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What is a gravitational wave?

GW origin

Masses in motion

Space-time deformation > transversal plane wave

> propagation at the light speed ¢

Gravitational wave > two polarisation states (+ and x)

Detectable effect on free fall masses . .

'.‘..

@j{;}@ SL,(t) = § h() Lo

h(t): amplitude of the GW

(h has no dimension)

o%e
o

lllustration of the metric variation with free fall masses initially located along
a circle, for a + polarised GW propagating along z
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A gravitational wave interferometer
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[ For GW170814, first Virgo detected event: ]

h=5x10% — 0d8L=+0.8x10""m

L. Rolland - 10 novembre 2017 - LAPP



An international network of detectors

Network working as a single
detector since 2007

.Lli

The networkisa |
“Gravitational wave telescope”

g

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
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Binary black holes
Binary neutron stars

|

Gw170104 GwW170814
First Virgo event!

O2 run duty cycles:
LIGO H1: ~60%
LIGO L1: ~60%
Virgo V1: ~80% (O2b)

\
GW170817

+ multi-messenger detections!
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GW170814: the first Virgo event!

August 14, 2017 at 10h30m43s UTC

Combined SNR =18
False alarm rate < 1 per 27000 years

_ Hanford ~ Livingston . Virgo False alarm rate:

Frequency [Hz]

Whitened Strain [10'21]

Primary black hole mass m 30.5'_"2:(7) Mg
Secondary black hole mass ms 25.3121:3 Mg
Chirp mass M 24.1'_"%:‘11 Mp
P Total mass M 55.9f§:$ Me
2 Té_ Final black hole mass Mg 53.2‘_"3:; Mg
12 55 Radiated energy F.q 27103 Mac?
6 é Peak luminosity £,eax 3.770:2 x 10°0 ergs™!
32 K g Effective inspiral spin parameter X g 0.06“_‘8;%3
Final black hole spin a¢ 0.70'_"8:8;
Luminosity distance Dy, 540f£‘8 Mpc
Source redshift z 0.11f8:82
000 048 050 052 051 056 046 048 050 052 051 n.i’)(; n.i4(; 048 050 n.sz 051 056
Time [s] Time [s] Time [s]

— a binary black hole merer,
similar to the first ever detected event GW150914
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Improvements with Virgo data

" Better sky source localisation

1! £y =y 250 500 TS0 OO
L1 Mpe

Using only two LIGO detectors: 700 deg?

v

Including Virgo detector: 80 deg?

2D localisation
— sky area reduced by factor ~10

3D localisation
— sky volume reduced by factor ~20

\\\‘7

Abbott et al., Phys. Rev. Lett. 119, 141101 (2017)

2N
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Flrst tests of GW polarisation

General Relativity
— 2 polarization modes for GW

Generic metric theories of gravity

— 6 modes allowed
y y X
© e O —
X . /’ /7“\\\
X /\ X ,// ‘
(a) plus mode (c) breathing mode (e) vector-x mode
Yy xory Yy

O] — —
=X = iz ' :

NS

(b) cross mode (d) longitudinal mode (f) vector-y 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
wrt pure scalar of vector polarizations
(polarization mixtures no tested yet)

LAPP




Binary compact objects masses

Masses in the Stellar Graveyard

> Binary black holes

L. Rolland - 10 novembre 2017 - LAPP



In brief: physics w/ binary black holes

. ,, _ ™\
' Formation of massive stars? "Inference of BBH population distribution |
and merger rate
R =12-213 Gpc 3yr !
- ,/ /
Astrophysical S : ™~ N /
. - P y / Formation of BBH \
implications e N
Lo " Estimation of GW Frmre |
From binary stars ~ — 4\ .~ 3_;*0—’1 stochastic background S e
(istavoured?) 0 (g o from BBH mergers . | =
e N 109
\ From isolated BHs ¢ - A. ) - v
N o - \_ 4
NG ,/‘
| / Check waveform “r————=7— - _ |
R & S and Lorentz violation
g ° . N . . %‘u(
E 04 - .};-—~-—?n'spirél %u
Tests of General 02 my <1.2x 1072 eV/?
Relativity \ T |\ Y
\ Final mass My (Mo) /// \\; = /
/" Search for deviations from GR in waveform |
ZZ 0PN T(S) 05PN , IPN 1.5PN ZI"N 2.5PN"W SI"N T‘S) jII‘_“ 35PN , :
e L] oa:“i*i%!* #*Ii#
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The first multi-messenger detection
of a binary neutron star merger:
GW170817

.

« GW data alone

« GRB association

» Electro-magnetic follow-up and kilonova
 Measurement of the Hubble constant

« Searching for neutrinos

N - LAPP
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« GW data alone

* GRB association

* Electro-magnetic follow-up and kilonova
* Measurement of the Hubble constant

» Searching for neutrinos

L. Rolland - 10 novembre 2017 - LAPP
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The BNS merger in LIGO-Virgo data

August 17, 2017 at 12h41m04.4s UTC

Combined SNR =32.4
False alarm rate < 1 per 8x10* years

Normalized amplitude

0 2 4 6
[
500
LIGO-Hanford

SNR =18.8

100
50

500

LIGO-Livingston

SNR = 26.4

Frequency (Hz)
o
-

i
o

500

100 SNR =2.0

50

-10 0

-30 -20

77777777777777777 Time (seconds) >

Signal duration: 100 s (from 24 Hz)

Abbott et al., PRL, 119, 161101 (2017)

-
" Low signal in Virgo:

Worse sensitivity + worse sky direction

- do not participate to detection

— significant effect on parameter estimation,

sky localisation in particular

102

(Strain/+/Hz)

10-22 -

102

LIGO-Hanford
LIGO-Livingston

Sn(f) and 2/(h(f)V])

2 3
Frequency (Hz) 10

Antenna responses
projected on Earth
(darker — less sensitive)

\ LIGO (Livingston) Virgo

L. Rolland - 10 novembre 2017 - LAPP
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GW170817 source localisation

5° » Sky location:

30°

' - rapid loc. with HLV: 31 deg?
/ N final loc. with HLV: 28 deg?

0° * Luminosity distance: 4O_+184 Mpc
15h 12h (~120 millions of light-years)

18h A

- — 3D position: 380 Mpc?
-30° \ -3()°

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

Abbott et al., PRL, 119, 161101 (2017) L. Rolland - 10 novembre 2017 - LAPP



Comparing the detected GW signals

GW150914

LVT151012 ¢

Binary black hole mergers
short signals (<2 s) in the detector frequency band
GW151226 maximum frequency: few 100’s hertz

GW170104

Binary neutron star merger
longer signals (~100 s) in the detector frequency band
maximum frequency: ~1 kHz

GW170817 ——

GW170814

10 15 20 25 30 35 40 45 50 55
time observable (seconds)

LIGO/University of Oregon/Ben Farr

| Shape of the GW signal - information on the source type and parameters |

L. Rolland - 10 novembre 2017 - LAPP



Estimation of intrinsic parameters

Bayesian fit of the waveform

Spin limit consistent with

Theoretical
observed population spin limit

low-spin (|x| < 0.05) | high-spin (|x| < 0.89)
0.004
Menirp(Me) 1.1887 ' 002
Mass parameters my (Mg) 1.36-1.60 1.36 — 2.26
mo (M@) 1.17-1.36 0.86 — 1.36
0.04 0.47
Mot (Mo) 2-74J—r0.01 2-82J—ro.09
Dimensionless tidal deformability A(1.4M@) < 800 < 1400
Ve \
Masses of the objects  Equation of state of the neutron stars
Degeneracy between mass ratio ' x| <005 Imprint on the
e e Sl E s . = -l b Tidal field of Deformation of gra\s/zgtpi)g n?'jl tvr\]/Zv o
— 1.1 i ’
EQ the companion the neutron star from £>600 Hz
~ Masses < 2.3 M g™ (- parameter A)

125 150 175 200 2.25 250 2.75
m1 [Me]

Known Neutron Stars
L
L

— masses consistent with two neutron stars

\\

Abbott et al., PRL, 119, 161101 (2017)

* Collision happens earlier than
w/o tidal effect
* Modified final spin

— disfavour equations of state of neutron
stars that predict less compact stars:
radius < 15 km

15
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Expected electro-magnetic counterparts?

Jet-ISM Shock (Afterglow) /q
Short gamma-ray burst (sGRB):
’ Ejecta—ISM Shock « Jet

P — prompt y-ray emission
- few seconds after merger

- last for <2 s
- beamed

 Interaction of jet with interstellar medium
(™ - afterglow emission
Vo - few days after merger

™ /\:{}_J-{}_;u I E 1
- C> Q — M* - evolves from X-ray to radio

s Merger Ejecta
" Tidal Tail & Disk Wind

« Conversion of hot ejected matter into r-
processed elements, disintegration and
thermal emission

— black body continuum + broad structures
- few hours-days after merger
- visible in UV, optical, IR
- rapid spectral evolution

Metzger & Berger, ApJ, 746, 48 (2012) L. Rolland - 10 novembre 2017 - LAPP 16



« GW data alone
« Gamma-tray burst association

Electro-magnetic follow-up and kilonova
Measurement of the Hubble constant
Searching for neutrinos

L. Rolland - 10 novembre 2017 - LAPP
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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)

Frequency (Hz)

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 P Ry

2500 4
2250 A

Lightcurve from Fermi/GBM (10 — 50 keV)

20001 ¢ |
1750 gLk
1500 1
1250 1

1750 4 Lightcurve from Fermi/GBM (50 — 300 keV)

1500 4

B itk

Lightcurve from INTEGRAL/SPI-ACS
120000 1 (> 100 keV)

117500 A

115000 1L

112500 !

400 Gravitational-wave time-frequency map
300
200

100

50
—10 -8 —6 —4 -2 0 2 4 6
Time from merger (s)

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

Fermi-GBM (11007{562_)
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!

L. Rolland - 10 novembre 2017 - LAPP 18



New insight into gamma-ray bursts

4 o o _ _ N
GW170817 waveform — loose limit on BNS viewing angle, but degeneracy with source distance
« ©<56° from GW data alone
« © < 36° using the known distance to the host galaxy NGC 4993
— compatible with jet pointing towards Earth
L )
1056 \\\
GRB170817A:
10%¢ « the closest short GRB with know distance (z~0.008)
10% (previous closest, GRB061201: z ~0;11)
8 10| » 10%to 10° times less energetic than other bursts
g 107 - implications/questions on the structure of the jet
= 1051}
% 105 _ Scenario i: Uniform Top-hat Jet Scenario ii: Structured Jet Scenario iii: Uniform Jet + Cocoon
é y Rotation Axis Viewing Angle Rotation Axis Viewing Angle Rotation Axis Viewing Angle
$ 0% | < < <
o] | o untorn / iers /
Eo ® Long GRBs
1047 L : Short GRBs
* # GRB 170817A
0%y 2 7 3 B Dopplr
Redshift (z) i Structured Cocoon
Sightline Jet
\ Central Engine Central Engine Central Engine /
- - - \\\
Prediction of detection rates
* higher rate than previously expected for sGRB to be seen in gamma-rays
» 1-50 BNS mergers expected in LIGO-Virgo during run O3 (wrt previously estimated 0.04-100)
- 0.1 to 1.4 joint detections for GW and Fermi sGRB during run O3 (end 2018-2019)
L )
Abbotatal, ApJ, 848, 13 (2017) L. Rolland - 10 novembre 2017 - LAPP 19



GW/GRB association and speed of gravity

~ Emission Propagation Detection on Earth
at the binary neutron star merger Along at least 26 Mpc . GW and y-ray signals

- GW and y-rays (85x10° light-years)

GW
y_
rays
Assumption: y-rays detected
y-rays emitted between 1.74+0.05s
0 and 10 s after GW after GW
merger
v
Ve ™ Previous constraints
Difference between speed of gravity and speed of light: difforonce of 1600 years
[-3x10%; +7x10] x ¢
\_ %

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

L. Rolland - 10 novembre 2017 - LAPP 20



« GW data alone
» GRB association

» Electro-magnetic follow-up and kilonova

» Measurement of the Hubble constant
» Searching for neutrinos

L. Rolland - 10 novembre 2017 - LAPP
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The electro-magnetic follow-up campaign

TO TO+1,7s TO+5h TO+ 11 h TO+11h TO+9d
GW 'y GRB GW S S
detection detection localisation
GW —— N
L0, Wirgo
| e
y-ray ®
Feml INTEGRAL Asirosat 1P Imlgrt-l—IMT Swit AGIE, CALET HES S HANC Komus-'Wnd
I
1M2H Swope
X-ray - : ;
Swit. MR NEEC, MUETAR. Chandra. INTE GRAL i
Optical ® e 10.86h i
Swope, TECam DLTI-!:' REM-ROEZ. HET Las Cumbres. Sklagoer. VESTA MASTER Magelan Subany Pan-3THRAS § L P
R e e e i | (L1 R 1T (NN | Chandra |
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| R Il ] ad X-ray
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"
i
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Abbott et al., The Astrophysical Journal Letters, 848:L12 (2017)

L. Rolland - 10 novembre 2017 - LAPP

TO+ 16 d

+ distance: 40 %% Mpc

Identification
of the host
galaxy:
NGC4993,
at ~40 Mpc
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Following the optical transient

-
Light curves in different bands Time evolution of light spectrum
(blue to near-infrared)
18 —r—r—r— . ———r—rrr - 25
- ] Black body 5000 K
i 3 ! E r ~ 8x10% cm
o 3 E 3 vV~ 0.2c _ 2.0 4 18 August
C 5 e 5 rapid cooling
19 :— . : . i 0819 o
% E ® - 3 15 0820 "3
-E; 205— e § i _ 5 s 8_
= L L - LL (7p]
b 4 S s ] g2z | >
= " «z NearlR ] 1.0 4 ©
22F wi ; ’ = 63| | O
- 'I: . i - - | Y
sab ®R red & + % E D824 8
s :L *i } 0.5 s g
24 E . o i nase| v =
- UV/blue - f
a5 o : R 3 | | Z?August
1 10 : 5,000 10,000 15,000 20,000 25,000
T-Ty(d) blue near-MRveienath (4) mid-IR
— Decrease of light flux, — and spectral evolution
faster at UV/blue than at NIR wavelengths - colour changed from blue to red black body
- with apparition of lines
N NG

— rapid cooling of ejecta (0.01 to 0.05 M)

Abbot et al., Astrophys. J. Lett. (2017)
E.. Pian et al., Nature 551, 67 (2017) L. Rolland - 10 novembre 2017 - LAPP
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Data vs kilonova (pre-existing) models

37.8

3T

36.5

35 i [l

T T '| T T T T [ T T T T T '|' T T T T '| T T

B B Good agreement between data (black) and kilonova
N | models behaviour (red):

- temporal spectral evolution

- apparition of broad spectral features

e 55d - 6.5d

log[Luminosity (erg s~' A-")]

- |
— first spectroscopic identification of a kilonova
g |

I

,/

37

IIIl]IIIIlII
]

IIJJJIIIIlI
l

38.5

36

10,000 20,000 10,000 20,000
Wavelength (&)
Models with different components and parameters:
- mass, spin and EOS of the neutron stars
- thermal effects, neutrino/radiation hydrodynamics, magnetic fields

- matter ejected in dynamic ejecta and winds
- matter composition: with or without lanthanides

Abbot et al., Astrophys. J. Lett. (2017)
E.. Pian et al., Nature 551, 67 (2017) L. Rolland - 10 novembre 2017 - LAPP
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Kilonova and
nucleosynthesis of heavy nuclel

p

Tidal effects before merger\

Valley of stability of nuclei

AN

L N = Nombre ! l-:"-
de neutrons m'.ﬂ.
p — : N Lanthanides cbiat
Ejection of high speed A
matter rich in neutrons "
AN ! / g
5126
A 73C 74N' 8
(o] I - . . N
@ & Rapid fusion of heavy g
£45 72Co N unstable elements, =
2 A rich in neutrons 2
5 nCo | N (r-process) =
g A4 : . . “ 8
g ®Fe | °Co  INi B_ dIS|ntegrat|0nS
42 | %Fe  *Co
o . Heavy stable elements B- disintegration
41 Fe Co : 2 ‘
- up to Pb, Bi, \ y
> including Au, Pt
26 27 28 N J B
Number of protons ' ' : ) 7 53 y
A B disintegrations Number of protons

Neutron capture

4 . ~
— Binary neutron star mergers are probably the

._main sources of heavy elements in the Universe |

L. Rolland - 10 novembre 2017 - LAPP 25



« GW data alone
» GRB association
» Electro-magnetic follow-up and kilonova

» Measurement of the Hubble constant

» Searching for neutrinos

L. Rolland - 10 novembre 2017 - LAPP
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New measurement of the Hubble constant

H, describes the expansion rate
of the (present) Universe

¢ GW170817 can be used as a standard siren

Estimated directly Determined from
from GW signal host galaxy NGC4993
(43.812°5 Mpc) (3017 + 166 km//s)

~ inferred Hubble constant: /o = 70" .” km/s Mpc

Dluminosity - HO X Uy

/ \

/

_

: : Planck
: : SHoOES
0.04 - : I
) | I :
s I I : ‘
# i | Hy = 67,74 40,46 km/s Mpc ™!
T 0.03 | | :
E | | :
= | I
= | I
[o0) | I
o | |
= 0.02 - |
= |
> :
z |
Q. 0.01 4 ;
|
|
, I
i |
OOO . T | T : T T II T T
50 60 70 80 90 100 110 120 130

H, (km s™" Mpc™)

Abbot et al., Nature, vol. 551, 7678 (2017)

140

//,’V

\_

Completely new independent measurement of H
— will help in understanding curent ‘tension’...

L. Rolland - 10 novembre 2017 - LAPP
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GW data alone

GRB association

Electro-magnetic follow-up and kilonova
Measurementsn of the Hubble constant

e Searching for neutrinos

28



Search for high-energy neutrinos
from GW170817

\\
IceCube }) Thermal MeV neutrinos
| . . GW170817 Neutrino limits (fluence per flavor: v, +7.)
ANTARES . High energy neutrinos , ——
, 10°} |1500 sec tune-wmd{)w|-
(102 to 10! GeV) ANTARES
_ 102} .
. i A
Plerre Auger IE 10! IceCube —|_’_|_— ik
Observatory 3wl [
- ?/: S Kimura et al.
(EJL: 10-1¢ 4 e EE moderate |
g="
- - ] 102 “K_i‘murz_l etal £ i D —-. Kimura et alj
— no signficant neutrino counterpart i bl O ot

within 500 s around GW170817, 10° } -

nor in the subsequent 14 days 107} \__,—IiM
ANTARES

10!} ]
L ﬂl_li}ﬂng &

Metzger
30 days

// o o o ;\\
- Consistent with typical GRB observed
off-axis, or with low luminosity GRB (
\ J ~ Fang &
_ 10-21 Metzger |
14 day time-window | 3 days
[ TR T T TV T LS T I T TV LS IR
E/GeV

EF [GeVcm™]
2

_
92

10

e : : : : N
- Will continue rapid search for neutrino candidates from GW sources

- could improve fast localisation of GW events down to ~1 deg?
\\\ /'
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A long non-exhaustive list of new data and tests

Astrophysical
implications

" Formation of BNS |
o e

LA .%. 0 & . A )
o O 5o~ Q .Y o

From binary stars? From isolated NS?
(favoured?)

)

Origin of GRB, jet beaming

Kilonova modelling

Equation of state of NS (r<15 km)

\

p
Short- or long-lived post-merger

remnant neutron star?
.

,/

" Inference of BNS population distribution
and merger rate

R = 15401320

(R < 12600 Gpc=3.yr~*

Gpe3.yr~1

from 01)
L

,/ Ié/stimation of GW stochastic
background from BNS mergers

- DAL

- will be detected
in the coming years

oot

Tests of General
Relativity

" Difference between speeds of gravity and
light: [-3x10%° ; +7x10*] x c

\ New bounds on Lorentz violation

N

J

\

Search for deviations from GR in waveform

™

e

Y,

/ Study of GW polarisation

\ \ New test of the equivalence principle \

~

N
/

e

/Cosmology

| Independent measurement of
Hubble constant

L. Rolland - 10 novembre 2017

- LAPP
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Improving the LIGO-Virgo sensitivity

Vlrgo upgrades in 2018, before O3: Advanced Virgo
Re-installation of monolithic suspensions 072 T

Early (2016-17, 20 60 Mpc)

» Installation of frequency independent squeezer bench | ) =ff s o0t s
(+ioo) B Design (2021, 130 Mpc)
: [ BNS-optimized (145 Mpc)

» Modifications of parts of optical benches to reduce optical losses
* More digital alectronics and channels to be collected

* Increase of laser power
« Adapt the photodiodes

» Test of Newtonian noise sensors

1 A\ \

107250

1073

Strain noise amplitude/Hz /2

e |nstallation of MuxDemux electronics

10-24 : :
10! 10% 103

* Reduce calibration/reconstruction uncertainties Frequency/Ha
 Installation of photon calibrator and tests of Newtonian calibrator Advanced LIGO

* Improve/automatize data quality and data analysis for faster alerts o

Early (201516, 40 80 Mpc)

S| M Mid (201617, 80120 Mpc)
£ M Late (2017 - 18, 120 - 170 Mpc)
=4 Il Design (2019, 200 Mpc)
‘ BNS-optimized (215 Mpc)

Virgo upgrades in 2020, after O3:

 Installation of SR mirror

* Installation of high power laser

» Installation of frequency dependent squeezer bench
* New optical benches and new vacuum tanks
* Low loss optics
* New optics and more electronics

10—22

1072 b NG

Strain noise amplitude/Hz /2

10~ . .
10! 102 10°
Frequency/Hz
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Summary

Virgo has successfully joined the gravitational wave detector network!

2017
05 |06 |07 |08 |09 |10 |11 |12

N~ N~
— —
o o
N N

~

NOW!

01/08/
25/08

First Virgo|event
Gw170814

v
GW170817

First binary neutron start merger

+ first multi-messenger detection!

First tests
of GW polarization

First observation
of a binary neutron star merger

First BNS-short GRB
association

First photometric observation
of a kilonova

First GW measurement
of Hubble constant

%

Looking forward to detect
NS-BH,
BNS and BBH stochastic backgrounds,
Supernova, ...

and to have other
multi-messenger detections!

L. Rolland - 10 novembre 2017 - LAPP
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