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ABSTRACT

The main goal of this research is to give a broad view of aspects related to the study of gravitational
waves from a theoretical approach to the analysis of simulated signals. The research is mainly based
on the analysis of coalescence process of compact binaries, which is described in detail in chapter 2.
Then, chapters 3 and 4 describe a theoretical review of the definition of gravitational waves and their
main characteristics in general relativity and massive gravity, respectively. In this context, the van
Dan-Veltman-Zakharov (vDVZ) discontinuity is also discussed. Finally, chapter 5 brings a study on
the detection of gravitational waves and an analysis of three simulated signals of compact binaries. It
is concluded that gravitational wave research is a broad field of study and there are great expectations
to test theories such as massive gravity through analysis of data collected by future observatories such
as LISA. This work also discuss some challenges involved in signal analysis and presentes a possible

approach to practice the techniques needed in a real analysis.

KEYWORDS: Gravitational waves. Coalescence of compact binaries. Signal analysis. Gravitation.



RESUMO

O objetivo principal desta pesquisa € dar uma visdo ampla dos aspectos relacionados ao estudo das
ondas gravitacionais desde uma abordagem tedrica até a andlise de sinais simulados. A pesquisa
baseia-se principalmente no estudo do processo de coalescéncia de bindrios compactos, que € descrito
em detalhes no capitulo 2. Em seguida, os capitulos 3 e 4 descrevem uma revisao tedrica da defini¢do
de ondas gravitacionais e suas principais caracteristicas em relatividade geral e gravitacdo massiva,
respectivamente. Neste contexto, a descontinuidade de van Dan-Veltman-Zakharov (vDVZ) também ¢é
discutida. Por fim, o capitulo 5 traz um estudo sobre a deteccdo de ondas gravitacionais € uma analise
de trés sinais simulados de bindrios compactos. Conclui-se que a pesquisa de ondas gravitacionais € um
campo amplo de estudo e hd grandes expectativas de testar teorias como a gravidade massiva por meio
da andlise de dados coletados por futuros observatérios como o LISA. Este trabalho também discute
alguns desafios envolvidos na andlise de sinais e apresenta uma possivel abordagem para praticar as

técnicas necessarias em uma analise real.

PALAVRAS-CHAVE: Ondas gravitacionais. Coalescéncia de bindrios compactos. Anélise de sinal.

Gravitagdo.
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1 INTRODUCTION

Since their first detection in 2015, gravitational waves (GW) have become a strong topic of study
in gravitation, astrophysics and cosmology. It took about one hundred years since the publication
of the theory of general relativity for humankind to be able to prove the existence of these waves
through a direct detection. Since then, many more detections have been done, summing up to ninety
detections of compact binary mergers to date. The large increase in the number of detections in
the last year is due not only to increased sensitivity of detectors but also to the development of new
observatories (which also helps to increase the accuracy of locating the source in the sky). Today,
the LVK collaboration (LIGO-Virgo-KAGRA) has scientists all around the world. Moreover, a new
generation of observatories is being developed to act both in the ground, such as the Einstein Telescope
(ADMINISTRATOR! 2022b) and the Cosmic Explorer (ADMINISTRATOR| 2022a), and in space,
such as the Laser Interferometer Space Antenna (LISA) (NASA, 2022).

During the first years after the publication of general relativity theory, it was commonly argued
(even by Albert Einstein) that the existence of gravitational waves was just a consequence of the
linearization of the theory equations and, outside this regime, they would not exist. In this way,
gravitational radiation could not be interpreted as a real physical prediction of the theory. The first
attempts to obtain a plane wave solution in the full theory were made by Einstein and Nathan Rosen in
1937 (EINSTEIN, 1937). After that, Herman Bondi, Ivor Robinson and Felix Pirani also published a
study where they defined a plane wave that carries energy (PIRANI, |1957). Later, in 1958, Andrzej
Trautman publishes a paper in which he stablishes new boundary conditions to the problem, which
were not considered in previous works. Therefore, in 1960, Trautman and I. Robinson published, for
the first time, a plane wave solution derived from the full theory of general relativity.

It is worth mentioning that many other scientists were involved in the search for this solution (SOR+
MANTI et al.,|2017) and much effort was put into the years following the publication of the theory until
Bondi-Pirani-Robinson (BONDI; PIRANI; ROBINSON, 1959) and Trautman-Robinson (ROBINSON;
TRAUTMAN, |1962) papers together provided the necessary evidences that the gravitational waves are,
in fact, a prediction of the full theory.

Since then, the importance of this phenomenon has been reflected in the effort to detect these
waves, in addition to the development of theoretical models and computational tools. The study of
gravitational waves can contribute, for example, to a better understanding of black holes and to test
theories of gravitation in extreme gravitational field regimes.

The main purpose of this work is to give a broad view of aspects related to the study of gravitational
waves, from more theoretical and phenomenological concepts to the application in data analysis. Each
of these different approaches helps us to explore aspects of the generation, propagation, detection and
analysis of gravitational wave signals.

For that, we start with a phenomenological study of modern tests of general relativity. In chapter 2]
we describe how general relativity not only completes the Newtonian theory of gravitation in certain

aspects, but it also expands and transforms our understanding of gravity, leading to new possibilities



17

and the prediction of very interesting phenomena such as gravitational waves. In section [2.1]there is a
discussion about an important test of general relativity in the weak field limit and then, in [2.2| we will
have an extensive study on the coalescence of compact binaries and we shall see how the detection of
gravitational waves generated by these events is crucial to test theories of gravitation in the strong field
limit. This will provide us with the necessary knowledge for the discussions that follow.

Then, in chapter 3|, we revisit results from general relativity in order to demonstrate the formal
description for gravitational waves and their polarization modes. There is also a study of some of the
main types of sources of gravitational radiation (in addition to the compact binary merger studied in the
previous chapter). This will help us to understand how these waves affect matter and what information
we are aiming when we test general relativity.

However, as occurred with Newtonian gravitation, general relativity (GR) also needed some
modifications. This will lead us to the study of the massive gravity theory, which is just one of
many current proposals to extend general relativity. We will spend the entire chapter [ retaking the
mathematical procedures performed in the chapter [3|in order to highlight the vDVZ discontinuity
present in the Fierz-Pauli theory and to understand how the inclusion of a massive graviton leads to
important changes in the description of gravitational waves.

Finally, in chapter [5| we apply all this knowledge in the analysis of three simulated signals of
gravitational waves. We are going to see how the detections are done and what are the main challenges

involved in the construction of observatories such as LIGO.
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2 MODERN TESTS OF GENERAL RELATIVITY

General Relativity (GR) introduced major changes in the way we describe the universe. Unlike in
the Newtonian theory of gravitation, in GR time and space are interpreted as a single structure called
spacetime. This structure is deformed in the presence of matter and energy and the description of this

relation is given by the famous Einstein equation

1
R, — éng = 87GT ), 2.1)

where 2, is the Riemann tensor, 2 is the Ricci scalar, g,,,, is the metric, and 7}, is the stress-energy-
momentum tensor. The left-hand side of this equation tells us how spacetime will be curved by the
presence of matter and energy, whose information are expressed by the energy-momentum tensor that
appears on the right-hand side. This equation also leads to a new interpretation of gravity. It shows
that the gravitational manifestation between massive objects does not happen through an invisible
force among two bodies, as described by Newton. Instead, massive objects bend the spacetime,
pulling smaller-mass objects to fall towards them. Therefore, gravity is directly related to the fabric of
spacetime itself.

With this new perspective, GR predicts that the movement of massive objects will cause small
deformations in spacetime, called gravitational waves, which propagate at the speed of light. However,
proving the existence of these waves through direct detection is a great challenge. Several theoretical
studies were developed in order to search for evidences of the existence of gravitational waves and
also to test the compatibility of the theory with observational data and with measurements already well
established in Newtonian gravitation. In this work we consider two limits: the strong field limit and
the weak field limit. The weak-field regime is considered when the gravitational fields involved are not
very intense (as the case of the solar system) and therefore, we can use Newtonian gravitation or small
corrections in this theory. When the gravitational field is moderate, for example when the components
of a binary system are slowly approaching each other, we use the post-Newtonian approximation. On
the other hand, the strong-field regime will be those that involve extreme gravitational fields, as in the
vicinity of very compact objects such as black holes. [Figure 1|illustrates how we can separate these
regimes. Furthermore, in the strong-field regime the ratio between the individual masses of the binary
also indicates which strategy is the most appropriate. When the ratio is close to zero, we can simply
analyze the geodesics; when m /M is much smaller than 1, we must use perturbative models and when
m/M is very close to 1, it is necessary to use numerical relativity.

Since its publication, GR has been frequently tested in the weak field limit. Starting from the
problem of Mercury’s perihelion and going throughout tests within and out of the solar system, GR
has become the theory that is currently the most consistent with observational data. However, tests
in the strong limit only became possible with advances in technology and the development (and
improvement) of observatories such as LIGO (Laser Interferometer Gravitational-Wave Observatory),
Virgo, GEO600, KAGRA, ESO (European Southern Observatory) and VLT (Very Large Telescope).

In this chapter we will see how improvements in current observations and the development of
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Figure 1 — Different regimes according to the intensity of the gravitational fields: Each gravitational
field regime requires different mathematical approaches, with the weak field limit being the
simplest case. When the gravitational field is very intense, the equations become even more
challenging to solve.
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gravitational wave detectors are fundamental to test GR. For this purpose, in the section [2.1| we will
briefly discuss the Schwarzschild precession and the recent discovery of this phenomenon in the star
SO-2. Subsequently, in the section [2.2], we will study in more detail the binary black hole (BBH)
coalescence and the recent detections of this phenomenon by the LIGO-Virgo collaboration.

2.1 TEST IN THE WEAK FIELD LIMIT : SCHWARZSCHILD PRECESSION

We know that black holes are the most compact objects predicted by GR. As consequence of the
intense deformation of spacetime, it occurs the creation of a non-return region called the event horizon.
Moreover, the gravitational field generated by these black holes forces any object in their vicinity to
eventually move towards them. The same happens with photons, which when attracted to the black
hole’s gravity, inevitably follow towards the singularity after crossing the event horizon (CARROLL,
2004). Therefore, it is not possible to directly determine the existence of these objects from equipment
designed to capture light, as in the case of optical telescopes. Despite this, there is extensive evidence

that these objects exist throughout the universe. Some of this evidences comes from the fact that
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objects in the vicinity of these black holes are visible to us, and with GR we can predict what their
behavior would be like when influenced by such intense gravitational fields.

As previously mentioned, GR describes spacetime as an elastic fabric that is deformed in the
presence of matter and energy. We also know, from the equation (2.1)), that very massive objects will
strongly influence the behavior of lighter objects (as was also expected in Newtonian gravitation).
Moreover, from observations made by the Hubble telescope (NASA, 2017)), it is known that galaxies
close to the Milky Way (and including the Milky Way itself) have at their core a large concentration of
stars, gas and dust orbiting extremely compact objects that are consistent with the estimated order of
magnitude for supermassive black holes (VILLARD,[2019).

The formal description of the formation of a region of no return, called trapped surface, was
made by Roger Penrose, whose contributions earned him part of the 2020 Nobel Prize in Physics
(PENROSE| 1965). Moreover, proving that the compact object at the center of the Milky Way is a
supermassive black hole required nearly three decades of observations of the galactic center with 8-10
meter telescopes such as the Very Large Telescope (VLT) in Chile. Only recently, with studies of the
orbits of stars like SO-2 and SO-38, it has been possible to conclude with greater precision that the only
known explanation for the movement of stars in the galactic center is the presence of a supermassive
black hole (CASTELVECCHLI, 2022). Among these studies, stands out the contributions of Andrea
Ghez (SAKAI et al.l 2019) and Reinhard Genzel (GENZEL; EISENHAUER; GILLESSEN| [2010)
who received the other half of the Nobel Prize in 2020 for their contributions leading a research group
dedicated to improve the astrometry of the movement of these stars in the galactic center.

One of the biggest challenges in observing the behavior of stars in the center of the Milky Way
is due to the scattering/absorption of light by the gases and dust that accumulate in these centers,
making it very difficult to distinguish one star from another. Approximately 3.000 stars have been
detected within 10” of the galactic center during the last three decades of observation (SAKAI et al.,
2019). Among them, the star which behavior has been most investigated so far is SO-2. One of the
most remarkable results involving this star was the detection of Schwarzschild precession in its orbit
(ABUTER et al., |2020).

To understand about this precession, we can remember the problem with Mercury’s perihelion
deviation. The Newtonian theory of gravitation predicts that the planets in our solar system, for
example, must describe closed elliptical orbits around the Sun. However, observations indicate that the
orbits of the planets undergo a slight deviation as they pass through perihelion. This phenomenon is
more accentuated in Mercury’s orbit because of its closest approach to the Sun, however, all the other
planets also suffer some deviation in their orbits. The advance that occurs in each orbital period for
orbits described in Schwarzschild spacetime is given by (CARROLL! 2004

(2.2)

A¢%37T< 2GM ):( 3T

(1—e?)a 1—e?)a’
where G is the universal gravitational constant, M is the mass of the planet, a is the semi-major axis

of the ellipse, e is the eccentricity and r; is called the Schwarzschild radius. For Mercury, whose
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parameters are r, = 2.96 x 10> m, a = 5.79 x 10'° m and e = 0.2056 we are left with
A¢p =~ 0,103 arcsec/orbit. (2.3)

In general we consider the precession by century and then we have

A¢ =~ 43 arcsec/century. 2.4)

illustrates this phenomenon and indicates the perihelion deviation A¢ and the distances of the

periastron and apoapsis, 7, and 7,4, respectively.

Figure 2 — Illustration of the Schwarzschild precession. This figure represents an amplified view of the
precession present in orbits predicted by general relativity. With each passage of the smaller
object through the periastron, its orbit undergoes a slight deviation, forming a rosette instead
of following a closed elliptical orbit.
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Image source: (CATTANI, 2010).

Along the twenty seven years of observations made by the European Southern Observatory (ESO)
team (ABUTER et al.l 2020), it was possible to observe the passage of the star SO-2 on its closest
approach to the supermassive black hole called Sagittarius A*. The team, led by Frank Eisenhauer
from MPE (Max Planck Institute for Extraterrestrial Physics), had the participation of Stefan Gillessen
(MPE) leading the analysis of numerous information collected about the orbit of SO-2. The result
obtained was that the orbit of this star is not closed, as expected in Newtonian gravitation, but precesses
following an orbit in the form of a rosette. This phenomenon has never been observed in a star orbiting
a black hole and the precession detected was 12’ per orbital period.

shows the results obtained in the first analysis of the data. The gray trajectory describes
the best fit for GR and the x marks the system’s center of mass. In this figure is possible to see at the

top that the orbit does not close due to precession.
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Figure 3 — Observational results of the Schwarzschild precession in the star SO-2: In this figure we can
see the path taken by the star SO-2 in its orbit around the supermassive black hole present at
the center of the Milky Way. After reaching its closest approach to Sagittarius A*, the orbit
undergoes a deviation and does not close. Observational measures are also compatible with
the values predicted in GR
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Image source: (ABUTER et al., 2020).

This discovery highlights the validity of GR that predicts precessing orbits and, in addition, the
theory has also been shown to be compatible with the measurements of the precession. A good
understanding of the behavior of SO-2 (and other stars in the galactic center) can help us to accurately
estimate the mass of Sagittarius A* and consequently the total mass existing in the center of the galaxy.

This information is important in the search for other smaller black holes and other compact objects.

2.2 TESTS IN THE STRONG FIELD LIMIT

There are still other interesting tests in the weak field limit, however we will focus on tests in the

strong-field regime, where we will discuss the nature of gravitational waves and important discoveries
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that have contributed to improving our understanding of black holes.

We will start this section by discussing the coalescence of binary black holes (BBH), its main char-
acteristics and how gravitational waves carry important information about each individual black hole.
Subsequently, we will analyze in more detail some of the most important events in the Gravitational-
Wave Transients Catalog (GWTC-3) with which we will be able to conclude once again about the
validity of the GR.

2.2.1 Coalescence of Binary Black Holes

As previously seen, there is strong evidence that black holes are indeed spread across the universe.
We mentioned the dynamic movement of stars in galactic centers but we can also find black holes by
searching for the gravitational waves emitted by them during the process of coalescence.

We will start by introducing some simplifications to the problem of coalescence. First of all,
sometimes a black hole is considered to have an accretion disk, and it can be used to illustrate
the binary system loss of energy by mechanisms other than the emission of gravitational waves.
Furthermore, we can consider that long before the coalescence the two black holes were far enough
apart and, so, they can be described by the Kerr metric and that the gravitational waves emitted are
small perturbations in spacetime. The Kerr metric is used to describe the spacetime around black holes
with some angular momentum. It will be mentioned several times in this work since it is assumed that
real black holes must have spin. This is due to the fact that in the process of formation of a primary
black hole, the generating star has spin. Therefore, it is much more likely to find black holes with some
angular momentum than stationary black holes - such as those described by the Schwarzschild metric.
Finally, we consider that the black hole formed after the merger eventually stabilize into a Kerr black
hole again. With that in mind, we are able to classify some stages and analyze the characteristics of the
merger. We can subdivide the problem into four stages: Newtonian, Inspiral, Merger and Ringdown.

Newtonian Stage: At this stage the black holes are so far apart that the gravitational waves emitted
are not enough to start the coalescence process. Thus, for the merger to actually happen, some other
phenomenon outside the binary needs to occur, such as the interaction with some gas and dust.

Inspiral Stage: When the binary reaches this stage, gravitational wave emission become the
dominant process that drives the black holes closer and closer together. The closer they get, the faster
they move and more energy is lost in the form of gravitational waves. This phase is very well modeled
by Post-Newtonian (PN) methods.

Post-Newtonian formalism is a calculation tool that expresses Einstein’s (non-linear) equations
in terms of the lowest-order deviations from Newton’s law of universal gravitation. This allows
approximations to Einstein’s equations to be made in the case of weak fields. Some of these post-
Newtonian approximations are expansions by a small parameter, which is the ratio of the velocity of
the matter forming the gravitational field to the speed of light. In the limit, when this parameter is null,
the post-Newtonian expansion reduces to Newtonian gravitation (WILL, [1993).

Merger: At this stage, the emission of gravitational waves becomes strong enough to force the
black holes to come together to form a single final black hole. This process is very fast and to fully

understand this stage it is necessary to use numerical simulations (NS).
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Ringdown: After the merger, the remaining black hole is in the Ringdown stage, where spacetime
can be described by the Kerr metric with some perturbation. Given the appropriate initial conditions,
this stage can be calculated using perturbative techniques.

In addition to the characteristics of each stage of coalescence, black holes can also perform more
or less eccentric orbits and this is an important parameter to correctly perform simulations of this
problem, in addition to the mass and spin values of each black hole. The paper (PRETORIUS| 2007
discusses the results obtained from numerical simulations of four categories of BBH. These categories
are: (1) binaries with equal mass, small eccentricity and spin; (2)different mass, small eccentricity and
spin; (3) equal mass, non-negligible spin and small eccentricity and (4) equal mass, large eccentricity
and minimum spin. We will then see some important results that can help us to understand more about
this phenomenon.

For type (1) binaries, the parameters that will characterize the merger are only the mass and final
spin of the remaining black hole. The energy emitted during the Merger and Ringdown stages is
theoretically expected to add up to 3.5% of the total energy of the system. Moreover, an additional 1.5%
of the available energy would be radiated before these stages, so 5% of the total energy is converted in
gravitational waves during the entire merger event (PRETORIUS, 2007). However, observational data
suggest slightly lower values for this loss. [Figure 4]illustrates the behavior of binaries of this type.

We can see in the first row of that there is some emission of gravitational waves that
can take the binary to the next stage. Then the black holes continue orbiting each other until they
enter the Inspiral stage (fourth row) and then quickly move from Merger (center of the fifth row) to
Ringdown (last frame of the fifth row and first two frames of the last row). Finally, the spacetime
around the remaining black hole can be described by the Kerr metric. Purple colors indicate the peak
of gravitational wave emission. The shape of the emitted wave, its characteristics and effects when
interacting with matter will be discussed in the chapter[3].

In case (2), some characteristics of the merger and the waveform change from the previous case,
for example, equal masses maximize the total energy emitted and also maximize the final spin of the
remaining black hole.

If the merger happens between rotating black holes, as indicated in case (3), the amount of radiated
energy can greatly change from case (2) and, consequently, there will be changes in the mass and spin
of the remaining black hole. The black holes of the binary can also present spin either in the same or
opposite directions. So, due to the Frame Dragging effect, one black hole can affect the movement
of the other, depending on the spin directions of each one. Frame Dragging is a phenomenon that
appears around rotating black holes because the movement of these objects forces spacetime to be
dragged around them, creating a region where any object (and even light) is forced to move in the
same direction of the black hole’s rotation. At last, when an orbit results in asymmetrical patterns
of gravitational wave emission, it can happen that the remaining black hole is pulled away from the
region where the merger occurred and continue moving to distant regions.

The first complete binary black hole (BBH) merger to be simulated (PRETORIUS, [2005) had the
characteristics of case (4). For this, highly compact concentrations of energy were chosen as the initial
condition. Some other simulation studies can be found at: (HANNAM et al., [2008)),(CAMPANELLI et
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Figure 4 — Stages of binary black hole coalescences: This figure represents the result obtained from
a relativistic numerical simulation (PRETORIUS)|, 2007). The purpose was to study the
energy loss of the binary due to the emission of gravitational waves. It highlights the main
characteristics of each phase of coalescence. We can see how the Inspiral stage is much
longer than the merger and the purple and orange colors indicate the increase in the emission
of gravitational radiation.

Image source: (PRETORIUS, 2007).

2006).(BAKER et al., 2006),(BAKER et all 2007).

Now that we have an overview of how the coalescence process of BBH works, we can study some

of the main gravitational wave detections made by the LIGO-Virgo-KAGRA collaboration during the
first three observing runs (called O1, O2 and O3a+03b) and see how this data is used to test GR at

strong field limits.

2.2.2 First gravitational wave detection: GW150914

On November 14, 2015 the LIGO observatories (one site in Hanford and the other in Livingston,
USA) recorded for the first time a gravitational wave signal (ABBOTT et al., 2016)). Named GW 150914,

the signal contains the first direct evidence of the existence of black holes.

To reach this conclusion, an extensive and thorough analysis of the signal was required. We will
have a more detailed discussion of detectors and the signal analysis process later in this work. In this

section we will only make a general interpretation of the first detection in order to introduce some
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ideas that will be fundamental in the subsequent discussions.

shows, respectively, the spectrogram and the waveform of the gravitational wave after the
signal be processed. In the left panel we can see the presence of a transient signal. The colors closest
to yellow indicates that the signal has greater power than the noise present in the sample. It is worth
noting that this signal is extremely short, lasting less than one second, and that its frequency varies
significantly over time. In the right panel we have the representation of the gravitational waveform (in
blue the data from the Livingston detector and in red the data from the Hanford detector). Here we can
see how the amplitude also increases near the end of the signal. In chapter [5| we will see more details

of plots like these.

Figure 5 — Signal of the first detection of gravitational waves after noise extraction: The spectrogram
is used to show which parts of the signal have the greatest power (indicated by the yellow
color). We can see how the gravitational signal stands out from the noise. On the right, we
have the waveform of the gravitational wave detected and the peak of gravitational radiation
emission during the merger is very evident
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Image source: (ABBOTT et al., 2016).

These characteristics are very relevant to identify the origin of this gravitational wave. This is
due to the fact that each type of source will generate a signal with very different characteristics in
the detector. This transient, short-lived signal of rapidly increasing frequency and amplitude is not a
characteristic signal of a single rotating object or even of two objects orbiting each other with a fixed
orbital separation (as described earlier by the Newtonian stage). The only way to explain this result
is to consider that there are two objects orbiting each other and approaching each other with time
(ABBOTT et al.,[2016). The closer they get, the faster they move and, consequently, the gravitational
disturbance produced will be more intense. With that we can have the first important conclusion: it is a
binary system.

To extract more information from this system, we can initially assume that m; > ms and then we
can look for the mass of the objects that constitute the binary. To describe the emission of gravitational

wave by a binary system, we use the chirp mass (M) given by (ABBOTT et al.,|2016)

<m1m2>3/5

= 2.5
(m1 —+ mg)l/ 5 ( )
The measured mass is slightly different from the actual mass value of the object acting as a source.
This measured value with deviation is called a "chirp". The same goes for frequency. If we then use

Newton’s laws of motion, for universal gravitation, and take Einstein’s quadrupole formula, we will be
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able to estimate that the chirp mass will be M = 30M, (ABBOTT et al.,[2016). We can also calculate
the orbital separation between these two objects and we will see that it is only twice the sum of the
Schwarzschild radius of each object, i.e., they are very close to each other, a distance that would be

impossible for a binary of stars to be reached without it merging.

Figure 6 — Behavior of the GW150914 in each stage of coalescence (ABBOTT et al., [2016): Com-
parison of the waveform with the binary coalescence stages. Here it becomes clear how
the closer proximity between black holes increases the orbital speed and, consequently,
increases the emission of gravitational waves, in which the peak occurs during the merger.
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Image source: (ABBOTT et al., 2016).

These are two strong evidences that the source is a binary system of very compact objects and the
values obtained reinforce that these must be black holes (since such values have never been measured
for neu