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Multi-Messenger Astrophysics

Photons
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Gravitational Waves



Neutrinos



§ Nuclear fusion: 
Neutrinos carry ~2% of the energy released (<En > = 0.26 MeV)

§ Neutrino flux from the Sun: 6.6 1010 n/s/cm2

§ Detailed prediction of the neutrino spectrum (Bahcall)
§ Many experiments

Homestake 1970-1994 ; Gallex 1991-1997

Kamiokande/Super-K 1993-
Borexino (Gran Sasso) 2007- 

§ Two major results:
§ Astrophysics: confirmation of the source

of energy of the Sun (hydrogen nuclear burning)
§ Fundamental physics: neutrino oscillation (BSM)

Neutrinos (1) Solar Neutrinos
4p + 2e

� !4
2 He + 2⌫e + 26.7MeV

⌫e +
37 Cl !37 Ar + e� (En>0.814 MeV) ⌫e +

71 Ga !71 Ge + e� (En>0.233 MeV)

Elastic scattering / beta decay

Organic liquid scintillator



Neutrinos (2) SN1987A in LMC
Two major results:
§ Astrophysics: validation of the core-collapse scenario
§ Fundamental physics: limit on neutrino mass

(neutrino-light delay ~ 3h)
HST

Kamiokande:          in 13 s
Total energy released in
neutrinos: ~ 1053 erg
~ G MNS2 / RNS

12⌫̄e



Neutrinos (3) High-energy neutrinos
Technique = muon production, Cerenkov light (ice, water)
§ IceCube: Antartica
§ ANTARES → KM3NET: Mediterranean Sea



Neutrinos (3) High-energy neutrinos
Detections by IceCube
§ Quasi-isotropic diffuse background (10 TeV to a few PeV) (Aartsen+ 2013)
§ Space & time coincidence of a HE n with g-ray flaring blazar TXS 0506+056 

(Aartsen+ 2018)
§ Possible detection (4.2 s): active galaxy NGC1068 =M77 (Abbasi+ 2022)

Advances on particle acceleration are expected.

(Abbasi+ 2022)

Model: disk+corona
pg interactions

HE neutrino production: pg or pp

HST: NGC 1608



Neutrinos (4) Diffuse background
§ High-energy:

already detected by IceCube

Sources?
(a dominant class or several?
Candidates: AGNs, GRBs, etc.)

Diffuse HE neutrino
emission from the
Galactic plane?

detection by
IceCube at 4.5σ
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Neutrinos (4) Diffuse background
§ High-energy: already detected by IceCube

§ MeV: Diffuse Astrophysical Neutrino Background to be detected soon?
= DSNB dominated by unresolved core-collapse supernovae

Super-K close to detec/on?
Hyper-K?

DSNB search with super-K
(Abe+ 2022)
Analysis for 22.5 x 8.1 kton-year

Gray: DSNB models
differ on:
- cosmic SFR
- cc physics (failed SNae, …)
- n physics (flavor conversion, ..)



Neutrinos (4) Diffuse background
§ High-energy: already detected by IceCube

§ MeV: Diffuse Astrophysical Neutrino Background to be detected soon?
= DSNB dominated by unresolved core-collapse supernovae

§ Primordial neutrino background: 
§ Decoupling at ~ 1 s after the Big Bang
§ TCnB,0 ~ 1.95 K: unthinkable detection with present or potential techniques
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Gravitational Waves



§ Direction-dependent variation of length: interferometers

§ Typical strain from a stellar-mass binary: h ~ 10-21 !!!
§ Sensitivity of the interferometer depends

on direction and polarization state

Detection



§ Hz-kHz: ground-based interferometric detectors 
Ligo-Virgo-Kagra 

Detection: Hz-kHz

Virgo (3 km) Ligo Hanford (4 km)



§ Hz-kHz: ground-based interferometric detectors 
Ligo-Virgo-Kagra

Detection: Hz-kHz

LCGT = Kagra



LIGO in 2015
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tion toward, developing the next generation of ground-based gravitational-wave observa-
tories capable of observing gravitational waves throughout the history of star formation
and using gravitational waves to study fundamental physics. A community study of the
potential for a network of such third-generation observatories (and its synergy with other
types of gravitational-wave observatories and electromagnetic and astro-particle observa-
tories) have been undertaken by the Gravitational-Wave International Committee (GWIC)
and summarized in a series of white papers [754].

Figure 4.1: Amplitude spectral densities of detector noise for Cosmic Explorer, the cur-
rent (O3) and upgraded (A+) sensitivities of Advanced LIGO, LIGO Voyager, the proposed
Australian NEMO detector [755], and the three paired detectors of the triangular Einstein
Telescope. At each frequency, the noise is referred to the strain produced by a source with
optimal orientation and polarization.

In the U.S., the proposed Cosmic Explorer observtory is designed to have ten times
the sesnitivity of Advanced LIGO and will push the reach of gravitational-wave astron-
omy towards the edge of the observable universe (z ⇠ 100) [398, 756]. The European
Einstein Telescope proposal will offer a similar increase in observational reach [757]. Cos-
mic Explorer’s increased sensitivity comes primarily from scaling up a detector that uses
LIGO technology from 4 km to 40 km L-shaped arms. The Einstein Telescope will use
advanced detector technologies in a 10 km triangular interferometer with 60

� angles built
underground to minimize low-frequency noise. A proposal known as LIGO Voyager would
upgrade the existing LIGO facilities to the limit of their observational reach using advanced
detector technologies [758], although this design does not reach the senstivity of Cosmic
Explorer and Einstein Telescope, which require new facilities. A comparison of the strain
stensitivity of these proposed detectors, and the existing LIGO detectors, is shown in Fig-
ure 4.1.

The third-generation ground-based gravitational-wave observatories will be a critical
part of the multimessenger landscape in the coming decades. A network consisting of Cos-
mic Explorer in the U.S. and Einstein Telescope in Europe would detect & 10

5 binary neu-

49

Landscape for ground-based detectors
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§ mHz: space-based detectors – arms of 2.5 106 km 
§ LISA: ESA Cosmic Vision, 2032 ?

Detection: mHz



§ nHz: different method = pulsar timing array (PTA)

Detection: nHz



Detection technique over ~12 decades
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Gravitational Waves: 
astrophysical sources



§ GW power:

§ Source: mass M ; size R ; internal velocities v
   quadrupole:  Q ~ s M R2  (s = dimensionless geom. factor, s = 0 at spherical symmetry)

   

§ GW power:                                          with

§ Three conditions must be simultaneously fullfiled to 
reach a high GW power:

(1) as far as possible from spherical symmetry (high s)
(2) compact (high X)
(3) internal motion at relatistic speed (high b)

Three conditions to be a powerful 
source of gravitational waves

LGW =
G

5c5

D...
Qij

...
Q

ij
E

L ⇠ c5

5G
s2⌅2�6

⌅ =
GM

Rc2

� =
v

c



§ GW power:                                          with

§ Three conditions:

(1) as far as possible from spherical symmetry (high s)
(2) compact (high X)
(3) internal motion at relatistic speed (high b)

§ Last orbits/merger of a binary system of compact 
objects (WD,NS,BH): best sources

§ Core-collapse of a massive star: (1) only moderately 
fulfilled, much less powerful sources

Three conditions to be a powerful 
source of gravitational waves

L ⇠ c5

5G
s2⌅2�6

⌅ =
GM

Rc2

� =
v

c



§ Circular orbit:

§ 3d law of Kepler:                                       orbital frequency

§ GW power:

§ First relativistic correction:

⇒ evolution a(t) and merger time

Binary system: inspiral phase

LGW =
32G4M3µ2

5a5c5

µ =
M1M2

M1 +M2

M = M1 +M2

! =

r
GM

a3
=

dE

dt
= �LGW

Total energy

E = �GMµ

2a



§ Evolution:

§ Merger time:

BNS 1.5+1.5 M⊙  with a0= 10-3 AU:  50 kyr
       with a0= 0.02 AU: 15 Gyr …

Faster evolution for more massive objects.

Binary system: inspiral phase

a(t) = a0

✓
1� t

⌧c

◆1/4

⌧c =
5

256

c5a40
G3M2µ



§ General case (see e.g. living review in relativity by L. Blanchet)

§ (1)circularization ; (2) merger

PSR B1913+16 will merge
in 320 Myr.

Binary system: inspiral phase

294 objets compacts & phénomènes associés

Mesure de la chirp mass et de la distance. Nous constatons que le produit
ṅn�11/3, directement mesurable à partir du signal gravitationnel mesuré (voir
fig. 14.11), permet de mesurer 18 la chirp mass, soit

18. Si la source est à distance cosmo-
logique, les durées et les fréquences
sont affectées par le redshift z. Concrè-
tement, on mesure nobs = n/(1 + z) et
ṅobs = ṅ/(1 + z)2. La chirp mass mesu-
rée est alors

Mobs =
c3

G

✓
5

96p8/3

◆3/5
ṅ3/5

obs n�11/5
obs

= (1 + z)M .

On parle parfois improprement dans la
littérature de redshifted chirp mass. On
peut aussi montrer que dans l’ampli-
tude, c’est la distance de luminosité DL
qui intervient, soit

h = 4p2/3 G5/3M5/3

c4
n2/3

DL(z)
.

La distance DL(z) peut donc être dé-
duite des quantités mesurées Mobs et
nobs par

(1 + z)DL(z) = 4p2/3 G5/3M5/3
obs

c4
n2/3

obs
h

.

Cette expression généralise l’eq. 14.34
donnée dans le corps du texte.

M =
c3

G

✓
5

96p8/3

◆3/5
ṅ3/5n�11/5 . (14.33)

À partir de la chirp mass M, une analyse plus détaillée du signal permet de
remonter aux masses M1 et M2. Une fois connue la chirp mass, l’amplitude du
signal, elle aussi directement mesurée, donne la distance 19 par l’eq. 14.28,

19. Rappelons que le calcul proposé dans
les notes suppose que le plan orbital
est parallèle au plan du détecteur. Pour
une géométrie quelconque, l’amplitude
est affectée d’un coefficient

�
1 + cos2 i

�
,

avec i l’angle sous lequel le système
est observé, i.e. l’angle entre la ligne
de visée et la direction normale au
plan orbital. Il y a donc une dégénéres-
cence entre i et D dans la mesure. Pour
les détections à plusieurs détecteurs
(LIGO/Virgo par exemple), comme les
orientations des détecteurs sont diffé-
rentes et que chaque détecteur a son
propre diagramme d’antenne, on peut
contraindre i et lever partiellement cette
dégénérescence.

soit

D = 4p2/3 G5/3M5/3

c4
n2/3

h
. (14.34)

En résumé, l’analyse du signal gravitationnel permet de mesurer de manière
directe la distance et une combinaison des masses.

Forme du signal Le signal gravitationnel d’un système binaire compact
comporte trois phases :

— Phase spiralante (inspiral). Dans la phase initiale d’évolution du système,
celui-ci n’est pas forcément circularisé. Un calcul similaire à ce qui précède,
mais plus compliqué 20, conduit à deux équations d’évolution pour la

20. Voir Gravitational Radiation from Post-
Newtonian Sources and Inspiralling Com-
pact Binaries de L. Blanchet. Le principe
de base est qu’il y a maintenant deux
quantités pour décrire l’orbite, a(t) et
e(t), et que l’on peut trouver deux équa-
tions d’évolution avec la perte d’énergie
et la perte de moment cinétique.

séparation 21 a(t) et pour l’excentricité e(t).

21. On retrouve bien sûr l’eq. 14.17 pour
e = 0 (orbites circulaires).

da
dt

= �64
5

G3 M2µ

c5a3
1 + 73

24 e2 + 37
96 e4

(1 � e2)7/2 , (14.35)

de
dt

= �304
15

G3 M2µe
c5a4

1 + 121
304 e2

(1 � e2)5/2 . (14.36)

La seconde équation permet de calculer en combien de temps le sys-
tème se circularise. La solution de ce système d’équations est tracée sur la
fig. 14.8 pour le pulsar binaire de Hulse & Taylor à partir de ses carac-
téristiques actuelles. On obtient un temps de coalescence d’environ 300
millions d’années et une excentricité inférieure à 10�2 dans les dernières
104 années (avec l’approximation circulaire de l’eq. 14.19, le temps de
coalescence serait surestimé : 1.7 Gyr). Au-delà de l’approche qui vient
d’être présentée, on peut calculer le signal d’ondes gravitationnelles dans
la phase spiralante avant la coalescence avec une très grande précision,
grâce à des développements post-Newtoniens à des ordres élevés : cf.
fig. 14.9. En cas de détection, l’analyse fine de ce signal, en particulier
de l’évolution de sa fréquence, permet de remonter précisément aux ca-
ractéristiques des deux astres : masses, spins, etc. Un exemple de mesure
fine effectuée dans le cas de GW 170817 est la déformation des étoiles à
neutrons par effet de marée dans les dernières orbites, ce qui donne des
contraintes nouvelles sur l’équation d’état de la matière ultra-dense.

— Coalescence (merger). Dans le cas de la coalescence de deux étoiles à
neutrons, lorsque les deux astres entrent en contact, le signal devient
beaucoup plus incertain. Il y a en effet de nombreuses incertitudes, en
particulier liées à l’équation d’état de la matière ultra-dense. Seules des
simulations numériques peuvent être utilisées pour modéliser l’émission
d’ondes gravitationnelles. Dans le cas de deux trous noirs, il faut aussi
faire appel à la simulation numérique, mais le résultat est moins incertain.

— Relaxation (ringdown). Le résultat de la coalescence de deux trous noirs,
ou d’un trou noir et d’une étoile à neutrons, est un nouveau trou noir.
Dans le cas de deux étoiles à neutrons, malgré les incertitudes sur la
masse maximum d’une étoile à neutrons, il est probable que la région
centrale s’effondre également en trou noir au cours de la coalescence. Le
signal d’ondes gravitationnelles qui suit la formation d’un trou noir est

dE

dt
= �LGW

dJ

dt
= �J̇GW coalescence d’un système binaire de deux objets compacts 295

Figure 14.8: Évolution de la séparation
et de l’excentricité du pulsar binaire
PSR B 1913+16. Les équations d’évo-
lution de la séparation et de l’excen-
tricité d’un système binaire sous l’effet
de l’émission d’ondes gravitationnelles
sont résolues dans le cas particulier du
pulsar binaire de Hulse & Taylor en
prenant à t = 0 ses caractéristiques ac-
tuelles (Crédits : F. Daigne).

alors à nouveau bien connu car il est dominé par la relaxation vers la
solution stationnaire de Kerr, calculable par une approche pertubative.
Suivant la masse initial du système, il existe une alternative plus ou moins
probable selon l’équation d’état de la matière ultra-dense : la formation
d’une étoile à neutrons très massive (définitivement ou de manière tempo-
raire avant de donner un trou noir).Le signal est beaucoup plus incertain
et doit à nouveau être calculé numériquement. La détection du signal
gravitationnel après la coalescence de deux étoiles à neutrons permettrait
néanmoins de trancher sur la nature de l’objet formé. Cette détection n’a
malheureusement pu être faite dans le cas de GW170817.

Figure 14.9: Le signal d’ondes gravi-
tationnelles dans la phase spiralante
d’un système binaire de deux étoiles
à neutrons. Le signal h(t) est représenté
en fonction de t pour deux étoiles à neu-
trons de 1.4 M�. On observe l’augmenta-
tion de la fréquence de ⇠ 40 à ⇠ 400 Hz
en environ 350 cycles orbitaux (Crédits :
P. Grandclément, LUTH).

Ces trois phases sont schématisées sur la fig. 14.10.

Figure 14.10: Les trois phases de
l’émission gravitationnelle d’un sys-
tème binaire de deux étoiles à neu-
trons. Dans la première phase, les deux
étoiles spiralent l’une vers l’autre. Le si-
gnal est très bien connu grâce aux déve-
loppements post-Newtonien. Dans la se-
conde phase, les deux étoiles entrent en
contact et fusionnent (coalescence). Le
signal est très mal connu, modélisable
seulement par la simulation numérique,
avec de nombreuses incertitudes. Il est
très probable que le cœur s’effondre en
trou noir. Dans la troisième phase, le si-
gnal est alors dominé par la relaxation
vers un trou noir stationnaire. Ce signal
(modes quasi-normaux) est également
très bien connu, grâce à une approche
perturbative en métrique de Kerr. (Cré-
dits : origine de la figure à retrouver ...

L’exemple de GW150914. La première détection directe d’ondes gravitation-
nelles est associées à la source GW 150914. Les observations sont reportées
fig. 14.11 et dans la table 14.3. La forme du signal 22 dans la phase spi-

22. En particulier : l’évolution de la fré-
quence n(t) sur le diagramme du bas
de la fig. 14.11 permet de mesurer la
chirp mass M ' 30 M�, qui donne donc
M1 = M2 ' 1.2M ' 30 M� en utilisant
le fait que les deux masses sont proches,
obtenu par l’analyse plus poussée du
signal.

ralante montre qu’il s’agit de deux trois noirs d’environ 30 M�. Leurs spins
sont mal contraints. En appliquant les estimations qui précède à un sys-
tème binaire circularisé de deux trous noirs sans rotation, de même masse
M0 = 30 M�, soit M = 2M0 = 60M� et µ = M0/2 = 15 M�, nous pouvons
retrouver tous les ordres de grandeurs des mesures effectuées

— Au début de la détection, la fréquence du signal est n = 35 Hz. La
fréquence orbitale est donc f = n/2 = T�1 = 17.5 Hz. La troisième loi
de Kepler indique alors que la séparation entre les deux trous noirs vaut

a0 = a =
⇣

GM
w2

⌘1/3
=

⇣
2GM0

w2

⌘1/3
= 870 km, soit environ 10 fois le rayon

de Schwarzschild des deux trous noirs, qui vaut 90 km.

— D’après l’eq. 14.19, le temps restant jusqu’à la coalescence est donc
tc = 5

512
c5a4

0
G3 M3

0
= 0.2 s, en très bon accord avec la durée observée par Ligo,

malgré la simplicité de notre calcul.



§ GW signal at distance D:

frequency: twice the orbital frequency

amplitude:                                       for a detector in a  
             plane parallel to the
                 orbital plane 

general: modulation 1+cos2(i)
(degeneracy distance-inclination)              

Binary system: inspiral phase

hij(t) = �h

0

@
cos

�
2!

�
t� D

c

��
sin
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c
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0

sin
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Dc4



§ Evolution:

§ Chirp mass: 

Binary system: inspiral phase

a(t) = a0

✓
1� t

⌧c

◆1/4

⌫(t) =
2!(t)

2⇡
=

1

⇡

s
GM

a30| {z }
=⌫0

✓
1� t

⌧c

◆�3/8

⌫̇⌫�11/3 =
96⇡8/3

5

✓
GM
c3

◆5/3

= cst

M = M2/5µ3/5



Binary system: inspiral phase
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Un calcul similaire fondé cette fois sur l’eq. 14.11 permet de calculer
la perte de moment cinétique du système. Le résultat a déjà été donné au
chapitre 8 (eq. 8.64 ) et est rappelé ici :

Perte de moment cinétique par émission d’ondes gravitationnelles :

(� J̇)
J

����
GW

=
32
5

G3

c5
M1 M2(M1 + M2)

a4 . (14.17)

Évolution de la séparation et temps de coalescence. L’énergie totale du système
va diminuer du fait de cette émission d’ondes gravitationnelles : dE

dt = �LGW.
Cette énergie totale du système binaire vaut E = � 1

2
GMµ

a (la moitié de l’éner-
gie potentielle gravitationnelle, d’après le théorème du Viriel), ce qui conduit
à l’équation différentielle suivante, qui régit l’évolution de la séparation :

dE
dt

=
1
2

GMµ

a2
da
dt

= �LGW = �32G4 M3µ2

5a5c5 ,

soit
da
dt

= �64
5

G3 M2µ

c5a3 . (14.18)

En intégrant cette équation depuis a(0) = a0, on obtient le temps de coales-

Notons que le bilan d’énergie ciné-
tique dJ

dt = � J̇GW avec J̇GW donné par

l’eq. 14.17 et J =
q

Ga
M M1 M2 le mo-

ment cinétique total du système binaire,
conduit naturellement à exactement la
même équation différentielle pour l’évo-
lution de la séparation a(t).cence, c’est à dire la durée nécessaire pour atteindre a = 0 :

Temps de coalescence d’un système binaire circularisé :

tc =
5

256
c5a4

0
G3 M2µ

, (14.19)

=
5
32

a4
0

c (2GM/c2)2 (2Gµ/c2)
(14.20)

= 5 ⇥ 104 yr
✓

M
3 M�

◆�2 ✓ µ

0.75 M�

◆�1 ⇣ a0
10�3 AU

⌘4
. (14.21)

Notons la forte sensibilité à la séparation initiale (tc µ a4
0). C’est une

difficulté lorsque l’on veut prédire le taux de coalescence à partir d’un modèle
de population de systèmes binaires. Le résultat est très dépendant de la
distribution initiale des séparations.

La solution de l’équation différentielle
pour la séparation a(t) est

a4(t) = a4
0 �

256
5

G3 M2µ

c5 t = a4
0

✓
1 � t

tc

◆
.

(14.22)

Intensité et fréquence du signal – Chirp mass. À partir des dérivées du moment
quadrupôlaire, nous pouvons également estimer le signal attendu. Pour
simplifier, on suppose que le détecteur est situé dans un plan parallèle au
plan orbital, à la position (x = 0, y = 0, z = D), où D est donc la distance de
la source. L’amplitude de l’onde se déduit alors de l’eq. 14.5 :

hij(t) = 2
G
c4

1
D

0

BB@

1
2
�
Q̈xx � Q̈yy

� ⇣
t0 = t � D

c

⌘
Q̈xy

⇣
t0 = t � D

c

⌘
0

Q̈yx
⇣

t0 = t � D
c

⌘
1
2
�
Q̈yy � Q̈xx

� ⇣
t0 = t � D

c

⌘
0

0 0 0

1

CCA .

Nous obtenons ainsi l’expression complète du signal.

Amplitude des ondes gravitationnelles
émises par un système binaire circularisé :

hij(t) = 2
G
c4

1
D

0

B@
f+(t) f⇥(t) 0
f⇥(t) � f+(t) 0

0 0 0

1

CA (14.23)

=�h

0

BB@

cos
⇣

2w
⇣

t � D
c

⌘⌘
sin

⇣
2w

⇣
t � D

c

⌘⌘
0

sin
⇣

2w
⇣

t � D
c

⌘⌘
� cos

⇣
2w

⇣
t � D

c

⌘⌘
0

0 0 0

1

CCA , (14.24)

coalescence d’un système binaire de deux objets compacts 293

avec les deux modes de polarisation :

f+(t) = �2µa2w2 cos
✓

2w

✓
t � D

c

◆◆
(14.25)

f�(t) = �2µa2w2 sin
✓

2w

✓
t � D

c

◆◆
(14.26)

et une amplitude :

h(t) = 4
Gµa2w2

c4
1
D

= 4
✓

Gµ

ac2

◆✓
GM
Dc2

◆
(14.27)

' 4 ⇥ 10�21
✓

M
3 M�

◆✓
µ

0.75 M�

◆⇣ a
10�6 AU

⌘�1
✓

D
1 Mpc

◆�1
,

(14.28)

= 4
G5/3µM2/3w2/3

c4
1
D

= 4
G5/3M5/3

c4
w2/3

D
(14.29)

' 6 ⇥ 10�21
✓

M
1.3 M�

◆ ⇣ n

100 Hz

⌘2/3
✓

D
1 Mpc
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Dans la dernière expression de l’amplitude h, nous avons introduit la chirp
mass M définie par

Chirp mass :

M = µ3/5 M2/5 =
(M1 M2)

3/5

M1/5 . (14.31)

L’eq. 14.29 montre que l’amplitude attendue est très faible, sauf juste
avant la coalescence lorsque a tend vers 0. Remarquons la dépendance en
1/D de cette amplitude du signal à détecter. Ainsi, lorsque la sensibilité des
détecteurs s’améliore, si la plus petite valeur de h détectable est divisée par k,
alors le nombre de sources accessibles est multiplié par k3 (pour une densité
homogène de sources), au lieu de k3/2 pour les ondes électromagnétiques
(car la quantité mesurée est alors le flux, qui va comme 1/D2).

Notons que d’après les expressions ci-dessus, la fréquence du signal ob-
servé vaut deux fois la fréquence orbitale. Cette fréquence augmente donc au
fur et à mesure que les deux astres se rapprochent, de même que l’amplitude
qui va comme a�1 : c’est le "gazouilli" (chirp) du système avant sa coalescence.
Précisément, d’après eq. 14.18, l’évolution en fréquence est régie par :
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du signal lorsque la séparation vaut a0. Nous obtenons 17 :
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À cause de cette évolution, le calcul complet montre que la phase de
l’onde, 2wt dans l’eq. 14.24, doit être remplacé par

F(t) = 2p
Z

n(t)dt = F0 +
16p
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coalescence d’un système binaire de deux objets compacts 293

avec les deux modes de polarisation :
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et une amplitude :
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Dans la dernière expression de l’amplitude h, nous avons introduit la chirp
mass M définie par

Chirp mass :

M = µ3/5 M2/5 =
(M1 M2)

3/5

M1/5 . (14.31)

L’eq. 14.29 montre que l’amplitude attendue est très faible, sauf juste
avant la coalescence lorsque a tend vers 0. Remarquons la dépendance en
1/D de cette amplitude du signal à détecter. Ainsi, lorsque la sensibilité des
détecteurs s’améliore, si la plus petite valeur de h détectable est divisée par k,
alors le nombre de sources accessibles est multiplié par k3 (pour une densité
homogène de sources), au lieu de k3/2 pour les ondes électromagnétiques
(car la quantité mesurée est alors le flux, qui va comme 1/D2).

Notons que d’après les expressions ci-dessus, la fréquence du signal ob-
servé vaut deux fois la fréquence orbitale. Cette fréquence augmente donc au
fur et à mesure que les deux astres se rapprochent, de même que l’amplitude
qui va comme a�1 : c’est le "gazouilli" (chirp) du système avant sa coalescence.
Précisément, d’après eq. 14.18, l’évolution en fréquence est régie par :
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À cause de cette évolution, le calcul complet montre que la phase de
l’onde, 2wt dans l’eq. 14.24, doit être remplacé par

F(t) = 2p
Z

n(t)dt = F0 +
16p
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Merger time:

Amplitude:

Chirp mass:



§ Inspiral: physical diagnostics

§ Frequency evolution: chirp mass
§ Amplitude:    distance (-inclination)

§ Higher order (PPN, Blanchet et al.):
masses, spins,
tidal effects in last orbits (constraint on EOS), etc.

§ Frequency at merger? For black holes: amerger~RISCO

Then                                                   LVK: stellar mass
                                                          LISA: SMBH 

Binary system: inspiral phase

⌫merg =
1

⇡

s
GM

a3merger

/ M�1



Binary system:

§ Inspiral: high accuracy prediction (PPN) 
  = characterization of the initial system (e.g. M1, M2)

§ Merger: highly uncertain (numerical relativity)

§ Ringdown: high accuracy prediction (pertubation theory 
in Kerr metric) = characterization of the final BH (M,a)



GW150914

SNR = 24

Delay ~ 7 ms → localization 



GW150914



GW150914

Inspiral/
Frequency 
evolution:

masses
M = 28 M⊙
M1 = 36 M⊙
M2 = 29 M⊙



GW150914
Inspiral/
Amplitude
+ 
chirp mass:

distance
/inclination

D = 410 Mpc



GW150914
Ringdown

final BH

M= 62 M⊙
a = 0.67



GW150914
Energy emitted as GW:
36+29-62~3 M⊙ c2 !

Efficiency: 3/(36+29)=5%
in agreement with Numerical GR



GW150914
Peak GW luminosity:
9 1022 L ⊙ !

~100 the luminosity of all galaxies
in the observable Universe…



GW150914

§ Many more results

§ Several tests of GR

§ Limit on graviton mass (delay between the two 
interferometers): 10-22 eV/c2 !

Inspiral: prediction using
only the data in the inspiral phase

Post-inspiral: measure using
only the ringdown signal

IMR: measure using all data



Gravitational Waves: 
backgrounds

(astrophysical / primordial)



GW background
§ See recent review: Renzini et al. 2022

§ Primordial background (inflation, …)

§ Astrophysical background: unresolved sources
(detector dependent) = dominated by mergers

§ Stochastic by generation processes (primordial) or due to 
the large number of unresolved sources (astrophysical).



Perspectives on GWB
§ Best chances of direct detection: astrophysical GWB

- SMBH mergers by PTA:
hint with Nanograv 12.5 yr dataset?(Arzoumanian et al. 2020)

- Stellar mass mergers (BBH, BNS): 
LVK at design sensitivity? 
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Multi-messenger astrophysics 
with gravitational waves: 

the 170817 event 



BNS merger: expected em counterparts
§ Pre-2017 predictions

Kilonova
afterglow ?

Kilonova ?
(V, IR, quasi-

isotropic)

Relativistic jet:

-Short GRB
(internal 

dissipation: g-rays)
-Afterglow

(deceleration:
X-rays → radio)

Very anisotropic
(relativistic 
beaming)

r process



Rapide neutron captures
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17 August 2017 - 12:41 TU
§ Detection of GRB 170817A by Fermi/GBM (weak, short)

////////////////////////////////////////////////////////////////////// 
TITLE:           GCN/FERMI NOTICE NOTICE_DATE:     Thu 17 Aug 17 12:41:20 UT 
NOTICE_TYPE:     Fermi-GBM Alert RECORD_NUM:      1 
TRIGGER_NUM:     524666471 
GRB_DATE:        17982 TJD;   229 DOY;   17/08/17 
GRB_TIME:        45666.47 SOD {12:41:06.47} UT 
TRIGGER_SIGNIF:  4.8 [sigma] 
TRIGGER_DUR:     0.256 [sec] 
E_RANGE:         3-4 [chan]   47-291 [keV] 
...
COMMENTS:        Fermi-GBM Trigger Alert.   
COMMENTS:        This trigger occurred at longitude,latitude = 321.53,3.90 [deg].   COMMENTS:        
The LC_URL file will not be created until ~15 min after the trigger. 
////////////////////////////////////////////////////////////////////// 



17 August 2017 - 12:47 TU
§ Ligo-Virgo: a new merger has

been detected 6 min ago, 
i.e. ~2 s before GRB170817A
(time coincidence)

§ First BNS (signal much longer)
§ Alert to the community at

13:21(i.e. 40 min post- merger)

[delicate analysis: glitch in L1]



Localization of GW170817
§ Detected by LIGO (L+H): 190 deg2 /  distance 40 Mpc
§ Detectable by Virgo at 40 Mpc in some directions:

reduces the error-box to 30 deg2 !
§ 3D localization sent to the community at 17:54,

 i.e. 5h post-merger

Galaxy catalogs:
~50 galaxies
In this 3D errorbox.



Searching for an em counterpart
§ The search starts ~10 hours after the merger

(night in Chile)



A kilonova: AT 2017gfo in NGC 4993
§ Detection by Swope + 5 other groups at ~ merger+11h



A kilonova: AT 2017gfo in NGC 4993
§ AT2017gfo: a unique spectro-photometric follow-up 

following the detection

§ Accurate localization: search for counterparts at other l



Counterparts at all wavenlengths
§ X-rays: detected at merger+9 days (Chandra)
§ Radio: detected at merger+16.4 days (VLA)

§ This multi-wavelength afterglow peaks after 100 days and 
was still detectable four years later.



Diagnostic (1) GW
§ Inspiral phase detected for more than 100 s
§ Post-merger signal not detected
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Diagnostic (1) GW
§ Inspiral phase detected for more than 100 s
§ Post-merger signal not detected (nature of the remnant?)

LI
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BNS: masses

Distance
Viewing angle

Constraint
on EOS



Diagnostic (2) Kilonova
§ Excellent agreement with pre-170817 predictions
§ High-resolution spectrum, difficult to analyse

(need atomic data for highly ionized heavy elements)
§ Evidence for high opacity - Two ejectas?

Dynamical (lanthanide-rich, red KN) + Polar (lanthanide-poor, blue)

ESO
(XSHOOTER)



Diagnostic (3) Host galaxy
§ NGC 4993
§ Lenticular, gas poor
§ Offset, low density at the merger location
§ Compatible with a merger time of several 100 Myr



Diagnostic (4) Short Gamma-Ray Burst
§ Very weak

§ Ultra-relativistic jet seen very off-axis?
Probably not (gg opacity argument, Matsumoto+ 19)

§ Shock breakout (interaction jet + kilonova ejecta) ?
see e.g. Bromberg+ 18



Diagnostic (5) Afterglow
§ Photometry: slow rise for more than 100 days, then decay
§ VLBI measurements at peak: 

- superluminal apparent motion
- compact size

§ LC: lateral structure (due to jet-KN ejecta interaction?)

Relativistic jet
confirmed !

VLBI
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Diagnostic (5) Afterglow
§ Best fit:

§ High kinetic energy of the core jet
(bright SGRB for an on-axis observer)

§ Good constraint on viewing angle
§ Synchrotron component well detected: radio to X-rays
§ SSC at VHE?

VLBI

Pellouin & Daigne 2024

Radio (3 GHz)

3 GHz 1 TeV



Diagnostic (5) Afterglow
§ Best fit:

§ High kinetic energy of the core jet
(bright SGRB for an on-axis observer)

§ Good constraint on viewing angle
§ Synchrotron component well detected: radio to X-rays
§ SSC at VHE?

VLBI

Pellouin & Daigne 2024

Slightly lower view angle + higher external density: detectable by CTA up to 100 Mpc

Radio (3 GHz)

3 GHz 1 TeV
Spectrum@peak



Summary
Kilonova: ejecta during the merger
Nucleosynthesis of heavy elements

Gravitational Waves
Inspiral phase of a BNS

Bright short GRB
for on-axis observer?

Observer

Afterglow: deceleration
of a structred relativistic jet

Short GRB: relativistic jet
Shock breakout?



Fundamental physics: GW+GRB



Fundamental physics: GW+GRB
§ Delay GW-GRB: max 1.7 s in 130 Myr

Strict limit on the speed of gravitational waves.

§ Astrophys.: delay = delay(merger-relativistic ejection)
                               + delay(jet propagation before emiss.)

cGW � c

c
< 10�15

Abbott+17 (LV+Fermi paper)



Multi-messenger cosmology:
measuring H0 with

gravitational waves



GW + host redshift
§ GW: distance (uncertainty dominated by D-i degeneracy)
§ Host: redshift (low distance: uncertainty for proper motion)

§ 2% accuracy? 50-100 GW+optical counterpart MM-events
(Chen+ 18)

A
bb

ot
t+

17
 (H

0 
pa

pe
r)

H0 = 70.0+12.0
�8.0 km/s/Mpc



GW + host redshift + afterglow
§ Afterglow with VLBI: constraint on viewing angle 

Hotokezaka et al. 2019

Standard
GW + z (EM)

GW + z (EM)
+ i (AG-VLBI)

H0 = 70.3+5.3
�5.0 km/s/Mpc



Statistical approach
§ No em counterpart, GW only + galaxy catalogs
§ Redshift averaged over all galaxies in the 3D error box

(Schutz 1986)

total luminosity for the given Schechter function parameters.
We find that for z 0.031 , GLADE is complete for galaxies
down to 2.5 times dimmer, or L0.25 B

�~ , corresponding to
M h18.96 5 logB 10 0.7= - + (see also Figure 2 of Arcavi et al.
2017). Such galaxies make up 75% of the total B-band
luminosity. If we consider galaxies down to L0.05 B

�~
(M h17.22 5 logB 10 0.7= - + ), GLADE is 70%~ complete at
z∼0.03, and even if we consider galaxies down to L0.01 B

�~
(M h15.47 5 logB 10 0.7= - + ), including 99% of the total
B-band luminosity, GLADE is 80% complete for z0.01,
and ∼40% complete at z∼0.03. In the K-band, we find that
with our assumed K-band Schechter function parameters,
GLADE is complete up to z∼0.045 for galaxies with
L L0.36K K

�> , which contain 70% of the total K-band
luminosity, and up to z∼0.03 for galaxies with L L0.1K K

�> ,

which contain 90% of the total luminosity. For galaxies
brighter than L L0.005K K

�= , which make up more than 99% of
the total K-band luminosity, GLADE is ∼70% complete
at z=0.01.

4. Source Localization and Distance

From the GW data alone, GW170817 is the best-localized GW
event to date. The original analysis by the LIGO-Virgo
collaboration (Abbott et al. 2017c) reported a 90% localization
area of 28 deg2 and a 90% localization volume of
380Mpc3(assuming Planck cosmology; Ade et al. 2016), while
the most recent analysis (Abbott et al. 2019) improves the 90%
localization area to 16 deg2 and the 90% volume to 215Mpc3. We
use this updated three-dimensional sky map (Singer et al. 2016a,
2016b) from Abbott et al. (2019) throughout.87 Figure 3 shows
the two-dimensional sky map together with the galaxies in the
GLADE catalog within the localization region. Figure 4 shows
that, although there are a total of 408 galaxies within the 99%
localization area (see Figure 3), most of the galaxies with high
sky-map probability come in a few distinct groups: a dominant
group at z∼0.01 regardless of the assumed luminosity
threshold, followed by a secondary group at z∼0.006
containing only moderately faint galaxies. Therefore, there
are only a few distinct redshifts that can possibly correspond to
the measured distance of GW170817, and we expect that
combining the galaxy catalog with the GW localization will
yield an informative measurement of the Hubble constant.

Figure 3. Two-dimensional localization region of GW170817 (blue contours)
with the sky coordinates of the 408 GLADE galaxies (green crosses) within the
99% localization area and the redshift range z0 0.0461< (for an H0 prior
range of H 10, 2200 Î [ ] km s−1 Mpc−1). The light and dark blue contours
enclose the 50% and 90% probability regions, respectively, and the shading of
the galaxy markers denotes their redshifts, corrected for peculiar and virial
motions as described in the text.

Figure 4. Probability distribution of the redshifts of potential hosts to
GW170817 weighted by the GW sky map probability, p z =( )

p x p z d,GW 0ò W W W( ∣ ) ( ) , compared to a uniform in comoving volume
distribution of galaxies, pvol(z). For the orange histogram, we include all
galaxies in the catalog brighter than L0.626 B

�. For galaxies brighter than
L0.626 B
�, the catalog is complete over the redshift range. However, when we

lower the luminosity cutoff to L0.25 B
� (yellow histogram) or L0.005 K

� (green
and blue), we must account for catalog incompleteness at higher redshifts by
considering the redshift and luminosity distributions of the missing galaxies
(see Section 2). The yellow (green) histogram additionally weights each galaxy
by its B-band (K-band) luminosity. If the ratio p z p zvol( ) ( )/ were completely
flat, we would expect an uninformative H0 measurement in which our posterior
recovers our prior. However, in all instances there is a dominant peak at
z 0.01~ , suggesting that the resulting H0 measurement will be informative.
Adding in luminosity weights, especially in the K-band, makes the peak more
dominant.

Figure 2. Completeness of the GLADE catalog as a function of redshift for
galaxies brighter than L0.25 B

� (solid blue curve), L0.05 B
� (dashed green curve),

and L0.01 B
� (dotted–dashed orange curve), calculated by comparing the redshift

distribution of galaxies in GLADE to a distribution that is constant in
comoving volume. For galaxies brighter than L0.626 B

�, GLADE is complete
across the entire redshift range shown.

87 With the data release accompanying Abbott et al. (2019), the LIGO-Virgo
collaboration has made the three-dimensional data behind this sky map publicly
available at the following url: https://dcc.ligo.org/DocDB/0150/P1800061/
009/figure_3.tar.gz.
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Application to GW170817



Statistical approach
§ Application to 170817: Fishbach +19

§ Possible biases:
§ Completeness of galaxy catalogs at large z
§ Are all galaxies equi-probable as hosts?

(complex question, linked to the physics of stellar 
evolution in binaries)

§ See detailed analysis in Fishbach+19, Gair+22
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Abstract

We perform a statistical standard siren analysis of GW170817. Our analysis does not utilize knowledge of NGC
4993 as the unique host galaxy of the optical counterpart to GW170817. Instead, we consider each galaxy within
the GW170817 localization region as a potential host; combining the redshifts from all of the galaxies with
the distance estimate from GW170817 provides an estimate of the Hubble constant, H0. Considering
all galaxies brighter than L0.626 B

� as equally likely to host a binary neutron star merger, we find
H 770 18

37= -
+ km s−1 Mpc−1 (maximum a posteriori and 68.3% highest density posterior interval; assuming a flat

H0 prior in the range 10, 220[ ] km s−1 Mpc−1). We explore the dependence of our results on the thresholds by
which galaxies are included in our sample, and we show that weighting the host galaxies by stellar mass or star
formation rate provides entirely consistent results with potentially tighter constraints. By applying the method to
simulated gravitational-wave events and a realistic galaxy catalog we show that, because of the small localization
volume, this statistical standard siren analysis of GW170817 provides an unusually informative (top 10%)
constraint. Under optimistic assumptions for galaxy completeness and redshift uncertainty, we find that dark binary
neutron star measurements of H0 will converge as N40% ( ) , where N is the number of sources. While these
statistical estimates are inferior to the value from the counterpart standard siren measurement utilizing NGC 4993
as the unique host, H 760 13

19= -
+ km s−1 Mpc−1 (determined from the same publicly available data), our analysis is a

proof-of-principle demonstration of the statistical approach first proposed by Bernard Schutz over 30 yr ago.

Key words: distance scale – gravitational waves

1. Introduction

The first multimessenger detection of a binary neutron star
(BNS) merger, GW170817, by LIGO(Aasi et al. 2015) and
Virgo(Acernese et al. 2015) enabled the first standard siren
measurement of the Hubble constant, H0, ushering in the era of
gravitational-wave (GW) cosmology (Abbott et al. 2017a, 2017c,
2017d). This H0 measurement combined the luminosity distance
to the source, as measured from the GW signal (Schutz 1986),
with the known redshift of the host galaxy, NGC 4993. NGC
4993 was identified as the unique host galaxy following the
discovery of an optical transient located only ∼10 arcsec from
NGC 4993 (Abbott et al. 2017d; Coulter et al. 2017; Soares-
Santos et al. 2017). The probability of a chance coincidence
between the GW signal and the optical transient was estimated to
be 0.5% (Soares-Santos et al. 2017), and the probability of a
chance association between the optical transient and NGC 4993 is
0.004% (Abbott et al. 2017a).

The original proposal by Schutz (1986) to measure the Hubble
constant with GW detections of compact binary mergers did not
involve electromagnetic counterparts. Instead, Schutz considered
bright galaxies in the GW localization region as potential hosts to
the merger. Each galaxy provides a redshift that, when combined
with the GW-measured luminosity distance, gives a separate
estimate of H0. The final H0 measurement from a single event is
the sum of all contributions from the individual galaxies. The first
detailed exploration of this method on simulated data, and with the
first use of a galaxy catalog(Aihara et al. 2011), was by Del Pozzo
(2012). An up-to-date forecast incorporating realistic detection
rates, galaxy peculiar velocities, large-scale structure, and
additional considerations can be found in Chen et al. (2018). We

refer to this approach of measuring H0 as the “statistical”
method(Schutz 1986; MacLeod & Hogan 2008; Petiteau et al.
2011; Chen et al. 2018), compared with the “counterpart” method
in which an electromagnetic (EM) counterpart provides a unique
host galaxy association. In the limit where the GW event is so well-
localized that there is only one potential host galaxy in the GW
localization error box (Chen & Holz 2016), the statistical method
reduces to the counterpart method. In the opposite limit, where the
GW event is poorly localized, there are so many potential host
galaxies that the distinct peaks from individual galaxies are washed
out, and the H0 measurement is uninformative (Chen et al. 2018).
The statistical approach may be the only way to do standard

siren science with binary black holes, because they are not
expected to have EM counterparts. We emphasize that although
the statistical measurements for a given event are inferior to the
counterpart case, combining many of these measurements leads to
increasingly precise constraints(Schutz 1986; Del Pozzo 2012;
Chen et al. 2018; Nair et al. 2018). In ground-based gravitational
wave detector networks, the rate of detection of binary black holes
is significantly higher than that for neutron stars(Abbott et al.
2016, 2017b, 2017c), although the higher rate is not expected to
compensate for the inferior constraints (Chen et al. 2018).
Nonetheless, the black hole systems can be observed to much
higher redshifts, potentially providing constraints on the evolution
history of the universe out past the turnover between dark matter
and dark energy domination(Del Pozzo 2012; Dominik et al.
2015; Belczynski et al. 2016; Fishbach et al. 2018). Because these
systems are farther away, however, it will be a greater challenge to
supply a sufficiently complete galaxy catalog.
In this paper we carry out a measurement of H0 using the

GW data from GW170817 and a catalog of potential host
galaxies within the GW localization region. In other words, we
explore how tight the H0 measurement from GW170817 would
have been if an EM counterpart had not been detected or if a
unique host galaxy had not been identified. We present our
methods in Section 2, a discussion of the galaxy selection in
Section 3, a discussion of the GW constraints in Section 4,
results in Section 5, and conclude in Section 6.

84 Deceased, 2017 November.
85 Deceased, 2018 July.
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The three-dimensional sky map also provides an approximation
to the luminosity distance posterior along each line of sight.
As usual, the distance to GW170817 is determined directly
from the gravitational waves, and is calibrated by general
relativity(Schutz 1986). No distance ladder is required.

5. Results

We combine the GW distance posterior for GW170817 with
the redshift for each potential host galaxy within the
localization region. As detailed in Section 2, each galaxy
produces a posterior probability for H0, and we combine these
estimates among all the galaxies in the localization region to
arrive at a final estimate for H0. We adopt a flat prior in H0 over
the range 10–220 km s−1 Mpc−1. The results are presented in
Figure 5. Because the galaxies are predominantly found in one
galaxy group at z 0.01~ , the H0 posterior shows a clear peak
at H 760 » km s−1 Mpc−1. And because NGC 4993, the true
galaxy host of GW170817, is a member of the group at
z 0.01~ , we should not be surprised to learn that the peak in
H0 is consistent with the H0 estimate from the GW170817
standard siren measurement including the counterpart(Abbott
et al. 2017a). Because this analysis has been performed on a
three-dimensional sky map using an approximation to the
distance posteriors, rather than using the full three-dimensional
LIGO/Virgo posteriors, the results do not agree precisely with
those of Abbott et al. (2017a), and in particular the position of
the peak in Figure 5 is at H0=76 km s−1 Mpc−1 instead of
H0=70 km s−1 Mpc−1. This is because our three-dimensional
sky map approximates the distance posterior along each line of
sight by a simple two-parameter Gaussian fit (see Equation (1)
of Singer et al. 2016a), which is an imperfect approximation to
the true, asymmetric distance posterior(Chen & Holz 2017;
Del Pozzo et al. 2018). On the other hand, the analysis
in Abbott et al. (2017a) utilizes the full distance posterior

along the line of sight to NGC 4993 rather than the Gaussian
approximation.
Figure 5 shows four different posterior probability distribu-

tions, each using a different threshold for the galaxy catalog. In
the “assuming counterpart” case, NGC 4993 (which is assumed
to be the true host galaxy to GW170817) is given a weight of 1,
and all the other galaxies in the localization volume are given a
weight of 0. We find H 760 13

19= -
+ km s−1 Mpc−1 (maximum

a posteriori and 68.3% highest density posterior interval) for
our default flat prior, or H 740 12

18= -
+ km s−1 Mpc−1 for a flat-in-

log prior (the prior choice in Abbott et al. 2017a). This peak is
slightly shifted compared to the result presented in Abbott et al.
(2017a), H 700 8

12= -
+ km s−1 Mpc−1, due to the usage of the

Gaussian fit to the distance posterior found in the three-
dimensional sky map as discussed above.
The other curves in Figure 5 assume different limiting thresholds

for what constitutes a potential host galaxy. For a luminosity
threshold of L L0.626 B

�> , we find H 770 18
37= -

+ km s−1Mpc−1.88

As the threshold is lowered, additional galaxies fall into the
sample, and the H0 posterior is broadened. For a limiting
B-band magnitude of L0.25 B

�, we need to account for the
incompleteness of the galaxy catalog at redshifts z 0.032 , and
for L0.01 B*, we need to account for the incompleteness at
z 0.012 , as described in Section 2. The incompleteness
correction leads to a slight additional broadening of the
H0 posterior, but the clear peak at H0≈76 km s−1 Mpc−1

remains: we find H 740 24
45= -

+ km s−1 Mpc−1 for a luminosity
threshold of L L0.25 B

�> H 760 23
48= -

+ km s−1 Mpc−1 for a
luminosity threshold of L L0.01 B

�> . This peak is the result
of the galaxy group at z 0.01~ , of which NGC 4993 is a
member.
The curves in Figure 6 weight each galaxy by its B-band

luminosity (a proxy for its recent star formation history; right) or its
K-band luminosity (a proxy for its stellar mass; left). The peak at
H 760 » km s−1Mpc−1 becomes more pronounced when galaxies
are weighted by their luminosity, as the group containing NGC
4993 consists of many bright, mostly red galaxies. If we assume
that the probability of hosting a BNS merger is proportional to a
galaxy’s B-band luminosity, the posterior on H0 tightens from
H 53, 1240 Î [ ] km s−1Mpc−1 (68.3% highest density posterior
interval) when applying equal weights to all galaxies brighter
than 0.01 LB

� to H 54, 1200 Î [ ] km s−1Mpc−1. Applying K-band
luminosity weights to galaxies brighter than 0.005 LK

�, the 68.3%
posterior interval tightens from H 61, 1370 Î [ ] km s−1Mpc−1

to H 57, 1180 Î [ ] km s−1Mpc−1. Although these results are
suggestive that weighting by stellar-mass or star formation rate
may lead to faster convergence, the properties of BNS host
galaxies are still uncertain, and it is impossible to establish this
definitively with a single event. As the source sample increases it is
expected to relate to some combination of these quantities,
and incorporating these trends will lead to improvements in the
statistical H0 analysis.
In order to quantify the degree of information in the

GW170817 H0 posterior compared to an “average” event as
expected from the F2Y data set, we consider the difference in the
Shannon entropy between the flat prior and the posterior(see
Appendix B; Shannon 1948). We compare this measure of
information for the statistical GW170817 H0 posterior to the
individual statistical H0 posteriors from each of the simulated

Figure 5. Posterior probability of H0 under various assumptions regarding the
potential host galaxy. We adopt a flat H0 prior in the range H 10, 2200 Î [ ]
km s−1 Mpc−1. For the dashed orange curve, we assume that only galaxies
brighter than L0.626 B

� (containing 50% of the total luminosity) can host BNS
events, meaning that the galaxy catalog is complete over the relevant redshift
range. The solid green curve lowers the luminosity cutoff to L0.25 B

� (containing
75% of the total luminosity), and accounts for the mild incompleteness of the
catalog above redshifts z∼0.03. The dotted blue curves incorporate all
galaxies brighter than 0.01Lå (containing 99% of the total luminosity),
accounting for the incompleteness of faint galaxies at redshifts z0.01. The
dotted–dashed pink curve shows the H0 measurement assuming the host galaxy
is known to be NGC 4993.

88 The upper limits of the 68.3% highest density posterior intervals that we
report here are especially sensitive to the upper limit we consider for the
H0 prior, 220 km s−1 Mpc−1.
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possible joint optical/GW detections, we model the kilonova emission as in [79] taking the
best-fit parameters obtained to reproduce the multi-filter optical observations of the kilonova
AT2017gfo associated with GW170817. Our model includes cosmological and k-correction.
We select all the BNS mergers detected with a sky-localization smaller than a threshold and
we associate to each of them a GW17087-like kilonova taking into account the source dis-
tance and the viewing angle (our modeling starting from GW170817 reproduces the angular
dependence of the expected emission). We assume three threshold on the sky-localization
by selecting all the events with sky-localization < 20deg2, < 40deg2, and < 100deg2. We
consider a Target of Opportunity strategy similar to the ones described in [80–82]; we use
observations in two filters (g and i) the first night after the merger and we repeat the two
filter observations during the second night after the merger. We consider a detection when
the kilonova emission is detected at 5� the first and second night in both filters. Having
observations in at least two filters is important to reduce the number of contaminating tran-
sients and identify the kilonova associated with the GW signal on the basis of the color
evolution. The problem of contaminating transients is solved in real observations also using
spectroscopy able to characterize the source, but here for the configurations comparison, this
is not taken into account. Our counts take into account the visibility of the VRO.

Figure 25 shows the light-curves for GW170817-like signals associated with our popu-
lation of BNSs detected with a sky-localization smaller than 40deg2 by the full (HFLF cryo)
sensitivity configurations and by the HF sensitivity configurations. The plots show the dif-
ferent numbers of events selected to be followed up for the di↵erent configurations. It is
immediately clear the significant increase in the number of targets to be followed going from

Full (HFLF cryo) sensitivity detectors
Configuration NGW,VRO VRO NGW,VRO VRO NGW,VRO VRO

⌦ < 20 deg2 time ⌦ < 40 deg2 time ⌦ < 100 deg2 time
�10 14 (14) 1.1% (3.3%) 36 (39) 5.1% (15%) 96 40%
�15 38 (42) 3.3% (9.8%) 84 (101) 14.2% (42%) 163 > 100%
2L 15 28 (28) 2.2% (6.5%) 62 (77) 10.6% (31%) 189 93%
2L 20 55 (64) 5% (14.9%) 115 (152) 23.1% (68%) 324 > 100%

Table 10: Numbers of expected kilonovae detected by the VRO selecting the sources detected by
the di↵erent configurations of ET with sky localization smaller than 20 deg2 (column 2), 40 deg2

(column 4) and 100 deg2 (column 6). Columns 3, 5, and 7 give the percentage of the VRO time
necessary to follow up all the sources with sky-localization smaller than the above thresholds and
within the VRO visibility sky area. The observational time for each event is obtained considering
600 s for each pointing and a number of the pointing corresponding to the ratio between the sky-
localization uncertainty and the VRO FoV plus one pointing to be more conservative. We consider
observations in two filter (g and i) the first night after the merger and the two filter observations
repeated during the second night after the merger. We add 60 s to take into account filter change,
slew time and overheads each night. The percentage of VRO time is evaluated assuming 2600 hours
as the total amount of observational time of the VRO in one year. The expected number of detected
kilonovae and percentage of VRO time considering 1800 s for each pointing (instead of 600 s) are
given in parentheses. For the 100 deg2 threshold, assuming for each pointing of 1800 s entails that
the number of hours requested to cover the entire sky-localization is larger than the ones available in
one observing night. This makes our observational strategy unfeasible, and thus we exclude this case.
It is also shown that to follow all events with sky-localization < 100 deg2, the required observational
time becomes prohibitively large and for �15 and 2L 20 larger than the entire VRO observational
time.

– 50 –

(normalization uncertainty: factor 10)

HF sensitivity detectors
Configuration NGW,VRO VRO NGW,VRO VRO NGW,VRO VRO

⌦ < 20 deg2 time ⌦ < 40 deg2 time ⌦ < 100 deg2 time
�10 0 (0) 0% (0%) 2 (2) 0.3% (0.8%) 4 2%
�15 2 (2) 0.2% (0.5%) 3 (4) 0.7% (1.9%) 8 7.5%
2L 15 3 (4) 0.4% (1.2%) 7 (7) 1.3% (3.9%) 26 11%
2L 20 5 (4) 0.6% (1.6%) 15 (18) 3.1% (9.3%) 32 20.8%

Table 11: Same as 10 but for ET detectors without the low-frequency.

configurations with only high-frequency to the full sensitivity configurations.
Table 10 gives the number of expected kilonovae by following up all the events within

the VRO visibility sky-area and with a sky-localization uncertainty smaller than 20 deg2,
40 deg2 and 100 deg2, and the corresponding percentage of VRO time necessary for the
follow-up. Enlarging the threshold on the sky-localization significantly increases the number
of events to be followed-up and thus the number of joint detections but at the expense of
more observational time. Also increasing the exposure from 600 s to 1800 s for each pointing
tends to increase the number of detections but the percentage of time to be used becomes
prohibitive. Looking at the full sensitivity detectors, the 2L with 20 km misaligned arms is
the best performing in detecting kilonovae. It enables to detect between several tens and a
few hundred kilonova counterparts per year. The 15 km triangle is slightly better than the 2L
with 15 km misaligned arms giving a number of detection about 30% larger17. The 15 km
triangle is significantly better than the 10 km triangle giving about a factor 2 larger number
of detections.

The presence of low-frequency is critical for ET operating as single observatory to detect
a large number of kilonovae counterparts. Table 11 shows the small number (a few) of
detections per year expected with the triangle–HF configurations. This number increases to
a few tens for the 2L–HF configurations.

We highlight that the absolute number per year of VRO detections is a↵ected by the
error on the BNS local rate normalization. The astrophysical rates inferred from the ob-
servations of the first, second and third run of observations of LIGO and Virgo give a BNS
merger rate in the range 10 to 1700 Gpc�3yr�1 [7]. Since our population corresponds to a
local rate R0 ' 250 Gpc�3 yr�1, the actual numbers could be up to one order of magnitude
smaller or larger than the ones given in the Tables.

5 Stochastic backgrounds

The stochastic GW background (SGWB) is formed by the incoherent superposition of signals
emitted by di↵erent GW sources in our Universe, primordial or astrophysical, at di↵erent
redshifts, that we collect at our detector. Traditionally, we distinguish between an astro-
physical GW background (AGWB) and a background of cosmological origin (CGWB). The
latter are tensor modes produced by di↵erent processes in the early universe such as infla-
tion, reheating, phase transitions, cosmic strings, or primordial black holes (see [83–85] for
reviews). If detected, it would provide us with direct information about the very first in-
stants of time of the evolution of our Universe. On the other hand, the AGWB is made of

17The scenario of following up all the events with sky-localization < 100 deg2 case is not considered because
the required observational time of VRO is prohibitive.
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Figure 52: Reconstruction of the parameters H0 and ⌦M in ⇤CDM, from the joint GW+EM events
obtained with ET+VRO in 1 yr of observations, for the di↵erent geometries of ET shown, in the left
panel with their HFLF-cryo sensitivity and in the right panel with the HF instrument only.

Configuration �H0/H0 �⌦M/⌦M

�-10km 0.057 0.546
�-15km 0.035 0.290
2L-15km-45� 0.040 0.370
2L-20km-45� 0.029 0.276

Table 28: Relative errors on H0 and ⌦M in ⇤CDM (median and symmetric 68% CI), from the
joint GW+EM events obtained with ET+THESEUS, for the di↵erent geometries of ET shown, all
with their HFLF-cryo sensitivity. We stress that no prior from electromagnetic observations, such as
CMB+BAO+SNe, is used here; with such priors, the accuracy on H0 becomes sub-percent.

HFLF cryogenic
Configuration �H0/H0 �⌦M/⌦M

�-10km 0.009 0.832
�-15km 0.007 0.303
2L-15km-45� 0.006 0.370
2L-20km-45� 0.004 0.243

HF only
Configuration �H0/H0 �⌦M/⌦M

�-10km 0.065 1.23
�-15km 0.057 1.86
2L-15km-45� 0.066 1.31
2L-20km-45� 0.031 1.22

Table 29: Relative errors on H0 and ⌦M in ⇤CDM (median and symmetric 68% CI), from the
joint GW+EM events obtained with ET+VRO in 1 yr of observations, for the di↵erent geometries
of ET shown, in the left table with their HFLF-cryo sensitivity and in the right table with the HF
instrument only.

– 98 –

1 yr

HFLF cryo HF only

Figure 52: Reconstruction of the parameters H0 and ⌦M in ⇤CDM, from the joint GW+EM events
obtained with ET+VRO in 1 yr of observations, for the di↵erent geometries of ET shown, in the left
panel with their HFLF-cryo sensitivity and in the right panel with the HF instrument only.

Configuration �H0/H0 �⌦M/⌦M

�-10km 0.057 0.546
�-15km 0.035 0.290
2L-15km-45� 0.040 0.370
2L-20km-45� 0.029 0.276

Table 28: Relative errors on H0 and ⌦M in ⇤CDM (median and symmetric 68% CI), from the
joint GW+EM events obtained with ET+THESEUS, for the di↵erent geometries of ET shown, all
with their HFLF-cryo sensitivity. We stress that no prior from electromagnetic observations, such as
CMB+BAO+SNe, is used here; with such priors, the accuracy on H0 becomes sub-percent.

HFLF cryogenic
Configuration �H0/H0 �⌦M/⌦M

�-10km 0.009 0.832
�-15km 0.007 0.303
2L-15km-45� 0.006 0.370
2L-20km-45� 0.004 0.243

HF only
Configuration �H0/H0 �⌦M/⌦M

�-10km 0.065 1.23
�-15km 0.057 1.86
2L-15km-45� 0.066 1.31
2L-20km-45� 0.031 1.22

Table 29: Relative errors on H0 and ⌦M in ⇤CDM (median and symmetric 68% CI), from the
joint GW+EM events obtained with ET+VRO in 1 yr of observations, for the di↵erent geometries
of ET shown, in the left table with their HFLF-cryo sensitivity and in the right table with the HF
instrument only.
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Figure 52: Reconstruction of the parameters H0 and ⌦M in ⇤CDM, from the joint GW+EM events
obtained with ET+VRO in 1 yr of observations, for the di↵erent geometries of ET shown, in the left
panel with their HFLF-cryo sensitivity and in the right panel with the HF instrument only.

Configuration �H0/H0 �⌦M/⌦M

�-10km 0.057 0.546
�-15km 0.035 0.290
2L-15km-45� 0.040 0.370
2L-20km-45� 0.029 0.276

Table 28: Relative errors on H0 and ⌦M in ⇤CDM (median and symmetric 68% CI), from the
joint GW+EM events obtained with ET+THESEUS, for the di↵erent geometries of ET shown, all
with their HFLF-cryo sensitivity. We stress that no prior from electromagnetic observations, such as
CMB+BAO+SNe, is used here; with such priors, the accuracy on H0 becomes sub-percent.

HFLF cryogenic
Configuration �H0/H0 �⌦M/⌦M

�-10km 0.009 0.832
�-15km 0.007 0.303
2L-15km-45� 0.006 0.370
2L-20km-45� 0.004 0.243

HF only
Configuration �H0/H0 �⌦M/⌦M

�-10km 0.065 1.23
�-15km 0.057 1.86
2L-15km-45� 0.066 1.31
2L-20km-45� 0.031 1.22

Table 29: Relative errors on H0 and ⌦M in ⇤CDM (median and symmetric 68% CI), from the
joint GW+EM events obtained with ET+VRO in 1 yr of observations, for the di↵erent geometries
of ET shown, in the left table with their HFLF-cryo sensitivity and in the right table with the HF
instrument only.
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Figure 51: Reconstruction of the parameters H0 and ⌦M in ⇤CDM, from the joint GW+EM events
obtained with ET+THESEUS in 5 yr of observations, for the di↵erent geometries of ET shown, all
with their HFLF-cryo sensitivity.

We now present the results obtained for (H0, ⌦m,0), for the DE equation of state, and
for modified GW propagation.

Hubble constant. In a flat ⇤CDM model, the relation between the luminosity distance
dL and the redshift is

dL(z) =
c

H0
(1 + z)

Z z

0

dz̃p
⌦M (1 + z̃)3 + ⌦⇤

, (6.9)

where ⌦M is the present matter fraction and ⌦⇤ is the energy density fraction associated with
the cosmological constant (we neglect the contribution from radiation, which is completely
negligible at the redshifts relevant for standard sirens. In this approximation ⌦⇤ = 1 � ⌦M

for a flat ⇤CDM cosmology). At low redshift this reduces to Hubble’s law dL(z) ' (c/H0)z,
so standard sirens at low redshift can allow us to measure H0.

The first measurement of H0 from a standard siren with counterpart has been obtained
from GW170817 [379]. However, the error from this single detection is still too large to
discriminate between the value of H0 obtained from late-Universe probes [380, 381], and
that inferred from early-Universe probes assuming ⇤CDM [382, 383], which are currently in
disagreement at 5.3� level.

Our results for H0 and ⌦M are shown in Fig. 51 and Table 28 for ET+THESEUS (that
shows the result of a typical realization of the catalog of joint detections, among several
that we have generated), and in Fig. 52 and Table 29 for ET+VRO. We should stress that
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Figure 52: Reconstruction of the parameters H0 and ⌦M in ⇤CDM, from the joint GW+EM events
obtained with ET+VRO in 1 yr of observations, for the di↵erent geometries of ET shown, in the left
panel with their HFLF-cryo sensitivity and in the right panel with the HF instrument only.

Configuration �H0/H0 �⌦M/⌦M

�-10km 0.057 0.546
�-15km 0.035 0.290
2L-15km-45� 0.040 0.370
2L-20km-45� 0.029 0.276

Table 28: Relative errors on H0 and ⌦M in ⇤CDM (median and symmetric 68% CI), from the
joint GW+EM events obtained with ET+THESEUS, for the di↵erent geometries of ET shown, all
with their HFLF-cryo sensitivity. We stress that no prior from electromagnetic observations, such as
CMB+BAO+SNe, is used here; with such priors, the accuracy on H0 becomes sub-percent.

HFLF cryogenic
Configuration �H0/H0 �⌦M/⌦M

�-10km 0.009 0.832
�-15km 0.007 0.303
2L-15km-45� 0.006 0.370
2L-20km-45� 0.004 0.243

HF only
Configuration �H0/H0 �⌦M/⌦M

�-10km 0.065 1.23
�-15km 0.057 1.86
2L-15km-45� 0.066 1.31
2L-20km-45� 0.031 1.22

Table 29: Relative errors on H0 and ⌦M in ⇤CDM (median and symmetric 68% CI), from the
joint GW+EM events obtained with ET+VRO in 1 yr of observations, for the di↵erent geometries
of ET shown, in the left table with their HFLF-cryo sensitivity and in the right table with the HF
instrument only.
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Conclusion



§ Multi-Messenger Astrophysics is just starting.

§ Different messengers carry very complementary physical 
information

§ Huge potential
in Astrophysics /Cosmology/Fundamental Physic

§ Very difficult challenge 
on the instrumental/observational strategy side

§ We need to exploit all channels
For example for BNS:

GW +  KN ; GW + AG ; GW + GRB    GWB
GRB+AG+KN+host       Orphan KN+host ; Orphan AG+host
Binary pulsars in the MW      etc.

Conclusion


