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Space-time in general relativity

® Space-time is a deformable
and dynamical object

® Gravity is a geometrical effect
that emerges from space-time
curvature

C = = = 88  Sitsung der physikalisch-mathematischen Klasse vom 22. Juni 1916

Niherungsweise Integration der Feldgleichungen
der Gravitation.

on A. FinsTeIN.
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Gravitational waves

Einstein's equations = wave equation !
for small perturbations of flat space-time metric

There are waves of space and time

Gravitational waves are transverse
A

HE . R o, HE

Direction de propagation

Gravitational wave amplitude h = no dimension



Sources of gravitational waves

4

y X :
monopole K& o Electromagnetic waves — accelerated charges

dipdle '@ K? o - Variations of the electrostatic dipole
quadrupodle
* Gravitational waves — accelerated masses
— Gravitational dipole is constant
& (momentum is conserved)
— Variations of gravitational quadrupole

- No emission for spherical objects

source non axi-symetry is required



Black hole binary merger

inspiral merger ringdown

1

Characteristic waveform
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Michelson interferometer




Michelson interferometer




LIGO (Etats unis)

50 60 ~ 107 *m

— —21
h=7~10 L =3km

. Radius of atomic nuclei 10~ 15m (x 1000)



LIGO Handford H1 LIGO Livingston L1

~3000 km ~10000 km
(10 light-ms) (30 light-ms)
Sensitivities during O2 (2017) BNS range
H1: 60 Mpc
10‘2” I E— e R L1: 80 Mpc
@ | i \ V1: 25 Mpc
310—21- \}' ----------------------------------------------------------------
% 10722 SN ,,,,,,,,,,, AL L AL LI ] ‘ X
: | m‘
10—23_ ,,,,,,, M.,md',\" - | ,,,,,,;L ,,,,,,,,,
Quasi-omnidirectional | 5

(no pointing) 10 100 1000
Frequency [Hz]



LIGO Handford H1 LIGO Livingston L1

2015 2016 2017 2018 2019 2020

| | | | | |

LIGO only s I LIGO & Virgo B
o1 02 B Virgo 03
4 months 6 months 1yr from Apr 2019
~50 days ~ 100 days

coincident coincident



Amplitude (1021)

Amplitude (10-21)

Sep 14, 2015

1,51

-0,5}

0,5F

_1’5' R

wn i e

1,5p

0,5k

T . .
0.25 0.3 0.35 0.4 0.45
Temps (s)

/ ms
0.25 03 0.35 0.4 0.45

Temps (s)



Amplitude (1021)

Amplitude (1021)

1,51

Sep 14, 2015

0,5F

0,25

0,3

0.35
Temps (s)

0,25

0,35
Temps (s)

0,45

GW150914

Time: -0.46 seconds




UGO (VIR X: Time: -0.35 seconds




Catalog GWTC#1

* 10 binary black hole mergers

50 1.0
40 - 8
- 084 /M~ 7y
@ 30 1 - ] .-"/{'
£ 20 - - ; M i A
2 0.6 X }_, :
10 - - :
':" I ] I t}l I I T I I
0 20 40 60 80 20 40 60 80 100
my(Mg) Mi(Mg) . . i
including Virgo
GWITORLT GWI15129% CA1T0104 GWI1TDEOO V150014 GWI1TOT29
GWIT0G60s GWI151012 GWITDS14 GWITOS1S GWI1T0823

e population of objects hidden to conventional astronomy
arXiv:1811.12907, https:/www.gw-openscience.org/catalogs/

[Cf aussi l'article de J Garcia Bellido et S Clesse dans Pour la science, fév 2018]
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Frequency (Hz)

A lot of science with one signal

post-
merger
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matter/tida
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500

N LIGO-Livingston
=)
-
=
o 100
g- inspiral
=50
-30 -20 -10 0

Time (seconds)
From signal phase, chirp mass estimate

Phase matching: measurement accuracy scales with l/l\lCyC

N_ .= 3000

cycles

detector-frame chirp mass Mt =1.1977 Mg £ 0.07%

From signal amplitude, distance/inclination (degenerate)
1+ cos? 6N
Dy,

les

hy Dy, = 40 Mpc + 35%



Frequency (Hz)

500

LIGO-Livingston tidal/matte
effects

100

50

-30 -20 -10 0
Time (seconds)

Tidal deformation by the gravity gradient due to companion

Effect observable in the final tens of GW cycles before merger
f.,, > 400 Hz - Keplerian orbital radius ~ 60 km is comparable to NS radius



Tidal deformability

Love number (EoS)

2
A=Zk
3 2

3000 -
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2500 \,
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&
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NS radius (EoS)

mass

Less Compact

1500
Ay
large star

500 1000

Selection of EoS from J. S. Read et al
Phys. Rev. D79, 124032 (2009) and refs therein
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post-
merger

500

LIGO-Livingston

100
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Frequency (Hz)
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What is the remnant?
prompt collapse to a black hole QNM at 6 kHz

hypermassive NS [preferred] livetime ~ 1 s f-mode, 2-4 kHz
supramassive NS livetime ~ 10-10% s
stable NS magnetar, bar mode or r-mode instability

No evidence for a post-merger signal



https:/www.gw-openscience.org https:/indico.in2p3.fr/2/gw-odw?2

Lecture videos, Jupyter notebooks, challenge data
set available online - Run on Google Colab cloud

© Gravitational Wave Open Science Center - Mozilla Firefox
File Edit View History Bookmarks Tools Help

Bl Gravitational Wave Open - X | +

( ) - - Watch~ 15 Star 8 Fork 6
&« > C ‘ @ @& https://www.gw-opensc B so% e 9 Q‘ [O\ Search mw e = gRciwliodw.2013 AL Sty i
2 <> Code Issues 0 Pull requests 0 Projects 0 Wiki Insights Settings
\KRQ() Gravitational Wave Open Science Center
Z Branch: master~  0dw-2019 /Day_1/Tuto 1.2 Open Data access with GWpy.ipynb Findfile = Copy path
Getting Started l duncanmmacleod fixed #5 dec3f77 10 days ago

Data
Events 5

2 contributors ﬂl

Bulk Data

Tutorials

b 669 lines (668 sloc) 283 KB B | Raw Blame History i

Detector Status

Timelines

My Sources

P - uTC LIG0 Hanford Observatory, Washngion L1GO Livngsion Oser Virgo detecor, kay

(Credits: C. Gray) (Credas: ). Giai (Cre Virge aboration) 4
About the detectors L,l G
Projects
Acknowledge GWOSC
The Gravitational Wave Open Science Center provides data from gravitational-wave observatories,

along with access to tutorials and software tools.

Gravitational Wave Open Data Workshop #2

Tutorial 1.2: Introduction to GWpy

This tutorial will briefly describe GWpy, a python package for gravitational astrophysics, and walk-through how you can use this

A . .
e See parameter estimation samples @ to speed up access to, and processing of, GWOSC data.

Click this link to view this tutorial in Google Colaboratory

@ Join the email list
This notebook were generated using python 3.7, but should work on python 2.7, 3.6, or 3.7.

@ Explore the open data web course

Installation (execut hitps: /findico.in2p3.fr/e/gw-odw2

the installation alre

The LIGO observatories are built and operated by the LIGO Laboratory (California Institute of Technology and Massachusetts Insitute of Technology) with participation by the LIGO
Scientific Collaboration, and are supported by the U.S. National Science Foundation. The Virgo detector is designed, built and operated by a collaboration that includes the Centre
National de la Recherche Scientifique (France), the lstituto Nazionale di Fisica Nucleare (ltaly) and Nikhef (Netherlands), with Polish, Hungarian and Spanish institutes and the
European Gravitational Observatory (EGO) consortium
For general information, visit ligo.org and virgo-gw.eu
The LIGO Laboratory's Data Management Plan describes the scope and timing of LIGO data releases.

Note: we use pip. but it is rec

usage might lock a little differe GraVitaﬁﬂnal WEVE
v e e Qpen Data Workshop #2

[ pip install -r ./requi

Paris, April 8-10 2019

AstroParticule & Cosmologie
Paris Diderot University

Three-day workshop to learn how to access and
analyze LIGD and Vikgo data

htp: v gw-openscience.org

wo [ (1Q)))VIRGD EGO= @ @ <
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LIGO-Virgo LIGO only LIGO-Virgo sky localization
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GW170817 follow-up
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... continued ...

Voir aussi la présentation de Julien
Souchard (neutrinos et rayons
cosmiques)



Three time scales: seconds
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Short duration, ~ 2 sec
E.,~ 1.2 x 104 erg (assuming D, = 40 Mpc)
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Three time scales: hours/day

LIGD L V[Fgo : FermiGEM
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“Kilonova”: radioactive-decay (r-process)
powered emission from the merger ejecta
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647 flux measurements from
18 papers and 46 instruments
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V. Ashley Villar et al, arXiv:1710.11576
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HST/WFC3-IR F110W t +4.79d Tanvir et al, ApJL 848:L27 2017/



Three time scales: weeks/months
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Late time radio VLBI observations

* Mooley et al & Ghirlanda et al
TO+ ~200 days

* Very-long based interf [10 000 km]
> 32 radiotelescopes [worldwide]

~2 mas resolution

/' n=10"-5x10° cm?

cocoon * Moving collimated jet observed

« midly relativistic jet I ~ 4, 6, ~ 4°

E=10%-10% erg

ejecta

A Real source image

3.38"

DE(

53.39"

Mooley et al, ArXiv:1806.09693 53.40"
Ghirlanda et al. ArXiv:1808.00469
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Implications (1): nucleosynthesis

16 : : : : , S

647/ flux measurements from
18 papers and 46 instruments
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Implications (2): modified gravity

e Coincidence with GRB1/081/A within 1./ s
 Very stringent constraints on the speed of gravity |c/c, = 1| < 5 x 10

* |Incompatible with a large set of alt. gravity scalar-tensor theories
brought forward to explain dark energy

Horndeski

Cg =cC

Cg FC

General Relativity
quintessence/k-essence [42]
Brans-Dicke/ f(R) (43, 44|

Kinetic Gravity Braiding [46]

quartic/quintic Galileons [13, 14]
Fab Four [15, 16]
de Sitter Horndeski [45]
Gt 9" [47], Gauss-Bonnet

beyond H.

Derivative Conformal (20) [18]
Disformal Tuning (22)
DHOST with A; =0

quartic/quintic GLPV [19]
DHOST [20, 48] with A, # 0

Viable after GW170817

Non-viable after GW170817

https:/arxiv.org/abs/1710.05901
https:/arxiv.org/abs/1710.05877


https://arxiv.org/abs/1710.05901

Implications (3): Cosmology

Hubble Lemaitre law vy = cz = Hy Dy,

from host galaxy identif. from GW signal amplitude
[no “cosmological ladder”™!]

1929] distances from Cepheids variables >
. ] -
et - T
ol : : —— p(Ho | GW170817)
& 1 Planck
/./ 1 1
" 1 1 SHoES
300xM O 0.04 - | i
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Science run O3

Gravitational Wave Detector Network
Operational Snapshot as of Jul 08, 17:33 UTC

Detector Status Duration
GEO 600 Observing | 0:02
LIGO Hanford Observing 22:23
LIGO at ~120 Mpc (L1) and 100 Mpc (H1) oo Lmgsion SN 1414
p p Virgo Science 2:21
Virgo at ~50 M ~2 wrt 02) ~90 % duty cycl
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GraceDB — Gravitational Wave Candidate Event Database
| HOME | SEARCH [ LATEST | DOCUMENTATION | LOGIN
Latest — as of 5 June 2019 22:31:40 UTC
Test and MDC events and superevents are not included in the search results by default; see the query help for information on how to search for events and superevents in those categories.
Query:
Search for:
Search
uiD Labels t_start to t end FAR (Hz) Created
$190602aq DQOK ADVOK SKYMAP_READY PASTRO_READY EMBRIGHT READY GCN_PRELIM_SENT 1243533584.081266 1243533585.089355 1243533586.346191 1.901e-09 2019-06-02 17:59:51 UTC
$190524g  DQOK ADVNO SKYMAP_READY EMBRIGHT READY PASTRO_READY GCN_PRELIM_SENT 1242708743.678669 1242708744.678669 1242708746.133301 6.971e-09 2019-05-24 04:52:30 UTC
$190521r  DQOK ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY GCN_PRELIM_SENT PE_READY 1242459856.453418 1242459857.460739 1242459858.642090 3.168e-10 2019-05-21 07:44:22 UTC
$190521g  DQOK ADVOK SKYMAP_READY PASTRO_READY EMBRIGHT_READY GCN_PRELIM_SENT PE_READY 1 c
$190519bj ADVOK DQOK SKYMAP_READY EMBRIGHT READY PASTRO_READY GCN_PRELIM_SENT PE_READY 1 c
5190518bb DQOK ADVNO SKYMAP_READY EMBRIGHT READY PASTRO_READY GCN_PRELIM_SENT 1 Tc
$190517h  DQOK ADVOK SKYMAP_READY EMBRIGHT READY PASTRO_READY GCN_PRELIM_SENT PE_READY 1 . I . . . Ic
5190513bm DQOK ADVOK SKYMAP_READY EMBRIGHT READY PASTRO_READY GCN_PRELIM_SENT 1 AI e rtS a re p u bl |C : W |th | n | I I | n utes Tc
$190512at  DQOK ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY GCN_PRELIM_SENT PE_READY 1 c
5190510g  DQOK ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY GCN_PRELIM_SENT 1 htt . d b I' I t t rc
5190503bf DQOK PASTRO_READY EMBRIGHT_READY SKYMAP_READY ADVOK GCN_PRELIM_SENT 1 ps ° g ra Ce '3 |g0.0 rg a es c
$190426c  DQOK EMBRIGHT READY PASTRO_READY SKYMAP_READY ADVOK GCN_PRELIM_SENT PE_READY 1 [
5190425z  DQOK SKYMAP_READY EMBRIGHT READY PASTRO_READY ADVOK 1 Ic
5190421ar DQOK EMBRIGHT READY PASTRO_READY SKYMAP_READY GCN_PRELIM_SENT ADVOK PE_READY 1 Ic
$190412m  DQOK SKYMAP_READY PASTRO_READY EMBRIGHT_READY ADVOK GCN_PRELIM_SENT PE_READY 1235082261.146717 1239082262.222168 1235082263.225452 1.683e-27 2019-04-12 05:31:03 UTC
5190408an DQOK ADVOK SKYMAP_READY PASTRO_READY EMBRIGHT_READY GCN_PRELIM_SENT PE_READY 1238782699.268296 1238782700.287958 1238782701.359863 2.811e-18 2019-04-08 18:18:27 UTC
$190405ar DQOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY ADVNO 1238515307.863646 1238515308.863646 1238515309.863646 2.141e-04 2019-04-05 16:01:56 UTC
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Future prospects

* O3 will last tall Apr 2020 ; 9 more months to go!
- 55 binary black holes?
- Few binary neutron stars [with EM counterpart?]
- Neutron star-black-hole binary?

* Advanced Virgo+ [approved]
- Phase | design completed, under review

- x 1.5-2 better sensitivity; ~1 alert every day
- Joint science run with LIGO and KAGRA (Japan) end 2021

« 3" detector generation ramping up
— Einstein Telescope, another x 10 better sensitivity

- Binary black hole mergers in the whole Universe (z > 15)



Concluding remarks

 Multi-messenger astronomy in its infancy

- Many breakthroughs with only one event!

 GW observable universe is expanding very fast
- Sensitivities x 2 every two years; x 8 in volume
- More detectors around the globe soon (Japan, India)

* Major facilities for electromagnetic follow-up in

the next 10 years
~ CTA; SVOM: LSST and JWST: SKA

* Very promising science program with large
discovery potential



