
CAN WE HEAR BLACK HOLES COLLIDE? 
 

TESTING OUR SEARCH METHOD USING NUMERICALLY  

GENERATED GRAVITATIONAL-WAVE SIGNALS 

Many of the stars in the nearby universe are not too different from our Sun: relatively small and long-lived, shining for billions of years. A small fraction, 

however, are much more massive, and burn their hydrogen "fuel" more rapidly. Over time these stars accumulate a dense core of heavier elements 

such as carbon and oxygen due to nuclear fusion. As the supply of hydrogen needed to fuel the fusion process becomes exhausted, the star's core 

becomes increasingly dense and more and more pressure is needed to prevent it collapsing under its own gravity. Eventually the star is destroyed in a 

last, catastrophic burst of nuclear reactions—a supernova—and a portion of the star's mass is expelled back into the surrounding interstellar space. 

However, a fraction of the star's core cannot escape gravity's relentless pull, and this matter collapses inward to form an immensely dense object, either 

a neutron star or, if the dying star is massive enough, a black hole—a region where gravity is so strong that nothing, not even light, can escape from it. 

Black holes formed in this manner could be up to tens of times more massive than the Sun. Neutron stars and black holes are much, much more 

compact than normal stars: They pack a comparable mass into a 100,000-times smaller radius. Therefore, black holes and neutron stars are collectively 

called "compact objects”. 

FIGURES FROM THE PUBLICATION 

For more information on how these figures were generated, and their 
meaning, see the preprint at arxiv.org/abs/1401.0939,  or the LIGO 

document page with the paper and the data used in making the plots:  
https://dcc.ligo.org/LIGO-P1300199/public. 

 

This plot shows the distribution of the mass ratio and spins of the waveforms that were 
submitted by numerical relativity groups for the NINJA-2 project. The 3 axes show the 
mass ratio between the two black holes "q", and the spin of each black hole "χ1" and 
"χ2". Each colored dot represents a waveform submitted by a numerical group for the 
NINJA-2 project, different colors represent different groups. As can be seen, the majority 
of waveforms that were submitted either had zero black-hole spins or were systems 
where both components had equal mass and equal spin. 

A significant fraction of the stars that we see in our Galaxy are not 

alone; what we see as one point of light is, in many cases, actually two 

stars orbiting very close to each other. These are known as binary 

stars. If both stars in a binary were to form black holes it would produce 

a binary black hole system. These two black holes will eventually collide 

with each other due to emission of gravitational radiation. Directly 

observing for the first time the collision of two compact objects is the 

primary observational goal for gravitational-wave observatories, 

including Advanced LIGO and Advanced Virgo. The existence of black 

holes has been inferred from observations of X-ray binaries and from 

evidence predicting the existence of supermassive black holes at the 

centre of galaxies, including our own. Gravitational wave observations 

will provide us with additional evidence for the existence of black holes, 

especially those in binary systems. As these objects emit no light or 

other electromagnetic radiation the only way to directly view black holes 

is through the gravitational radiation that they emit. Observations of 

black hole mergers will allow scientists to explore and better understand 

the complex nature of black holes: What is the distribution of black hole 

masses in the Universe? What is the distribution of the spin (rotational 

momentum) of black holes? Answering these questions will allow for a 

much better understanding of the mechanisms through which black 

holes are formed in the first place. Scientists could even begin to 

explore whether Einstein's theory of general relativity accurately 

predicts gravity in the extreme environment of a black hole merger. 

Advanced LIGO and Advanced Virgo are expected to begin observing 

the gravitational wave sky from 2015. They will detect the gravitational 

radiation emitted in three phases of a binary black hole collision; 

inspiral, merger and ringdown. The inspiral phase refers to the final few 

seconds before the objects merge, the merger phase refers to the 

actual collision of the two black holes. The ringdown phase is where the 

final black hole recovers from the titanic event from which it was 

formed. It is important that we can accurately understand how a binary 

black hole system will evolve through all three of these phases if we are 

to optimize our ability to observe them. 

Screen capture  from movie showing numerical simulations of colliding black 
holes.Visualization courtesy of the SXS Collaboration between Caltech, CITA, 
Cornell, Fullerton and WSU ( www.black-holes.org) Visit our website at  

http://www.ligo.org/ 

To understand how this evolution will occur, through all three phases, 

requires large-scale computer simulations. These precisely simulate the 

collision of two black holes to accurately predict their dynamics and 

therefore understand the gravitational waves that wll be emitted during 

this process. These methods provide the waveform models that are 

needed, but are only accurate for 

the values of the black hole spins 

and ratio between the masses of 

the two black holes that were 

used to perform the numerical 

evolution. Thefore we require 

numerous simulations of a variety 

of black hole configurations to 

fully understand the systems that 
we want to observe. 
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GLOSSARY 
 

Supernova: An extremely bright energetic stellar explosion which results 
in most of a star's material being thrown out into interstellar space and 
may also lead to the formation of a black hole. 
 

Gravitational waveform: A curve describing how the disturbance caused 
by a gravitational wave varies with time. 
 

Inspiral: The orbital motion of objects in a binary system such as a binary 
black hole. As the binary loses energy by emitting gravitational waves, the 
two black holes move faster and faster and approach ever closer until 
finally merging.3 
 

Ringdown: The last part of the waveform emitted after the merger of two 
black holes, consisting of a few rapidly fading oscillations. 
 

General relativity: The currently accepted theory of gravitational forces, 
first described by Albert Einstein in 1916; in this theory, the force of 
gravity is the result of curvature in spacetime caused by concentrations of 
mass or energy. 
 

Numerical Relativity: A field devoted to modelling the collision of black 
holes using large-scale computer simulations. 
 

Sensitivity: A detector's ability to detect a signal. Detectors with lower 
noise are able to detect weaker signals, and therefore have higher (or 
greater) sensitivity. 
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Preprint of the paper: http://arxiv.org/abs/1401.0939 
 

LIGO document page: https://dcc.ligo.org/LIGO-P1300199/public 
 

Gravitational wave tutorial: http://www.astro.cardiff.ac.uk/research/gravity/tutorial/ 
 

Advanced LIGO homepage: https://www.advancedligo.mit.edu/ 
 

Advanced Virgo homepage: https://wwwcascina.virgo.infn.it/advirgo/ 
 

KAGRA homepage: http://gwcenter.icrr.u-tokyo.ac.jp/en/ 

 

 

The Numerical INJection Analysis (NINJA) project is a collaboration 

between scientists working on numerically modelling black hole 

collisions and scientists working to observe black holes in gravitational-

wave observatories. The modelling community gains experience in how 

their simulations are used in gravitational-wave astronomy and obtains 

input into what black hole merger simulations should be performed in 

the future. The black hole astronomers gain a set of accurate 

waveforms that can be used to increase the sensitivity when searching 

for binary-black-hole mergers. The NINJA project has been running 

since 2007 and has already resulted in a number of important 

publications including results from an earlier phase of the 

project (arXiv.org:0901.4399) and tests of the waveforms used in this work 

(arXiv.org:1201.5319) . The project has been extremely worthwhile by 

enabling two communities of scientists to more easily work with each 

other to enhance the prospects of observing binary-black-hole mergers 

with gravitational-wave observatories.  

Here we report on a new publication from the second NINJA project 

(NINJA-2). This work is the culmination of the second NINJA project 

and in it we investigate the ability to observe binary-black-hole mergers 

in 2015-16. For this analysis we created 7 simulated signals, which 

were added to data constructed from real Initial LIGO and Virgo 

detector data taken in 2009-2010, but modified to have a sensitivity 

equivalent to that expected from the early runs of the advanced 

detectors. The waveforms were created by stitching together the 

inspiral signal calculated from the known equations and the merger 

signal calculated from the numerical codes. The injection of the signals 

was at random times that were unknown to those analysing the signals. 

The data were searched using the same methods used in searches for 

real binary black hole signals (http://www.ligo.org/science/Publication-

S6CBCLowMass/index.php). 

 

Six of the seven signals were determined to almost certainly be 

gravitational-wave signals, the remaining signal was placed at too great 

a distance to be recovered. We also perform the first investigations of 

how well we would be able to recover the masses and spins of the 

colliding black holes. Our tests demonstrate that, given the sensitivity 

predictions used in this work, Advanced LIGO and Advanced Virgo will 

be able to detect two merging black holes, about 1000-times farther 

away than the Andromeda galaxy if both black holes are 10-times as 

massive as our Sun. We also test whether Advanced LIGO and 

Advanced Virgo could determine from a gravitational-wave signal the 

properties of the objects emitting them: most importantly the masses of 

the colliding black holes. Indeed, this is possible albeit not with absolute 

precision or certainty (see the figure below for an example).  

This plot shows how Advanced LIGO and Advanced Virgo would be able to 
constrain the masses of 7 simulated binary-black-hole mergers. Each colored 
curve denotes a 95% confidence region of the signal. This means that if we 
observe 100 signals that look the same as the example, then 95 of those signals 
would have actual masses contained within the region enclosed by the curve. We 
cannot measure the masses precisely because noise in the observatories can 
distort our measurements, so we can only constrain the masses to lie within a 
given region. The red and blue regions both correspond to estimates where we 
have assumed that the black holes have no spin. In some cases these give very 
poor estimates of the masses as only event 1 and event 5 had black holes with no 
component spin. The green region corresponds to an estimate where we do not 
assume the black holes to have no component spin, and therefore this gives more 
accurate, but larger, confidence regions. The light grey region corresponds to the 
so-called "mass gap", where scientists have not yet observed any black holes or 
neutron stars with these masses. The dark grey region indicates the region where 
the lower mass black hole might be mistaken for a neutron star. 

This plot shows the volume-weighted average sensitive distance to equal-mass 
non-spinning binary black hole mergers as a function of total mass for Advanced 
LIGO and Advanced Virgo in 2015-2016. The various colored lines show the 
sensitive distance for a variety of different numerical simulations of equal-mass 
non-spinning binary-black-hole mergers. 


