (φ, θ) are

the source distance and direction on the sky, respectively. The probability distribution of

astrophysical neutrinos as a function of direction is proportional to the number of sources

in the given direction, weighted with the distance of the sources to the −2nd power (which

cancels out in the volume integral):

Fgal(−→xs) =
1

Nν

∫ Dhorizon

0
ρ(r,−→xs)dr (5.7)

where Nν is a normalization factor, −→xs is the source direction and Dhorizon is an expectation-

motivated cutoff distance (see, e.g., [425, 250, 40]). For HEN searches, Dhorizon can be

chosen to be very large, however for joint GW+HEN searches Dhorizon will be chosen to

be the cutoff distance related to GW detection (see below). For searches using initial GW

detectors, a reasonable choice can be Dhorizon = 40 Mpc. Given the detector sensitivities
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Figure 5-1: Probability that a random sky direction falls by chance within a given angular
distance of at least one of the nearby galaxies listed in the GWGC.

and typical source strengths, sources of interest father than this distance are unlikely to have

measurable effect. In the following we will refer to this distribution as the weighted galaxy

distribution.

To take into account the galaxy distribution in the joint analysis, we consider our null

hypothesis to be that the joint signal is a random coincidence from the background, i.e. it

has no directional preference. This results in a background likelihood of

B(i)gal =
1

2π
, (5.8)

where we take into account that a joint event can only come from half of the sky due to the

directional sensitivity of neutrino observatories. The alternative hypothesis is that the joint

event came from an astrophysical source at direction −→xs. The corresponding signal likelihood

is

S(i)gal(
−→xs) = Fgal(−→xs). (5.9)

The information on the distribution of galaxies is accurate for directions outside the

galactic plane. Within the plane, the large density of galactic stars makes it more difficult to
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detect galaxies in these directions. This incompleteness needs to be taken into account in our

perceived source distribution. Another complication is that nearby galaxies can be smeared

to a finite area of the sky. We ensure that no source is missed due to these incompletenesses

by performing a complementary search with no galactic weighing. Such a search, while being

significantly less sensitive than a search that takes into account the galaxy catalog, is capable

of detecting strong sources that are not aligned with the galaxy catalog. For this case, the

galactic likelihood ratio is uniformly taken to be unity.

To illustrate the capabilities of using the galaxy catalog in rejecting false GW+HEN

coincidences, we calculated the probability that a random sky direction is within a given

angular distance from at least one galaxy in the galaxy catalog. This is a simpler and less

sensitive way of utilizing information on galaxy locations than used in the method (which

includes the blue-luminosity weight), but it already shows the usefulness of this additional

information in background rejection. The results are shown in Figure 5-1. The probability

of the coincidence of a random sky direction and at least one galaxy is evaluated for angular

distances ranging from 0.1 to 10 degrees and considering galaxies with four different horizon

distances from the observer. For these curves, it is possible to estimate the probability that

a background neutrino be falsely associated with a host galaxy. We see that for an horizon

distance of 50 Mpc (which is larger than the 40 Mpc used in the present analysis), there

is one chance in two to get a false association if the position uncertainty is of order of one

degree. The efficiency of the galaxy catalog to discard background neutrino triggers is directly

connected to this probability (since background neutrinos coming from directions where there

is no galaxy can be discarded). This result indicates that, within the 40 Mpc distance horizon,

most background GW+HEN events will be farther from any galaxy than the typical angular

uncertainty of HEN direction reconstruction, demonstrating the benefit of using the galaxy

catalog, even for this simple model.

5.2 Joint GW+HEN Analysis

This section describes the joint analysis method for the search for GW+HEN signals. The

joint analysis is described with a flow diagram in Fig. 5-2. For easier navigation the differ-
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ent steps in the flow diagram include references to the sections and figures where they are

described in detail.

While the presented search example focuses on GWs and HENs, we note that it is straight-

forward to use the method with other messengers as well. The method also naturally incorpo-

rates externally triggered searches (see e.g. [241, 78]), where at least one messenger confirms

the presence of an astrophysical signal. A confirmed signal can define either or both the time

window and source location (or point spread function) which restricts the parameter space

of the multimessenger search a-priory. For such cases the interesting scientific question is

whether additional information is present in other messengers, and if it is then what can one

infer about the source by the total available information. We also note that the search can be

analogously used for much lower energy neutrinos. For instance because the photomultipier

tube (PMT) dark noise rate is particularly low in ice, the IceCube detector has sensitivity

to sudden fluxes of MeV neutrinos which lead to collective rise in the PMT rates. Nearby

supernovae up to 50 kpc are expected to be detected this way. While the MeV neutrino

signal does not provide any directional information, it can be readily naturally incorporated

in the present joint analysis by using its time of arrival and significance (i.e. flux). The lack

of directional information can be taken into account as a uniform sky distribution. Further,

similarly to the blue-luminosity-weighted galaxy distribution, a-priori source source distribu-

tion can be used for nearby sources as well, for example in the form of the matter distribution

within the Milky Way. Galactic sources behind the center of the Milky Way can be especially

interesting for multimessenger searches since they are difficult to observe electromagnetically.

5.2.1 Coincidence Time Window

The maximum time difference between the arrivals of the observed GW trigger and HEN

events is one of the key parameters of the joint GW+HEN search algorithm [238]. A too

small time window might exclude some potential sources, while a too large time window

would unnecessarily increase the false alarm rate and the computational cost.

Here, we adopt a conservative arrival time difference of ±500 s described in Section

3.1. Multiple neutrino events and a GW trigger are considered temporally coincident if the

greatest time difference between any two of these neutrinos, or any neutrino and the GW
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127

trigger, is less than 500 s.

We consider only one GW transient (trigger) per astrophysical GW+HEN source (we

choose the GW trigger that gives the maximum joint significance; see below). Besides de-

termining temporal coincidence, we apply no additional weight based on the arrival times of

the HEN events and GW trigger (while the flux of neutrinos is probably time dependent, the

uniform weight reflects our lack of information about this time dependence; see, e.g, [426]).

5.2.2 Joint GW+HEN Significance

The joint significance combines the significances of the GW, HEN, and galaxy distribution

components. For the directional distribution of these components, there exists a signal hy-

pothesis, and therefore they are assigned a likelihood ratio. The other components of the

GW and HEN events (e.g. energy) have no model-independent signal hypotheses, therefore

they are assigned a p-value. These two types of information are combined into one joint

significance measure.

First, we combine the likelihood ratios of the directional components to obtain a signifi-

cance measure, i.e. p-value. The joint likelihood ratio L(−→xs) is defined as

L(i)(−→xs) =
S(i)gw(−→xs)S(i)gal(

−→xs)
∏
{j} S

(j)
ν (−→xs)

B(i)gwB
(i)
gal

∏
{j} B

(j)
ν

, (5.10)

where {j} is the set of neutrinos within GW+HEN trigger i. Note that the joint likelihood

ratio, as it combines the directional distributions, is defined as a function of direction. Ex-

ample directional distributions are shown in Fig. 5-3. Since we are mainly interested in the

significance of the signal being of astrophysical origin, we treat the direction as a nuisance

parameter and marginalize over it. Since the background likelihoods are uniform over the

sky, the marginal likelihood ratio is

L(i) =

∫
L(i)(−→xs)d−→xs (5.11)

The background distribution of L, Pbg(L), can be obtained from time scrambled data (see

section 5.2.3). Using this distribution, the p-value psky of the directional part of the joint
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event can be calculated as

p
(i)
sky =

∫ ∞
L(i)

Pbg(L′)dL′. (5.12)

We follow Fisher’s method in combining the p-values into one joint test statistic:

X2
i = −2 ln

p(i)skyp(i)gwpcluster(N)
∏
{j}

p
(j)
hen

 (5.13)

To ensure that possible correlations between the different p-values do not affect the outcome,

we calculate the significance of X2 by calculating its p-value from its background distribution

Pbg(X2) in time-scrambled data (see section 5.2.3):

p
(i)
gwhen =

∫ ∞
X2
i

Pbg(X2′)dX2′ . (5.14)

Note that, for a given joint event, we consider the single HEN or cluster of HENs with

only one GW trigger at a time. If there are more GW triggers coincident with a given HEN

trigger, we treat them as separate joint events (combined with the same neutrino).

To take into account possible sources outside of galaxies and in the Milky Way (or in

galaxies not included in the used galaxy catalog), we perform an additional search without

using the galaxy distribution. This is done simply by taking Fgal to be unity over the whole

sky. This additional search without the galaxy catalog is represented by the on/off switch of

the galaxy information in the flow diagram in Figure 5-2.

5.2.3 Background Trigger Generation

In order to calculate the significance of one or more joint signal candidates, we compare their

test statistic X2 to the test statistic distribution of background coincident triggers. The steps

of the generation of the background distributions are described below, and are also shown in

Figure 5-4.

For a set of GW and HEN detectors, we apply time shifts for background event generation.

For GW detectors the time shifts between any two detector data streams are selected to be

much greater than the maximum possible time shift for an astrophysical signal. For neutrino

detectors the time of arrivals are scrambled between neutrinos, keeping each event’s local
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Figure 5-3: Example likelihood distributions as parts of the joint likelihood ratio: weighted
galaxy distribution (upper left), HEN directional probability distribution function (PDF)
(upper right), GW PDF (lower left) and joint PDF (lower right). The joint PDF is the
product of the other three PDFs. The scales are in arbitrary units, and the color-scale for
the galaxy distribution is inverted. On the joint PDF plot, every galaxy for which the joint
PDF is non-zero is circled for visibility. The reconstructed source direction with the maximum
significance is circled with bold line.
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Figure 5-4: Flow diagram of the calculation of the background likelihood distribution PB(X2).

coordinates (θ, φ) and energy fixed during the scrambling. This procedure reproduces fairly

well the distribution of background neutrino parameters, and also preserves the geometric

acceptances of the GW and HEN detectors which are fixed with respect to each other.

Using the background data described above, one can calculate the test-statistic distribu-

tion of background triggers similarly to how it is done for real data with no time shifts (see

Eq. (5.14)).

5.2.4 Individual Detection

The loudest GW+HEN event in real data will be considered a joint detection if its probability

of arising from the background during a one year long measurement period is less than

2.87× 10−7 (one-sided 5σ).

We consider the joint GW+HEN to have discovery potential for a given GW+HEN flux

measured at Earth from an astrophysical source if such a signal has 50% probability of

resulting in a joint detection (as defined above).

We define the median upper limit of the joint GW+HEN search to be the joint GW+HEN
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flux at Earth, in terms of hrss and 〈n〉, for which X2 is greater, with 90% confidence, than the

median of the loudest events among sets of N randomly generated joint background events.

To evaluate the statistical significance of a single GW+HEN event with X2, we compare

it to the background X2 distribution Pbg(X2) as described in section 5.2.3. The statistical

significance of a X2 value is given by its p-value (Eq. 5.14).

5.2.5 Statistical Detection of Multiple Sources

Besides detecting a single astrophysical GW+HEN joint event, one can try to indicate the

presence of multiple astrophysical joint events statistically. For such statistical detection,

we compare the distribution Ps(X
2) of the real data to the distribution Pbg(X2) of joint

background events. We use the realistic assumption that only a small fraction of the signal

candidates can be due to actual astrophysical signals. The steps of statistical detection

described below are also shown in Fig. 5-5. Two alternative statistical tests can be found,

e.g. in [344].

If only a small fraction of the joint events in real data are from astrophysical sources,

one has the best chance of detecting the presence of real astrophysical signals by looking at

the highest X2 values. We therefore select a X2 threshold above which the real-data and

background distributions are compared. We denote this threshold by X2
t . This threshold is

chosen based on the background neutrino event rate, and the estimated astrophysical neutrino

event rate within the distance in which the GW+HEN search is sensitive.

We compare the distributions of real and time-shifted data above X2
t in the following

manner. Let pt be the p-value corresponding to X2
t . We introduce the product p for a set of

p-values which are above threshold pt. The value p can be written as

p =
∏

p
(i)
gwhen>pt

p
(i)
gwhen (5.15)

where p
(i)
gwhen is the p-value of measurement i (see Eq. 5.14). Similarly to the use of p-values

for the single detection case, we calculate the probability pp that the measured p from real
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data can arise from the background:

pp =

∫ p

0
Pbg(p′)dp′, (5.16)

where Pbg(p) is the probability distribution of p on time-shifted data (of identical duration as

real data). The value pp is therefore the probability that the product of the p-values smaller

than pt from real data arose from the background. We use pp to characterize the significance

of statistical detection. We claim statistical detection if the probability that the real-data

pp arose from the background during one year of measurement is less than 2.87× 10−7 (one

sided 5σ).
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5.2.6 Simulation of Astrophysical Signals

We use simulated astrophysical signals to characterize the sensitivity of the GW+HEN search

algorithm. The simulation is designed such that the results are scalable for different GW and

HEN emission fluxes, therefore our results can be used to constrain the parameter space of

GW and HEN emissions. We simulate standard GW+HEN sources with identical intrin-

sic GW+HEN emission (energy and spectrum). Upper limits for such standardized source

populations are conservative estimates, taking the average emission, compared to taking a

distribution of emission energies.

For the simulations we assume that zero or one HEN event is detected from each source.

This is the likely situation for the part of the HEN parameter space that is not constrainable

by a km3 HEN detector alone.

The simulation of an astrophysical joint event consists of the following steps.

1. For a given direction, generate a simulated astrophysical HEN event coming from the

source direction. We use Monte Carlo simulations to generate a random reconstructed

energy and directional uncertainty for such a neutrino, using a source neutrino energy

spectrum. We then generate a reconstructed source direction for the neutrino, drawn

from a 2D Gaussian distribution centered around the real source direction, with standard

deviation obtained from the Monte Carlo simulation.

2. Generate simulated astrophysical GW event coming from the source direction. We inject a

GW signal with a given amplitude and waveform into real GW data into each GW detector

used in the analysis, taking into account the direction of the source. The amplitude of the

injected GW is chosen from a range that covers the amplitude region of interest for the

joint search.

5.2.7 Population Estimation

We define population upper limit for the joint emitters of GWs and HENs as the lowest pop-

ulation which would produce – with > 90% probability, a joint event with higher significance

than the loudest GW+HEN event in real data.

We obtain population estimates by calculating the probability of detection rate for every
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galaxy. We adopt the following notation: for an astrophysical source in galaxy i, the galaxy

has blue luminosity L
(i)
B and is at a distance ri. Further, let Lmwb be the blue luminosity of

the Milky Way, R the source rate [per year per MWE galaxy], Tm the measurement duration,

and fb the neutrino beaming factor of the source. The calculation is the following.

Given an astrophysical source in galaxy i, the probability that at least one HEN will be

detected from this source is [13]

p(n ≥ 1|r, nhen) = 1− Fpoiss
(
0|(10 Mpc/r)2nhen

)
, (5.17)

where Fpoiss is the Poisson cumulative distribution function, and n is the number of detected

neutrinos from the source. Therefore for galaxy i the average number N̂i of sources with at

least one detected neutrinos during the measurement will be

N̂i(R, Tm) = p(n ≥ 1|ri, nhen) ·R/fb · T · L
(i)
b /Lmwb . (5.18)

The population upper limit is obtained from N̂i(R, Tm) by requiring the total number of

detected neutrinos within Dgwhen to be 2.3 during a one year long measurement. This

is done by summing N̂i(R, Tm) over all galaxies on the hemisphere in which the neutrino

detector is sensitive. For IceCube this is δi ≥ 0 where δi is the declination of galaxy i. The

population upper limit will be

Rul(Eisogw, nhen) =
2.3fbL

mw
b

Tm
∑
{ri>Dgwhen,δi≥0} εgw(ri)p(n ≥ 1|ri, nhen)L

(i)
b

, (5.19)

where εgw(ri) is the detection efficiency of the GW detector network at distance ri [6].

5.3 Science Reach

In this section we investigate the constraints one can introduce with the GW+HEN search

on the population of astrophysical GW+HEN sources. Below we first estimate the expected

population upper limits from the GW+HEN search as a function of source parameters, after

which we interpret these constraints. The science reach analysis presented here follows the
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Figure 5-6: Expected GW+HEN source population upper limits for IceCube-22 coincident
with initial LIGO-Virgo (left) and IceCube-86 coincident with advanced the LIGO-Virgo
detectors (right; courtesy of [13]), with one year of coincident measurement time. The results
take into account the blue-luminosity-weighted galaxy distribution. The x-axis represents
the GW energy output of a standard source. The y-axis represents the number of detected
neutrinos from a standard source at 10 Mpc. The color scale shows the obtained source rate
upper limit RUL in logarithmic units of number of sources per (Milky Way equivalent) galaxy
per year. On both plots, the two horizontal lines (scaled for detector sensitivity) show the
Waxman-Bahcall emission model [14] (higher) and the HEN emission model of Ando and
Beacom [9] for reverse shocks in mildly relativistic supernova jets / choked GRBs (lower).

calculations in Section 3.2 (see also Ref. [13]), that we outline below.

In determining the GW+HEN population upper limit we assume standard GW+HEN

sources with the same intrinsic emission. Limits based on a fixed average brightness are con-

servative compared to those using any other brightness distribution. We consider maximum

one HEN detected for each source. This is a reasonable (and conservative) assumption given

that there has been no discovery with neutrino detectors. We introduce the exclusion distance

Dgwhen
50% , which is the maximum distance that satisfies the following criterion: for an astro-

physical GW+HEN burst at a distance < Dgwhen
50% in a typical direction and with one detected

HEN, the probability that it is more significant (Eq. 5.14) than the loudest observed event

of the GW+HEN search is ≥ 50%. This distance depends on the total (isotropic-equivalent)

energy emitted in GWs (EisoGW ) of a GW+HEN source. Using this distance, we calculate the

minimum astrophysical GW+HEN source rate (i.e. population) that would have produced

at least one detected astrophysical HEN signal with & 90% probability. This source rate will
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be the rate upper limit.

To estimate the expected results with the GW+HEN search, we approximate the sensi-

tivity of the GW+HEN algorithm with that of published externally triggered GW searches

(e.g. [345, 427]). This is a reasonable (and conservative) approximation if one chooses the

threshold for GW and HEN trigger selection such that there will be O(1) spatially and tempo-

rally coincident GW and HEN signals for the duration of the measurement. In an externally

triggered search for GW bursts in coincidence with GRBs, Abbott et al. [345] obtained a

median upper bound of hextrss ≈ 3.8 × 10−22 strain root sum square using the initial LIGO-

Virgo GW detector network (S5/VSR1 science run). They used a sine-Gaussian waveform

with characteristic frequency of ∼ 150 Hz, which is in the most sensitive frequency band of

the GW detectors. This upper limit corresponds to the minimal GW signal amplitude that,

with 90% confidence, produces larger significance than the loudest joint GW+HEN event in

the real data measured in coincidence with an external trigger. To estimate the performance

of advanced detectors (Advanced LIGO-Virgo), we estimate their median strain upper bound

as 0.1 times that of initial detectors (i.e. 3.8 × 10−23). We note here that with additional

advanced detectors, such as LIGO-Australia [428] and LCGT [429], the sensitivity of the GW

detector network will further increase. For comparison, we note that the upper bound ob-

tained with the all-sky GW search of Abadie et al. [6] for sine-Gaussian signals at ∼ 150 Hz

with the initial LIGO-Virgo detector network is hall−skyrss ≈ 6 × 10−22. The all-sky search

corresponds to the lower limit for the sensitivity of GW searches as no additional information

is used besides GW data.

For the GW+HEN search we introduce the upper bound hgwhen
rss , and estimate this upper

bound to be hgwhen
rss ≈ hextrss. We assume that a GW signal with hrss ≥ hgwhen

rss in coincidence

with a detected astrophysical HEN would be detected by the joint GW+HEN search with

≥ 90% probability. Given hgwhen
rss (i.e. the amplitude at the detector) and EisoGW (i.e. the

amplitude at the source), we can calculate the radius within which there was likely (P ≥ 90%)

no GW+HEN event from which a HEN was detected. This distance, averaged over all

directions on the sky, is [345]

Dgwhen = 12 Mpc

(
EisoGW

10−2 M�c2

)1/2(
hextrss

hgwhen
rss

)
(5.20)
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From the fact that no astrophysical HEN was detected from a GW+HEN source within

Dgwhen, we obtain a source rate upper limit as the highest source rate that would have

produced at least one detected neutrino within Dgwhen with . 90% probability. Assuming

a Poissonian source number distribution, this corresponds to an average source rate of 2.3

over one year long measurement. We denote this source rate upper limit by Rul. To obtain

Rul, we calculate the average number of sources within Dgwhen over the duration of the

measurement from which at least one neutrino has been detected. Rul will be the rate that

corresponds to 2.3 detected sources on average. The rate depends on the blue-luminosity-

weighted galaxy distribution within Dgwhen (see section 5.1.4), as well as the neutrino flux

(nhen) from a standard source.

The estimated source rate upper limit is dependent on the beaming of HEN emission

(beaming is less significant for GWs). The beaming of HEN emission is uncertain, but it

is probably similar to the beaming of gamma rays, as the two emission mechanisms are

connected. For this reason we use the gamma-ray beaming factor obtained for LL-GRBs,

estimated to be less than 14 [227]. The obtained upper limits scale linearly with the beaming

factor (since we only expect to see sources for which the beam points towards us).

We calculate population upper limits for a range of GW isotropic emission EisoGW and

neutrino emission nhen. The results are shown in Figure 5-6, both for initial and advanced

detectors.

To interpret the science reach of the expected GW+HEN population upper limits de-

scribed above, we consider the source parameters from some existing emission models. In

Figure 5-6 horizontal lines indicate the neutrino rate predictions of the Waxman-Bahcall

emission model [8], as well as the emission model for mildly relativistic jets by Horiuchi and

Ando [178]. The population upper limit estimates for these two models specifically, as func-

tions of EisoGW down to Egw = 10−4 M�c2, are shown in Figure 5-7. For sources of weaker

GWs than 10−4 M�c2 as predicted by some CCSN simulations [365, 430, 431], observations

will focus on galactic sources.

We note here that recent upper limits from the IceCube detector disfavor GRB fireball

models with strong HEN emission associated with cosmic ray acceleration. However, milder

HEN fluxes or alternative acceleration scenarios are not ruled out [196]. Moreover, the
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of the results shown in Figure 5-6.
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constraints weaken substantially when uncertainties in GRB astrophysics and inaccuracies

in older calculations are taken into account, and the standard fireball picture remains viable

[304, 305].

5.3.1 Estimated Sensitivity

In Section 5.3 we estimated the science reach of the baseline multimessenger analysis following

the calculations presented in Section 3.2 (see also Ref. [13]). In estimating the science reach

the single required parameter from the search algorithm was its exclusion distance Dgwhen
50% .

We approximated this parameter for the analysis by assuming that it will be comparable to

the horizon distance of externally triggered GW searches. In the externally triggered GW

search of Abbott et al. [345], the authors give the median horizon distance for single GW

events coincident with electromagnetically observed GRBs. This horizon distance is related

to the expected loudest GW background event from a given direction within a given time

window of ∼ 100 s. The approximation of Dgwhen
50% for the baseline multimessenger search is

reasonable if, given the number of HENs, the GW triggers’ significance threshold is chosen

such that the expected number of spatially and temporally coincident GW+HEN events is

. 1. For one coincident event the remaining difference between the GW-GRB externally

triggered search and the GW+HEN multimessenger search is mainly due to the greater

directional uncertainty of neutrinos (∼ 1◦) compared to the much better directional accuracy

of electromagnetic GRB measurements. This difference, however, will not be significant,

as the directional accuracy of GW measurements [O(10◦)] is much worse that of the HEN

directional accuracy (see e.g. [334, 332]). Further, the GW+HEN multimessenger analysis

additionally takes into account the significance of HENs based on their reconstructed energy

(see Section 5.1.2) as well as the expected source distribution (see Section 5.1.4). Both of

these pieces of additional information further increase the sensitivity of the search, making

the comparison to results from externally triggered GW searches conservative.

To estimate the validity of the approximation that one will have . 1 joint event in a

measurement without significant constraints on the rate of GW triggers, we take the example

of the initial LIGO-Virgo detectors during their S5/VSR1 science run and the partially com-

pleted IceCube detector in its 22-string configuration. The LIGO-Virgo-IceCube network ran
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in coincidence from May 31, 2007 until Sept. 30, 2007 (123 days). IceCube-22, during its full

run of 275.7 days, collected a final sample of 5114 neutrino candidate events [432], of which

∼ 1000 occur during the coincident livetime of the LIGO-Virgo-IceCube network. Consid-

ering a characteristic GW point spread function that spreads over 100 deg2, the probability

that temporally coincident GW and HEN triggers are also spatially coincident is ∼ 0.5%.

To reach on average ≈ 1 spatially and temporally coincident joint event during the measure-

ment, we need on average 1 GW trigger for every 5 HEN triggers, corresponding to a GW

trigger frequency of 17 day−1. This limit is far from limiting the sensitivity of the search.

For comparison, ∼ 1 GW trigger/day was used for electromagnetic follow-up observations for

the latest LIGO-Virgo (S6/VSR2-3) science runs [248].

Comparing the expected population upper limit of the GW+HEN multimessenger search

to an all-sky GW search, the multimessenger search is expected to give stricter constraints

on source population if its increased horizon distance compensates for HEN beaming (GWs

are only weakly beamed). An approximate comparison is given by the ratio of the number

of sources above the expected loudest-event threshold in each of the searches:

(Dgwhen
50% )3/fb

(Dgw
50%)3/fb,gw

, (5.21)

where Dgw
50% is the horizon distance of an all-sky GW search and fb,gw is the GW beaming

factor. Taking Dgwhen
50% ≈ 12 Mpc from externally triggered GW searches [345], Dgw

50% ≈

7.8 Mpc from GW all-sky searches [13], fb ≈ 14 (an observational estimate for low-luminosity

GRBs; [227]) and fb,gw ≈ 1.5 (estimated value for inspirals or accretion-type GW emission;

e.g. [134]), the ratio of detectable GW+HEN and GW events is ≈ 0.4, indicating that

the number of sources excluded with the joint search is comparable to the number of those

excluded with GW all-sky searches. Further, the sources probed by a joint search are mostly

complementary to sources probed by an all-sky GW search. As the joint analysis is looking

farther, it can potentially see sources missed by GW all-sky searches.
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5.4 Closed box results

In the joint analysis we used data from the initial LIGO-Virgo detectors1 (joint S5-VSR1

science run; Nov 4 2005 Oct 1 2007), and the partially completed IceCube (22 strings). The

IceCube data consisted of 5114 detected high energy neutrino candidates [432], among which

∼ 1200 was detected during the time when the two 4-km long LIGO detectors, Virgo, and

the IceCube detector were operating together (a total of 76 days). To generate GW triggers

using the LIGO-Virgo strain data, we used the Coherent Waveburst (CWb) pipeline [419].

We used those GW triggers only which corresponded to a false alarm rate of FAR ≤ 1 day−1.

To obtain sufficient background, we time shifted data2, and generated background triggers

using CWb on this time shifted dataset as well. We used GW injections of sine-Gaussian

waveform with characteristic frequencies at ∼ 150 Hz, i.e. in the most sensitive frequency

band of the LIGO-Virgo detectors.

The time shifted, as well as the injected GW and HEN triggers were analyzed using the

search algorithm and technique presented above (Chapter 5). Fig. 5-8 shows the distribution

of significances obtained for the background and injected GW+HEN events, the latter for

different GW injection amplitudes (note that the neutrino injection amplitude is fixed to 1

detected neutrino; only those events are shown in the histogram for which there is spatial

overlap between the different messengers, thus X2 6= 0). The results on the left are shown

for gravitational wave strain root sum square

hrss =

√∫
(|h+(t)|2 + |h×(t)|2) dt, (5.22)

where h+(t) and h×(t) are the time dependent GW strain amplitudes described in Chapter

1This section discusses results that were obtained using LIGO, Virgo and IceCube observational data.
Hereby we note that the review of the presented results has not yet been finished, therefore the results are
not yet approved by these collaborations for publication.

2The standard method to generate background data for a network of GW detectors is to apply a time shift
separately for data from each detector. Time shifts are designed such that no transient astrophysical signal
(with duration � 1 s) can appear in coincidence in any two detectors. Given the duration of light travel time
between the observatories, a real astrophysical signal can appear in data from different detectors with a time
difference < 40 ms, therefore the time shifts are chosen to be much greater than this value (for the present
search they are the chosen to be multiples of 5 s). For GW triggers identified on such time-shifted data from
a network of detectors, the lack of coincident astrophysical events in at least two of the detectors ensures that
background GW triggers are minimally impacted by potential astrophysical signals.
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Figure 5-8: Histogram of the significance (X2) of injected GW+HEN events as a function
of the injected GW amplitude hrss (left) and the false alarm rate (FAR) of the significance
of the GW (right). FAR< 0 corresponds to events with significances higher than the most
significant background GW event. One can see, even for the smallest injection amplitudes
considered here, injected events have a markedly shifted significance distribution, making
them easier to distinguish from the background.

1.1. The figure shows that, as expected, events with greater injected GW amplitudes have

increased significance. At the same time, as expected, the figure also shows that the FAR of

the GW event is a better estimator than hrss for the joint significance X2 of the joint event.

To estimate the expected source rate upper limit of the analysis (given no detection), we

calculated the probability of an injected signal with given hrss value producing a greater X2

significance than the maximum significance out of ∼ 100 temporally coincident simulated

background events. The maximum of these ∼ 100 events is likely greater than what the

maximum on-source event will be. The resulting probability is shown in Fig. 5-9. We note

again that this plot solely estimates the expected source rate upper limit that can be derived

from the open-box results (provided there is no detection). If we were to obtain, however,

a similar P (hrss) as shown in Fig. 5-9 from the on-source data, that would mean that our

results are ≈ 50% better than the estimated sensitivity we used to project the obtainable

upper limits in Section 5.3.

While the observational upper limits one can expect from the open box results are encour-

aging, here we point out that the main result of interest is the possibility of finding evidence

to a joint GW-high energy neutrino signal. We refer the reader to our detection definition in

Section 5.2.4. A major advantage of combining information from multiple messengers is that
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one can have significantly higher confidence in a detected event than if one only encountered

a significant event from for a single messenger.
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Conclusion & Outlook

We presented a variety of developments in gravitational wave astrophysics, from instrumen-

tation to multimessenger searches, from a theoretical as well as an experimental perspective.

On the instrumentation side, we presented the development, construction and testing of the

Advanced LIGO Optical Timing Distribution System. This system is already installed as

an integral part of the Advanced LIGO detectors, and will be implemented by other ex-

periments, such as KAGRA, the Japanese gravitational wave interferometer currently under

construction.

Our work on multimessenger astrophysics with gravitational waves, beyond aiming to

improve search sensitivity, mainly focused on examining how multimessenger searches can

add to our understanding of violent astrophysical processes. We studied mainly gamma ray

bursts (GRBs), one of the most intriguing sources of gravitational waves. We outlined the

different mechanisms that can drive GRBs from the perspective of their gravitational wave

signature, and discussed how the observation of these engines via gravitational waves can

complement our understanding of physics under extreme conditions. We further discussed

multimessenger search strategies, as well as recent searches, aiming to observe GRBs via

gravitational waves together with other messengers.

We further focused our attention on common sources of gravitational waves and high

energy neutrinos. We derived the first observational constraints on their common sources,

based on non-detection, with the initial LIGO/Virgo detectors and the partially completed

IceCube neutrino detector. We compared our observational constraints to prevailing source

models, and presented projected constraints for the upcoming advanced detector era.

To aid the work on the joint detection of gravitational waves and high energy neutrinos,
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we derived a model-motivated, observation-based upper limit on the coincidence time window

for these two messengers from GRB progenitors. This work provided the basis for past and

ongoing searches for common sources.

We examined how the detection of even a few high energy neutrinos can, under favor-

able conditions, add to our understanding of the progenitor structure that is responsible for

emitting the neutrinos. Such understanding can be especially useful because we expect to see

only a few neutrinos for the first detections, as well as for the majority of future detections.

We presented a multimessenger search algorithm designed to detect gravitational waves

and high energy neutrinos from a common source. The analysis was designed to incorpo-

rate the probabilistic nature of the two messengers, given that the combined information can

significantly increase our confidence in a detection, and given the weak nature of both mes-

sengers. Further, we incorporated information on the distribution of galaxies in the nearby

universe, which is connected to the distribution of the source population. We point out that

such a multimessenger search is especially interesting for source candidates that are difficult

to detect through electromagnetic observations, such as the case of choked gamma ray bursts.

We presented preliminary, closed box results from a joint search with the initial LIGO/Virgo

and the partially completed IceCube detectors.

The presented work highlights some of the current directions of research in multimessen-

ger astrophysics with gravitational waves. We demonstrated, under various circumstances,

the utilization of information from joint searches in better understanding violent cosmic phe-

nomena, such as gamma ray bursts. With the near completion of advanced gravitational

wave observatories, the next few years shall be a very exciting period in our journey towards

comprehending the Universe.
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[137] C. Cutler and É. E. Flanagan, Phys. Rev. D49, 2658 (1994), arXiv:gr-qc/9402014.

[138] M. Vallisneri, Physical Review Letters 84, 3519 (2000), arXiv:gr-qc/9912026.

[139] J. M. Lattimer and M. Prakash, Phys. Rep.442, 109 (2007), arXiv:astro-ph/0612440.

[140] B. D. Lackey, K. Kyutoku, M. Shibata, P. R. Brady, and J. L. Friedman, Phys. Rev.
D85, 044061 (2012), 1109.3402.

[141] J. A. Faber, P. Grandclément, F. A. Rasio, and K. Taniguchi, Physical Review Letters
89, 231102 (2002), arXiv:astro-ph/0204397.

[142] N. Andersson, D. I. Jones, and K. D. Kokkotas, Phys. Rev. D337, 1224 (2002),
arXiv:astro-ph/0111582.
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[299] S. Razzaque, P. Mészáros, and E. Waxman, Phys. Rev. D 68, 083001 (2003),
arXiv:astro-ph/0303505.

[300] S. Ando and J. F. Beacom, Physical Review Letters 95, 061103 (2005), arXiv:astro-
ph/0502521.
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Appendix A

Glossary

1PPS 1 pulse per second.

ADC analog-to-digital converter.

AMON Astrophysical Multimessenger Observatory Network.

Antares high energy neutrino observatory, located at in the Mediterranean sea South of

France.

AXP anomalous X-ray pulsars.

BATSE Burst and Transient Source Experiment. A gamma ray burst telescope on the

Compton Gamma Ray Observatory (CGRO) satellite.

BH black hole.

CCSN core-collapse supernova.

CWb Coherent Waveburst - a gravitational wave search algorithm.

Einstein Telescope Planned third generation, earth-based gravitational wave telescope

with projected sensitivity of ∼ 10× that of advanced detectors.

EM electromagnetic.
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EoS equation of state.

FAR false alarm rate.

Fermi gamma ray burst telescope on a satellite. Includes the Fermi Gamma-ray Burst

Monitor (GBM) and LAT detectors.

FPGA Field Programmable Gate Array.

GEO 600-m graviational wave detector near Sarstedt, Germany.

GRB gamma ray burst.

GW gravitational wave.

GWGC Gravitational Wave Galaxy Catalog.

HEN high energy neutrino.

HL high luminosity [GRB].

HMNS hypermassive neutron star.

IceCube cubic-kilometer high energy neutrino observatory, located at the South Pole.

IRIG-B Inter-range Instrumentation Group B.

KAGRA Kamioka Gravitational-wave Detector (formerly Large-scale Cryogenic Gravitational-

wave Telescope;LCGT).

LL low luminosity [GRB].

LAT Large Area Telescope. Detector on the Fermi satellite, sensitive to very high energy

photons.

LIGO Laser Interferometer Gravitational-wave Observatory.

LMXB Low-Mass X-ray Binary.
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M31 Andromeda galaxy.

MWE Milky Way equivalent (e.g., in blue luminosity).

NS neutron star.

OCXO Oven Controlled Crystal Oscillator.

QPO quasi-periodic oscillation.

PDF probability density function.

PLL phase locked loop.

PMT photomultiplier tube.

PNS protoneutron star.

PP Papaloizou-Pringle [instability].

RS422 technical standard for balanced voltage digital interface circuit.

S5/S6 official scientific data-taking periods of the LIGO observatories.

SGR soft gamma repeater.

SN supernova.

SNEWS Supernova Early Warning System.

SNR signal-to-noise ratio.

UTC Coordinated Universal Time (/Temps Universel Coordonné).

VCXO Voltage Controlled Crystal Oscillator.

Virgo 3-km name of gravitational wave detector, located in Cascina, Italy.

VSR1,2,3 official scientific data-taking periods of the Virgo observatory.
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WR Wolf-Rayet [star].

XO Chrystal Oscillator.

ZAMS zero-age main sequence.
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