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The gravitational wave spectrum
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Gravitational wave
L L =3hM Ly T\ T
s et h(t): amplitude of the GW &g v o IF E

Detecting gravitational waves
with ground-based interferometers

Masses in motion

Space-time deformation

|||||

Cleaner

(h has no dimension)

For GW170814, first Virgo detected event:
h=5x10%* — 38L=+08x10"m
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An international network of detectors

-l-‘—"‘—"'——__.‘ = — — = . —

Network working as a single £
detector since 2007 N
The network isa =
Gravitational wave telescope”

1-.

v Rejection of spurious local noise (coincidence) — better sensitivity
v Source localisation (triangulation) — astronomy
v Wave polarization
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Summary of O1 and O2 runs
2015 2016 2017
|O9|10|11|12 01|02|03|04|05|06|07|08|09|10|11|12 01|02 |O3|O4|05|06|07|08 |09|10|

19/01/2016
30/11/2016
25/08/2017

Gw170104 GWwW170608 GW170814
GW150914  GWI151226 First Virgo event!

\
GWwW170817
+ multi-messenger detections!
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Comparing the detected GW signals

GW150914

LVT151012 o
Binary black hole mergers

short signals (<2 s) in the detector frequency band

R maximum frequency: few 100’s hertz

GwW170104

Binary neutron star merger
longer signals (~100 s) in the detector frequency band

maximum frequency: ~1 kHz
GW170817 —

GwW1l70814 ‘

0 20 25 30 35 40 45 50 55
time observable (seconds)

LIGO/University of Oregon/Ben Farr
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Binary compact objects masses

Masses in the Stellar Graveyard

in Solar Masses

Binary black holes
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Event sky localisations

GW170104

LVT151012

GW151226

GW170817

GW150914

GW170814

LIGO/Virgo/NASA/Leo Singer
(Milky Way image: Axel Mellinger)

Events sky localisation areas (deg?)

GW150914 600
GW151226 850
GW170104 1200

1 LIGO detections

)

} LIGO-Virgo detections

— sky area reduced by factor ~10 with Virgo
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Implications of binary black hole (BBH) detections




Phenomenological tests of General Relativity

Look for phase deviations from GR at different post-Newtonian orders

;L(f) = A(f, ég;;) ei[qj(f;@)+5@(f;@7XmOdGR)]

— Bounds combining GW150914, GW151226 and GW170104
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First tests of GW polarization

General Relativity
— 2 polarization modes for GW

Generic metric theories of gravity
— 6 modes allowed

(c) breathing mode

xory Y

(e) vector-x mode

—

9

(d) longitudinal mode (f) vector-y mode

(b) cross mode

" New tests with GW170814

Interferometer sensitive to GW projected onto the
detector local + mode

Can study GW polarization modes using multiple
detectors with different orientations

— pure + and x modes favoured with respect
to pure scalar of vector polarizations
(polarization mixtures no tested yet)
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Test of modified dispersion relation

2 . 2.2 o e > E, p: energy and momentum of the gravitational radiation
19 pTc + Ap ¢ a =0 A: amplitude of the dispersion

- dephasing of GW relative to the phase evolution in GR,
with modified group velocity of GW. -

Vg _ (a—1) a—2 W\ W
< =1+ 2 AE 2 l |""f}|_
Interferometer
T \
”}—I? L ? e
5 & i . .
% i v & | Firstbounds derived from GW observations
i v O v & First tests of superluminal propagation in the gravitational sector
= v @ Y
1020} _ O A0
@ . V A<0 _ ]
00 05 1.0 15 20 25 30 35 40 90% credible upper bounds on |A|
ﬂ (with GW170104, GW150914, GW151226 signals)
/
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In brlef physics with blnary black holes

[ Inference of BBH population dlstrlbutlon

Formation of massive stars?
and merger rate
N Y, | R = [12;213] Gpc2.yr ! |
Astrophysical _ N /
implications 4 Formation of BBH | A a _ :
_ .2 o e Q- Estimation of GW
From binary stars o, T stochastic background -
from BBH mergers
[ J -
. From isolated BHs —» ) \
* 4 o
~ Check waveform h " Bound on graviton mass
internal consistengy| | L
3y and Lorentz violation &
Tests of General i my < 1.2 x 10722 eV/c?
REIatiVity \ %0 50 50 0 y 00 110 120 | \ ! " /lult“l:n) o
\‘7 Final mass M, (M) | |/ N
/// \\ B Y o} Y o}
; O
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The first multi-messenger detection of a
binary neutron star (BNS) merger: GW170817

» Electro-magnetic follow-up

« GRB association

* Kilonova

« Measurement of the Hubble constant
» Searching for neutrinos
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GW1 7081 7 source localisation

August 17, 2017 at 12h41m04.4s UTC
Combined SNR = 32.4

rmr < 1 per 8x10* r i
L FaILse ?Iad ate <1 per 8x10% years,  Sky location:
ogma ize amph‘tlude

6

=]

500

30° | = - rapid loc. with HLV: 31 deg?

- final loc. with HLV: 28 deg?

100

50

N
500 |
LIGO-Livingston | E

OO

100

Frequency (Hz)

* Luminosity distance: 40Tf4 Mpc
o L (~120 millions of light-years)

50

h
. 18h | "

-30°

-30°
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‘ ~~__ - 3D position: 380 Mpc?
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Time (seconds)

— triggered follow-up observations

This is the closest and most precisely localized gravitational-wave signal! E
— and identification of NGC4993 as host galaxy

Abbott et al., PRL, 119, 161101 (2017) L. Rolland - 29 June 2018 - LAPth



The electro-magnetic follow-up campaign

TO TO+1,7s TO+5h TO+11h TO + 9 days TO + 16 days
GW » y-ray burst_, Localisation \
detection detection GW
7 __}|distance:
+8
; } 4 40 7, Mpc
GW
LB, Wirga:
y-ray L 1M2H Swope . .
FermmlL INTEGRAL Asirosal P Insight- HEXMT. 3wt AGIE CALET HE S 3 HAWC HKausWind I I o . ‘L- Identlflcatlon
I galaxy:
anus-r *-—e— 1 O.BSI:I : i NGC4993,
Dptlcal ° - Chandra at ~40 M pc
e O P e T, S A A TTER Maetan, Subary o S, s
E%Eé"g Ii;ﬁ-rﬁ-{'r!mhﬂ BT Plof he S3ky ASTI3-Z ATLAS Dansh Tel OFM TE0S,. EABES I ll ll I | I l I | I _.I‘
I!|EI§-H.DEE VETA Gemin-Scuth. ZMASS Spirer. NT T GROMD. SO NOT ESO-WVLT Hanata Tekescope HST - . . .
It nwnnnim nil
Radio — od X-ray
ATCTE VLA ASHER VLB A SIMET. ML LOFAR. LWE B RLA ORFD. WML 2l ERLIM. M e BT Parkes SR 5T shang VLA
TR TN W g |
-100 -50 o 50 102 101 100 101 H _'.I ¢
itz (s) t-ic (days) B
.
Abbott et al., The Astrophysical Journal Letters, 848:L12 (2017)
16.4d Radio
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- 3 times more likely to be a short GRB than a long GRB

Event rate (counts/s)

Event rate (counts/s)  Event rate (counts/s)
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120000
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Association with a gamma-ray burst

GRB170817A detected by Fermi and INTEGRAL GRB sky localisation (90% CL)
- y-ray emission started ~1.7 s after merger time :

art
\}m‘:‘é"‘ oRD av

Lightcurve from Fermi/GBM (10 — 50 keV)

Lightcurve from INTEGRAL/SPI-ACS
(> 100 keV) ‘

FHOE Gravitational-wave time-frequency map

300
200

100

50

—10 —8 —6 o —2 0 2 4 6

Abbot at al., ApJ, 848, 13 (2017)

— 4

Fermi-GBM (llOOTJI_egz_)
Fermi and INTEGRAL (deg?)
LIGO-Virgo (28 deg?)

Time and localisation association chance probability: 5.0 x 108
— association validated within 5.3 o

,/ N

— First direct evidence that binary neutron star mergers
. are progenitors of (at least some) short gamma-ray bursts! |
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GW/GRB association and speed of gravity

er Propagation Detection on Earth

Binary neutron star merg
i along at least 26 Mpc

Gravitational wave

y-rays

Assuun;lon: y-rays detected 1.74 + 0.05 s ~S——=
y-rays emitted between 0 and 10 s after merger after merger seen by GW
v

" Previous constraints
were allowing a time
difference of 1000 years!

4 N
Difference between speed of gravity and speed of light:

[-3x10*° ; +7x107%%] x C

/

Abbot at al., ApJ, 848, 13 (2017) 18
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Horndeski

Implications on gravitation models

Cg =cC Cg # C
General Relativity quartic/quintic Galileons [13} 14] )
quintessence/k-essence [40] Fab Four [15]

Brans-Dicke/ f(R) [47, 48]

de Sitter Horndeski [49]
Kinetic Gravity Braiding [50] Gt 9" |51, f(¢)-Gauss-Bonnet [52]

beyond H.

Derivative Conformal (|19)) [17]

quadratic DHOST with A; =0

quartic/quintic GLPV [18]
Disformal Tuning (21 quadratic DHOST [20] with A, # 0

cubic DHOST [23]

Viable after GW170817

From Ezquiaga & Zumalacarregui, arxiv 1710.05901

Non-viable after GW170817

+1710.06394, 1710.05893, 1710.05877....

L. Rolland - 29 June 2018 - LAPth
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Kilonova and
nucleosynthesis of heavy nuclel

Tidal effects before merger Valley of stability of nuclei i
; . 8 e gg rr?gl:?rons d ':i..n:::
Ejection of high speed S Lanthanides
., ~_matter rich in neutrons 2
£ v E126
5 A 7Co TN p : Y O
3 A Rapid fusion of heavy 5 -
72 73N\l
5 45 Col unstable elements, =
g nCo 7N rich in neutrons >
§ 6oFe 703: AN (_f-I_OFOCGSS_) ‘ (S —
4 B~ disintegrations J 507
42 68Fe GQCO =
A ¢ ; Stable
41|  °'Fe T“CO ' \ a - disintegration
Heavy stable elements EB J 4
26 27 28 - up to Pb, Bi, o N i

including Au, Pt

A

N Number of protons ; = 56 7 83
B disintegrations - Number of protons

A Neutron capture - _ -
| — Binary neutron star mergers are probably

. the main sources of heavy elements in the Universe
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What is the merger remnant?

Estimation of intrinsic parameters:

Spin limit consistent with
observed population

Theoretical
spin limit

Bayesian fit of the waveform low-spin ([x| < 0.05) [ high-spin ([x| < 0.89)
M otyivp (M) 1.18879:992
Mass parameters 7Ly (M@) 1.36*1.60 1.36 - 2.26
mo (M) 1.17-1.36 0.86 — 1.36
mior (Me) 2.747501 2.82+559
N

/- . e .
Masses of the initial objects

Degeneracy between mass ratio
and aligned spin components

- Masses < 2.3 M@

1.4

1.3 . x-| < 0.05
N x| < 0.89

1.2

3 11
e
o 1.0
g

0.9

0.8

0.7 1 1
1

0.6 T T T T T
1.25 1.50 1.75 2.00 2.25 250 2.75

m1 [Me]

— masses consistent with two neutron stars

AN

-
About the remnant

A O N
%
W7

@1@

May

Prompt Collapse

nnnnnnnnnnnnnnnnnnn

HMNS or short-lived SMNS long-lived SMINS

:. w%
N

arxiv 1710.05938

Imprint in both GW and EM signals,
but lack of sensitivity
and difficult to interpret

— unknown nature of the remnant:

» black hole
* hypermassive neutron star

* long-lived supramassive neutron star

From Margalit & Metzger,

)
21

\
Abbott et al., PRL, 119, 161101 (2017)
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What is the equation of state of neutron stars?

) ) o Spin limit consistent with Theoretical
Estimation of intrinsic parameters: observed population spin limit
Bayesian fit of the waveform low-spin ([x| < 0.05) [ high-spin ([x| < 0.89)

Mepirp(Mo) 1.18875 602
Mass parameters 7Ly (M@) 136*1.60 1.36 - 2.26
mo (M) 1.17-1.36 0.86 — 1.36
meor (Me) 2.7410°01 2.8270 709
Dimensionless tidal deformability A(1.4Ms) < 800 < 1400

Deformation of the Imprint on the shape of the gravitational
wave, from f>600 Hz

Tidal field of the
> neutron stars —>
(- parameter A)

companions

» Collision happens earlier than without tidal effect
* Modified final spin

- disfavour equations of state of neutron

stars that predict less compact stars:
radius < 15 km

22

L. Rolland - 29 June 2018 - LAPth



New measurement of the Hubble constant

| GW170817 can be used as a standard siren
fr — HO X Dlumznoszty

Determined from Estimated directly
host galaxy NGC4993 from GW signal
(3017 4 166 km/s) (43.8159 Mpc)

~ inferred Hubble constant: /, = 70", km/s Mpc ™!

i } Planck
; : SHoES
0.04 : i
k- = | Hy=67,74+ 0,46 km/s Mpc "
L s - : |
2 oo : i " Completely new independent measurement of H,
& : i ~ — will help in understanding current ‘tension’...
T 0014 i i
OOO T i T T i T T II T T
50 60 70 80 20 100 110 120 130 140

Hy (km s™' Mpc™)

Abbot et al., Nature, vol. 551, 7678 (2017)
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Search for high-energy neutrinos

~

| from GW170817

IceCube } Thermal MeV neutrinos 10° | [500 sec time-window | 1
ANTARES
. 102 L
ANTARES ~  High energy neutrinos it Auger
5 10'F IceCube —‘_'—l—— 3
(10% to 10™ GeV) S O e T . | @
Piel’l’e AUger §' S o s < Kimura et al :
Observatory _/ ,E 101l +° S N EE moderate |
102 ‘é;nll:lra et al. 0" R g — -- Kimura et al3
. . . EE optimisti 4° <k 0° S
- no signficant neutrino counterpart 10 e L A e IR ...
. . 1 3 p
within 500 s around GW170817, o —M
nor in the subsequent 14 days T ol eawramss
£ 10
- . gw ﬂ—;
~ Consistent with typical GRB observed off-axis, @ & gl
_or with low luminosity GRB O i ey e o] gl
- -~ 107 965 167 165 10° 107 10% 10° 16 10!
E/GeV

Will continue rapid search for neutrino candidates from GW sources h
. — could improve fast localisation of GW events down to ~1 deg?

/
4
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GW170817 Neutrino limits (fluence per flavor: vy + 7]
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A long non-exhaustive list of new data and tests

Astrophysical " Formation of BNS e . " Inference of BNS population distribution
implications A - > and merger rate
’ Y - I - . ~ 154043 Gpe yr!
\ From binary stars? From isolated NS? (R < 12600Gpc~2.yr~' from 01) |
,/
=<

background from BNS mergers =

{ Origin of GRB, jet beaming W Estlmat|on of GW stochastic
)
\

- will be detected
B ~ | inthe coming years > "

- /

Tests of General

Relativity _ New bounds on Lorentz violation )

h /

{ Search for deviations from GR in waveform J ( New test of the equivalence principle \

\\ Study of GW polarisation /\

’Cosmology B

- \\ ] /’
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Strain noise amplitude/Hz /2

Towards observation run O3 in 2019

LIGO-Virgo commissioning/upgrade period before O3

Advanced Virgo Advanced LIGO
1021 \ T T T T T I 10—21 T T T T I
H P Early (201617, 20— 60 Mpc) | P Early (201516, 40 — 80 Mpc)
oo I Mid (201718, 60 -85 Mpe B Mid (201617, 80— 120 Mpc
VRNEEE (2017 18, O - e (2016 - 17, 80— 120 Mpc)
o N Date (201820, 65115 Mpc) = SRR | I Late (201718, 120170 Mpc) |1
.- | EEEEE Design (2021, 130 Mpc) 'mN ooiotic S Design (2019, 200 Mpe)
10722 F: oo : _BNS_OptimizedKl%E‘?.MpC) ?10722 —BNS._.C.)ptimized (215 MpC)
....... RS . = EEEERREE R
Lol =
.................................... 'a
............................................. =
<
""""" SR : 2 S
10*23_-::::::::2: ::: . ‘ i ; 7 PR R 8 10723 oo L g
SRREREEELS S st RN o b .
............................. =S
............ S o
........................................ N
10—24 : ' S S 10—24 i
101 102 103 101 102 103
Frequency /Hz Frequency/Hz
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Summary

2017 ‘ 2018 2019
05 |06 |07 |08 |09 |10 |11 | 12|01 |02 |03 |04 | 05 |06 |07 |08 |09 |10 |11 | 12|01 |02 |03 |04 |

N~
§ LIGO-Virgo commissioning/upgrade period before O3
8 =
8 °
First Virgo event
GW170814 H GW170817
First binary neutron start merger
+ first multi-messenger detection!
First tests Looking forward to detect
of GW polarization First observation NS-BH,
of a binarv neutron star meraer BNS and BBH stochastic backgrounds,
. y g supernova, ...
First BNS-short GRB
association _ _ _ and to have other
First photometric observation multi-messenger detections!
_ of a kilonova
First GW measurement
of Hubble constant
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