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COLLIDING STARS AND BLACK HOLES

The LIGO and Virgo gravitational-wave detectors
have been hunting for signals from the collisions
of neutron stars and black holes, which are
dense objects formed from the remains of stars
many times more massive than our Sun. When
two of these objects orhit each other in a binary
system, the emission of gravitational waves will
gradually carry away some of their orbital
energy, forcing them to get closer and closer

emits

An artist's impression of two stars orbiting each other (left). The orbit shrinks as the system

gravitational waves (middle). When the stars merge (right), there is a resulting

powerful emission of gravitational waves. [Image: NASA]

together. This happens slowly at first, but as the orbit gets tighter the gravitational waves get stronger and the
process accelerates until eventually the stars collide and merge, emitting in the last few seconds one of the most

powerful outflows of energy in the Universe.

When neutron stars are involved, the collisions may be
responsible for extremely powerful short gamma ray bursts.
Gamma ray bursts are among the most distant events ever
detected, and a simultaneous gravitational-wave
observation will allow us to identify the system at their origin.
While when two black holes collide the event can be
impossible to detect with electromagnetic observatories
since there is no material to shine. When gravitational
waves from merging black holes and neutron stars finally
reach the Earth, they are extremely weak, but they provide
us with specific information that light cannot give. These
powerful gravitational-wave sources are among the prime
candidates for detection with ground-based gravitational-
wave detectors, but once found (for instance by a search
like this), what can the gravitational waves tell us about the
stars and black holes that meet their fate this way.

Fortunately, the gravitational waves emitted by binary
mergers are not random bursts of energy, but are
instead highly structured waveforms that carry a lot of
information about the progenitor systems to those who can
interpret them. The masses of the two inspiraling objects,
their spins (how fast they are rotating around their own
axes), the location of the binary on the sky and its distance
from Earth are all imprinted onto the signal recorded by the
gravitational-wave detectors:

Example Inspiral Gravitational Waves
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Different sources create different signals: here are three examples of gravitational-
wave signals from different types of inspiraling binary systems. First, the red signal
comes from a system of two black holes of mass 10M, and 5M, that are not spinning.
Second, the green signal is for black holes with the same masses, but now with each of
the two components spinning. Finally, the blue signal comes from a system of two
neutron stars each with mass equal to 1.4M,, which aren't spinning.

FIGURES FROM THE PUBLICATION

For the following plots, we have first injected a test
gravitational-wave signal into noise. We then tried to
recover the properties of the signal with different
assumptions about how gravitational wave signals
behave, which each generate slightly different
template models.

For more information on how these figures were

generated and their meaning see the publication at:
http://arxiv.org/abs/1209.6533.
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Figure 1: This plot shows the most probable values of the binary
system's masses: for each of the 7 models there is a 90% chance of
the true masses lying inside the respective contour line. The blue star
marks the actual masses used when we generated the test signal. All
the models recover the true values expect for the model TaylorF2
@2PN (in yellow) for which the recovered masses are biased.
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Figure 2: This plot shows the most probable values of the binary

system's sky location: for each model there is a 90% chance of the

true sky location lying inside the respective contour line. The blue

star marks the actual sky location used when we generated the test

signal, and all the models recover the true values.
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However, the data from the detectors contain
random noise in addition to possible gravitational-wave 90t : |
signal like the ones above, which is generally louder than
the sianals: 80F -
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Noise in the detector: here the actual data from the detector is shown in
gray. The noise is much louder than the expected signals in red, green and

blue (from the figure above, superimposed on the gray noise signal). Figure 3: Here we try to recover the inclination of the test system

(i.e. the angle between its orbital plane and the direction to Earth)
and its distance from Earth using the different models. For each
model there is a 90% chance of the true distance and inclination
lying inside the respective contour line. The blue star marks the
actual distance and inclination used when we generated the test
signal, and all the models recover the true values.

We can still determine which gravitational-wave signal is
buried in the noise by comparing the signal we receive with
theoretical "template” signals that would be produced by the
different types and configurations of sources.

But rather than examine every possible template (there are many billions of possibilities), we use computer
algorithms which explore the range of possibilities, with the similarity between template and prediction telling us
whether we are "warmer" or "cooler" in the hunt for the true signal:

Using the LIGO supercomputing facilities, we ran

8 = & these algorithms for a number of test signals that
£ g £ cover the three main classes of binaries that LIGO
2 £ and Virgo are sensitive to: two neutron stars, two
o a o
black holes, or a neutron star orbiting a black hole.
0 won T ( oo We looked at systems with different masses, with
( (M) . . . .
both spinning and non-spinning components, and
3! with different signal strengths. To check that our
" end-to-end analysis worked from the instrument to
L ) the final results, we added test signals to the
detectors by physically moving the mirrors,
<X simulating the effect of a passing gravitational
e o e o wave. These included one signal that was added
0 S secretly without the knowledge of the collaboration
) o ] ) as a whole (the "blind injection challenge").
A Markov-Chain Monte Carlo algorithm is trying to find out which two
masses would produce a test gravitational-wave signal that we have
artificially added into our data. Shown here is a snapshot of the animation The results of these ana|yseS showed that we are
shown on our website. The test signal describes the merger of two black able to recover the physical parameters of the
holes of mass 5SM, and 4M, and red lines mark this goal on the plots. The . .
top left and top right panels show the probability of various masses for each sources, such as their Component masses, Spms
of the components, and the top middle shows the probability for and Sky locations. However. we showed examples
combinations of the two masses. In the bottom panel, the algorithm's hunt is i ! .
plotted. The algorithm eventually settles on a range of probable masses that where the recovered masses and SpInS can be
is compatible with the test signal. biased if we make incorrect assumptions when
generating the template signals. Now that we
READ MORE know more about how important different aspects

of the physics of the binaries will be in determining
the signals, we are more ready than ever to open
this new window on the Universe!

Freely readable preprint of the paper describing the analysis and results:
http://arxiv.org/abs/1304.1775

An introduction to gravitational-wave astrophysics:
http://www.sr.bham.ac.uk/gwastro/what-are-we-looking-for/

GLOSSARY

Spin: Stars and black holes can be rotating around their own axes. In
which case the object is said to be spinning.

The S6 CBC low mass search:
http://www.ligo.org/science/Publication-S6CBCLowMass/index.php/

Blind injection news release: http://www.ligo.org/news/blind-injection.php/

Mg: Solar mass. The mass of the sun is a convenient unit of mass in
astrophysics: 1M=1.9891x10%%g.

Noise: The output of the gravitational-wave detectors comprises
spurious fluctuations, called noises, that originate from various

More information about the blind injection:
http://www.ligo.org/science/GW100916/index.php/
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Visit our website at
http://www.ligo.org/

instrumental and environmental sources such as seismic motion of
the ground, human activity or electromagnetic disturbances.
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