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General Relativity

1915: Einstein’s Theory of General Relativity

1916: Einstein paper on linear approximation
to general relativity with multiple applications,
including gravitational waves.

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

Niherungsweise Integration der Feldgleichungen
der Gravitation.

Von A. EinsTeiN.

Approximative Integration of the Field Equations of Gravitation
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Gravitational Waves
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Wiirde man die Zeit in Sekunden, die Energic in Erg messen, so

: il | : i
wiirde zu diesem Ausdruek der Zahlenfaktor : hinzutreten. Beriick-
[

sichtigt man auflerdem, dall «x = 1.87-107%, so sieht man, daB A in
allen nur denkbaren Fillen einen praktisch verschwindenden Wert

haben mul.

“... In all conceivable cases, A must have a practically
vanishing value.”

Gravitational waves are predicted by Einstein, but he
recognizes that they are too small.
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Gravitational Waves

154 Gesamtsitzung vom 14, Februar 1918. — Mitteilung vom 31. Januar

Uber Gravitationswellen.

Von A. EINSTEIN.

On Gravitational Waves — 1918

Einstein works out the remaining details on gravitational waves:
emission (quadrupole), polarizations, they carry energy, etc

Dabei ist zur Abkiirzune
 ——— 1.:'..1"_'h"'1- (2 4

gesetzt: ), . sind die |iu|r|iuunl'ntt'n des (zeitlich variabeln) Triigheits-

momentes des materiellen Svstems.
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While we are at it ... Black Holes!

Uber das Gravitationsfeld eines Massenpunktes
nach der EmsTemvschen Theorie.

Von K. ScHWARZSCHILD.

(Vorgelegt am 13, Januar 1916 [s. oben 8. 42].)

On the gravitational field of a mass point accordlng to Einstein's theory
dR*

I_df

a8 = (1 — ﬂl,u’H}.-:\".”-—

-{-—H [rfE* +sin® $d¢*), B = (rP+a¥)™2. (14)

Dasselbe enthilt die eine Konstante z. welche von der Grofie der im
Nullpunkt befindlichen Masse abhiingt.

The concept of a “Black Hole” was not recognized by Schwarzschild:
A. Eddington 1924, G. Lemaitre 1933, R. Oppenheimer 1939, D. Finkelstein 1958,
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What Are Gravitational Waves?

* General relativity (1916) prediction.

e Gravity is not really a force in GR, but a space-time deformation.

e Masses locally deform space-time.

» Accelerated masses emit gravitational
waves, ripples in space time.

e Space-time is rigid:

The amplitude of the deformation is tiny.

Need cataclysmic events in order to
expect to measure something on Earth ... h ~ 10

e Gravitational Wave sources: mainly astrophysical in the 10 Hz -10 kHz
bandwidth
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Gravitational Waves

ﬁv\f’ Gravitational waves are quadrupolar distortions of

o f ;_‘fﬁ S distances between freely falling masses. They are
B - .'}"‘f__:,_;a’f__’-' produced by time-varying mass quadrupoles.
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GWs from a NS-NS coalescence in the Virgo cluster has # ~ 102! near Earth: change the
distance between the Sun and the Earth by ~ one atomic diameter, and change 1km distance
by ~10-"® m. They happen ~once every 50 years.
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Effect Of A Gravitational Wave

“+” polarization:

vy

“X” polarization:
S ¥ Y 3
helt—2) = hw = h; —>
aL _ h “strain”
L 2

(0) Qbsenatolre E® UNIVERSITE ..

COTED’AZUR



INIRD

Are Gravitational Waves Real?

Continued debate on whether gravitational waves really exist up until
1957 Chapel Hill conference.

Felix Pirani paper and presentation: relative acceleration of particle pairs
can be associated with the Riemann tensor. The interpretation of the
attendees was that non-zero components of the Riemann tensor were
due to gravitational waves.

Sticky bead (Felix Pirani, Richard
Feynman, Hermann Bondi)

Joe Weber of the University of e — e
Maryland, and from this inspiration — ——
started to think about gravitational wave

detection. (] ' _ )
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Gravitational Wave Detection

y 3

Inspired and motivated by the Chapel Hill Conference, Joe Weber of the
University of Maryland constructs the first gravitational wave detectors.

"In 1958 | was able to prove, using Einstein's equations that a gravitational wave
would change the dimensions of an extended body."



Binary Pulsar PSR 1913+16

M1 = 1.438 M.
M2 = 1.390 M

8 hour orbit
Orbit decays by
3mm per orbit.

Discovered in
1974 by Russell
Hulse and
Joseph Taylor,
then at
University
Massachusetts.

& Earth



First Proof That Gravitational
\Waves Exist - 1982

THE ASTROPHYSICAL JOURNAL, 253, 908-920, 1982 February 15
£ 1982, The American Astromomical Socsety. Al rights reserved, Prinied in ULSA,

A NEW TEST OF GENERAL RELATIVITY: GRAVITATIONAL RADIATION AND
THE BINARY PULSAR PSR 1913+16

J. H. TaYLOR AND J. M. WEISBERG
Department of Physics and Astronomy, University of Massachusetts, Amherst; and Joseph Henry Laboratories,
Physics Department, Princeton University
Received [981 July 2; accepted 98] August 28

ABSTRACT

Observations of pulse arrival times from the binary pulsar PSR 1913416 between 1974 September
and 1981 March are now sufficient to yield a solution for the component masses and the absolute
size of the orbit. We find the total mass to be almost equally distributed between the pulsar and its
unseen companion, with m,=142+0.06 M, and m =141+006 M;. These values are used,
together with the well determined orbital period and eccentricity, to calculate the rate at which the
orbital period should decay as energy is lost from the system via gravitational radiation. According to
the general relativistic quadrupole formula, one should expect for the PSR 1913+16 system an
orbital period derivative P,=(—2.403=0.005)% 10" ", Our observations yield the measured value
P,=(—2.30%0.22) <10~ "%, The excellent agreement provides compelling evidence for the existence
of gravitational radiation, as well as a new and profound confirmation of the general theory of
relativity.

Subject headings: gravitation — pulsars — relativity



Gravitational \Wave Proof

Orbit Phase Shift (s)
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Taylor and Weisberg, 1982



Binary Pulsar Studies Continue

THE ASTROPHYSICAL JOURNAL, 82955 (10pp), 2016 September 20 a1 38T AN -G3TX /820 7] /55

A3 HED. The Ameerican Asioscsnsce Soceery. All nighis ressrvad

Crosshark

RELATIVISTIC MEASUREMENTS FROM TIMING THE BINARY PULSAR PSE B1913+16

J. M. WEISBERG aND Y, Huang
Department of Physics and Astronomy, Carbeton College, Morthfiekd, MN 55057, USA; jweisber@carlewon.aedo
Received 2006 Aamwoary 79 revised 2006 April 20; aecered 2008 Tune §; published 2006 Seprember 21

-

-5 Tow .

- _

[ - =

111 . ]

= n, u

L -

|-.l = —]
={}]

o5 | b _ “The points, with error bars
too small to show, represent
our measurements”

h

General Relativity Prediction .

10

1
]

Cumulative =shift of periastron time (=)

—_—
-
|
it

IIII

|_'|-_'\l L i i il L
18%5 1880 1885 1880 1885 2000 2005 2010

Year



INIRD

The Detectors
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Advanced LIGO — Advanced Virgo

DGO LobwWirge

Livingston, Louisiana, Hanford, Washington, Cascina, Pisa,
USA USA Italy
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LIGO M2)VIRGD
Advanced LIGO — Advanced Virgo

Built on the experience gained from the first generation
detectors

17
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Advanced LIGO

® |[nitial LIGO: 2005-2010.

® Advanced LIGO
commissioned 2010-2015.

» Increased laser power

» Sophisticated
seismic/vibration
suppression

» Quadruple pendula
suspensions

» Larger mirrors, better
suspension material

» More complex and
versatile interferometer
configuration.

@@i({%@g@@g@tum Gravity 32, 074001 (2015) g 8] 'I[}E/ED]?ASZILTJE . ':.-}18
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Constructions starts 1996,
Cascina, next to Pisa.

2003 Construction finishes

2007 — Memorandum of
Understanding with LIGA

2007-2011 Inititial Virgo scientific
runs with LIGO

2011 — 2017 Upgrade to Advanced
Virgo

August 2017 Advanced Virgo
joins observing run O2 with
Advanced LIGO

f - UNIVERSITE :s2e.19
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(M2)VIRGD
Advanced Virgo

High Power Amplifier
Oualput N
Master Lasar T AP

Larger mirrors; better optical quality.
Higher finesse of the arm cavities
Increased laser power.

Came on-line August 2017.
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DEo Advanced Virgo

Beamsplitter

The optical components are very large,
but their quality is exquisite.

Mirror
21



M2INVRGO
GW150914

Hanford, Washmgtun (H1) Livingston, Louisiana (L1}

® Band-pass filter: 10}
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E re Bl h I
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binary coalescences b e BT
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search pipelines. 0.5
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. __ 512 §
® Confirmed later matched ¢ ., °2
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® Combined SNR:24. &
0.30 0.35 0.40 0.45 0.30 0.35 0.40 0.45 Dzﬂ

Time (s} Time (s)
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The Rd_esults

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 at09:50:45 UTC the two detectors of the Laser Interferometer Gravitatonal-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~*!'. It maiches the waveform
predicted by general relativity for the inspiral and merger of a pair of black holes and the nngdown of the
resulting single black hole. The signal was observed with a matched-filier signal-io-noise rago 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 = 0.097)5: .

In the source frame, the initial black hole masses are 3677 M, and 297JM ., and the final black hole mass is
6253 M, with 30702 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 gravitatonal waves and the first observation of a binary black hole merger.

DOT: 10.1103/PhysRevLett.116.061102

Primary black hole mass 35:5-‘;.{5
Secondary black hole mass 39:1‘ M,
Final black hole mass 62 M
Final black hole spin {]_ﬁ',-’:g_-g;-‘
Luminosity distance 4]{]::‘5"‘:‘]] Mpc
Source redshift z 0.00 25

—{L




LIGO

A Century Of Theoretical Developments
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(M2)NIRG
Sources: Compact Binary Coalescence

Compact binary obijects:

» Two neutron stars and/or
black holes.

Inspiral toward each other.

» Emit gravitational waves
as they inspiral.

Amplitude and frequency of the EEFEEENEE
waves increases over time, /i
until the merger. Inspiral

Waveform relatively well |
understood, matched Ringdown
template searches.

Merger

cirs UNIVERSITE .
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(M2)NIRG
| Matched Filtering and Time Slides

150 Spinning binary systems

X
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Hme(s) Spin modulation

- Waveforms generated using PN approximations
- Require up to 17 physical parameters
- Spin-orbit and spin-spin coupling (2PN)

LIGC-G070430-00-2 Amaldi 2007
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Matched Filtering and Time Slides

Ix1,2] < 0.05
lv1| < 0.9895, |y2| < 0.05
Ix1.2| < 0.9895

101 -

Mass 2 [Mg)]

10“

10" 101 10*

Search for signals, varying mass and spin of objects, for all times.
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GW151226 — A Success For Matched Filtering

Hanford Livingston 30'600 HZ bandpaSS
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GW151226 — A Success For Matched Filtering

2a 3o da S0

20 30 dg 5o

193 :

102

107

Number of events

BEE S5earch Result

— Background excluding only GW150914 |
— Background excluding all search resulls |

T

GW151226

10 12 14

Detection statistic pe

Results from our search for gravitational wave sources similar to GW151226 (and the previous
detection GW150914) showing the significance of this detection compared to a background of
false 'events' caused by noise from the LIGO instruments. We see that GW151226 is detected well

above the level of the background.

&“) Observatoire
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Parameter Estimation

Prosented here i1s a brief review the Bayesian approach to parameter estimation. The antenna output
data is z(t), with joint probability distribution function (PDF) denoted by p(z|@) conditional on unobserved
parameters @ = (6q, ..., #4). The PDF p(z|@) is usually referred to as the likelihood and regarded as a function
of the parameters 8. A Bayesian approach treats 8 as a random variable with a probability distribution that
reflects the researcher’s uncertainty about the parameters. Bayesian inference requires the specification of a
prior PDF for 8, p(8), that contains all prior information about @. Information about @ from the experiment
is contained in the likelihood. Bayesian inference tells how the data z changes the knowledge about 6. From
Bayes’ theorem, this post-experimental knowledge about @ is expressed through the posterior PDF

o pO)(l6)
r(6]z) m(z)

where m(z) = [ p(z]|0)p(0)dO is the marginal PDF of z which can be regarded as a normalizing constant as
it is independent of 6. The posterior PDF' is thus proportional to the product of prior and likelihood.
The standard Bayesian point estimate of a single parameter, say #,;, is the posterior mean

x p(60)p(z|6) (1)

0; = /9;;})(9@-\2)(1’.9@- (2)
where
})(9;“2) = / cen /})(B‘Z)dgl ce (193'_1(191'4_1 “ o dlgd. (3)

is the marginal posterior PDF. A measure of the uncertainty of this estimate is the posterior standard

Qa Observatoire UN |VERS'TE Co
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Markov Chain Monte Carlo

and then accepted or rejected with some probability. However, the candidate generating PDF, ¢(0(6,,) can

. . . /. . .
now depend on the current state @, of the Markov chain. A new candidate 8 is accepted with a certain
acceptance probability «(0']6,,) also depending on the current state 6,, given by

HO ) )
p(0,)p(z]60,)q(0'16,,)

a(0'6,,) = min {

it (p(0,)p(20,)q(0'10,)) > 0, and «(0'|0,,) = 1 otherwise. For good efficiency a multivariate normal
distribution is often used for ¢(0(6,,).

Cirs UNIVERSITE ;.:..;31
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O1 Events

September 14, 2015  October 12, 2015 December 26, 2015
CONFIRMED CANDIDATE CONFIRMED

LIGOs first observing run
” Septe '_ '_‘,j"_,ﬂ,_l.)l-:lij;ul'.tlr;}l;.i..)b

September 2015 Dctober 2015 November 2015 December 2015 January 2016

‘el 32
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Observing Run O2

30 November 2016 to 25 August 2017

Advanced Virgo 1 August — 25 August 2017

cirs UNIVERSITE :g%:33

Observat
(D) Otsepvatoie COTE DAZUR -1+



M2JIVIRGD
GW170814 — 3 Detector Observation

GW170814 : A three-detector observation of gravitational waves from a binary black hole
coalescence

The LIGO Scientific Collaboration and The Virgo Collaboration

On August 14, 2017 at 10:30:43 UTC, the Advanced Virgo detector and the two Advanced LIGO
detectors coherently observed a transient gravitational-wave signal produced by the coalescence of two
stellar mass black holes, with a false-alarm-rate of < 1 in 27000 years. The signal was observed with a
three-detector network matched-filter signal-to-noise ratio of 18. The inferred masses of the initial black

holes are 30.5 '""” T o Mg and 25 3"_'_21 §, M (at the 90% credible level). The luminosity distance of the source

1S J4O+§§'8 Mpc :.onespmn:lmﬁ to a redshift of z =0. 11+8 gi A network of three detectors lmptm es the

sky localization of the source, reducing the area of the 90% credible region from 1160 deg? using only
the two LIGO detectors to 60 deg? using all three detectors. For the first time, we can test the nature of
gravitational wave polarizations from the antenna response of the LIGO-Virgo network. thus enabling a
new class of phenomenological tests of gravity.

_7 € : Virgo has arrived!

A real world-wide network of gravitational wave detectors.

34
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GW170814 — 3 Detector Observation (M2)VIRGD

Hanford _ _ Livingston _ _ . Virgo

Frequency [Hz]
Numlalb,e:]_f'km];]lt11tju

Whitened Strain [10721)

i i 1 '] 1 1 i i 1 i i i '] 1 i 1 i i 1
046 048 030 052 054 036 D46 048 00 052 051 04 046 048 050 052 05 0ok
Time [2] Time [s] Time [s]
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M2JIVIRGD
GW170814 — 3 Detector Observation

TABLE [ Source parameters for GW170814: median values
with 90% credible intervals. We quote source-frame masses; to
convert to the detector frame, multiply by (1 + =) [120, 121].
The redshift assumes a flat cosmology with Hubble parameter
Hp = 67.9 km g1 Mpc_1 and matter density parameter {1y, =
0.3065 [122].

Primary black hole mass my 30.5fgjg Mg
Secondary black hole mass ma 25.3J_r§'§ Mg
Chirp mass M 24.1ﬂ'§ Mg
Total mass M 55.9f%:% Mg
Final black hole mass M; 5. 2+3'2 Mg
Radiated energy E,.q4 ”""D . Mq

Peak luminosity £, 3.7 "H’ 5 x 10°6 ergs1

o 0.12
Effective inspiral spin parameter x.g 0. 06+D 12

Final black hole spin a¢ 0. ~D+B EE
Luminosity distance Dy, 540‘%%3 Mpe
Source redshift z 0. 11+g gj

Cirs UNIVERSITE -.;.-36
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M2JIVIRGD
GW170814 — 3 Detector Observation

Black Holes of Known Mass

GW150914 % ,

w
<))
I
7]
=
| -
=
o]
wl

GW170104 GW170814

VT151012
GW151226

X-Ray Studies
LIGO/VIRGO

g
&\b} Observatoire Population of Black Holes(@E) YUNIVERSITE :ogx:
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GW170814 — 3 Detector Observation

! ! ! L] L]
=0 250 500 750 1000
Mpe

FIG. 3: Locahzation of GW 170814, The rapid localization using data from the two LIGO sites is shown in yellow, with the inclusion
of data from Virgo shown in green, The full Bayesian localization is shown in purple. The contours represent the 90% credible regions,
The left panel is an orthographic projection and the inset in the center is a gnomonic projection; both are in equatonial coordinates. The
sl an the 'il:h.' shoiw s The st T | |'|1||I1:|I|i:1i.ry dizreibution for the ||_I||'|i||-.1'\.'lr:'.- diztance, r||.'||:_:i|:|:||i.-'|.'|| over the whole :-.L__'.'
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Sky Position Estimation Comparison

Skymap of the GW170104

LIGO/Virgo black hole
mergers. This three-
dimensional projection
of the Milky Way galaxy
onto a transparent
globe shows the
probable locations of
the black hole mergers.

V1151012

GW151226

& GW150914

GW170814

LIGO/Virgo/Caltech/MIT/Leo Singer (Milky Way image: Axel
Mellinger
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Observed Gravitational Wave Signals

LVT151012

AKRASARAANLELL }
VWY LR |

| GW170104
W‘h'ﬁh'*'l'ﬁ'l'ﬂﬁ'ﬂ..; r

|' GW170814
Wh””“nlllrll' }

0 sec. 1 sec.
time observable by LIGO-Virgo

LIGO/Virgo/B. Farr (University of Oregon)]
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Cdlggd Will, |vm Reviews in Relativity)
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Testing General Relativity With GW170814

We now have a network of detectors with
different orientations (2 LIGO are almost co-
aligned, Virgo is not).

Allows the study of polarization of the
gravitational waves.

Results favor purely tensor polarization
against purely vector and purely scalar.

Tests of GR performed similar to those carried
out for the previous confirmed detections —
similar results, consistent with the predictions
of Einstein's theory.

Post-Newtonian tests, signal consistency, ...

UNIVERSITE -4
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Testing General Relativity

GWIS0914 + GWIS1220
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PHYS. REV. X 6, 041015 (2016)

Posterior density distributions for relative deviations in the PN,
intermediate, and merger-ringdown parameters.
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arXiv:1704.08373 arXiv:1709.09203
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Modified Gravity Theories : Searches including extra polarizations (Stochastic and CW)
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Astrophysics: Binary Black Hole Formation
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Spin Observations Are Becoming Interesting

cS1/(Gm?) 0° 0 cSaf/(Gm3) ¢S, /(Gm3) 0° 0° cSy/(Gm3)

GW150914 & 0.0 g g : D = LVT151012
GW151226
GW170114
No significant
spin for
GWwW170814 s
¢8,/(Cm}) o08T o08T T Sa/(Gm) 081 o081
44

Isolated Binary Formation? Cluster Formation?
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GW170817 — The Birth of Multi-Messenger Astronomy

Counts per Second

17 AUQUSt 2017, 1241 - N TimeS[i}nceTU i )

L1111 7777777777777777777777777777777777777777777777777777/////////////

TITLE: GCN/FERMI NOTICE NOTICE_DATE: Thu 17 Aug 17 12:41:20 UT

NOTICE_TYPE: Fermi-GBM Alert RECORD_NUM: 1

TRIGGER_NUM: 524666471

GRB_DATE: 17982 TJD; 229 DOY; 17/08/17

GRB_TIME: 45666.47 SOD {12:41:06.47} UT

TRIGGER_SIGNIF: 4.8 [sigma]

TRIGGER_DUR: 0.256 [sec]

E_RANGE: 3-4 [chan] 47-291 [keV]

COMMENTS: Fermi-GBM Trigger Alert.

COMMENTS: This trigger occurred at longitude,latitude = 321.53,3.90 [deg]. COMMENTS:

The LC_URL file will not be created until ~15 min after the trigger.
L1111 1777777777777777777777777777/77//77//7///////////////////////////
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GW170817 — LIGO and Virgo

Normalized amplitude

0 2 4 6
* LIGO and Virgo were operational e |
500
o 12:47 (UTC): Automatic alert
 Signal consistent with binary neutron star 100
merger 50
« Strong signal in LIGO Hanford -30 -20 -10 0
Time (seconds)
» Merger 1.7 s before Fermi GBM trigger Time (seconds)
-0 -8 6 4 2 0
: : : . 500
* Noise event “glitch” in LIGO Livingston, but
the inspiral is visible before and after <
T
« Data transfer problem from Virgo §‘
2 100
e 13:21 first LIGO-Virgo alert issued E

N
S
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GRB 170817A and GW170817

6 minutes later a single interferometer

trigger was seen by LIGO

The LVC reported GW170817 to LV-EM
collaborators as a possible joint
detection about 40 minutes after event

time

The first constrained skymap for this
event was the initial GBM localization
The combine LIGO/Virgo skymap agreed
with the GBM location, and reduced the

area to about 30 deg?

Further work shows an association

significance of 5.30

At=1.74 +/- 0.05

Event rate (counts/s)  Event rate (counts/s)  Event rate (counts/s)

Frequency (Hz)

Karv
-N‘e'[%e( G{{B 8t
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IR Gravitational-wave time-frequency map
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GW170817 — LIGO and Virgo

« Calculate the sky position of the source 30° il 7

 Contribution of Virgo is decisive / y. .1
 LIGO alone: 190 deg?2 0° \ ] ;
« LIGO + Virgo 5 T

18h

-30° -30°

* LIGO-Virgo sky map much smaller than
GRB (Fermi GBM + INTEGRAL)

« Gravitational waves give a distance:
~40 Mpc, ~140 million light years |

e 17:54 the improved skymap is
distributed to observing partners.

* Frantic preparations for observing at
sunset in Chile ' =

cirs UNIVERSITE -'; 4
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Optical search GW170817 source— Host Galaxy Found

MMA — LIGO-P1700294-v4 5
LIGO
10¢ \ Swope +10.9 h
LIGO/ = -
Virgo - 4 . : :
T0 + 12 hours : — . i
. Fermi/ ' o |
Alert sent from . GBM — E
16h 12h gh
1m2H Swope DLT40-20.5 d
IPN Fermi /
INTEGRAL
i .
[
830N\, v : S -30°
.r'!;;

Figure 1. Localization of the gravitational-wave, gamma-ray, and optical signals. The left panel ahcmx an orthographic projection of the
90% credible regions from LIGO (190 du:‘ light green), the initial LIGO-Virgo localization (31 dLa 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 hours after the merger (top right) and the DLT4{) pre-discovery image from 20.5 days
prior to merger (bottom right). The reticle marks the position of the transient in both images.
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GW170817 — Host Galaxy Found

1M2H Swope
e , 10.86h i|l11.08h hll11.24n . VIK,
| MASTER DECam Las Cumbres
i - " -
-
11.31h. W [11.40h iz/[11.57h "
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GW170817 — Host Galaxy Found

Host Galaxy: NGC 4993

Distance 42.9 +/- 3.2 Mpc
(140 +/- 10 Mly)

Q?) Observatoire cirs UNIVERSITE .
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An Unprecedented Follow-up

70 observatories
192 “GCN?” circulars
76 papers on arxiv on Tuesday.

GW Chandra

LIGO, Virgo |

= ray .

Fermi, INTEGRAL, Astrosat, IPN, Insight-HXMT, Swift, AGILE, CALET, H.EE.5.5., HAWC, Konus-Wind

X-ray

Swift, MAXI/GSC, NuSTAR, Chandra, INTEGRAL

uv L

Swift, HST

Swope, DECam, DLT40, REM-ROS2, HST, Las Cumbres, SkyMapper, VISTA, MASTER, Magellan, Subaru, Pan-STAR .
HCT, TZAC, LSGT, T17, Gemini-South, NTT, GROND, SOAR, ESO-VLT, KMTNet, ESO-VST, VIRT, SALT, CHILES E. TOROS,
BOOTES-5 Zadko |Te|escope Net, AAT Pi of the Sky AST3- 2 ATLAS, Danish Tel DFN, Tans, EABA I I II I | I I I | I

IR - o ]
REM-ROS2, VISTA, Gemini-South, 2MASS, Spitzer, NTT, GROND, SOAR, NOT, ESO-VL-Kanata Telescope, HST N
I\II LI iyl .

Radio

ATCA, VLA, ASKAP, VLBA, GMAT, MWA, LOFAR, LW,

MA, OVRO, EVN, e-MERLIN, MeerkAT, Parkes, SRT, Effelsberg |

M1 [16.4d Radio

-100 -50 50 102 10- 0° 10'
o (8) t-t, (days)
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Kilonova
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Days after LIGO-Virgo trigger

An initially blue signals that fades and turns to red.

All that glisters is not gold—
Often have you heard that told.

G UNIVERSITE ;3.5
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Ejected mass of 0.04 Mo
Velocity 0.2 ¢

Line feature for r-process
with elements 90<A<140

“This indicates that
neutron star mergers
produce gravitational
waves, radioactively
powered kilonovae, and
are a nucleosynthetic
source of the r-process
elements.”

D) Qbsenvatoire

Flux (1071% erg s~ em~2 A-1) + offset

INIRD

Kilonova
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Pan-STARRSS. Smatrtt et al, Nature
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A New Measurement of the Hubble Constant

We determine the Hubble constant to be 70.07¢%" km s~ Mpc™

—— pi{H, | GW170817)
Flanck’
SHoES ™"

PlHa) (km=! sMpc)
o -
(=]
2

001 A

T T T T | T
&0 70 80 B0 100 110 120 130 140
Hy (krn s~ Mpc=2)

“*Our measurement combines the distance to the source inferred purely from the
gravitational-wave signal with the recession velocity inferred from measurements of the
redshift using electromagnetic data.”

€D Qbenatoire Nature
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A New Measurement of the Hubble Constant

GWITOB17
Planck*’
SHoES**

CO%L

Inclination angles near 180 deg (cos i = -1) indicate that the orbital angular
momentum is anti parallel with the direction from the source to the detector.
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Binary System Parameters

TABLEL Source properties for GW170817: we give ranges encompassing the 90% credible intervals for different assumptions of the
waveform model to bound systematic uncertainty. The mass values are quoted in the frame of the source, accounting for uncertainty in

the source redshift.

Low-spin priors ([y| < 0.05) High-spin priors (|y| < 0.89)

Primary mass m, 1.36-1.60 M, 1.36-2.26 M,
Secondary mass m, 1.17-1.36 M, 0.86-1.36 ;'Ilfi';ﬁ
Chirp mass M 11881009 M, 11880002 Mo
Mass ratio m, /m, 0.7-1.0 0.4-1.0
Total mass my, 274 H[i}lllMG 182 H{;}ﬁ;”r
Radiated energy E. 4 % ll.t]lﬁs’bﬂ-’.ﬁ,rz > ll.UEﬁM_,_:,_:
Luminosity distance Dy 4[*'—”1*4 Mpc 4{];?4 Mpe
Viewing angle © <55 < 56"
Using NGC 4993 location i < 28" < 28°
Combined dimensionless tidal deformability A < 800 <700
Dimensionless tidal deformability A(1.4M ) < 800 < 1400

gD UNVERSITE - ;.;.;57

€D Obsznztoire PRL EoTE DL



INIRD

Tidal Effects and Equation of State of Nuclear Material

3000 _z 3000
Ix| < 0.89 Ix| < 0.05 f:/
2500 - 2500 '\‘ _J_,//
_e"f'fr ‘\\\ /f
2000 P 2000 : S e
.+’{-‘r T
J’:: Less Compact
= 1500 :«"f = 1500 1
1000 1000
More Compact
500 500
=. |
0 T S T T 1 0 : T T T T 1
1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
_-"\1 A'l
FIG. 5. Probability density for the tidal deformability parameters of the high and low mass components inferred from the detected

signals using the post-Newtonian model. Contours enclosing 90% and 50% of the probability density are overlaid (dashed lines). The
diagonal dashed line indicates the A; = A, boundary. The A, and A, parameters characterize the size of the tidally induced mass
deformations of each star and are proportional to k,(R/m)>. Constraints are shown for the high-spin scenario |y| < 0.89 (left panel) and
for the low-spin [y| < 0.05 (right panel). As a comparison, we plot predictions for tidal deformability given by a set of representative
equations of state [156—160] (shaded filled regions), with labels following [161], all of which support stars of 2.01M . Under the
assumption that both components are neutron stars, we apply the function A(m) prescribed by that equation of state to the 90% most
probable region of the component mass posterior distributions shown in Fig. 4. EOS that produce less compact stars, such as MS1 and
MS1b, predict A values outside our 90% contour.

73 58
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Implications for a Stochastic Background

/& —ui
fF v =03
; - = Design
Total
[_Poisson 1
——PBNS5 only }
BBH only |

10

----- —total
[_1Poisson

1 o g T 3 10 * - i i A .
10 10 10 0 10 20 30 40
Frequency (Hz) Observation time (months)

“‘Assuming the most probable rate for compact binary mergers, we find that
the total background may be detectable with a signal to-noise-ratio of 3 after

40 months of total observation time.” T. Regimbau
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New Test of the Equivalence Principle

&t = Shapiro delay using the same time bounds

1L+~ [7° r, = observation positon, r, = emission position
5tS — 3 U(r(l))d[ U(r) = gravitational potential (here the Milky
¢ e Way'’s)
= wave path

y = deviation from Einstein-Maxwell theory
(where y,, and y,,, are both equal to 1)

_26 X 10_7’ S ’j/’(:;u,r — 'F}';EI\’I S 12 )4 1[]—6

The best absolute bound on gy is Yev —1 = (2.142.3) x 1072, from the measurement of the Shapiro
delay (at radio wavelengths) with the Cassini spacecraft (Bertotti et al. 2003).

Olivier Minazzoli

D) UNIVERSITE 560
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The Speed of Gravity

Av = vgw — vgm

Av/vgy =~ vpnAt/D

= 311
35108 — < 7% 107
UEM

Assuming D = 26 Mpc (the lower bound on the 90% confidence interval for distance based on
GW data alone, and bounding t between [-10, +1.74] s, where the -10 s is a reasonably
conservative assumption.

S UNIVERSITE --; :
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Figure 6. The

The shaded regions are the different time intervals selected for spectral analysis.

Gamma Rays with Fermi GBM
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soft tail out to TOL2 a.

Q)) Observatoire

256 ms binned lighteurve of GRE 1T081TA for Nal 1,

INIRD

Two
components:
Main peak
0.5s and a
soft tail ~2s

and 5 over the standard 8 CTIME energy channels.

The inclusion of the lower energies shows the
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GRB 170716A is 2 to 6 orders of magnitude less energetic than previously known
SGRBs with firm redshifts.
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Future Observing Runs

Living Rev. Relatwity, 19, (2016), 1 LIVING @ REVIEWS
DO 10,1007/ Irr-2016-1

Prospects for Observing and Localizing Gravitational-Wave
Transients with Advanced LIGO and Advanced Virgo
Abbott, B. P. et al.

The LIGO Scientific Collaboration and the Virgo Collaboration
{The full author list and affiliations are given at the end of paper.)
email: Isc-spokesperson@ligo.org, virgo-spokespersonfego-gw. it

Advaneed LICO Advaneed Virgo

085 Mpe)
65- 1135 Mp)
30 Mpe)

NS-optimined (145 Mpe)

Strain nowse amplitnde, He ™12

H 1
!'..J 1w w ll.’. u
Frogqueney Hz Frequeney (He

Figure 1: al.lGO (left) and AdV (right) target strain sensitivity as a function of frequency. The binary
neutron-star (BNS) range, the average distance to which these signals could be detected, is given in
megaparsec. Current notions of the prosression of sensitivity are given for early, mid and late commissioning
phases, as well as the final design sensitivity target and the BNS-optimized sensitivity. While both dates
and sensitivity curves are subject to change. the overall progression represents our best current estimates.

2015-2016 (0O1) A four-month run (beginning 18 September 2015 and ending 12 January 2016)
with the two-detector HIL1 network at early aLIGO sensitivity (40 80 Mpe BNS range).

20162017 (0O2) A six-month run with HILI at 80 120 Mpc and V1 at 20 60 Mpc.
2017-2018 (03) A nine-month run with HIL1 at 120 170 Mpc and V1 at G0 85 Mpec.
2019+ Three-detector network with H1L1 at full sensitivity of 200 Mpc and V1 at 65115 Mpe.

64
02 30-11-2016. to 25-8-2017. O3 in fall of 2018, if all goes well.



Expected Advanced LIGO-Virgo Sensitivities

Advanced LIGO Advanced Virgo
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A detector network

-



An even better detector network
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LIGO
Advanced LIGO/Virgo sky localization ==

BNS source @ 80 Mpc

2016-2017 runs 2018-2019 runs

2019+ runs HLV + LIGO India 2024+

Living Rev. Relativify, 18, (2016], 1
RO 1001007 flrr-2016-1
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DEo LIGO — Virgo Summary

Gravitational waves have been observed: black holes and neutron stars
e The universe has more stellar mass black holes than expected

e Mult-messenger astronomy has started!

e Observing run O2 is just completed. Virgo joined and made detections!
e KAGRA and LIGO-India will join in the coming years

e The future looks bright for ground based detectors

69
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