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" IR Gravittional Waves
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. EinNsTERIN.
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Gravitational waves
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Wirde man die Zeit in Sekunden, die Energic in Erg messen, so
. I . .
wiirde zu diesem Ausdruck der Zahlenfaktor r hinzutreten. Beriick-

sichtigt man auBerdem, dall x = 1.87-107%, so sieht man, daB A in
allen nur denkbaren Fillen ecinen praktisch versehwindenden Wert

haben muf3.

“... 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.




B MERRRECCtre: Gravitational Waves
Gravitational waves

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

Uber Gravitationswellen.

Von A. KINSTEIN.

On Gravitational Waves — 1918

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

Dabei ist zur Abkiirzung
V., = |, .04V, (23)

gesetzt: ), sind die Komponenten des (zeitlich variabeln) Triigheits-
momentes des materiellen Systems.
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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.

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

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

detection. 0 ’ ’ )
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What Are Gravitational Waves?

waves, ripples in space time.

The amplitude of the deformation is tiny.

Need cataclysmic events in order to

General relativity (1916) prediction.
Gravity is not really a force in GR, but a space-time deformation.
Masses locally deform space-time.

Accelerated masses emit gravitational

Space-time is rigid:

expect to measure something on Earth ... h ~ 10

Gravitational Wave sources: mainly astrophysical in the 10 Hz -10 kHz
bandwidth
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Binary Pulsar PSR 1913+16

o Earth

M1 =1.438 M_
M2 =1.390 M_

8 hour orbit
Orbit decays by
3mm per orbit.
Discovered in Star
1974 by Russell
Hulse and
Joseph Taylor,
then at
University
Massachusetts.

Nevtron \ o=
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A Nobel Prize for ...

“... for the discovery of a new type of pulsar, a discovery that
has opened up new possibilities for the study of gravitation.”
1993

For more on this Nobel, see, "The Nobel pulsar”, Nelson
Christensen. Science, Vol. 348 no. 6236 p. 766 (2015).
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First Proof That Gravitational
Waves Exist - 1982

THE ASTROPHYSICAL JOURNAL, 253:908-920, 1982 February 15
© 1982. The American Astronomical Society. All rights reserved. Printed in U.S.A.

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 1981 July 2; accepted 1981 August 28

ABSTRACT

Observations of pulse arrival times from the binary pulsar PSR 1913+16 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+0.06 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) X 10~ '2. The excellent agreement prov1des 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
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Binary Pulsar Studies Continue

THE ASTROPHYSICAL JOURNAL, 829:55 (10pp), 2016 September 20 doi:10.3847/0004-637X/829/1/55

© 2016. The American Astronomical Society. All rights reserved.
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RELATIVISTIC MEASUREMENTS FROM TIMING THE BINARY PULSAR PSR B1913-+16

J. M. WEISBERG AND Y. HUANG
Department of Physics and Astronomy, Carleton College, Northfield, MN 55057, USA; jweisber @carleton.edu
Received 2016 January 19; revised 2016 April 20; accepted 2016 June 1; published 2016 September 21
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B MBBIECcture: Gravitational Waves
Gravitational Wave Detection

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."



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 K Thorn e 1980

being excited by gravitational radiation.

-— Frequency , Hz —

19 60 & 70 o0t 7 Q7 o | o oF 1 g,
L}
S S:
Detection claims !
o
L} 3 |0"I'e D-lB
and theoretical :
<020 1020
5: = ]
- 2 Am CVn
studies on i
o 4
e
E 10729 == ‘,'zi\"c";—_:_j Jio2e
l = = .
SOources omE
10_2'70? 0* 102 10 ,I Oll 16'2 |5‘3 lol‘o“-28
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tain! The search for gravitational waves is a game
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FIG. 3. Estimates of the strengths of the gravitational waves

requiring long, hard effort with a definite risk of total that bathe the Earth. See text for explanation of the lines and

failure—but with very great payoff if it succeeds. hatched regions.
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Interferometric GW Detectors

First suggestion: 1962 two Soviet physicists, V.I. Pustovoit and M.E. Gertsenshtein,
noted that the use of a Michelson interferometer would be a possible means to
detect gravitational waves over a frequency range that was broader than the Weber

bars.

1970’s, Robert Forward (student of Weber) at Hughes Al
Michelson interferometer to search for gravitational wave
(MIT) and astronaut Philip Chapman (also at MIT) for ins
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PIEZOELECTRIC STACK
FOR PATHLENGTH SERVO

PIEZOELECTRIC DISK
FOR AMPLITUDE
CALIBRATION

------

SILICON
PHOTO-
DETECTORS

.

i

50/50 BEAMSPLITTER

SUSPENSION BLOCK

The wideband interft
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When the interferometer was working well, we
were able to hear single-frequency 3- to 10-kHz
tones of 10-fm rms amplitude introduced into the
interferometer by the piezoelectric displacement

transducer.

Since the noise level of the interferometer in
that band is about 0.9 fm/Hz'/2, this means that
the audio system, including our ear-brain com-
bination, had an effective detection bandwidth of

about 120 Hz.
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Ral Weiss Interferometer Study

1972: Weiss produces the first
detailed study for a realistic
Interferometric gravitational
wave detector.

Systematically addresses a
number of realistic noise
sources:

Output Power
 Laser Phase Noise or
Frequency Instability
 Mechanical Thermal Noise In
the Antenna
« Radiation-Pressure Noise
from the Laser Light
e Seismic Noise
 Thermal-Gradient Noise
 Cosmic-Ray Noise
* Gravitational-Gradient Noise
e Electric Field and Magnetic
Field Noise

SPHERICAL MIRRCR

* Amplitude Noise in the Laser - . --°

MULTIPLE PASS
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HIGHPASS
FILTER

|

|
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J SEISMOMETER

)
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J
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~.  MODULATOR
b

HORIZONTAL— =
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Prototype Interferometric Detectors

MIT 1.5 m delay line Michelson Interferometer

1970s and 80s:
Interferometers
constructed at
Garching
Glasgow

MIT

Caltech

The interferometer
technology started
progressing rapidly.



1980s LIGO is Born

National Science Foundation
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Fig. 7. The expected total noise in each of
LIGO's first 4-km interferometers (upper solid
curve) and in a more advanced interferometer
(lower solid curve). The dashed curves show
various contributions to the first interferometer's
noise.

SCIENCE ¢ VOL. 256 ¢ 17 APRIL 1992
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While in Europe ... Virgo

L I e 2

A. Giazotto (Pisa)

A. Brillet (Orsay, Nice) Vibration Isolation

Lasers, Optics

3 - - e
p = -
Fs
x >
e




The Detectors
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" R Graviational Waves
Advanced LIGO — Advanced Virgo

Built on the experience gained from the first generation
detectors



U JEBRRERSHR: Gravitational Waves
Advanced LIGO

® 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.
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Advanced Virgo

EMY

XP

b

PRM IMX EMX

SRM

POBS

High Power Amplifier
Output MC

Master Laser < AP

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

Coming on-line in Spring 2017.
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Advanced Vlrgo

Beamsplitter

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

Observation of Gravitational Waves from a Binary Black Hole Merger

B.P. Abbott et 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 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 102", 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-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 5.16. The source lies at a luminosity distance of 41075 Mpc corresponding to a redshift z = 0.09700;.
In the source frame, the initial black hole masses are 36jM 5 and EQjM - and the final black hole mass is
6251 M, with 3.0752M¢* 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.

DOI: 10.1103/PhysRevLlett.116.061102

Primary black hole mass 345:3‘44:3
Secondary black hole mass ijM@
Final black hole mass 62+IM,
Final black hole spin (]_57:3-3?
Luminosity distance 4]{]:11;’3 Mpc
Source redshift z 0.09% 003




Phenomenology
of GW



When GW passes through space deforms it
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When GW passes through space deforms it

S8 HE&



When GW passes through space deforms it

SBHE

But deformations are very smaill: ——
strain=relative deformation
h=DL/L ~1e-21 | ‘

-

For LSun_Earth"’ 1.5313 cn
h LSun_Earth - 19'21 X 1.5913 o 1-59'08cm
size of H atom at distance Sun-Earth 5e-09cm



Some math:
Consider Einstein equation 1 8
e

Ry —=-guwl=

T

2 ct TH

Consider a small perturbation of the flat Cartesian metric
Weak field (far from source)

g/,u/ — 77/“/ _I_ h,uV wlth ‘hlu,l/‘ << ]_

Using gauge invariance and assuming vacuum (7=0 no mass ho energy)

16w
A

i—

v

h=—

Equation of WAVES!!

If you want to know more about GR formalism:
https://arxiv.org/pdf/1607.04202.pdf

0
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By integrating equation _
C
y 2G d? ..
hi(t, ) ~ ——5 17 (t —r/c)
rctdt / \
Distance source- /;oment of Inertia, Retarded time
observer or second mass
moment, or
guadrupole

moment of mass [/ — / dZC3 p(t, f) 4l i

- not all accelerating masses do this job but only those with
QUADRUPOLE

If you do calculation, monopole and dipole disappear

— for a gravitational wave to form, there must be an
ASYMMETRY IN MASS DISTRIBUTION



What are the astrophysical objects with non-zero quadrupole?

Quantum fluctuations in early universe

-

wh

<]

et

S

(=]

W

Age of

Time between  universe
Wave frequency 10°1¢ 103

(Hertz)

Binary supermassive black
holes in galactic nuclei

-
Compact binaries in our
galaxy and beyond
< B
Compact objects -
captured by Rotating
supermassive neutron
black holes stars and
B supernovas
<>
Years Hours Secs Millisecs
10* 104 1 102



Primordial gravitational waves / Quantum fluctuations:
<< 1 sec from Big Bang, due to INFLATION of the Universe
Freq. ~ 10"-16 — 10/2 Hz
extremely “faint” (small amplitude)




Mergers of super-massive black holes (SMBHs, >10/A5 Msun):
Black holes at centre of galaxies might form Keplerian binaries

and might merge
Freq. ~ 10N-10 - 0.1 Hz

© NASA/CXC/Univ of Texas/E.Schlegel et al/NASA/STScl



Mergers of super-massive black holes (SMBHs, >1075 Msun):
Black holes at centre of galaxies might form Keplerian binaries
and might merge
Freq. ~ 10A-10 - 0.1 Hz

© NASA/CXC/Univ of Texas/E.Schlegel et al/NASA/STScl



Mergers of compact object binaries (black holes <10A5 Msun,

neutron stars):
Black holes (BHs) and neutron stars (NSs) born from stars might merge
Freq. ~ 10N-4 - 10"3 Hz




Mergers of SMBHs and stellar-mass BHs:
Small BHs might orbit SMBHs and be captured by them
Freq. ~ 10"-4 - 0.1 Hz




Mergers of SMBHs and stellar-mass BHs:
Small BHs might orbit SMBHs and be captured by them
Freq. ~ 10"-4 - 0.1 Hz




Asymmetric supernova explosions:
Freq. ~ 10 — 1072 Hz




Mergers of super-massive black holes (SMBHs, >1075 Msun)

Mergers of compact object binaries

Only GWs observed so far

Mergers of SMBHs and BHs

Neutron stars with crustal asymmetries

Asymmetric supernova explosions



Some essential math about GWs from BINARIES:

g 2G d* ..
Y r) ~ t —
It can be shown that 7" (t, T) R It —r/c)

can be expressed in spherical coordinates (r, ¢, 6)
for a KEPLERIAN BINARY with reduced mass p =mi1 m2/(mi+m2)

with semi-major axis a, with orbital frequency ®qp
and eccentricity e = 0 as

114G pwiya® 1+ cos?d

ho(t, 0 = orb 2 Wi bre
—I—(a 7¢7T) N C4 9 COS( Worb t+¢)
1 4G pw?, a?
he(t,0,0,1) = — Mforba cos 0 sin (2 wepp tret + @)
(i C
G(mi+m
where tret =1 — T/C wgrb — ( 1CL3 2)



This equation tells us: O

— GWs are POLARIZED (hy, hy) 2° "3 ..

— FREQUENCY TERM DEPENDS only ON 2 worp
- frequency of GWs @gw — 2 ®orb

(true for most evolution)

— AMPLITUDE of GWs:
1

+ cos?0

- 2Gpwi,a’ 1 \/(1 + cos? 6)?

ct r 4

1 74 1 2 2
h=syh2 +h2 = —\/< Hf OF + cos26




— AMPLITUDE of GWs:

1 2 G? 1 /(1 20)2
h:?/hi—l—h?g: ¢ mlmg_\/( + cos*6) + cos?0

act r 4
* the bigger the amplitude (strain), the easier the detection
* the farther the binary, the smaller the amplitude
* the larger the masses, the larger the amplitude
* the smaller the semi-major axis, the larger the amplitude

Gravitational Wave of Compact Binary Inspiral

m1=1.75 Msun, m2=2.25 Msun, start f=150Hz, coalescence: f=635Hz
04 " 1 . 1 - v . .

02 |
0
02 }

04
0

waveform h

0.01 0.02 0.03 0.04 0.05 0.06
time/s
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— EMISSION of GWs implies LOSS of ORBITAL ENERGY:
G T Mo
Eorb —

2a

THE BINARY SHRINKS WHILE EMITTING GWs
TILL IT MERGES

https://www.youtube.com/watch?v=g8s81MzzJ5c




— EMISSION of GWs implies LOSS of ORBITAL ENERGY:
THE BINARY SHRINKS WHILE EMITTING GWs
TILL IT MERGES

— If the binary shrinks (a — 0), frequency becomes higher

— If the binary shrinks amplitude increases

Gravitational Wave of Compact Binary Inspiral

mi1=1.75 Msun, m2=2 .25 Msun, start f=150Hz, coalescence: f=635Hz
0.4 ' 1 - 1 . 1 . . v ' . ,

02 -

0 ]
) i | )
04 L '

waveform h

0 0.01 0.02 0.03 0.04 0.05 0.06
fime/s



— EMISSION of GWs implies LOSS of ORBITAL ENERGY:

Power radiated by GWs:

' 32 G* 1
‘FVOYY\ 627’ PG'W — = - m% m% <m1 + mg)
C" a
B dE b B G 'mqmsy da From Kepler
Pow = i 9 42 At \anol Newton
' da 64 G° _
— T e )

Integrating differential equation:

5 ¢ a’

low =

256 G3 mq1mso (mq + mo)

Timescale for a system to merge by GW emission



For binaries with general eccentricity e

5 C5 a4 (1 L 62)7/2

256 G3 T Mo (m1 = mg)

low =

Peters 1964

Timescale depends on semi-major axis, eccentricity, masses

Timescale extremely long

Y \\

' EXERCISE: calculate t6W for 2 neutron stars |
with mass equal To the Sun mass (1 Msun)
orbiting at the distance
between Sun and Earth (1 AV)




(0 : 256/5 G® my mo (my + mgy) t L4
a(t) = a —
? ® (1 —e2)2a]
102 ||||||I 1 |||||||| 1 1 ||||||I 1 I rrirrl
19 mili=m2=10
~ ! Msun
L 0.1 ap = 0.01 AU
a 0.01 ecc=0
.

101 —~ -
/E\ 1010 E;
E 100 E
o ]
108 -
, 3
10 ||||||I 1 1 ||||||| 1 | ||||||| 1 | |||||_a

104 105 108 107

t (yr)



Previous equations are not always true!

Only before merger when binary can be considered Keplerian

I.e. only during inspiral

Inspiral

§/ﬂ

??3 KR
f{\

Merger ' Ringdown




Qu?rslis-;g;iﬂar anl;h:nnegreg . Ringdown
P
S e
|
%\VAVAV/\VJ\\]I\VI\ \AVA e
\W“ MV cvamy

Black hole
Post-Newtonian Numerical perturbation
techniques relativity =~ methods



BBH coalescence

(Brady, Craighton, Thorne 1998)

®
Inspiral (PN methods)

+1021-

/\/\/\/\/\f\n[\ﬂ

~10?

-F/\/VVVV

53

hi) = v) us 200

(Buonanno & Damour 2000)

< rzgymcrep’ wave For#
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Merger: highly nonlinear »o-Lso
dynamics. (Numerical Relativity) 048 L i " : s
Numerical Relativity, the 2005 breakthrough:
Pretorius, Campanelli et al., Baker et al. ...
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NUMERICAL RELATIVITY WAVEFORM

Numerical Relativity: >= 2005 (Pretorius, Campanelli et al., Baker et al.)
Very accurate data: Caltech-Cornell spectral code (with some caveats): M. Scheel et al., 2008

Spectral code
Extrapolation (radius & resolution) Phase error: < 0.02 rad (inspiral) <0.1 ra (ringdown)

03

Y

§R[\1} 22 /v

. u

1:1 mass ratio

03

500 1000 1500 2000 2500 3000 3500 4000




[]
ormalism

» Theoretical: physical understanding of the coalescence process,
especially in complicated situations (arbitrary spins)

»Practical: need many thousands of accurate GW templates for
detection & data analysis;
need some “analytical” representation of waveform
templates as f(m,m,,S.,S,)

»Solution: synergy between analytical & numerical relativity

55
non perturbative information




[]
—ical approach

EFFECTIVE ONE BODY (EOB)

approach to the two-body problem

Buonanno,Damour 99

Buonanno,Damour 00

Damour, Jaranowski,Schafer 00

Damour 01, Buonanno, Chen, Damour 05,...
Damour, Nagar 07, Damour, lyer, Nagar 08

Buonanno, Cook, Pretorius 07, Buonanno, Pan ...

Damour, Nagar 10

(2 PN Hamiltonian)
(Rad.Reac. full waveform)
(3 PN Hamiltonian)

(spin)

(factorized waveform)
(comparison to NR)

(tidal effects)

56



" JEIEEGIE ot dkeence: Analytical Relativity

H

03k Ui Merger time -
| | | | | | | I | | |

3800 3820 3840 3860 3880 3900 3920 3940 3%0 3980 4000

Inspiral + « plunge » Ringdown
e Two orbiting point-masses: Ringing BH

Resummed dynamics



Motion of two point masses

R(g
S = /dD 167TG Z/mA —Guv(ya)dyy dy’y

Dimensional continuation: D =4+¢, e € C

Dynamics : up to 3 loops, i.e. 3 PN

Jaranowski, Schafer 98
Blanchet, Faye 01 [T+t
Damour, Jaranowski Schafer 01
Itoh, Futamase 03
Blanchet, Damour, Esposito-Farése 04
Foffa, Sturani 11
4PN & 5PN log terms (Damour 10, Blanchet et al 11)
4PN (Jaranowski&Schaefer 13,
Foffa&Sturani 13, Bini&Damour 13)

Radiation : up to 3 PN

Blanchet, lyer, Joguet, 02,
Blanchet, Damour, Esposito-Faréese, lyer 04
Blanchet, Faye, lyer, Sinha 08




iltonian [JS98, DJS00,01]

HN(Xaspa): 2772 *222

a b#a

Gmy, mb

1 Gmyims G(my +ma)

L(p})? | 1Gmimy pi (P1-p2) |, (02 p1)(m12 - p2)
HipN(X4,Pa) = —=c——+ —0—— |- 12— + 14 +2
8 my 8 719 mi mimse myms 4
L(p2¥  1Gmuma [_(p?)? 11 pip? * _piin
B, e MR L Goavis [T SLDEPS,, L5 Pi(ma-po
16 my S e m ’ m I'IIIH,
o (PPl (s py)(my po) 3 (- py 2(ny2 - p2)?
) 3 RN 3
m3m3 ) mim3
1 GZinymes ) 1 27(p1-p2) =60y -py)ms - p2)
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Taylor-expanded 3PN waveform

Blanchet,lyer, Joguet 02, Blanchet, Damour, Esposito-Farese, lyer 04, Kidder 07, Blanchet et al. 08
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Simple way to estimate frequency at merger:
Last stable circular orbit around a black hole

Inspiral ' Merger | Ringdown
. _ g G (my + mo) g i |
B 9 o 00 @
| — |
|
<= I
| .
| |
Time
i _9 G(m1+m2): 263
GW,LSCO T%SCO 63/2 G (ml n m2)
60 Mgun

waw,Lsco = 460 Hz
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Strain (10721

Hanford, Washington

(H1)

Livingston, Louisiana (L1)

|— H1l Dbser*u'ed[

= |1 observed r
=== H1 observed {shifted, inverted}

— Mumerical relativity
Reconstructed {wavelet)
B Reconstructed (template)

i |

| Reconstructed (template)

— Numerical relativity
Reconstrected (wavelet)

Abbott et al. 2016




Detectors:
Advanced LIGO (Livingstone + Hanford, US)
Advanced Virgo (Pisa, Italy)

Michelson interferometers

Design started in the '90s

First science runs -~ 2007 (no detection)
Being upgraded in 2007 - 2015

First run advanced detectors 2015
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O1 02 03 Barly

Late
Time schedule | I
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Design

Il | | 1 1
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2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

Time



Frequency range: ~ 10 — 10'000 Hz
Suitable for mergers of compact binaries

Advanced LIGO

10A21
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Strain noise amplitude/Hz /2

| I Early (201516, 4080 Mpc)
| I Mid (201617, 80120 Mpc)

I Late (201718, 120170 Mpc)
1 Il Design (2019, 200 Mpc)
| I BNS-o0
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Noise level of LIGO & Virgo
(Noise power spectral density)

Advanced Virgo
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Strain noise amplitude/Hz /2

= B Early (2016-17, 2060 Mpc)
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*| I Design (2021, 130 Mpc)
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Summary of detections:

2015/09/12

2015/09/14

2015/10/12

2015/12/26

2015/01 - 2016/11

2017/01/04

2017/08/01

2017/08/14

2017/08/17

2017/08/25 — now

first LIGO run

GW150914 black holes (BHS)
LVT151012 maybe BHs
GW151226 BHs

detectors switched off
GW170104 BHs
Virgo joins LIGO
GW170814 BHs
GWwW170817

neutron stars (NSs)

detectors switched off



V8() and 2/h(n)1V7 (strain/vVHz)

Properties of the first detections:
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From Abbott et al. (2016)
https:/ljournals.aps.org/prx/abstract/10.1103/PhysRevX.6.041015#fulltext
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B MEBIECChure: Gravitational Waves
GW detection

Supermassive Black Hole Binary Merger

Compact Binar‘K Insgiral & Merger ‘\

Extreme Mass'- Pulsars,
Ratio Inspirals % Supernovae @
. RSN

seconds milliseconds

Wave Period

age of the
L'miverse

10 1072 10 " - ; IJ 107
Wave Frel;uency

LCNIB Polarization Radio Pulsar Timing Arrays Space-based interferometers Terrestrial interferometers

tectors

De




GW detection
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U JEREESSRES Gravitational Waves
Localization LIGO O1 Events

-

Q: LVT151012 +virco
,Q GW151226 +virco

LVT151012

GW150914 +virco

© GW150914

for GW 1509 14: Astrophys. ). Lett. 826, L13 (2016) Simulation for 3™ detector at Virgo
location with LIGO O1 sensitivity



Waves

GW detector network: 2015-2025

"Advanced LIGO \}
" Livingston S ; y B /-
2015 vy LIGO-India
' 2022




KAGRA
Kamioka Mine

Technologies crucial for
next-generation
detectors;

KAGRA can be regarded
as a 2.5-generation
detector.

> S Ay - - 2
-_1'__-\_ . * .
- .

_—

Underground —

—



Third Generation Gravitational Wave Detectors

Einstein Telescope

Underground to reduced seismic noise.

10 km arms

Cryogenic mirrors

Lower frequency limit — 1 Hz

10 X better sensitivity than 2™ generation detectors
Farther back in the universe

M. Punturo talk
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Cosmic Explorer
Preliminary Concept

The Cosmic Explorer: x10 aLIGO arXiV:1607..08697V3 [astrlo—ph.IM] 11

« 40 km arms
« Advanced LIGO Technology +
« Squeezed Light

‘ . -
° Earth S SUI"faCe, 107 ' e (Juantum noise
I Seismic noise
i e Newtonian gravity
e ert, susp. therm.
102 \ HC!I“IZ':. susp. therm.
~ s _oating thermal
L: \‘ e | otal noise
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T
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- 10
.
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Advanced LIGO

17-Aug-17

Sep 2016

10 100

. Fre v (Hz
Cosmic Explorer requency {Hz)

40 km

PAX Workshon - Amsterdam
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Third Generation Gravitational Wave Detectors

With Einstein Telescope (European) or Cosmic Explorer (US) almost every stellar
mass binary black hole merger in the observable universe will be detectable.

Sensitivity: CE and ET Detectors

-9 /
10 model A
A-HLV
—— - A-HLVIK
model B

GW

s
— -

-12

——
-
. — .| [0 ==
o e — -
— - -
IS -
—

G10

camofme ——
- —
- —
- —
— —
—

10-15

100
Frequency (Hz)

BBH confusion
background can
potentially be
subtracted to
observe the
primordial
background at
the level of

Q. ~ 10" after

five years of
observation.

Arxiv:1611.08943
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Space missions
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Laser Interferometer Space Antenna - LISA

Present plan: 3 Interferometers
2.5 x 10° km arm lengths

ESA — All Systems GO!
Recent “Call” for mission
Acceptance - soon?
Planned launch 2034
NASA coming back
Earlier launch? 20287
LIGO GW events and
Lisa Pathfinder success

have helped significantly

Tremendous activity at
present



" RS Gravitational Waves
LISA in Orbit
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LISA physics

 the nature of gravity

 the fundamental nature of black holes

 black holes as sources of energy

* nonlinear structure formation

* dynamics of galactic nuclei

e formation and evolution of stellar binary systems

* the very early universe

» cosmography (specifically, the cosmic distance scale)
Gravitational Observatory Advisory Team - GOAT (ESA web site)
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0.0001 0.001 0.01 01
Gravitational wave frequency (Hz)
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LISA Pathfinder — Demonstrating LISA Technology

l L 1 " "
10 10" 10
Frequency (Hz)

A set of cold gas micro-newton thrusters to
ensure the spacecraft follows TM1. A
second control loop forces TM2 to stay at a

not perfect, and there is lots of fived di ¢ <m d
experimental work to do before tixed distance trom TM1 and thus centere
in its own electrode housing.

LISA. .
PRL 116, 231101 (2016)

LISA Pathfinder worked! Exceeded
requirements. Still, operation was




LISA Proof Masses, Optical Bench, Interferometry and Telescopes

Telescope
Optical Bench 1 Optical Bench 2
Proof :
int::f‘;r:‘r::fer . ;Vlain t Photoreceiver
interferometer V‘D
Proof \ _ d‘\[ ; A = / Proof
Mass | _ ) \\ / 4‘ \ y i 5 Mass
1 1 v ! '
- J: . - S
dz LO! X Tx ,LO dz
- >
d12
Transmit Local
~10% km Laser  Oscillator
laser

Total distance =d, +d,, +d,

60
Livas et al, Opt. Eng. 52(9), 091811 (2013)
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Characteristic strain amplitude
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LISA Physics
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61
Characteristic strain amplitude versus frequency for a space-based laser interferometry mission (armlength 10°
km, 1-yr observations). Objects expected to be strong gravitational wave sources over this frequency range.



Testing the Early Universe

Inflation
Electro-weak phase transition, or phase transitions related to new physics
Cosmic strings (phase transitions, topological defects, cosmic superstrings)

Source

nature of gravity

fundamental nature of
black holes

black holes as
sources of energy

nonlinear structure formation

dynamics of galactic nuclei

extreme mass-ratio background
inspirals (astrophysical/cosmological)

Scientific topic

formation/evolution of
stellar binary systems

very early Universe

cosmography

LISA GOAT
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LISA Summary

The LISA project is presently moving forward
rapidly.

ESA and NASA see this as a high priority.

A tremendous amount of R&D still needs to be done
for LISA, and there is much experimental activity.

After the LHC, LISA may offer the best opportunity
to observe the high energy physics that describes
the universe.

64



Pulsar Timing
Arrays
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pin-Powered Pulsars: A Census

* Number of known
pUIsarS: 1765 . Isolated pulsars

. Binary pulsars
A¥Ps

* Number of millisecond
pulsars: 170

* Number of binary
pulsars: 131

* Number of AXPs: 12

—
1R}
Nl
=
=
prat

* Number of pulsars in
globular clusters: 99*

* Number of extragalactic
pulsars: 20

Log [Period (s)]

* Total known:.1?9 in 24 Data from ATNF Pulsar Catalogue, V1.25 (www.atnf.csiro.au/
clusters (Paulo Freire's web page) research/pulsar/psrcat; Manchester et al. 2005)



2 - P Diagram

 Millisecond pulsars have
very low P and are*very old

* Most MSPs are binary

* MSPs are formed by
‘recycling’ an old pulsar in
an evolving binary system

* ‘Normal’ pulsars have
significant period
irregularities, but MSP
periods are very stable
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Parkes Multibeam
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= Other pulsars
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" RRIESGture: Gravitational Waves

Pulsars and Gravitational Waves

Orbital decay in high-mass short-period binary systems accounted for by

loss of energy to gravitational waves.
First observational evidence for gravitational waves!
Observed rates agree with the predictions of general relativity!

* PSR B1913+16: Py /Py preq = 1.0013 = 0.0021
Precision of GR test limited by uncertainty in
correction for acceleration in gravitational field of the

Galaxy (Weisberg & Taylor 2005)

* PSR B1534+12: Py 0o/Py req = 0.91 = 0.05
Limited by uncertainty in pulsar distance;assuming

GR gives improved distance estimate (Stairs et al.
2002)
* PSR J1141-6545: Py, ,ps/Pp preq = 1.05 £ 0.25

(NS-WD system)

* PSR J0737-3039A/B: P, 4s/Pp preq = 1.004 = 0.014
Expect 0.1% test in ~5 years!(Kramer et al. 2006)

(Bailes et al. 2003)

PSR B1913+16

1975

1980

1985

1990

Year

1995

2000

2005




U JEBHRECStre: Gravitational Waves
PSR J0737-3039A/B - the Double Pulsar

» Four times as relativistic as Hulse-Taylor binary pulsar
» Detection of both pulsars gives the mass ratio of the two stars

» Have measured five relativistic

parameters in just two years!

» Four independent tests of general |
relativity

» Consistent at the 0.05% level!

1.5

R: Mass ratio
w: periastron advance

1

Mass B (Mg,,)

0.5

r & s: Shapiro delay
P,: orbit decay

(Kramer et al. 2006)

Mass A (Mg,,)
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!u‘sar ‘llmllls on !He GW Background

* Gravitational waves (GW) passing over the pulsar and the Earth perturb the
apparent pulse period

* Results in additional ‘noise’ in pulse arrival times (TOAs) and hence increased
scatter in timing residuals (differences between observed and predicted TOAS)

* If no signal detected, can set a limit on strength of GW background
* Best limits are obtained for GW frequencies ~ 1/T where T is length of data span

 Analysis of 8-year sequence of Arecibo observations of PSR B1855+09 gives
Qqy = ng/pC <107 (Kaspietal. 1994, McHugh et al.1996)

» Extended 17-year data set gives better limit, but non-uniformity makes quantitative
analysis difficult (Lommen 2001)

0 1 2 : }Timing res+iduals for PSR B1855+09

oI g * +

: i . M‘*U{W@ WW?F i
.
. Time (years)




A Pulsar Timing Array

» With observations of many pulsars widely distributed on the sky can in principle
detect a stochastic gravitational wave background

 Gravitational waves passing over Earth produce a correlated signal in the TOA
residuals for all pulsars

 Gravitational waves passing over the pulsars are uncorrelated
* Requires observations of ~20 MSPs over 5 — 10 years;

« A timing array can detect instabilities in terrestrial time standards — establish a
pulsar timescale

» Can improve knowledge of Solar system properties, e.g. masses and orbits of
outer planets and asteroids

|dea first discussed by Foster & Backer (1990)



" RS Gravitational Waves
>

All pulsars have the same TOA
variations: monopole signature

>

Dipole signature

>

Quadrupole signature

Can separate these effects provided there
is a sufficient number of widely
distributed pulsars



Detecting a Stochastic GW Background
0.6 T l . T T . , .

0.5
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0.3
0.2 .-
0.1
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Simulation using Parkes Pulsar Timing Array (PPTA) pulsars with GW background

from binary black holes in galaxies

(Rick Jenet, George Hobbs)



The Parkes Pulsar Timing Array Project

Collaborators:

» Australia Telescope National Facility, CSIRO

Dick Manchester, George Hobbs, Russell Edwards, John Sarkissian, John
Reynolds, Mike Kesteven, Grant Hampson, Andrew Brown

» Swinburne University of Technology
Matthew Bailes, Ramesh Bhat, Joris Verbiest, Albert Teoh
» University of Texas, Brownsville
Rick Jenet, Willem van Straten
» University of Sydney
Steve Ord
»National Observatories of China, Beijing
Xiaopeng You
»Peking University, Beijing
Kejia Lee
» University of Tasmania
Aidan Hotan




" G Gravitational Waves
The PPTA Project: Goals

» To detect gravitational waves of astrophysical origin

* To establish a pulsar-based timescale and to investigate irregularities in terrestrial
timescales

 To improve on the Solar System ephemeris used for barycentric correction
* Modelling and detection algorithms for GW signals
* Measurement and correction for interstellar and Solar System propagation effects

* Investigation and implementation of methods for real-time RFI mitigation

To achieve these goals we need ~weekly
observations of ~20 MSPs over at least five years
with TOA precisions of ~100 ns for ~10 pulsars
and < 1 us for rest
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The PPTA Project: Methods

 Using the Parkes 64-m telescope at three frequencies (680, 1400 and 3100 MHz)

* Digital filterbank system, 256 MHz bandwidth (1 GHz early 2007), 8-bit sampling,
polyphase filter

 CPSR2 baseband system 2 x 64 MHz bandwidth, 2-bit sampling, coherent de-
dispersion

* Developing APSR with 512 MHz bandwidth and 8-bit sampling
* Implementing real-time RFI mitigation for 50-cm band

« TEMPO2: New timing analysis program, systematic errors in TOA corrections < 1 ns,
graphical interfaces, predictions and simulations (Hobbs et al. 2006, Edwards et al.
2006)

* Observing 20 MSPs at 2 - 3 week intervals since mid-2004

* Looking to international co-operation to obtain improved data sampling including
pulsars at northern declinations
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Sky Distribution of Millisecond Pulsars

P <20 ms and not in globular clusters

Parkes TA pulsar

O P =2 ms
¢ P =5 ms

Filled: S1400 > 2 mJdy
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PPTA Pulsars

* 20 MSPs - all in Galactic disk
except J1824-2452 (B1821-24) in
M28

» Two years of timing data at 2 -3
week intervals and at three
frequencies

» Uncorrected for DM variations
and polarisation calibration

* Five pulsars with rms timing
residuals < 500 ns, all < 2.5 us

 Best results on J0437-4715 (120
ns) and B1937+21 (170 ns)

Still have a way to go!

Period DM Orbital Rms
(ms) (em™ pc) period Residual

(d) (us)

J0437-4715 5.757 2.65 5.74 0.12
J0613-0200 3.062 38.78 1.20 0.83
JO711-6830 5.491 18.41 1.56
J1022+1001  16.453 10.25 7.81 1.11
J1024-0719 5.162 6.49 1.20
J1045-4509 7.474 58.15 4.08 1.44
J1600-3053 3.598 52.19 14.34 0.35
J1603-7202 14.842 38.05 6.31 1.34
J1643-1224 4.622 62.41 147.02 2.10
J1713+0747 4.570 15.99 67.83 0.19
J1730-2304 8.123 9.61 1.82
J1732-5049 5.313 56.84 5.26 2.40
J1744-1134 4.075 3.14 0.65
J1824-2452 3.054 119.86 0.88
J1857+0943 5.362 13.31 12.33 2.09
J1909-3744 2.947 10.39 1.53 0.22
J1939+2134 1.558 71.04 0.17
J2124-3358 4.931 4.62 2.00
J2129-5721 3.726 31.85 6.63 0.91
J2145-0750 16.052 9.00 6.84 1.44




 ADM from 10/50cm or 20/50cm
observation pairs

 Variations observed in most of PPTA
pulsars

ADM (107* em™3pc)
27 —12 0 12 -72 0 72 —42 0 42 —43 0 43 —19 0 19 —3.3 0 3.3—3.2 0 3.2
T

« ADM typically a few x 103 cm= pc

» Weak correlation of d(DM)/dt with DM,
closer to linear rather than DM'2

» Effect of Solar wind observed in pulsar
with low ecliptic latitude

-5.10 51-150 15 —2";’3

(You et al.,))
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The Gravitational Wave Spectrum
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" IR Gravitational Waves
Current and Future Limits on the
Stochastic GW Background

Residuals

* Arecibo data for PSR B1855+09 (Kaspi

I

|

et al. 1994) combined with subset of recent I
PPTA data I L

I

- Monte Carlo methods used to determine 8 Seraighe W&%

A pabgian 171340747

. . . . ‘\ -y J1909-3744
detection limit for stochastic background ! 10us it
described by hc = A(f/’] yr)a (Where I S— :
o = -2/3 for SMBH, ~ -1 for relic radiation, ~ -7/6 for 4000 2000 0 o000 000

cosmic strings)
» Current limit: Q,(1/8 yr) ~2 x 10°®
» For full PPTA (100ns, 5 yr): ~ 10-10

e Currently consistent with all SMBH
evolutionary models

* If no detection with full PPTA, all current
models ruled out

 Already limiting EOS of matter in epoch of
inflation and tension in cosmic strings o
(Jenet et al. 2006)

-14

log,,[A]

-16

-18
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Summary pulsars

» Direct detection of gravitational waves (GW) is a major goal of current astrophysics -
it will open a new window on the Universe

» A pulsar timing array can detect GW from astrophysical sources

» Pulsars are sensitive to GW at nHz frequencies - complementary to ground-based
and space-based laser-interferometer systems

» Parkes Pulsar Timing Array (PPTA) timing 20 MSPs since mid-2004. Goal is ~100 ns
time residuals on at least half of sample, currently have five with rms residuals < 500 ns

» Current data improve the limit on the stochastic GW background by a factor of five.
Full PPTA should detect the predicted background

» Expect pulsar-based timescale to have better long-term stability than current best
terrestrial timescales

» SKA will herald a new era in the study of gravitational waves!
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Multi-messenger
observation of

binary neutron
star collision




First multi-messenger observation:
SN1987A

)
n Annu. Rev. Astron. Astrophys. 1989. 27.629-700
|

Copyright © 1989 by Annual Reviews Inc. All rights reserved

SUPERNOVA 1987A

W. David Arnett

Departments of Physics and Astronomy, University of Arizona, Tucson,
Arizona 85721

John N. Bahcall

Institute for Advanced Study, Princeton, New Jersey 08540, and
Space Telescope Science Institute, Baltimore, Maryland 21208

Robert P. Kirshner

Harvard-Smithsonian Center for Astrophysics, MS-19, 60 Garden Street,
Cambridge, Massachusetts 02138

Stanford E. Woosley

Board of Studies in Astronomy and Astrophysics, University of California,
Santa Cruz, California 95064, and General Studies Group,
Lawrence Livermore National Laboratory, Livermore, California 94550

1. INTRODUCTION

On February 23.316 UT, 1987, light and neutrinos from the brightest
supernova in 383 years arrived at Earth, shocking astrophysicists into a

“Multimessenger”
Neutrinos and photons

1300 papers on SN1987A

© Annual Reviews Inc. * Provided by the NASA Astrophysics Data System
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Binary neutron stars




Network for multi-messenger
observations with GW

_ S
&’._\.' = .fi

2009 - Prototype demonstration of online analysis and alert testing
2013 - Initiate global discussion about GW-EM follow-up program
2017 - Memoranda of Understanding signed with 90+ groups around the globe



Observation of binary neutron star
merger
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Multi-messenger Observations of a Binary Neutron Star Merger
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Abstract
On 2017 August 17 a binary neutron star coal candidate (later desi d GW170817) with merger time
12:41:04 UTC was ob d through gr I waves by the Ad I LIGO and Ad d Virgo detectors. The
Fermi Gamma-ray Burst Monitor independently detected a ga burst (GRB 170817A) with a time delay of

~1.7 s with respect to the merger time. From mc gravitational-wave signal, the source was initially localized to a sky
region of 31 deg” at a luminosity distance of 407§ Mpc and with component masses consistent with neutron stars. The
compuncll masses were later measured o be in the range 0.86 to 226 M.. An extensive observing campaign was
hed across the ek ic spectrum leading to the discovery of a bright optical transient (SSS17a, now with
the IAU identification of AT 2017gfo) in NGC 4993 (at ~40 Mpc) less than 11 hours after the merger by the One-
Meter, Two Hemisphere (IM2H) team using the 1 m Swope Telescope. The optical trunsient was independently
detected by multiple teams within an hour. Subsequent observations targeted the object and its environment. Early
ultraviolet observations revealed a blue transient that faded within 48 hours. Optical and infrared observations showed a
redward evolution over ~10 days. Following early non-detections, X-ray and radio emission were discovered at
the transient’s position ~9 and ~16 days, respectively, after the merger. Both the X-ray and radio emission likely
arise from a physical process that is distinct from the one that generates the UV /optical /near-infrared emission. No
ultra-high-energy gamma-rays and no neutrino candidates consistent with the source were found in follow-up searches.
These observations support the hypothesis that GW 170817 was produced by the merger of two neutron stars in
NGC 4993 followed by a shont gamma-ray burst (GRB 170817A) and a kilonova/macronova powered by the
radioactive decay of r-process nuclei synthesized in the ejecta.
Key words: gravitational waves ~ stars: neutron

1. Introduction

Over 80 years ago Baade & Zwicky (1934) proposed the idea
of neutron stars, and soon after, Oppenheimer & Volkoff (1939)
carried out the first calculations of neutron star models, Neutron
stars entered the realm of observational astronomy in the 1960s by
providing a physical i ion of X-ray ission from

Heuvel 1975; Massevitch et al. 1976; Clark 1979: Clark et al.
1979; Dewey & Cordes 1987: Lipunov et al. 1987: for reviews
sce Kalogera et al. 2007; Postnov & Yungelson 2014). The
Hulse-Taylor pulsar provided the first firm evidence (Taylor &
Weisberg 1982) of the existence of gravitational waves (Ein-
stein 1916, 1918) and sparked a renaissance of observational
tests of oeneml relativity (Damour & Tavior 1991, 1992:

56 teams and collaborations
3600 co-authors, 200 institutes

VWhat

First hints of interpretation



" RS Gravitational Waves
« The big picture »

* Aguide to the jungle of 80+ articles

 An exhaustive record for the 192 ! GCN
Notices exchanged about GW170817

GW ————

LIGO,Virgo

l | | I

Y-ray ©
Fermi, NTEGRAL, Astrosat IPN, Insight-HXMT, Swift AGILE, CALET H.ESS,HAWC  Konus -Wind

ol N miii | |
X-ray o

Swit MAXIGSC ,NuSTAR, Chandra, NTEGRAL

Swit, HST

Optical =Y o
Swope DECam,.DLT40, REM-ROS2,HST,Las Cumbres, SkyMapper, VISTA, MASTER, Mageﬂan Subaru, Pan-STARRS1,
HCT, TZAC,LSGT, T17, Geminl-South, NTT, GROND, SOAR, ESO- VLT, KMTNet, ESO- VST, VIR T, SALT, CHILESCOPE, TOROS,
BOOTES 5, Zadko, I‘Telescope Net AAT,Piofthe Sky,AST3-2, ATLAS, Danish Tel, DFN, Teos EABA Il“ I [ 'I ' “ I I I I | l I I I

@ B
fe vt tm nil
Radio —

ATCA, VLA ASKAP. VLBA GMRT, MWA LOFAR, LWA, ALMA OVRO EVN,e-MERLIN,MeerKAT, Parkes, SRT, Effelsberg
We e rerimmr |

100 -50 0 50 102 IERET: 100 10"
t-t. (s) t-t. (days)

RBM-ROS2, VISTA, Geminl-South, 2MASS Spitzer NTT, GROND, SOAR, NOT, ESO-WLT, Kanata Telescope, HST




Main discoveries

o LIGO - Virgo e [y
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Main discoveries (1)




Short gamma-ray burst - GRB170817A

“Fireball model”

prompt afterglow
emission (X, optical,

radio)
Massive or black hole <gamma>

hyper-massive + accretion disk —
Neutron-star ?

Binding energy E ~ 10% erg

N

« E_~5x10% erg, 10,000 x less than usual

|

- This is not a standard “on-axis” short GRB - Off-axis ?

e 1.7 s after the merger
- Favors hyper massive neutron star (life time ~ seconds)
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H.E.S.S. Observatory WNJa

H.E.s.sN
4 x 12m teleacopes 4% 12m + 1 x 28 m telescopes
* Low energy threshold ~30 GeV FoV §° FoV: 5°/ 35°
« HESS Il FoV 3.5 deg Energy threzhold ~100 GaV Energy threshold ~30 GeV
Angular regolution < 0.1° Angular resolution < 0.1- 0.4°

 28m telescope design allows fast
slewing




o SRR G o

H.E.S.S. first observations of GW170817 HEs.sN
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Gamma-ray follow-up observations of GW1 70817H_E

GW
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INTEGRAL detection of sGRB

in-2.00 5 < t;<4.00s
(GCN 21507, Savchenko et al. 2017)

GW170817 detection
(GCN 21509,
LVC 2017, inprep:)

Fermi-GBM detection of sGRB
inl.25 s <t,; <3.25s - (GCN-21513)
(GCN 21528, Goldstein et al. in prep)

T

|
|
|
{
|
'

2

Fermi-LAT limit (95% CL)

in 0.1 <|E « 1 GeV
(GCN 21534)

|
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|
|
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I Circulation of ifi
| BAYESTAR malp

tial

0.2

_— e,
JVLA Radio detection @2-4GHz

Mooley et al. (2017)

HLV. mar

S5S17a detection
announcement

(GCN 21507, Coulter et al. 2017a)

H.E.S.S. upper]limits (95% CL)

Chandra X-ray
detection (Tro

g 0.31-2.88 1

]

eV
shs

founterpart
aetal. 2017c)

U R T LT
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O
104

Time since detection of GW170817 |s]

10°

T10°

107

\J
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* 27 min after GW170817 : First GW map : uncertainty covering 24,200 deg?® at 90% containment : not suitable
for scheduling follow-up observations with H.E.S.S.

* 5h later (LIGO+VIRGO map) : uncertainty covering 31 deg® at 90% containment
— HESS follow-up observations first night : only 35 min to derive pointing strategy before visibility window.
3 observations of 28 min each (with CT9)

— Shortest time delay by any ground based pointing instrument participating in the follow-up of GW170817



Main discoveries (2)
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The race to 1 optical detection

t + 40 min: 1°* LV announcement
candidate BNS associated with GRB

t_+ 1h05 : Fermi report

preliminary localization = 1100 deg?

t.+ 1h30 min: LV update
H1-only loc. and distance = 37 + 12 Mpc

t + 5h: LIGO Virgo loc. =30 deg? °

distance = 40 + 8 Mpc

Too late for Australia and South Africa

t_+ 11h : Swope detects SSS17a and its

host galaxy NGC4993

9™ field taken at 20:33 LT, Las Campanas Obs
180 galaxies at ~40 Mpc in the error box

+ 5 more independent detections in the following hour

t_+ 13h: Swope announcement
GCN Circular #21529

L3 A7 1** report on spectroscopic obs.
(GCN Circular #21547)

30°

 Fermi/
GBM
16h 12h

IPN Fermi /
INTEGRAL

-30°

-30°

8h

Swope +10.9 h
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HST/WFC3-IR F110W t +4.79d Tanvir et al, ApJL 848:L.27 2017



Photometry

16

Apparent Magnitude
N N
N o

N
S

26¢
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647 flux measurements from
18 papers and 46 instruments

\
~—
e — :
9
I B
W2, M2, w1,
F225W F275W F336W,u,U
5 10 15 20 25 30

MJD - 57982.529

Discovery: 17.48 mag (i band)

Rapidly rise and fading after ~1 day

Decline faster in the blue band, 1.5 mag/day
SED shifts from near-UV to near-IR in 8 days - hot ejecta and rapid cooling

V. Ashley Villar et al, arXiv:1710.11576
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Kilonova model (r-process)

Rapid neutron Radio active Heavy
capture decay elements
(lanthanides?)

I XX

@ Electron

heat

Thermal

Lattimer et al, Astrophys. J., 1977 radiation

Eichler et al, Nature 1989
Li & Paczynsky, Astrophys. J. 1998



16

Apparent Magnitude
N N
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N
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261

28

Inferring the kilonova model

S
18l

F336W,u,U

15 20 25 30
MJD - 57982.529

* Best fit has three components

+ Lanthanide-poor (blue, 0.5 cm?/g), intermediate (magenta, 3 cm?/g)

and lanthanide-rich (red, , 10 cm?/g)

* Good fit provides evidence for heavy-element
nucleosynthesis and ejection

+ Supernova models (**Ni decay, Fe opacity) do not fit

M., ~ 0.02M
Vej 0.26c

M., ~ 0.04M
Yoy ™ 0.15¢

Me; ~ 0.01 Mg
ve; ~ 0.14 ¢

Proton-rich
polar ejecta

Tidal tails or
delayed outflow
from accretion
disk

V. Ashley Villar et al, arXiv:1710.11576
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Pian et al, Nature, 2017
ESO VLT - X-shooter

N Spectrometry

Absorption lines consistent with
Cesium and Tellurium

— spectral data (+2.4d)
== model continuum
== model Cs+Te
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Smartt et al, Nature, 2017
ESO VLT - X-shooter
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Kilonova -Nucleosynthesis (1)

The Origin of the Solar System Elements

- cosmic ray fission

PN AAdﬂ(ﬂAAdAA
'E

e e

Astronomical Image Credits:
Graphic created by Jennifer Johnson ESA/NASA/AASNova
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Kilonova -Nucleosynthesis (2)

16 000 Mg

of heavy elements The Origin of the Solar System Elements

10 Mg, wz

in gold and platinum ' | stars flexplodir : de
(according to Edo |

Berger) AA Adﬂﬂddd‘d‘d

lanthanides
Astronomical Image Credits:

Graphic created by Jennifer Johnson ESA/NASA/AASNova




Main discoveries (3)

35;‘;2%«. NS TAR Chandra. NTEGRAL Ls
o X-rays: 10% erg/s
AR'CI-aK('jLAsz(IP\'\BACNF" MAA_LOFAR. LWA. ALMA. OVRIO. EVN. eMERLIN. MeerKAT Parkes, SRT Efdsbery ’— at tC + 9d (!)
RN o ] .
-100 -50 0 50 102 101 10°_,m'" 10! TrOJa et al’ 2017
t-t- (s) t-t, (days) s )
R e — ® Radio (6 GH2z):
A~ ~28 uJyatt_+16d
| J . -
=2 S Hallinan et al, 2017
. .
Decoupled from
pd Lesd ___Rodio the kilonova




So far, no convincing global model

Scenario i: Uniform Top-hat Jet Scenario ii: Structured Jet Scenario iii: Uniform Jet + Cocoon

Rotation Axis Rotation Axis Rotation Axis
Viewing Angle Viewing Angle

4 P

Uniform
Core

Structured
Jet

Viewing Angle

Doppler
Beaming
into
Sightline

Central Engine Central Engine Central Engine

X-ray and radio counterparts are likely afterglows (synchrotron)

A. Jet off-axis by ~5 deg = excluded

- 1.7 sdelay is too short (delay to medium transparency)
— Delayed X-rays require viewing angle ~ 13 deg
- Radio flux x 10 larger if true

B. Structured jet (same conclusion)
C. “Hot cocoon”

- Kilonova shows that a lot of material surrounds the binary.
Jet drills into the ejecta.
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Conclusions

» Exceptional observation campaign after an exceptional event

* Comprehensive picture of what happened after the merger

* Amazing predictive power of Physics (and physicists!)
» All electromagnetic counterparts predicted
* Kilonova (observed timescale, luminosity, color - consistent with simulations)

* This is no the end of the story: explain gamma-rays vs X-ray and radio observations

» 30 yrs after SN1987A, entering the golden ages of

multimessenger astronomy?

* 80 papers published on GW170817 so far (and counting)
https://Ico.global/~iarcavi/kilonovae.html
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Summary
m 99 years after prediction by Einstein,

gravitational waves was detected from 2 black
holes merger in 2018.

m /n 2017 extraordinary event of binary NS
merger proved heavy element production and
challenge gamma-ray models.

m This field has great future, first detection just
Started.



