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CAPTURING INVISIBLE COSMIC EXPLOSIONS

SEARCHING FOR COMMON SOURCES OF GRAVITATIONAL WAVES
AND HIGH-ENERGY NEUTRINOS WITH LIGO, VIRGO AND ICECUBE

Cosmic explosions are excellent natural laboratories with which to learn about how particles behave at extreme energies, as well as
providing a window on the distant universe. In the center of these events are often black holes that swallow matter from their
environment, resulting in outflows of highly energetic gas. The particles in these outflows can reach extreme velocities, and can
produce both light and elusive, near massless particles called neutrinos that we can observe even from extreme distances. The
energetic processes that create the central black hole will also result in the emission of gravitational waves.
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This is an exciting time to search for gravitational waves
and neutrinos. The very first high-energy neutrinos of
cosmic origin have been identified recently by
the IceCube neutrino observatory deep in the ice at
the South Pole. This discovery confirms our expectations
about some extremely energetic processes in the

universe, while it also opens up a new frontier, with many
new and exciting questions, in astronomy. The timing of
the discovery is also very exciting from the gravitational
wave perspective - with the next generation of advanced
gravitational wave detectors (advanced
LIGO and advanced Virgo) beginning observation next
year, creating a new way to study extreme processes in
the cosmos.

This search focused on common sources of two of these
elusive cosmic messengers: gravitational waves and high
energy neutrinos. We used the US and European
gravitational wave observatories, LIGO and Virgo, to
search for gravitational wave signal candidates and we
analyzed high-energy neutrinos detected by IceCube.
These observatories are the most sensitive instruments
ever constructed for these purposes.
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One of the most interesting cosmic explosions for which we can expect to see both
gravitational waves and high-energy neutrinos are called gamma-ray bursts (GRB).
These bursts of very high energy photons come from particles, such
as electrons and protons. The outflow of these particles is likely to originate from a
black hole that is accreting matter. The black hole may be formed by either the
merger of two neutron stars, or by the collapse of a particularly massive star. If part
of the neutron star is ripped apart in the process, it can accrete onto the black hole
and can supply the matter that will be accelerated to high velocities. The figure
shows when and where, in these processes, one can expect the emission of
gravitational waves and high-energy neutrinos. Credit: I. Bartos/based on arXiv:1212.2289

Upper left: Artistic rendering of IceCube optical modules (icecube.wisc.edu). U
pper right: LIGO detector in Livingston, LA. Lower left: Virgo detector near Pisa, Italy.

Lower right: LIGO detector in Hanford, WA. collage by 1. Bartos. Image credits: Caltech/MIT/LIGO Lab; Virgo; IceCube.
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Our search spanned several months of joint observational data between the detectors involved, and included practically all
observations with the LIGO and Virgo gravitational wave observatories that were coincident with those carried out by IceCube. The
search involved a total of about 20,000 detected neutrinos. We looked for gravitational wave candidates and neutrinos that appeared
to be coincident in time and direction on the sky, as would be expected if they came from a common source. Our search found no such
coincidences, even though the neutrinos detected could have orginated from cosmic explosions out to a distance of millions of light
years. The probability of a coincident detection depends on how often such explosions occur, as well as on the distances to which
IceCube and LIGO and Virgo are sensitive. Our work has allowed us to limit the rate of cosmic processes that produce strong neutrino
and gravitational wave emission, but the greater sensitivity of the upcoming detectors will allow us to see to much greater distances.

Since the gravitational wave and neutrino emission
from different types of cosmic explosion is still
uncertain, we also determined how well our search
can limit the rate of explosions for a range of see the preprint at arxiv.org/abs/1407.1042
emission model parameters. These limits are shown log(REP™ ™ / Mpc~yr™)

in the Figure on the top right. For the most part, the 3 25 2 15 _1 _05
limits are consistent with the rates known from
observations using electromagnetic radiation.

FIGURES FROM THE PUBLICATION

For more information on how these figures were generated and their meaning,
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GLOSSARY

Neutrinos: Very light, electrically neutral particles created
during nuclear reactions or radioactive decay. Astrophysical
processes, such as GRBs, can accelerate charged particles
which decay to neutrinos with very high energies. These
energies are much higher than those at particle accelerators
like the Large Hadron Collider at CERN.

IceCube: Neutrino observatory in the ice at the South Pole.
It has a volume of a cubic kilometer, making it one of the
largest detectors ever created.
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Gamma-ray bursts: Short bursts of very energetic photons 10°
called gamma rays. Gamma-ray bursts (GRB) usually last for 10
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up to a few tens of seconds.

Megaparsec: A unit of astronomical distance, equal to
about 3.26 million light years.

Neutron star: Extremely dense objects that can form during
the gravitational collapse of a massive star. A neutron star
that is as massive as our Sun would be as big as the island of
Manhattan.

Black hole: A mostly spherical region in space from which
nothing, not even light, can escape due to gravitational pull
towards the center of the region.

Core collapse of a massive star: Massive stars produce iron
through nuclear fusion. The produced iron sinks to the
center of the star and forms its core. Once heavy enough,
this iron core collapses under its own weight and outside
pressure, leading to the collapse of the whole star-

READ MORE

Freely readable preprint of the paper: http://arxiv.org/abs/1407.1042
IceCube’s news announcement: http://icecube.wisc.edu/news/view/241
Introduction to gravitational waves: http://www.ligo.org/science/GW-GW2.php

Review on common sources of gravitational waves and high-energy neutrinos:

http://arxiv.org/abs/1203.5192

Review article discussing observational prospects of gamma-ray bursts and

gravitational waves: http://arxiv.org/abs/1212.2289

Paper describing the search method in more detail: http://arxiv.org/abs/1112.1140

Homepage of IceCube: https://icecube.wisc.edu/
Homepage of Advanced LIGO: https://www.advancedligo.mit.edu/
Homepage of Advanced Virgo: https://wwwecascina.virgo.infn.it/advirgo/

Wikipedia page on neutrinos: http://en ia.org/wiki/Neutrino

Wikipedia page on electromagnetic radiation:
http://en.wikipedia.org/wiki/Electr ic_radiation

LHC homepage: http://home.web.cern.ch/topics/large-hadron-collider
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Upper limits on the event rate of joint emission of gravitational waves and high-energy
neutrinos. Here, the horizontal axis indicates the total energy emitted in gravitational
waves, with the unit of energy chosen as the amount of energy released if all of the Sun's
mass were converted into energy. This sounds like a lot of energy, and it is, but cosmic
explosions are capable of liberating comparable amounts of energy. The vertical axis
indicates the amount of energy radiated away in high-energy neutrinos, with the range
shown comparable to the range of gravitational-wave energy. The actual limits on the
explosion rate that we obtained are indicated with the color code, in units of 1 explosion in
a cubic megaparsec per year, where a distance of one megaparsec is about 30 times the
size of the Milky Way.
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Detection efficiency of the joint gravitational-wave-neutrino analysis, as well as the
gravitational-wave-only search, as a function of the gravitational wave signal amplitude
measured at the detectors (denoted hrss) for a gravitational-wave signal around the
frequency to which the LIGO-Virgo observatories are the most sensitive. For the joint
analysis, the efficiency is calculated assuming the detection of one neutrino from the
source. The different curves correspond to different so-called false alarm rates (FAR), which
indicate how often one would obtain such a signal by chance without any astrophysical
event. The plot shows that for lower FARSs, i.e. for signals that are obtained by chance less
often, the joint search loses sensitivity more slowly than the gravitational-wave only search.
The results show that, as expected, requiring both gravitational waves and neutrinos to be
observed leaves less room for false detections
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