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A SEARCH FOR LONG-LIVED GRAVITATIONAL WAVES ASSOCIATED
WITH LONG GAMMA-RAY BURSTS

The LIGO and Virgo observatories seek to detect gravitational waves—minute ripples in the fabric of
spacetime, which can be created by the violent deaths of some small subset of massive stars.
Gravitational waves are comparable to sound waves. While sound waves propagate as compressions
in the air around us, gravitational waves propagate by squeezing and stretching space itself. In this
analogy, LIGO and Virgo are gravitational-wave "ears," seeking to hear the frantic final moments in the
life of a massive star. By listening for the death knells of massive stars, we can carry out stellar
forensics to reconstruct their fate.
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There is more than one way for a star to
go out with a bang. Some end in
supernovae, stellar explosions that can
momentarily outshine an entire galaxy
of stars. Some (short) gamma-ray
bursts, on the other hand, are thought to
be caused from the collision of two
neutron stars (or a neutron star and a
black hole).

The collision produces a brief but
intense flash of gamma radiation along
with a short gravitational-wave “chirp"
signal, which sweeps from low to high
frequencies. Another family of (long)
gamma-ray bursts are thought to arise
from the collapse of individual massive
stars. We do not know exactly what
goes on during or after a long gamma-
ray burst, but some of the conditions
necessary for the emission of o ,

. . An artist's impression of a gamma-ray burst. A blob of matter
grawtatlonal waves are present: dense has formed in the accretion disk. The motion of the blob may
matter, enormous amounts of energy, produce gravitational waves. (Image: Tony Piro)
and a rapidly rotating newborn neutron
star (or black hole).

With no clear picture of the inner workings of long gamma-ray bursts, gravitational-wave detectors can
help fill in the gaps by searching for gravitational waves from long gamma-ray bursts. (One theory,
suggesting that gravitational waves might be emitted from the motion of blobs of matter in the accretion
disk that forms around a collapsed star, is illustrated in the image above.) In this study, we searched
LIGO data for long-lived gravitational-wave signals, lasting tens or even hundreds of seconds, which is
significantly longer than the short chirps thought to be associated with colliding neutron stars. Such
long-lived gravitational waves may be created following the death of a massive star. The long-lasting X-
ray afterglows of some long gamma-ray bursts hint at interesting processes taking place on these time
scales. The search uses pattern recognition techniques to find gravitational-wave signals in detector
noise; see the figures overleaf.
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The LIGO analysis described here listened for
gravitational waves from 50 long gamma-ray bursts
observed by the Swift satellite. In each case, the
data were consistent with detector noise, indicating
that, whatever gravitational waves were present,
they were not loud enough to be detected. For the
moment, therefore, the last rites of massive stars
remain shrouded in mystery. However, valuable
information can still be gained by careful analysis of
what we did not hear. In particular, we determined
that if an energy equivalent to one tenth the mass of
our own sun is converted into gravitational waves
during a typical long gamma-ray burst, then the
gamma-ray bursts we analyzed must be between
3-110 million light years (Mly) away depending on
the frequency of the gravitational waves. (Mass and
energy are related by Einstein's famous equation:
E=mc2.) While 110 Mly is many times the size of
our own Galaxy, it would be unusually close for a
gamma-ray burst, most of which are at least ten
times further away.

The Advanced LIGO and Advanced Virgo
experiments, scheduled to begin taking data in
2015, are expected to eventually achieve sensitivity
levels that will allow us to probe objects ten times
further away than the data analyzed here, where
gamma-ray bursts are not uncommon. With
upgraded detectors and continually improving
methods for teasing out gravitational-wave signals
from noise, Advanced LIGO and Advanced Virgo
may at long last allow us hear the ghostly final
screams of dying massive stars.

LISTEN!

An mp3 of a gravitational-wave chirp created from the collision of two
neutron stars. This sound is relatively short:

http://www.ligo.org/science/Publication-S5StampLgrb/Audio/chirpl.mp3

An mp3 of a gravitational-wave sound created from the motion of blobs of
matter in the accretion disk of a collapsed star:
http://www.ligo.org/science/Publication-S5StampLgrb/Audio/adi_a.mp3

Compared to the chirp, this sound is long. The pitch (representing the
frequency of the gravitational wave) slowly gets deeper. Try switching from
the beginning of the sound to the end to hear the difference.

GLOSSARY

Detector noise: Random fluctuation in the measurement of the detector
output signal due to different instrumental and environmental effects. The
sensitivity of the detector is limited by noise.

READ MORE

Freely readable preprint of the publication describing the analysis:
http://arxiv.org/abs/1309.6160

Repository of data used in the publication:
https://dcc.ligo.org/LIGO-P1200093/public

FIGURES FROM THE PUBLICATION

For more information on how these figures were
generated and their meaning, see the publication at
arxiv.org/abs/1309.6160
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This plot shows signal strength (labeled "SNR" for signal-to-
noise ratio) as a function of both time (x-axis) and
gravitational-wave frequency (y-axis) for a simulated
gravitational wave added to detector noise. The color scale
indicates how strong the signal is with orange
corresponding to no signal and white corresponding to a
strong signal. The simulated signal appears as a curved
yellow track. Detector noise produces fluctuations in the
signal strength throughout the plot even where no signal is
present. The goal of this analysis is to find gravitational-
wave tracks like this one buried in detector noise, though a
realistic signal would be much weaker. This example has
been made very loud so it is easy to see. The black
horizontal lines indicate frequency bands which have been
excluded for being too noisy.

107

D (Mpc)

0

10 i
10° 10°
f (Hz)

This plot shows the lower limits on the distance to long
gamma-ray bursts as a function of gravitational-wave
frequency assuming that an energy equivalent to one tenth
the mass of our sun is emitted in gravitational waves. The
limits are calculated so that we are 90% confident that the
true distance is larger than the limits. The distances are
given in Megaparsecs (Mpc). One Megaparsec is equivalent
to 3.26 million light years.

Visit our website at
http://www.ligo.org/




