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Outra efeméride: 

1915: A Relatividade Geral de Einstein

844 Sitzung der j)liysik;iliscli-mathematisclien Klasse vum 25. Novemher 1915

Die Feldgleiehungen der Gravitation.

Von A. P^iNSTEix.

In zwei vor kurzem erschienenen ]Mitteilungen' habe ich gezeigt, wie
uian zu Feldgleichungen der Gravitation gelangen kann, die dem Postu-

lat allgemeiner Relativität entsprechen, d. h. die in ihrer allgemeinen
Fassung beliebigen Substitutionen der Raumzeitvariabeln gegenüber ko-

variant sind.

Der Entwicklungsgang war dabei folgender. Zunächst fand icli

Gleichungen, welche die Newtonsche Theorie als Näherung enthalten

und beliebigen Substitutionen von der Determinante i gegenüber ko-

variant waren. Hierauf fand ich, daß diesen Gleichungen allgemein

kovarlante entsprechen, falls der Skalar des Energietensors der »Ma-
terie« A^erschwindet. Das Koordinatensystem war dann nach der ein-

fachen Regel zu sjjezialisieren, daß }'

—

g zu i gemacht wird, Avodurch
die Gleichungen der Theorie eine eminente Vereinfachung erfahren.

Dabei mußte aber, wie erwähnt, die Hypothese eingeführt werden,
daß der Skalar des Energietensors der Materie verschAvinde.

Neuerdings finde icli nun, daß man ohne Hypothese über den
Kuergietensor der Materie auskommen kann, wenn man den Energie-

tensor der Materie in etwas anderer Weise in die Feldgleichungen
einsetzt, als dies in meinen beiden früheren IMitteilungen geschehen
ist. Die Feldgleichungen für das Vakuum, auf welche ich die Er-

klärung der Perihelbewegung des Merkur gegründet habe, bleiben von
dieser Modifikation unberührt. Ich gebe hier nochmals die ganze Be-

trachtung, damit der Leser nicht genötigt ist, die früheren Mitteilungen

unausgesetzt heranzuziehen.

Aus der bekannten RieiMannschen Kovariante vierten Ranges leitet

man folgende Kovariante zweiten Ranges ab:

G.m = 7e,-„ + .S,„, (i)

^.. = 2'i|*-2{TH'/} (.^.

Sitzungsbei'. Xl-1\". S. 778 und XLA"1, S. 799. 1915.

Gµ⌫ =
8⇡G

c4
Tµ⌫

Albert Einstein

(1879-1955)

Conceptualmente nova

formulação


de gravitação

baseado na geometria

pseudo-Riemanniana



Animation: Gravity Probe B Team

Sound: Beach Boys


“A matéria diz ao espaço como se curvar”
“Espaço diz à matéria como se mover”



GW150914
Abbot et al., PRL 116 (2016) 061102

E mais outra efeméride: 

2015: A primeira detecção, um resultado histórico:



11 de Fevereiro de 2016


Um tipo diferente de primeiras páginas (12 Fev 2016)!

Gravitational Waves: Ripples in spacetime
!                       Unusual news headlines on 11/12 February 2016 

!     First direct detection of gravitational waves: GW150914



Para perceber 

o entusiasmo, e o impacto científico, 


desta descoberta, 

bem como o que a tornou possível,


discutamos brevemente:

1) Como se propaga a gravidade?

Uma previsão teórica com 100 anos, que dividiu a comunidade científica e confundiu 
repetidamente o seu proponente, Albert Einstein;

2) Como se detectam ondas gravitacionais?

Uma experiência “impossível” que constituiu um investimento de risco assumido pela National 
Science Foundation dos EUA;

3) Como se interpreta um sinal?
Os desenvolvimentos teóricos/computacionais que permitem interpretar resultados;

4) O que estamos a aprender? 

O potencial científico deste novo canal de acesso à realidade física.



1) Uma breve história das ondas gravitacionais



Como se propaga a gravidade?

Lei da gravitação universal (Newtoniana):

~F = �G
Mm

r2
er

Equação fundamental:
�� = 4⇡G⇢

Na gravitação Newtoniana, uma alteração da distribuição de massas, reflecte-se 
instantaneamente numa alteração do campo gravítico em todo o Universo!



Aplicação a um sistema físico

(ainda que a um problema académico!)



Efeito instantâneo!

Se o sol “desaparecer”...







Estas são as “ondas gravitacionais”



Einstein e as ondas gravitacionais:

I) Em 22 de Junho de 1916 publica o primeiro artigo sobre ondas gravitacionais 
(“Integração aproximada das equações de campo da gravitação”):

- Reconhece a existência de ondas gravitacionais que se propagam à velocidade da luz;

- Identifica três classes de ondas, mas aponta que apenas um tipo transporta energia;

688 Sitzung der physikalisch-mathematischen Klasse vom 22. Juni 1916

Näherungsweise Integration der Feldgleichungen

der Gravitation.

Von A. Einstein.

Oei der Behandlung der meisten speziellen (nicht prinzipiellen) Probleme
auf dem Gebiete der Gravitationstheorie kann man sich damit begnügen,
die guv in erster Näherung zu berechnen. Dabei bedient man sich mit
Vorteil der imaginären Zeitvariable x

4
= it aus denselben Gründen wie

in der speziellen Relativitätstheorie. Unter »erster Näherung" ist dabei

verstanden, daß die durch die Gleichung

&.. = -*„.+ ?,. (0

definierten Größen y,x „, welche linearen orthogonalen Transformationen
gegenüber Tensorcharakter besitzen, gegen i als kleine Größen be-

handelt werden können, deren Quadrate und Produkte gegen die ersten

Potenzen vernachlässigt werden dürfen. Dabei ist £„„ = i bzw. Ä„, = o
,

je nachdem \x = v oder \x z}z v .

Wir werden zeigen, daß diese yu„ in analoger Weise berechnet
werden können wie die retardierten Potentiale der Elektrodynamik.
Daraus folgt dann zunächst, daß sich die Gravitationsfelder mit Licht-

geschwindigkeit ausbreiten. Wir werden im Anschluß an diese all-

gemeine Lösung die Gravitationswellen und deren Entstehungsweise
untersuchen. Es hat sich gezeigt, daß die von mir vorgeschlagene
Wahl des Bezugssystems gemäß der Bedingung y = | </„„ |

= — i für

die Berechnung der Felder in erster Näherung nicht vorteilhaft ist.

Ich wurde hierauf aufmerksam durch eine briefliche Mitteilung des

Astronomen de Sitter, der fand, daß mau durch eine andere Wahl
des Bezugssystems zu einem einfacheren Ausdruck des Gravitations-

feldes eines ruhenden Massenpunktes gelangen kann, als ich ihn früher

gegeben hatte 1
. Ich stütze mich daher im folgenden auf die allge-

mein invarianten ]Vldt>leichuni>en.

1 Sitzungsber. XLVII, 1915. S. 833.



Teoria linearizada (Relatividade Geral):

gµ⌫ = ⌘µ⌫ + hµ⌫

Para uma certa escolha de coordenadas:
h̄µ⌫ = hµ⌫ � 1

2
⌘µ⌫h

@µh̄µ⌫ = 0

⇤h̄µ⌫ = �16⇡Tµ⌫

que é uma equação de onda, para ondas que se propagam 
com a velocidade da luz (“c”):

⇤ = � 1

c2
@2

@t2
+�



Einstein e as ondas gravitacionais:

II) Em 14 de Fevereiro de 1918 publica o segundo artigo (“Sobre as ondas 
gravitacionais”): 

- Reconhece que as duas classes de ondas que não transportam energias são artefactos coordenados;


- Corrige o erro técnico do primeiro artigo e conclui que apenas há emissão de ondas gravitacionais se 
houver variação do quadrupolo no tempo;



Três problemas controversos (para as décadas seguintes):

- As ondas gravitacionais existem em relatividade geral, em esquemas de 
aproximação e até como soluções exactas. Mas transportam ou não energia?
(problema da energia);

- A emissão destas ondas afecta (e de que forma) a fonte que as origina? 
(problema do movimento da fonte);

- Como é que estas ondas interagem com a matéria? 

(problema da detecção);

Este último problema, no entanto, era pouco mais do que académico, dado que 
sendo excepcionalmente fracas, não havia qualquer perspectiva de detectar 
ondas gravitacionais.



Em 1967, Jocelyn Bell Burnell e 
Antony Hewish (Nobel 1974) 

descobriram o primeiro “pulsar”: 

PSR 1919+21 


(inicialmente designado LGM-1)

São estrelas de neutrões 
em rotação que emitem um 
radiação electromagnética 

direcionada (vista, por 
isso, periodicamente). 

São faróis cósmicos e relógios 
extremamente precisos. 

“Som” do PSR B0329+54
“Som” do pulsar da nebulosa do caranguejo

“Som” do PSR B1937+21

Audio: Jodrell Bank Centre for Astrophysics
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Em 1974, Joseph Taylor e Russell Hulse descobriram o 
primeiro pulsar num sistema binário, PSR B1913+16....

© John Rowe Animation/Australia Telescope National Facility, CSIRO; Som: Pink Floyd

... o pulsar órbita uma estrela de neutrões, com um 
período de cerca de oito horas...

De acordo com a fórmula do quadrupolo de Einstein o 
sistema perde energia por emissão de ondas gravitacionais 

o que faz a órbita contrair e o seu período diminuir...



ArXiv: 0407149

Relativistic Binary Pulsar B1913+16 3

measured orbital parameter, Ṗb, overdetermines the system dynamically and
thus provides a test of gravitation theory.

3.1. Emission of Gravitational Radiation

According to general relativity, a binary star system should emit energy in the
form of gravitational waves. The loss of orbital energy results in shrinkage of
the orbit, which is most easily observed as a decrease in orbital period. Peters
& Matthews (1963) showed that in general relativity the rate of period decrease
is given by

Ṗb,GR = −
192 π G5/3

5 c5

(

Pb

2π

)

−5/3

(1 − e2)−7/2 × (1)
(

1 +
73

24
e2 +

37

96
e4

)

mp mc (mp + mc)
−1/3.

Note that except for Newton’s constant G and the speed of light c, all
quantities on the right hand side of Eq. (1) have measured values listed in Table
1, or, in the case of the component masses, are derivable from those quantities.
The predicted orbital period derivative due to gravitational radiation computed
from Eq. (1) is Ṗb,GR = −(2.40242 ± 0.00002) × 10−12 s/s.

Comparison of the measured Ṗb with the theoretical value requires a small
correction, Ṗb,Gal, for relative acceleration between the solar system and binary
pulsar system, projected onto the line of sight (Damour & Taylor 1991). This
correction is applied to the measured Ṗb to form a “corrected” value Ṗb,corrected =
Ṗb − Ṗb,Gal. The correction term depends on several rather poorly known quan-
tities, including the distance and proper motion of the pulsar and the radius
of the Sun’s galactic orbit. The best currently available values yield Ṗb,Gal =
−(0.0128 ± 0.0050) × 10−12 s/s, so that Ṗb,corrected = (2.4056 ± 0.0051) × 10−12

s/s. Hence
Ṗb,corrected

Ṗb,GR
= 1.0013 ± 0.0021, (2)

and we conclude that the measured orbital decay is consistent at the (0.13 ±
0.21)% level with the general relativistic prediction for the emission of gravi-
tational radiation. The observed and theoretical orbital decays are compared
graphically in Figure 1.

Accuracy of the test for gravitational radiation damping is now dominated
by the uncertainty in the galactic acceleration term. Work now underway should
lead to improved accuracy of the pulsar proper motion, and the Sun’s galactocen-
tric distance may be better known in the future. However, we see little prospect
for a significant improvement in knowledge of the pulsar distance. Consequently,
it seems unlikely that this test of relativistic gravity will be improved significantly
in the foreseeable future.

4. Geodetic Precession: Mapping the Emission Beam

Relativistic spin-orbit coupling causes the pulsar’s spin axis to precess (Damour
& Ruffini 1974; Barker &O’Connell 1975a,b). In the PSR B1913+16 system

2 Weisberg & Taylor

gathered with the Wideband Arecibo Pulsar Processors (“WAPPs”), which for
PSR B1913+16 achieve 13 µs time-of-arrival measurements in each of four 100
MHz bands, using 5-minute integrations. In addition to the timing observations,
we have used the Princeton Mark IV coherent de-dispersing system (Stairs et
al. 2000) to measure average pulse shapes and polarization over the last five
years. A major improvement in data acquisition for this experiment was made
in 1981, and data taken since then have much higher quality than the earlier
observations. The results reported here are based largely on data gathered from
1981 through 2003.

3. Relativistic Timing Analysis

Non-relativistic analysis of arrival time data from this system can yield five or-
bital parameters: the projected semimajor axis of the pulsar orbit ap sin i, orbital
eccentricity e, epoch of periastron T0, orbital period Pb, and argument of perias-
tron ω0. Relativistic effects lead to three additional measurables: the mean rate
of advance of periastron 〈ω̇〉, gravitational redshift and time-dilation parameter
γ, and orbital period derivative Ṗb. Measured pulse times of arrival calculated
for each five minutes of observation serve as the input data for program TEMPO
(http://pulsar.princeton.edu/tempo). This program fits a model with eighteen
parameters (eight orbital quantities plus ten astrometric and spin parameters)
to the data, using the timing model of Damour & Deruelle (1985, 1986). Fitted
values for the orbital parameters are listed in Table 1, with uncertainties in the
last shown in parentheses.

Table 1. Measured Orbital Parameters for B1913+16 System

Fitted Parameter Value
ap sin i (s) . . . . . . 2.3417725 (8)
e . . . . . . . . . . . . . . . 0.6171338 (4)
T0 (MJD) . . . . . . 52144.90097844 (5)
Pb (d) . . . . . . . . . . 0.322997448930 (4)
ω0 (deg) . . . . . . . . 292.54487 (8)
〈ω̇〉 (deg/yr) . . . . 4.226595 (5)
γ (s) . . . . . . . . . . . . 0.0042919 (8)
Ṗb (10−12 s/s). . . −2.4184 (9)

The pulsar orbit is fully specified (up to an unknown rotation about the line
of sight) by the first seven parameters listed in Table 1. Other orbital quantities
such as inclination, masses of the stellar components, and the semimajor axes,
may be derived from these seven; Taylor & Weisberg (1982) provide the relevant
formulas. For example, the masses of the pulsar and companion are mp =
1.4414± 0.0002 and mc = 1.3867± 0.0002 solar masses, respectively. (Note that
in order to express the masses in grams, a value would need to be introduced for
the Newtonian gravitational constant G. The uncertainty in G is comparable
to our quoted uncertainties in mp and mc.) As described below, the eighth

Petters and Matthews, 1963



Observações concordam

com a previsão teórica


com erro inferior a 0.2%. 


Outros efeitos relativistas 
podem também ser 


medidos neste sistema.
Weisberg and Taylor, ArXiv: 0407149

4 Weisberg & Taylor

Figure 1. Orbital decay of PSR B1913+16. The data points indicate
the observed change in the epoch of periastron with date while the
parabola illustrates the theoretically expected change in epoch for a
system emitting gravitational radiation, according to general relativity.



Russell A. Hulse

Joseph H. Taylor Jr.

“...pela descoberta de um novo tipo de 
pulsar, uma descoberta que abriu 

novas possibilidades de estudos no 
campo da gravitação...”


Prémio Nobel da Física, 1993. 



Descoberta do duplo pulsar: J0737-3039A, A. C. Lyne et al. 





2) Uma experiência “impossível”



Efeito de uma onda gravitacional num círculo de partículas teste

Como se detectam as ondas gravitacionais?

As deformações (“strains”) são da ordem da perturbação métrica: �L

L
⇠ h

Einstein descobriu (1918) que: hij =
2G

c4
1

r

d2Qij

dt2

Exemplo: h ⇠ RSchwarzschild

r
⇠ 100 km

1 Gpc
⇠ 10�21



Uma breve história do LIGO:

(Laser Interferometer Gravitational wave Observatory)

- Entre 1967 e 1972 Rainer Weiss (MIT) começou a estudar a possibilidade de detectar ondas 
gravitacionais com interferómetros de Michelson-Morley. A partir de 1968, Kip Thorne 
(CalTech) iniciou esforços teóricos sobre fontes de ondas gravitacionais e as características do 
sinal, com vista a esforços para a sua detecção.  

Weiss e Thorne durante o primeiro anúncio da detecção de ondas gravitacionais.



- Em 1980 a NSF financiou o estudo de um longo interferómetro liderado pelo MIT e no ano 
seguinte o CalTech construiu um protótipo de 40 metros. Por pressão da NSF, o MIT e o 
CalTech juntaram os seus esforços formando o LIGO.

- Em 1991, o congresso dos EUA financiou o LIGO em US$ 23M. Em 1994, com um 
orçamento de US$ 395M, o LIGO tornou-se o maior projecto financiado na história da NSF 
(proposta liderada por Barry C. Barish). A construção iniciou-se em Hanford, em 1994 e na 
Louisiana em 1995. Em Setembro de 2015, o LIGO completou um “upgrade” de 5 anos, com 
custo de US$ 200M e colocando o custo do projecto em US$ 620M.

- O “Initial LIGO” operou entre 2002 e 2010 não tendo detectado ondas gravitacionais. O 
“Advanced LIGO” teve duas “science runs”:

O1, entre 12 de Setembro de 2015 e 19 de Janeiro de 2016;

O2, entre 30 de Novembro de 2016 e 25 de Agosto de 2017 (com o Virgo)

O3,  entre 1 de Abril de 2019 e  27 de Março de 2020 (com o KAGRA)

O4, entre 24 de Maio de 2023 e 7 de Outubro de 2025 (com o KAGRA)

Uma breve história do LIGO:



O que é o LIGO?

- Dois inteferómetros em forma de L cada um com braços de aproximadamente 4 Kms. Estão 
localizados em áreas suficientemente isoladas dos EUA, no estado de Washington (LIGO 
Hanford) e no estado da Louisiana (LIGO Livingston), separados por 3002 Km. 

the gravitational-wave signal extraction by broadening the
bandwidth of the arm cavities [51,52]. The interferometer
is illuminated with a 1064-nm wavelength Nd:YAG laser,
stabilized in amplitude, frequency, and beam geometry
[53,54]. The gravitational-wave signal is extracted at the
output port using a homodyne readout [55].
These interferometry techniques are designed to maxi-

mize the conversion of strain to optical signal, thereby
minimizing the impact of photon shot noise (the principal
noise at high frequencies). High strain sensitivity also
requires that the test masses have low displacement noise,
which is achieved by isolating them from seismic noise (low
frequencies) and designing them to have low thermal noise
(intermediate frequencies). Each test mass is suspended as
the final stage of a quadruple-pendulum system [56],
supported by an active seismic isolation platform [57].
These systems collectively provide more than 10 orders
of magnitude of isolation from ground motion for frequen-
cies above 10 Hz. Thermal noise is minimized by using
low-mechanical-loss materials in the test masses and their

suspensions: the test masses are 40-kg fused silica substrates
with low-loss dielectric optical coatings [58,59], and are
suspended with fused silica fibers from the stage above [60].
To minimize additional noise sources, all components

other than the laser source are mounted on vibration
isolation stages in ultrahigh vacuum. To reduce optical
phase fluctuations caused by Rayleigh scattering, the
pressure in the 1.2-m diameter tubes containing the arm-
cavity beams is maintained below 1 μPa.
Servo controls are used to hold the arm cavities on

resonance [61] and maintain proper alignment of the optical
components [62]. The detector output is calibrated in strain
by measuring its response to test mass motion induced by
photon pressure from a modulated calibration laser beam
[63]. The calibration is established to an uncertainty (1σ) of
less than 10% in amplitude and 10 degrees in phase, and is
continuously monitored with calibration laser excitations at
selected frequencies. Two alternative methods are used to
validate the absolute calibration, one referenced to the main
laser wavelength and the other to a radio-frequency oscillator

(a)

(b)

FIG. 3. Simplified diagram of an Advanced LIGO detector (not to scale). A gravitational wave propagating orthogonally to the
detector plane and linearly polarized parallel to the 4-km optical cavities will have the effect of lengthening one 4-km arm and shortening
the other during one half-cycle of the wave; these length changes are reversed during the other half-cycle. The output photodetector
records these differential cavity length variations. While a detector’s directional response is maximal for this case, it is still significant for
most other angles of incidence or polarizations (gravitational waves propagate freely through the Earth). Inset (a): Location and
orientation of the LIGO detectors at Hanford, WA (H1) and Livingston, LA (L1). Inset (b): The instrument noise for each detector near
the time of the signal detection; this is an amplitude spectral density, expressed in terms of equivalent gravitational-wave strain
amplitude. The sensitivity is limited by photon shot noise at frequencies above 150 Hz, and by a superposition of other noise sources at
lower frequencies [47]. Narrow-band features include calibration lines (33–38, 330, and 1080 Hz), vibrational modes of suspension
fibers (500 Hz and harmonics), and 60 Hz electric power grid harmonics.

PRL 116, 061102 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
12 FEBRUARY 2016

061102-4

Hanford Livingston



aLIGO @ Livingston, Louisiana, USA



aLIGO @ Livingston, Louisiana, USA



Alguns factos sobre o LIGO:

- Os braços do LIGO são suficientemente longos que a curvatura da Terra origina uma 
diferença vertical de um metro ao longo dos braços. Um preciso processo de deposição de 
cimento e nivelamento foi necessário para contrabalançar a curvatura da Terra e garantir que os 
braços dos LIGO são realmente planos. Senão os lasers do LIGO iriam atingir o final do braço 1 
metro acima do espelho onde deveriam ser refletidos.  

Junção dos braços do LIGO LivingstonBraço norte do LIGO Hanford





Alguns factos sobre o LIGO:
- Estes detectores estão concebidos para medir movimentos 1000 vezes menor do que o núcleo 
atómico, que são as menores medições alguma vez tentadas em ciência. É o equivalente a medir 
a distância entre o Sol e a estrela mais próxima (a cerca de quatro anos luz) a menos da 
espessura de um cabelo humano. 



O sinal da primeira detecção:



O sinal:

- Pelo menos oito oscilações antes do máximo: a(s) massa(s) oscilaram;

- Num binário, as ondas gravitacionais têm o dobro da frequência orbital; isso 
sugere que estamos a ver pelo menos quatro órbitas antes da colescência;



O sinal:

- Assumimos órbitas Keplerianas a variar “lentamente” devido à perda de energia, 
descrita pela fórmula do quadrupolo;

✓
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✓
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LIGO Scientific & VIRGO Collaborations: The basic physics of the binary black hole merger GW150914

strain data visible at the instrument output, (2) dimen-
sional and scaling arguments, (3) primarily Newtonian
orbital dynamics and (4) the Einstein quadrupole formula
for the luminosity of a gravitational wave source1. These
calculations are simple enough that they can be readily
verified with pencil and paper in a short time. Our presen-
tation is by design approximate, emphasizing simple argu-
ments. Specifically, while the orbital motion of two bodies
is approximated by Newtonian dynamics and Kepler’s
laws to high precision at sufficiently large separations and
sufficiently low velocities, we will invoke Newtonian dy-
namics to describe the motion even toward the end point
of orbital motion (We revisit this assumption in Sec. 4.4).

The theory of general relativity is a fully nonlinear the-
ory, so the merger of two black holes could have included
highly nonlinear effects, making any Newtonian analysis
wholly unreliable for the late evolution. However, solu-
tions of Einstein’s equations using numerical relativity
(NR) [10–12] have shown that this does not occur. The
approach presented here, using basic physics, is intended
as a pedagogical introduction to the physics of gravita-
tional wave signals, and as a tool to build intuition using
rough, but straightforward, checks. Our presentation here
is by design elementary, but gives results consistent with
more advanced treatments. The fully rigorous arguments,
as well as precise numbers describing the system, have
already been published elsewhere [2–6].

The paper is organized as follows: our presentation
begins with the data output by the detectors2 . Sec. 2
describes the properties of the signal read off the strain
data, and how they determine the quantities relevant for
analyzing the system as a binary inspiral. We then discuss
in Sec. 3, using the simplest assumptions, how the binary
constituents must be heavy and small, consistent only
with being black holes. In Sec. 4 we examine and justify
the assumptions made, and constrain both masses to be
well above the heaviest known neutron stars. Sec. 5 uses
the peak gravitational wave luminosity to estimate the
distance to the source, and calculates the total luminosity
of the system. The appendices provide a calculation of
gravitational radiation strain and radiated power (App. A),
and discuss astrophysical compact objects of high mass

1 In the terminology of GR corrections to Newtonian dynamics,
(3) & (4) constitute the “0th post-Newtonian" approximation
(0PN) (see Sec. 4.4). A similar approximation was used for the
first analysis of binary pulsar PSR 1913+16 [8,9].

2 The advanced LIGO detectors use laser interferometry to
measure the strain caused by passing gravitational waves. For
details of how the detectors work, see [1] and its references.

(App. B) and what one might learn from the waveform
after the peak (App. C).

Figure 2 A representation of the strain-data as a time-
frequency plot (taken from [1]), where the increase in signal
frequency (“chirp") can be traced over time.

2 Analyzing the observed data

Our starting point is shown in Fig. 1: the instrumentally
observed strain data h(t ), after applying a band-pass filter
to the LIGO sensitive frequency band (35–350 Hz), and a
band-reject filter around known instrumental noise fre-
quencies [13]. The time-frequency behavior of the signal
is depicted in Fig. 2. An approximate version of the time-
frequency evolution can also be obtained directly from
the strain data in Fig. 1 by measuring the time difference
between successive zero-crossings 3, without assuming
a waveform model. We plot the �8/3 power of these esti-
mated frequencies in Fig. 3, and explain its physical rele-
vance below.

The signal is dominated by several cycles of a wave
pattern whose amplitude is initially increasing, starting
from around the time mark 0.30 s. In this region the gravi-
tational wave period is decreasing, thus the frequency is
increasing. After a time around 0.42s, the amplitude drops
rapidly, and the frequency appears to stabilize. The last
clearly visible cycles (in both detectors, after accounting
for a 6.9 ms time-of-flight-delay [1]) indicate that the fi-
nal instantaneous frequency is above 200 Hz. The entire
visible part of the signal lasts for around 0.15 s.

3 When the signal amplitude is lower and the noise makes the
signal’s sign transitions difficult to pinpoint, we averaged the
positions of the (odd number of) adjacent zero-crossings

2 Copyright line will be provided by the publisher
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where ḟGW = d fGW/dt is the rate-of-change of the fre-
quency (see Eq. 26 and Eq. 3 of [19]). This equation is
expected to hold as long as the Newtonian approximation
is valid (see Sec. 4.4).

Thus, a value for the chirp mass can be determined
directly from the observational data, by plotting the fre-
quency and frequency derivative of the gravitational
waves as a function of time. This value of the chirp mass
M can be estimated from a time-frequency plot of the
observed gravitational wave strain data, using either Fig. 2
or the zero-crossings. The time interval during which the
inspiral signal is in the sensitive band of the detector (and
hence is visible) corresponds to gravitational wave fre-
quencies in the range 30 < fGW < 150 Hz. Over this time,
the frequency (period) varies by a factor of 5 ( 1

5 ), and the
frequency derivative varies by more than two orders-of-
magnitude. The implied chirp mass value, however, re-
mains constant to within 25%. The exact value of M is
not critical to the arguments that we present here, so for
simplicity we take M = 30M⇥.

Note that the characteristic mass scale of the radiat-
ing system is obtained by direct inspection of the time-
frequency behavior of the observational data.

The fact that the chirp mass remains approximately
constant for fGW<150 Hz is strong support for the orbital
interpretation. The fact that the amplitude of the gravita-
tional wave strain increases with frequency also supports
this interpretation, and suggests that the assumptions
that go into the calculation which leads to these formulas
are applicable: the velocities in the binary system are not
too close to the speed of light, and the orbital motion has
an adiabatically changing radius and period described in-
stantaneously by Kepler’s laws. The data also indicate that
these assumptions certainly break down at a gravitational
wave frequency above fGW

⇥⇥
max, as the amplitude stops

growing.

Alternatively, Eq. 7 can be integrated to obtain

f �8/3
GW (t ) = (8⇥)8/3

5

⇤
G M

c3

⌅5/3

(tc � t ), (8)

which does not involve ḟGW explicitly, and can therefore
be used to calculate M directly from the time periods
between zero-crossings in the strain data. We have per-
formed such an analysis, presented in Fig. 3, to find simi-
lar results. We henceforth adopt a conservative lower esti-
mate of 30M⇥ . We remark that this mass is derived from
quantities measured in the detector frame, thus it and
the quantities we derive from it are given in the detec-
tor frame. Discussion of redshift from the source frame
appears in Sec. 4.6.

Figure 3 A linear fit (green) of f �8/3
GW (t ), where fGW has been

interpolated as fGW = 1/(2¢t) from the time differences ¢t
between successive zeros of the strain data. While this in-
terpolation used the combined strain data from H1 and L1
(in fact, the sum of L1 with time shifted and sign-flipped H1,
as explained), A similar fit can be done using either H1 or L1
strain independently. The fit shown has residual sum of squares
R2

L1�H1 ⇤ 0.9; we have also found R2
H1 ⇤ 0.9 and R2

L1 ⇤ 0.8.
The slope of this fitted line gives an estimate of the chirp mass
using Eq. 8. The blue and red lines indicate M of 30M⇥and
40M⇥ , respectively. The error-bars have been estimated by
repeating the procedure for waves of the same amplitudes
and frequencies added to the LIGO strain data just before
GW150914. A similar error estimate has been found using the
differences between H1 and L1 zero-crossings.

3 Proving compactness in the simplest
case

For simplicity, suppose that the two bodies have equal
masses, m1 = m2. The value of the chirp mass then im-
plies that m1 = m2 = 21/5M = 35M⇥ , so that the total
mass would be M = m1 +m2 = 70M⇥ . We also assume
for now that the objects are not spinning, and that their
orbits remain Keplerian and essentially circular until the
point of peak amplitude.

Around the time of peak amplitude the bodies there-
fore had an orbital separation R given by

R =
⇧

GM

�2
Kep

⇥⇥
max

�1/3

= 350 km. (9)

Compared to normal length scales for stars, this is
a tiny value. This constrains the objects to be exceed-
ingly small, or else they would have collided and merged
long before reaching such close proximity. Main-sequence
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mass would be M = m1 +m2 = 70M⇥ . We also assume
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a tiny value. This constrains the objects to be exceed-
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Destes argumentos simples obtemos um estimativa de massas:
M = (30� 40)M�

e uma estimativa de distância:

r ⇠
RSchwarzschild(M)

h
. 1021 ⇥ 100 km ⇠ 3 Gpc
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FIG. 3. Waveform polarizations h+ (blue) and h� (orange) in a sky direction parallel to the initial orbital plane of each
simulation. All plots have the same horizontal scale, with each tick representing a time interval of 2000M (equal to 0.2 s for a
20M⇥ BBH).

vious studies consider only aligned spins [47, 104, 105]
and at best either 15–20 orbits [39, 49] or a few orbits at
very large separation [106]. With the longer waveforms
in this catalog, these studies can extend to the earlier
part of the inspiral, where PN theory is expected to be
more accurate, and to include a larger region of parame-
ter space.

Independent validation of existing analytical waveform
models: Many waveform models [86, 107–111] are cali-
brated against numerical relativity simulations—but usu-
ally only with a small number of simulations, which are
comparatively short (typically < 10 orbits). The new
simulations here enable tests of these models at di�erent
points in parameter space and covering more cycles.

Detection sensitivity: Following the approach taken in
the NINJA projects [42, 98, 112], our waveforms can
be injected into GW detector noise to study the e⇤-
ciency of GW data-analysis pipelines. Injections of pre-
cessing and/or eccentric waveforms from this catalog can
quantify the impact of precession and eccentricity on the
detection sensitivity of current searches using circular,
aligned-spin templates. The new waveforms will also help
assess the performance of searches with precessing wave-
form templates.

Systematic errors in parameter estimation: Parame-
ter estimation methods [5] currently use inspiral-only PN
waveforms. Applying parameter estimation methods to

the waveforms in this catalog will enable the systematic
errors of this approach to be quantified.
Construction of precessing inspiral-merger-ringdown

waveform models: This catalog will enable the construc-
tion of sophisticated phenomenological or e�ective-one-
body waveform models for precessing binaries, extending
the first such e�ort [113].
Periastron advance can be studied in aligned spin bi-

naries and generic binaries [114, 115].
While this catalog will enable pioneering studies, ma-

jor challenges remain for future work. First, for a wave-
form to be most useful for data analysis, it must be con-
nected to a PN waveform from the early inspiral, forming
a hybrid waveform [42] that spans the entire frequency
range of a GW detector. This is di⇤cult for precessing
configurations, because of both the complexity of pre-
cessing PN waveforms and ambiguities in connecting PN
binary parameters with the numerical binary parame-
ters [88].
Second, most of the parameter space remains unex-

plored. Only 24 configurations have mass ratio q > 3
(cf. Fig. 1); of these, only 5 are precessing, and almost
none have a spinning smaller black hole. Spinning BBH
systems for 5 <⇥ q <⇥ 10 are particularly interesting be-
cause they serve as accurate proxies for BH-NS binaries.
Furthermore, the catalog contains only three simulations
(the only three to date [47, 94]) with spins � � 0.93 (i.e.,
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properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.
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For robustness and validation, we also use other generic
transient search algorithms [41]. A different search [73] and
a parameter estimation follow-up [74] detected GW150914
with consistent significance and signal parameters.

B. Binary coalescence search

This search targets gravitational-wave emission from
binary systems with individual masses from 1 to 99M⊙,
total mass less than 100M⊙, and dimensionless spins up to
0.99 [44]. To model systems with total mass larger than
4M⊙, we use the effective-one-body formalism [75], which
combines results from the post-Newtonian approach
[11,76] with results from black hole perturbation theory
and numerical relativity. The waveform model [77,78]
assumes that the spins of the merging objects are aligned
with the orbital angular momentum, but the resulting
templates can, nonetheless, effectively recover systems
with misaligned spins in the parameter region of
GW150914 [44]. Approximately 250 000 template wave-
forms are used to cover this parameter space.
The search calculates the matched-filter signal-to-noise

ratio ρðtÞ for each template in each detector and identifies
maxima of ρðtÞwith respect to the time of arrival of the signal
[79–81]. For each maximum we calculate a chi-squared
statistic χ2r to test whether the data in several different
frequency bands are consistent with the matching template
[82]. Values of χ2r near unity indicate that the signal is
consistent with a coalescence. If χ2r is greater than unity, ρðtÞ
is reweighted as ρ̂ ¼ ρ=f½1þ ðχ2rÞ3&=2g1=6 [83,84]. The final
step enforces coincidence between detectors by selecting
event pairs that occur within a 15-ms window and come from
the same template. The 15-ms window is determined by the
10-ms intersite propagation time plus 5 ms for uncertainty in
arrival time of weak signals. We rank coincident events based
on the quadrature sum ρ̂c of the ρ̂ from both detectors [45].
To produce background data for this search the SNR

maxima of one detector are time shifted and a new set of
coincident events is computed. Repeating this procedure
∼107 times produces a noise background analysis time
equivalent to 608 000 years.
To account for the search background noise varying across

the target signal space, candidate and background events are
divided into three search classes based on template length.
The right panel of Fig. 4 shows the background for the
search class of GW150914. The GW150914 detection-
statistic value of ρ̂c ¼ 23.6 is larger than any background
event, so only an upper bound can be placed on its false
alarm rate. Across the three search classes this bound is 1 in
203 000 years. This translates to a false alarm probability
< 2 × 10−7, corresponding to 5.1σ.
A second, independent matched-filter analysis that uses a

different method for estimating the significance of its
events [85,86], also detected GW150914 with identical
signal parameters and consistent significance.

When an event is confidently identified as a real
gravitational-wave signal, as for GW150914, the back-
ground used to determine the significance of other events is
reestimated without the contribution of this event. This is
the background distribution shown as a purple line in the
right panel of Fig. 4. Based on this, the second most
significant event has a false alarm rate of 1 per 2.3 years and
corresponding Poissonian false alarm probability of 0.02.
Waveform analysis of this event indicates that if it is
astrophysical in origin it is also a binary black hole
merger [44].

VI. SOURCE DISCUSSION

The matched-filter search is optimized for detecting
signals, but it provides only approximate estimates of
the source parameters. To refine them we use general
relativity-based models [77,78,87,88], some of which
include spin precession, and for each model perform a
coherent Bayesian analysis to derive posterior distributions
of the source parameters [89]. The initial and final masses,
final spin, distance, and redshift of the source are shown in
Table I. The spin of the primary black hole is constrained
to be < 0.7 (90% credible interval) indicating it is not
maximally spinning, while the spin of the secondary is only
weakly constrained. These source parameters are discussed
in detail in [39]. The parameter uncertainties include
statistical errors and systematic errors from averaging the
results of different waveform models.
Using the fits to numerical simulations of binary black

hole mergers in [92,93], we provide estimates of the mass
and spin of the final black hole, the total energy radiated
in gravitational waves, and the peak gravitational-wave
luminosity [39]. The estimated total energy radiated in
gravitational waves is 3.0þ0.5

−0.5M⊙c2. The system reached a
peak gravitational-wave luminosity of 3.6þ0.5

−0.4 × 1056 erg=s,
equivalent to 200þ30

−20M⊙c2=s.
Several analyses have been performed to determine

whether or not GW150914 is consistent with a binary

TABLE I. Source parameters for GW150914. We report
median values with 90% credible intervals that include statistical
errors, and systematic errors from averaging the results of
different waveform models. Masses are given in the source
frame; to convert to the detector frame multiply by (1þ z)
[90]. The source redshift assumes standard cosmology [91].

Primary black hole mass 36þ5
−4M⊙

Secondary black hole mass 29þ4
−4M⊙

Final black hole mass 62þ4
−4M⊙

Final black hole spin 0.67þ0.05
−0.07

Luminosity distance 410þ160
−180 Mpc

Source redshift z 0.09þ0.03
−0.04
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O1+O2 (Sep/15 - Aug/17) 11 detecções

GW170817
- Primeira detecção de uma fusão de estrelas 

de neutrões;


- Evento multimensageiro, seguido em todo 
o  espectro electromagnético


- Limite à velocidade da gravidade: 
 ApJL13(2017)848

- Restringe modelos de gravidade modificada 
e.g. 1710.05877, 1710.05901, 1710.06394

In the mid-1960s, gamma-ray bursts (GRBs) were discovered
by the Vela satellites, and their cosmic origin was first established
by Klebesadel et al. (1973). GRBs are classified as long or short,
based on their duration and spectral hardness(Dezalay et al. 1992;
Kouveliotou et al. 1993). Uncovering the progenitors of GRBs
has been one of the key challenges in high-energy astrophysics
ever since(Lee & Ramirez-Ruiz 2007). It has long been
suggested that short GRBs might be related to neutron star
mergers (Goodman 1986; Paczynski 1986; Eichler et al. 1989;
Narayan et al. 1992).

In 2005, the field of short gamma-ray burst (sGRB) studies
experienced a breakthrough (for reviews see Nakar 2007; Berger
2014) with the identification of the first host galaxies of sGRBs
and multi-wavelength observation (from X-ray to optical and
radio) of their afterglows (Berger et al. 2005; Fox et al. 2005;
Gehrels et al. 2005; Hjorth et al. 2005b; Villasenor et al. 2005).
These observations provided strong hints that sGRBs might be
associated with mergers of neutron stars with other neutron stars
or with black holes. These hints included: (i) their association with
both elliptical and star-forming galaxies (Barthelmy et al. 2005;
Prochaska et al. 2006; Berger et al. 2007; Ofek et al. 2007; Troja
et al. 2008; D’Avanzo et al. 2009; Fong et al. 2013), due to a very
wide range of delay times, as predicted theoretically(Bagot et al.
1998; Fryer et al. 1999; Belczynski et al. 2002); (ii) a broad
distribution of spatial offsets from host-galaxy centers(Berger
2010; Fong & Berger 2013; Tunnicliffe et al. 2014), which was
predicted to arise from supernova kicks(Narayan et al. 1992;
Bloom et al. 1999); and (iii) the absence of associated
supernovae(Fox et al. 2005; Hjorth et al. 2005c, 2005a;
Soderberg et al. 2006; Kocevski et al. 2010; Berger et al.
2013a). Despite these strong hints, proof that sGRBs were
powered by neutron star mergers remained elusive, and interest
intensified in following up gravitational-wave detections electro-
magnetically(Metzger & Berger 2012; Nissanke et al. 2013).

Evidence of beaming in some sGRBs was initially found by
Soderberg et al. (2006) and Burrows et al. (2006) and confirmed

by subsequent sGRB discoveries (see the compilation and
analysis by Fong et al. 2015 and also Troja et al. 2016). Neutron
star binary mergers are also expected, however, to produce
isotropic electromagnetic signals, which include (i) early optical
and infrared emission, a so-called kilonova/macronova (hereafter
kilonova; Li & Paczyński 1998; Kulkarni 2005; Rosswog 2005;
Metzger et al. 2010; Roberts et al. 2011; Barnes & Kasen 2013;
Kasen et al. 2013; Tanaka & Hotokezaka 2013; Grossman et al.
2014; Barnes et al. 2016; Tanaka 2016; Metzger 2017) due to
radioactive decay of rapid neutron-capture process (r-process)
nuclei(Lattimer & Schramm 1974, 1976) synthesized in
dynamical and accretion-disk-wind ejecta during the merger;
and (ii) delayed radio emission from the interaction of the merger
ejecta with the ambient medium (Nakar & Piran 2011; Piran et al.
2013; Hotokezaka & Piran 2015; Hotokezaka et al. 2016). The
late-time infrared excess associated with GRB 130603B was
interpreted as the signature of r-process nucleosynthesis (Berger
et al. 2013b; Tanvir et al. 2013), and more candidates were
identified later (for a compilation see Jin et al. 2016).
Here, we report on the global effort958 that led to the first joint

detection of gravitational and electromagnetic radiation from a
single source. An ∼ 100 s long gravitational-wave signal
(GW170817) was followed by an sGRB (GRB 170817A) and
an optical transient (SSS17a/AT 2017gfo) found in the host
galaxy NGC 4993. The source was detected across the
electromagnetic spectrum—in the X-ray, ultraviolet, optical,
infrared, and radio bands—over hours, days, and weeks. These
observations support the hypothesis that GW170817 was
produced by the merger of two neutron stars in NGC4993,
followed by an sGRB and a kilonova powered by the radioactive
decay of r-process nuclei synthesized in the ejecta.

Figure 1. Localization of the gravitational-wave, gamma-ray, and optical signals. The left panel shows an orthographic projection of the 90% credible regions from
LIGO (190 deg2; light green), the initial LIGO-Virgo localization (31 deg2; dark green), IPN triangulation from the time delay between Fermi and INTEGRAL (light
blue), and Fermi-GBM (dark blue). The inset shows the location of the apparent host galaxy NGC 4993 in the Swope optical discovery image at 10.9 hr after the
merger (top right) and the DLT40 pre-discovery image from 20.5 days prior to merger (bottom right). The reticle marks the position of the transient in both images.

958 A follow-up program established during initial LIGO-Virgo observations
(Abadie et al. 2012) was greatly expanded in preparation for Advanced LIGO-
Virgo observations. Partners have followed up binary black hole detections,
starting with GW150914 (Abbott et al. 2016a), but have discovered no firm
electromagnetic counterparts to those events.
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FIG. 1. Time-series and spectrum of GW190521. Left: Whitened strain data of the LIGO Livingston detector at the
time of GW190521, together with the best fitting waveforms for a head-on merger of two BHs (green), two equal/unequal mass
PSs (red and blue) and for a quasi-circular BH merger (black). The time axis is expressed so that the GPS time is equal to
tGPS = t+1242442965.6069 s. Right: corresponding waveforms shown in the Fourier domain. Solid lines denote raw waveforms
(scaled by a suitable, common factor) while dashed lines show the whitened versions. The vertical line denotes the 20 Hz limit,
below which the detector noise increases dramatically. Due to this, a putative inspiral signal from a quasi-circular BBH merger
(solid black) would be almost invisible to the detector (see dashed grey) and barely distinguishable from PHOC signals (dashed
red and blue).

and dynamically more robust ECOs proposed so far
and their dynamics has been extensively studied, e.g.
[14–17]. Scalar boson stars and their vector analogues,
Proca stars [18, 19] (PSs), are self-gravitating stationary
solutions of the Einstein-(complex, massive) Klein-
Gordon [20] and of the Einstein-(complex) Proca [18]
systems, respectively. These consist on complex bosonic
fields oscillating at a well-defined frequency !, which
determines the mass and compactness of the star. Unlike
other ECOs, bosonic stars can dynamically form with-
out any fine-tuned condition through the gravitational
cooling mechanism [21, 22]. While spinning solutions
have been obtained for both scalar and vector bosons,
the former are unstable against non-axisymmetric
perturbations [23]. Hence, we will focus on the vector
case in this work. For non-self-interacting bosonic fields,
the maximum possible mass of the corresponding stars is
determined by the boson particle mass µV . In particular,
ultra-light bosons within 10�13  µV  10�10 eV, can
form stars with maximal masses ranging between ⇠ 1000
and 1 solar masses, respectively.

We perform Bayesian parameter estimation and model
selection on 4 seconds of publicly available data [24]
from the two Advanced LIGO and Virgo detectors
around the time of GW190521 (for full details, see the
Parameter Estimation section within the Methods). We
compare GW190521 to numerical simulations of HOCs,
to simulations of equal-mass and equal-spin head-on
PS mergers (PHOCs), and to the surrogate model
for generically spinning BBH mergers NRSur7dq4 [25].
Our simulations include the gravitational-wave modes

(`,m) = (2, 0), (2,±2), (3,±2) while the BBH model
contains all modes with `  4. The PHOC cases we
consider form a Kerr BH with a feeble Proca remnant
that does not impact on the GW emission [26]. Finally,
to check the robustness of our results, we perform
an exploratory study comparing GW190521 to a very
limited family of simulations for unequal-mass (q 6= 1)
head-on PS mergers.

Results. Figure 1 shows the whitened strain time
series from the LIGO Livingston detector and the best
fitting waveforms returned by our analyses for HOCs,
PHOCs and BBH mergers. While the latter two show
a similar morphology with slight pre-peak power, the
HOC signal is noticeably shorter and has a slightly larger
ringdown frequency. These features are more evident
in the right panel, where we show the corresponding
Fourier transforms (dashed) together the corresponding
raw, non-whitened versions (solid). The HOC waveform
displays a rapid power decrease at frequencies below its
peak due to the absence of an inspiral. In contrast,
PHOCs show a low-frequency tail due to the pre-collapse
emission that mimics the typical inspiral signal present
in the BBH case down to f ' 20 Hz. Below this limit,
the putative inspiral signal from a BBH disappears be-
hind the detector noise (dashed grey) making the signal
barely distinguishable from that of a PHOC.

Fig. 2 shows the two-dimensional 90% credible inter-
vals for the redshifted final mass and the final spin ob-
tained by the LVC using BBH models covering inspiral,
merger and ringdown (IMR, in black) and solely from
the ringdown emission; starting at the signal peak (grey)







4) A verdadeira música celestial



As ondas gravitacionais NÃO SÃO ondas sonoras!

- Detectores são “microfones”: omnidirecionais e não identificam direcção (é 
necessário triangular);

- As frequências de eventos de massa estelar têm frequências correspondentes à 
banda audível dos humanos (20Hz-20kHz);

- É um canal completamente distinto das ondas electromagnéticas e por isso 
compara-las ao “som” fornece uma analogia ilustrativa;

Mas, num certo sentido são ondas acústicas:

- São vibrações de um meio muito especial: o espaço-tempo, o meio mais rígido 
que existe;



Albert Einstein Institute



Até agora, a nossa compreensão científica do Universo 
encontrava-se numa posição semelhante:eramos capazes de “ver” o Universo...

... mas incapazes de o “ouvir”...
Animação: NASA/STScl/G.BaconSom: Teviet Craighton, UT Brownsville



A long time ago in a galaxy far,

far away...

Animation: Albert Einstein Institute



Sabiamos que o 

Universo está a falar ...

... e agora... estamos a ouvir!







Abre-se uma nova janela (um novo ouvido!) para o Universo



Animação: John Rowe Animation/Australia Telescope National Facility, CSIRO and NASA; Som: Pink Floyd

Remember when you were young

you shone like the sun 

Now there’s a look in your eyes 
like black holes in the sky 

Come on you target for faraway laughter,

come on you stranger, you legend, you martyr and shine! 



Abre-se uma nova janela (um novo ouvido!) para o Universo

Muito obrigado pela vossa atenção!


