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Controversies in the History of the Radiation Reaction problem in General Relativity e
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(Submitted on 1 Apr 1997) Quest for
This paper examines the historical controversy over whether gravitationally bound systems, such as binary stars, experienced orbital damping due to the Gravitational
emission of gravitational radiation, focusing especially on the period of the 1950s, but also discussing the work of Einstein and Rosen in the 1930s on

S o Wavesn
cylindrical gravitational waves and the later quadrupole formula controversy.
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Observation of Gravitational Waves from a Binary Black Hole Merger

B.P. Abbott ef al.”

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2016; published 11 February 2016)

On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave
Observatory simultaneously observed a transient gravitational-wave signal. The signal sweeps upwards in
frequency from 35 to 250 Hz with a peak gravitational-wave strain of 1.0 x 10=2!. It matches the waveform
predicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the
resulting single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a
false alarm rate estimated to be less than 1 event per 203 000 years, equivalent to a significance greater

than 5.15. The source lies at a luminosity distance of 41075 Mpe corresponding to a redshift z = 0.097097.

In the source frame, the initial black hole masses are 36'_"3M o and 291'[:M &, and the final black hole mass is
621 M, with 3.0702 M, ¢? radiated in gravitational waves. All uncertainties define 90% credible intervals.
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Viewpoint: The First Sounds of Merging
Black Holes

Emanuele Berti, Department of Physics and Astronomy, The University of Mississippi, University, Mississippi 38677,
USA and CENTRA, Departamento de Fisica, Instituto Superior Técnico, Universidade de Lisboa, Avenida Rovisco
Pais 1, 1049 Lisboa, Portugal

February 11, 2016 - Physics 9, 17

Gravitational waves emitted by the merger of two black holes have been detected, setting the course for a new
era of observational astrophysics.
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Observation of Gravitational Waves from a Binary Black Hole Merger

B.P. Abbott ef al.”
(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2016; published 11 February 2016)

Viewpoint: The First Sounds of Merging
On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave

Observatory simultaneously observed a transient gravitational-wave signal. The signal sweeps upwards in
frequency from 35 to 250 Hz with a peak gravitational-wave strain of 1.0 x 10~2!. It matches the waveform
predicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the
resulting single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a

Black Holes

Emanuele Berti, Department of Physics and Astronomy, The University of Mississippi, University, Mississippi 38677
USA and CENTRA, Departamento de Fisica, Instituto Superior Técnico, Universidade de Lisboa, Avenida Rovisco

Pais 1, 1049 Lisboa, Portugal
false alarm rate estimated to be less than 1 event per 203 000 years, equivalent to a significance greater

than 5.1e. The source lies at a luminosity distance of 4 107180

In the source frame, the initial black hole masses are 36'_*;?M o and 29:4MO‘ and the final black hole mass is

6273M,,, with 3.0703 M, ¢* radiated in gravitz

P

February 11, 2016 - Physics 9, 17
10 Mpc corresponding to a redshift z = 0.097503,

Gravitational waves emitted by the merger of two black holes have been detected, setting the course for a new
era of observational astrophysics.
ational waves. All uncertainties define 90% credible intervals.
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Gravitational Wave! b Q ad Article  Talk Read Edit View history
News Release * June 1, 2017 iﬁ;y 2 y . o .
LIGO detects a third gravitational wave emanating WIKIPEDIA List of gra\ntatlonal wave observations

The Free Encyclopedia

from coalescing black holes. From Wikipedia, the free encyclopedia

Main page This is a list of observed gravitational wave events. Observation of gravitational waves constitutes part of
Contents gravitational wave astronomy.
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Exclusive: We may have detected a
new kind of gravitational wave




@ Nobelprize.org

The al Web Site of the Prize
Announcements of the 2017 Nobel
Prizes

The prize committees are currently working carefully and independently to
select the recipients of the 2017 Nobel Prize and the Sveriges Riksbank Prize
in Economic Sciences in Memory of Alfred Nobel. The Laureates will be
announced starting on 2 October, revealing the scientists, writers and peace
workers who - in keeping with the vision of Alfred Nobel - have conferred the
greatest benefit to mankind.

All the announcements will be broadcast live on Nobelprize.org.

The prize-awarding institutions have decided to announce their 2017 prize
decisions as follows:

Monday 2 October, 11:30 a.m. at the earliest - The Mobel Prize in
Physiclogy or Medicine

The Mobel Assembly at Karolinska Institutet, Wallenbergsalen, Nobel Forum,
Mobels vag 1, Solna

More information: http://www.nobelprizemedicine.org/

E-mail: nobelforum@nobel.se

Tuesday 3 October, 11:45 a.m. at the earliest - The Nobel Prize in Physics
The Royal Swedish Academy of Sciences (Kungl. Vetenskapsakademien, KVA),
Sessionssalen, Lilla Frescativiagen 44, Stockholm

More information: http://www.kva.se/en/pressroom/

E-mail: jessica.balksjo@kva.se

DAILY NEWS 23 August 2017, updated 23 August 2017

Exclusive: We may have detected a
new kind of gravitational wave
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@ Nobelprize.org

The OFf \ te of the | Prize:

The Nobel Prize in Physics
1993

Russell A. Hulse Joseph H. Taylor Jr.

Prize share: 1/2 Prize share: 1/2

The Nobel Prize in Physics 1993 was awarded jointly to Russell A.
Hulse and Joseph H. Taylor Jr. "for the discovery of a new type of
pulsar, a discovery that has opened up new possibilities for the
study of gravitation”
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FELIPE TOVAR FALCIANO

Centro Brasileiro de Pesquisas Fisicas (R)

NA VIRADA DE 1915 PARA 1916, durante a Primeira Guerra Mundial,
o fisico de origem alema Albert Einstein (1879-1955) recebeu no-
ti-cias de um membro do exército alemio, lutando na frente russa.
As cartas vinham de Karl Schwarzschild (1873-1916), fisico e astro-
nomo alemao. A correspondéncia entre os dois cientistas nio era so-
bre o andamento do conflito armado, mas, sobre recentes avancos
conceituais da teoria da relatividade geral. Exatos 100 anos atris,
foram publicados dois trabalhos de suma importincia na descri-
cio de fendmenos gravitacionais. Um deles, sobre a relatividade ge-
ral, foi publicado por Einstein, fisico ja entdo renomado por suas
contribuicbes cientificas e, hoje, lembrado, sobretudo, pela criacio
dessa teoria. O segundo artigo era de autoria de Schwarzschild.
Esses dois trabalhos sdo dispares em abrangéncia e profundidade.

mem&la Hd 100 anos

Carta a Einstein

1916, CARTA ENVIADA DE UMA FRENTE DE BATALIA DA PRIME|RA GUEARA MUNDIAL RELATAVA A PRIME IR SOLUGAD EXATA
DATE ORIADA RELATIVI DADE GERAL. iy autoreraum

~seria publicado pouca depois na forma de artigo cientifico e se tomaria um marco na histiria da astrofisica.

FELIPE TOVAR FALCIAND
CenroBrasilein de Pesquisas Fisicas (R)

NA VIRADADE 1915 PARA 1918, durante a Primeira Guerra Mundial,
o fisica de origem alemd Albert Einstein (1879-1955) rece beu no-
ti-gas de um membrodo exército alemio, lutando na frente russa.
As cartas vinham de Karl Schwarzschild (1873-1916), fisico e astnd-

lemio. A énci dois de nt o era so-

bre o andamento do conflito armade, mas, sobre recentes avangos
conceituais da tearia da relatividade geral. Exatos 100 anos atrds,
foram publicados dois trabalhos de suma importincia na descri-
o de fendmer itacionais. Umdeles, sobre a relatividade ge-
ral, foi publicado por Einstein, fisico j4 entio renomado per suas
contribuighes cientificas ¢, hoje, lembrado, sobretudo, pela criagio
dessa teoria, O i L ia d i

B eina fc-sinie O de Einstein é frutm de uma década deluta e desbravamentointe-

dapipni plgad lectual, culminando em seu artigo sabre a relatividade geral. O re-
dacataenviadapr sultado de Schwarzschild éo primeiro exemplo de uma solugio exa-
Sclwarzschikd o esquerdal tadessanova teoria. Embora ndo haja comparagio entre essas duas
abnsein abaiiel diligéndas, existe, contudo, uma interessante conexio histérica
c;ummmmmm g conceitual uni dats cienti 1916,
eata da et drelatiidads

Einstein foi umn dos melhores ¢ mais influentes cientistas dosécu-
lo passado. Schwarzschild, embora menos conhecido, também me-
rece nossa admiracio e respeito, por suas contribuigges i céncia e,
em especial, & astrofisica. Seu arligo mais faimoso é seguramente o
trabalho relatado em carta a Einstein com o titulo ‘Sobre o campo §
gravitacional de uma massa pontual segundo a teoria de Einstein', §
publicadonos Anais da Real Academia Prussiana de Ciéncias. Nele,
exibe a primeira solugio exata da teoria da relativi

:

)
NEWTON E MERCGRID Hioje, a relatividade geral é vista e exaltada %
com i as da fisica. Seu i i
tico, bem como a elabaragio e implementagio de seus principios !
conceituais, compéem um edificio silido ¢ coerente. Porém, sua
! 0’ € seu i foram i com déca- i
das de muito esforgo e debates tedricos,




Relatividade Geral

“Since then, | have handled Newton's case differently, of course, according
to the final theory. - Thus there are no gravitational waves analogous to light
waves. This probably is also related to the one-sidedness of the sign of
scalar T, incidentally (Nonexistence of the 'dipole.’)”

Carta de A. Einstein a K. Schwarzschild, 19 Fev. 1916

memkla Hd 100 anos

Carta a Einstein

7 1916, CARTA ENVIADA DE UMA FRENTE DE BATALIA DA PRIME|RA GUEARA MUNDIAL RELATAVA A PRIME IR SOLUGAD EXATA
i DATEORIADA RELATIVIDADE 6ERAL. O contedida d L cup autor eraum
A .

FE L IP E TUVA R FALC IAN O - seria publicada pauca depais na farma de artigo cientifico e se tmaria um marca na histdria da astrofisica.
R Centro Brasileiro de Pesquisas Fisicas (R)) - kil

g
g St e e o
e, il

HAVIRAD&DEI!IEPARIWI&& i Primeira Guerra Mundial,

- i e e
C o Nplgprang, A w=f §F
Foptar jofeivh

NA VIRADA DE 1915 PARA 1916, durante a Primeira Guerra Mundial,
o fisico de origem alema Albert Einstein (1879-1955) recebeu no-
ti-cias de um membro do exército alemdo, lutando na frente russa.
As cartas vinham de Karl Schwarzschild (1873-1916), fisico e astro-

S S P pe St -

pr———

sobre a relatividade ge-

m ntio renomado por suas
contribuighes ntmlflﬁst hD|t Jtmbradu sobrecuch, el cragis
dessateoria. O

Sl pogpe B  aeume

e
£2° Jojh e =

Foen mesiiliasth i % i i £ i % :- Jeina, facimle oaTEn;f néfrumde Vum; década de ?;rﬁinfsl‘;avammumu
B I s i i = nomo alemdo. A correspondéncia entre os dois cientistas ndo era so- e e S e T
g e v . SiwanschlBeqwil tadessanova teoria, Embora ndo haja comparaci duss
B Wt sty S bre o andamento do conflito armado, mas, sobre recentes avancos skl | difgincas, abie, ontdo s neesarie
e =i . . 5 N N g contenda a rimei msokgE eitu
o g (e e e AR conceituais da teoria da relatividade geral. Exatos 100 anos atrds, b
wor 3 . : ; e :
ok e st A S foram publicados dois trabalhos de suma importincia na descri-
B o g e W algn Y, Y cao de fenémenos gravitacionais. Um deles, sobre a relatividade ge- e
I phewnpe— : ; : S e agri sl s G
B s e s et S ral, f-:j_‘!l plubhr:aflo por Emstenll, fisico ja entdo renomado por suas NN VESERID ks it g s i
Ea il o contribuicbes cientificas e, hoje, lembrado, sobretudo, pela criacio f“g";“;‘;‘;;““‘]"‘;;‘f;,i“f‘ e s |
i e s W £ e R ;

lagio
mnnl 1ais, mmpf.lm um edificio sdlido e coerente. Porém, sua i
gk ;

dessa teoria. O segundo artigo era de autoria de Schwarzschild.
Esses dois trabalhos sdo dispares em abrangéncia e profundidade.

foram i com déca-
dasde mukufur(m debates tedricos.




Relatividade Geral




Relatividade Geral




Relatividade Geral

det g, = —1




Relatividade Geral

det g, = —1

“We shall show that these guv [the small perturbative quatities] ca
be calculated in a manner analogous to that of retarded potential
in electrodynamics. From this it follows that gravitational fields
propagate with the speed of light. Subsequent to this general
solution we shall investigate gravitational waves and how they

originate.”
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154  Gesamtsiteung vom 14, Februar 1918, Mitteilung vom 31, Januar

Uber Gravitationswellen.

Von A. BixsTEIN.

det g“ ]/ 1 {Vorgelegt am 31, Januar 1918 [s oben 8. 73]

Condicao relaxada
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The Propagation of Gravitational Waves.
By A. S. EppiNngToN, F.R.S.
(Received October 11, 1922.)

1. The problem of the propagation of disturbances of the gravitational field
was investigated by Einstein in 1916, and again in 1918.* It has usually
been inferred from his discussion that a change in the distribution of matter
produces gravitational effects which are propagated with the speed of light ;
but I think that Einstein really left the question of the speed of propagation
rather indefinite. His analysis shows how the co-ordinates must be chosen if
it is desired to represent the gravitational potentials as propa.gated with the
speed of light; but there is nothing fo indicate that the speed of light appears
in the problem, except as the result of this arbitrary choice. So faras I
know, the propagation of the absolute physical condition—the altered curvature
of space-time—has not hitherto been discussed.

Weylt has classified plane gravitational waves into three types, viz.: (1)
longitudinal-longitudinal ; (2)longitudinal-transverse; (3) transverse-transverse.
The present investigation leads to the conclusion that transverse-transverse
waves are propagated with the speed of light in all systems of co-ordinates.
Waves of the first and second types have no fixed velocity—a result which
rouses suspicion as to their objective existence. FKinstein had also become
suspicious of these waves (in so far as they oceur in his special co-ordinate-
system) for another reason, because he found that they convey no energy.

W Panlaorm il e e mdibm Y e OO0 FIOTON . - 54 F1071 0%



Relatividade Geral

The Propagation of Gravitational Waves.
By A. S. EppiNngToN, F.R.S.
(Received October 11, 1922.)

1. The problem of the propagation of disturbances of the gravitational field
was investigated by Einstein in 1916, and again in 1918.* It has usually
been inferred from his discussion that a change in the distribution of matter
produces gravitational effects which are propagated with the speed of light ;
but T think that Einstein really left the question of the speed of propagation
rather indefinite. His analysis shows how the co-ordinates must be chosen if
it is desired to represent the gravitational potentials as propa.gated with the
speed of light; but there is nothing fo indicate that the speed of light appears
in the problem, except as the result of this arbitrary choice. So faras I
know, the propagation of the absolute physical condition—the altered curvature
of space-time—has not hitherto been discussed.

Weylt has classified plane gravitational waves into three types, viz.: (1)
longitudinal-longitudinal ; (2)longitudinal-transverse; (3) transverse-transverse.
The present investigation leads to the conclusion that transverse-transverse
waves are propagated with the speed of light in all systems of co-ordinates.
Waves of the first and second types have no_fixed velocity—a result which

rouses suspicion as to their objective existence. FKinstein had also become

suspicious of these waves (in so far as they oceur in his speclal co-ordinate-

System) Tor anovher reason, because he found that they convey no energy.

W Panlaorm il e e mdibm Y e OO0 FIOTON . - 54 F1071 0%



Relatividade Geral

The Propagation of Gravitational Waves.
By A. S. EppiNngToN, F.R.S.
(Received October 11, 1922.)

1. The problem of the propagation of disturbances of the gravitational field
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The Propagation of Gravtational Waves. 269

They are not objective, and (like absolute veloeity) are not detectable by any
concelvable experiment. They are merely sinuosities in the co-ordinate-

system, and the only speed of propagation relevant to them is “ the speed of
thought.”

0T space-Time—nas NOT NITHherto Deen aiscussed.

Weylt has classified plane gravitational waves into three types, viz.: (1)
longitudinal-longitudinal ; (2)longitudinal-transverse; (3) transverse-transverse.
The present investigation leads to the conclusion that transverse-transverse
waves are propagated with the speed of light in all systems of co-ordinates.
Waves of the first and second types have no fixed velocity—a result which
rouses suspicion as to their objective existence. FKinstein had also become
suspicious of these waves (in so far as they oceur in his special co-ordinate-
system) for another reason, because he found that they convey no energy.
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Obsession, Friendship, and Betrayal
in the Quest for Black Holes

EMPIRE
af the

Subrahmanyan Chandrasekhar
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ArnNaLs oF MATHEMATICE -
Vol 40, No. 4, October, 1930

ON A STATIONARY SYSTEM WITH SPHERICAL SYMMETRY
CONSISTING OF MANY GRAVITATING MASSES

By AvperT EinsTEIN

(Received May 10, 1939)

If one considers Schwarzschild’s solution of the static gravitational field of
spherical symmetry

4 1 — ot

1910-1995

(1) ds’ = —(1 + 2%,) (dz} + dzf + da3) + L T ( )
1+ %

it is noted that
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ON A STATIONARY SYSTEM WITH SPHERICAL SYMMETRY
CONSISTING OF MANY GRAVITATING MASSES

By AvperT EinsTEIN
(Received May 10, 1939)

If one considers Schwarzschild’s solution of the static gravitational field of
spherical symmetry

2
hI

4 1 — ot

1910-1995

(1) ds’ = —(1 + 2%,) (dz} + dzf + da3) + L T ( )
1+ %

it is noted that

The essential result of this investigation is a clear understanding as to why the
“Sehwarzschild singularities” do not exist in physical reality. Although the
theory given here treats only clusters whose particles move along circular paths
it does not seem to be subjeet to reasonable doubt that mote general cases will
have analogous results. The “Schwarzschild singularity’ does not appear for
the reason that matter cannot be concentrated arbitrarily. And this is due to
the fact that otherwise the constituting particles would reach the velocity of
hieht.
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Review at the Univer-
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Dear Sir,

We (Mr. Rosen and I) had sent you our man-
uscript for publication and had not authorized
you to show it to specialists before it is printed.
I see no reason to address the—in any case er-
roneous—comments of your anonymous ex-
pert. On the basis of this incident I prefer to
publish the paper elsewhere.

Respectfully,
P.S. Mr. Rosen, who has left for the Soviet

Union, has authorized me to represent him in
this matter.



Referees and precedents

Dear Sir, Althm’lgh it now bears Einstein a_nd
Rosen’s names, the solution for cylin-
drical gravitational waves had been

We (Mr. Rosen and I) had sent you our man-

uscript for publication and had not authorized previously published by the Austrian
you to show it to specialists before it is printed. physicist Guido Beck in 1925. But
I see no reason to address the—in any case er- Beck’s paper was completely unknown
roneout—comments of vour anonvmous ex- to relativists with the single exception

. .}’ .. Y of his student Peter Havas, who en-
pert. On the basis of this incident I prefer to tered the field in the late 1950s. In a
publish the paper elsewhere. 1926 paper by the English mathe-

maticians O. R. Baldwin and George

B. Jeffery, and in the referee’s report

Respectfully, on Einstein’s paper, there was discus-

. sion of the fact that singularities in the

P 'S: Mr. Rosen, ‘iﬁ{hD has left for the S_DVI?t metric coefficients are unavoidable
Union, has authorized me to represent him in when describing plane waves with in-
this matter. finite wavefronts. But although such a

wave shows some distortion, in the
words of the referee, “the field itselfis
flat” at infinity.®

9. G. Beck, Z. Phys. 33, 713 (1925); O. R. Baldwin, G. B. Jeffery,
Proc. Phys. Soc. London, Sect. A 111, 95 (1926).
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P.S. Mr. Rosen, who has left for the Soviet
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Dear Sir,

We (Mr. Rosen and I) had sent you our man-
uscript for publication and had not authorized
you to show it to specialists before it is printed.
I see no reason to address the—in any case er-
roneous—comments of your anonymous ex-
pert. On the basis of this incident I prefer to

publish the paper elsewhere.

Respect
P.S. Mr. Rosen, who has left for the S

Union, has authorized me to represent h
this matter.

ON GRAVITATIONAL WAVES.

Y
A. EINSTEIN and N. ROSEN.

ABSTRACT.

The rigorous solution for cylindrical gravitational waves is given. For the
convenience of the reader the theory of gravitational waves and their production,
already known in principle, 13 given in the first part of this paper. After encoun-
tl:rin:: rtl.ttinll?ihlp!- whirh cast doul® on the existence of r!'gm"ut.l solutions for
undulstory gravitational fields, we investigate rigorously the case of evlindrical
gravitational waves. It turns out that ngorous solutions exist and that the
problem reduces to the vsual exlindrical waves in euclidean space

I. APPROXIMATE SOLUTION OF THE PROBLEM OF PLANE WAVES
AND THE PRODUCTION OF GRAVITATIONAL WAVES.

It is well known that the approximate method of inte-
gration of the gravitational cquations of the general relativity
theory leads to the existence of gravitational waves. The
method used is as follows: We start with the equations

R,, = 18R = = T,.. (1)
We consider that the g,, are replaced by the expressions

—— { 2 )

Figure 4. A revised account of Albert Einstein and Nathan Rosen'’s solution
for gravitational waves was published in the Journal of the Franklin
Institute.®



Figure 2. Albert Einstein
and Leopold Infeld in Ein-
stein’s Princeton, New Jer-
sey, home in 1938. (Cour-

tesy of the Lotte Jacobi
Collection, University of
New Hampshire.)

Figure 3. Howard Percy Robertson (1903-1961).
(Courtesy of AIP Emilio Segre Visual Archives,

PHYSICS TODAY Collection.)
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Figure 5. An early extract from the Physical Review loghook. The Einstein—Rosen article was received by the jour-
nal on 1 June 1936. After a delay of more than a month, John Tate sent a referral to Howard Percy Robertson on 6
July, finding him in Moscow, Idaho, on vacation after a sabbatical at Caltech. Robertson returned the manuscript
and his review to Tate on 17 July. Six days later the package was sent back to Einstein. (Courtesy of Martin Blume,
American Physical Society.)
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VoLUME 22, NUMBER 24 PHYSICAL REVIEW LETTERS 16 JUNE 1969

EVIDENCE FOR DISCOVERY OF GRAVITATIONAL RADIATION*

J. Weber
Department of Physics and Astronomy, University of Maryland, College Park, Maryland 20742
(Received 29 April 1969)

Coincidences have been observed on gravitational-radiation detectors over a base line
of about 1000 km at Argonne National Laboratory and at the University of Maryland.
The probability that all of these coincidences were accidental is incredibly small. Ex-
periments imply that electromagnetic and seismic effects can be ruled out with a high
level of confidence. These data are consistent with the conclusion that the detectors are
being excited by gravitational radiation.
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The LIGO facility in Livingston, Louisiana, has a twin in Hanford, Washington.

"‘Woohoo!" email stokes rumor that gravitational
waves have been spotted

By Adrian Cho | Feb. 5, 2016, 2:30 PM
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Hi all, the LIGO rumour seems real, and will
SHARE apparently come out in Nature Feb 11 (no doubt
with press release), so keep your eyes out for it.

&

Spies who have seen the paper say they have
seen gravitational waves from a binary black
hole merger. they claim that the two detectors
detected it consistent with it moving at speed c
given the distance between them, and quote an
equivalent 5.1 sigma detection. the bh masses
were 36 and 29 solar masses initially and 62 at
the end. Apparently the signal is spectacular and
they even see the ring-down to kerr at the end.
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The LIGO facility in Livingston, Louisiana, has a twin in Hanford, Washington.

"‘Woohoo!" email stokes rumor that gravitational
waves have been spotted

By Adrian Cho | Feb. 5, 2016, 2:30 PM
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Observation of Gravitational Waves from a Binary Black Hole Merger

B.P. Abbott ef al.”

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2016; published 11 February 2016)

On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave
Observatory simultaneously observed a transient gravitational-wave signal. The signal sweeps upwards in
frequency from 35 to 250 Hz with a peak gravitational-wave strain of 1.0 x 107>!. It matches the waveform
predicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the
resulting single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a

false alarm rate estimated to be less than 1 event per 203 000 years, equivalent to a significance greater
than 5.1. The source lies at a luminosity distance of 41075 Mpc corresponding to a redshift z = 0.0970 ..
In the source frame, the initial black hole masses are 3675 M, and 297 M 5, and the final black hole mass is
621 M, with 3.0703 M, ¢? radiated in gravitational waves. All uncertainties define 90% credible intervals.
These observations demonstrate the existence of binary stellar-mass black hole systems. This is the first direct

detection of gravitational waves and the first observation of a binary black hole merger.

DOL: 10.1103/PhysRevLett.116.061102

Primary black hole mass
Secondary black hole mass
Final black hole mass
Final black hole spin
Luminosity distance

Source redshift z

3655 M
20+ M,
62+iM
0672447
41 ﬂfll;':f Mpc
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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). Inser (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 harmonies), and 60 Hz electric power grid harmonics.
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FIG. 2. Top: Estimated gravitational-wave strain amplitude
from GWI150914 projected onto H1l. This shows the full
bandwidth of the waveforms, without the filtering used for Fig. 1.
The inset images show numerical relativity models of the black
hole horizons as the black holes coalesce. Bortom: The Keplerian
effective black hole separation in units of Schwarzschild radii
(Rs = 2GM/c?) and the effective relative velocity given by the
post-Newtonian parameter v/c = (GMxf/c*)'/3, where f is the
gravitational-wave frequency calculated with numerical relativity
and M is the total mass (value from Table I).
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Electromagnetic Counterparts to Black Hole Mergers Detected by LIGO
Abraham Loeb (Harvard)

(Submitted on 15 Feb 2016)

Mergers of stellar-mass black holes (BHs), such as GW150914 observed by LIGO, are not expected to have electromagnetic counterparts. However, the
Fermi GBM detector identified of a gamma-ray transient 0.4 s after the gravitational wave (GW) signal GW150914 with consistent sky localization. | show
that the two signals might be related if the BH binary detected by LIGO originated from two clumps in a dumbbell configuration that formed when the core
of a rapidly rotating massive star collapsed. In that case, the BH binary merger was followed by a gamma-ray burst (GRB) from a jet that originated in the
accretion flow around the remnant BH. A future detection of a GRB afterglow could be used to determine the redshift and precise localization of the source.
A population of standard GW sirens with GRE redshifts would provide a new approach for precise measurements of cosmological distances as a function
of redshift.

Comments: 3 pages, submitted to ApJL

Subjects: High Energy Astrophysical Phenomena (astro-ph.HE); Cosmology and Mongalactic Astrophysics (astro-ph.CQO); Solar and Stellar Astrophysics (astro-ph.SRY);
General Relativity and Quantum Cosmaology (gr-gc); High Energy Physics - Phenomenclogy (hep-ph)

Cite as: arXiv:1602.04735 [astro-ph.HE]
(or arXiv:1602.04735v1 [astro-ph.HE] for this version)

Submission history

From: Avi Logb [view emaill

Comments on Graviton Propagation in Light of GW150914

John Ellis, Nick E. Mavromatos, Dimitri V. Nanopoulos

{(Submitted on 15 Feb 2016)

The observation of gravitational waves from the Laser Interferometer Gravitational-Wave Observatory (LIGO) event GW150914 may be used to constrain
the possibility of Lorentz violation in graviton propagation, and the observation by the Fermi Gamma-Ray Burst Monitor of a transient source in apparent
coincidence may be used to constrain the difference between the velocities of light and gravitational waves: ¢; — ¢ < 10717,

Comments: 6 pages, no figures

Subjects: General Relativity and Quantum Cosmelogy (gr-gqc); Cosmology and Mongalactic Astrophysics (astro-ph.CO); High Energy Astrophysical Phenomena
(astro-ph.HE}); High Energy Physics - Phenomenology (hep-ph); High Energy Physics - Theory (hep-th)

Report number: KCL-PH-TH/2016-06, LCTS/2016-04, CERN-TH/2016-032, ACT-02-16, MI-TH-1608

Cite as: arXiv:1602.04764 [gr-gc]
(or arXiv:1602.04764v1 [gr-qc] for this version)

Submission history

From: John Ellis [view email]
[v1] Mon, 15 Feb 2016 18:52:37 GMT (7kb.D)
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