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What is multi-messenger astronomy ?

Transient phenomena: shortest times scales (milliseconds to several years)

To emit GWs, a source must be compact, relativistic and asymmetric

Merger (NS-NS; NS-BH; BH-BH)
* Short GRBs, Kilonova
* Other cases ¢ FRB ¢

Collapse of a single star

* Type Ib, Ic, Il supernovae
* Long GRBs
* Intermediate cases

Neutron star instabilities
* Soft Gamma-ray repeaters

* Radio/ Gamma-ray pulsar glitches



GW170817- First multi-messenger event
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“KILONOVAE” A VERY SHORT STORY IN ASTRONOMY

refereed non refereed

80

60 GRB1306038  AT2017gfo

(Lattimer & Schramm) 1974



KILONOVAE

Villar et al,, 2017

e Connected to compact binary coalescence
® Thermal emission due to the radioactive decay of freshly
synthesized elements in neutron-rich ejecta



NEUTRON STARS OR NEUTRON STAR — BLACK HOLE
COALESCENCE

NS Mass: [1.0,2.2] solar mass and NS Radius: [10 15 J km

BH

(G ‘\> BH-+disk
’ \"«»\ —
prompt —

collapse

inspiral postmerger

time
————————

Kilonovae depends on various parameters as EOS of NS and mass ratio of the
compact objects



KILONOVAE

“Blue” vs. “Red” Kilonova Emission as a Function of Observer Viewing Angle

PROMPT BH FORMATION Free Neutron Skin LONG- LIVED CENTRAL ENGINE Free Neutron Skin

M<104Mg v>0.5¢ M<10“¥Mg v>0.5¢
Shocked-Interface Dynamical Ejecta, Shocked-Interface Dynamical Ejecta,
M~ 104-102M, v~0.1-03 ¢ M~104-102M,, v~0.1-03¢
Disk Wind Ejecta Disk Wind Ejecta
M~ 102101M v~0.01-0.1c M~102-102M, v~0.01-0.1¢

magnetar
wind nebula

Tidal Tail Tidal Tail
Dynamical Ejecta Dynamical Ejecta ~,t

M~ 104-102 M, M ~104-102M,,
V~0.1-03¢ V~0.1-03¢c

/

From “Kilonovae” (B.D. Metzger, 2017, Living Review in Relativity,

e Dynamical ejecta
o Equatorial (Neutron rich) : High fraction of Lanthanide : Red kilonova
o Polar (Neutron poor): Blue kilonova

e Contribution from the accretion disk (blue and red)
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KILONOVAE DISCOVERIES

P1: GRB OBSERVATIONS

Less than 1 kilonova-GRB per year

P2: GW OBSERVATIONS

1- 8 kilonovae at 160 Mpc (03)
GW BNS range 330 Mpc (2025)

G g Tl

P3: OPTICAL SURVEYS
up to 26 mag, 600 Mpc
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ProPOSITION 1: OBSERVATIONS WITH GRB ALERTS

Time since GRB 130603B (d)
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GRB1306038, Tanvir et al., 2013
z~0.356
and other cases in GRB 060614, GRB 050709, GRB 1501018, GRB 070809, GRB1608218
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PROPOSITION 1: OBSERVATIONS WITH GRB ALERTS
GAMMA—RAY BURSTS SEARCHES

Fermi/ GBM:

X

12 Nal detectors, 2 BGO
detectors

4.4 keV - 2 MeV (Nal)
Semi-major axis 6 900 km,
period 95 min.

Daily photons data

n

INTEGRAL / SPI-ACS:

X
X
X

19 HPGe detectors

75 keV - 2 MeV

Semi-major axis 88 000 km,
period 72 hours

Already binned data in single
energy bond



PRrRoOPOSITION 1: OBSERVATIONS WITH GRB ALERTS
GAMMA—RAY BURSTS SEARCHES : FWBRS PIPELINE
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PROPOSITION 2: OBSERVATIONS WITH GRB ALERTS
GAMMA—RAY BURSTS SEARCHES : FWBRS PIPELINE

= Fermi/ GBM INTEGRAL /
L S SPI-ACS
SESE S
Proof of concept Full 2017, 2018, 2019 analysis
60 days (in 2017, 2018) X 3 events per day
X 42/44 GRBs in coincidence with X 130 GRBs in coincidence
Fermi/GBM standard method with Fermi/GBM
X 12 event/dayin E> 50 KeV X 60% of GRB supplement
X 19 events/dayin E<50 KeV detection than classical
INTEGRAL methods

Detectlon of gamma-ray transients with wild binary segmentation

S. Antier?, K. Barynova>?, P. Fryzlewicz*, C. Lachaud', G. Marchal-Duval?



https://arxiv.org/abs/1909.10002

SVO M : Space-based multiband astronomical Variable Objects Monitor
Satellite to be launched in 2021
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PRrROPOSITION 2: OBSERVATIONS WITH GW ALERTS
MULTI-MESSENGER ASTRONOMY WITH LVC

ELACUINEIMEERISUIE GRAVITATIONAL WAVES
From coalescence of compact
sources

ONLINE
|
Trigger time, nature of the ALL SKY BLIND SEARCHES

event, rough localization

O“\’\NE |

Kilonovae

Gamma-ray bursts |
Precised localization,
Trigger time, inclination
|
OFFLINE

TARGETED SEARCHES




PROPOSITION 2: O3AB SUMMARY LSC, @)

H& puBLIC GW ALERTS, 1 BURST ALERT

VAR 7 NS—-B 33 BBH MERGERS CANDIDATES
22 RETRACTATIONS

FINAL CONTENT MAY DIFFER !

Delay between the first notice and the GW trigger time (min) NS-BH and BNS merger candidates (DL < 350 Mpc)
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GW190425

— x < 0.89
x < 0.05
Galactic BNS

—_
o0 o

Probability density

N

On 08:18:05 UTC, L1single detection, 8000 deg?2 for 90% sky area localization, 156 Mpc +/- 41 Mpc

FAR: one chance event in 69,000 years
initial M1 1.61 and 2.52 solar mass and initial m2: 112 and 1.68 solar masses

total mass: 3.0 - 3.7 solar masses

GW190425: Observation of a Compact Binary Coalescence with Total
Mass ~ 3.4M

The LIGO Scientific Collaboration, the Virgo Collaboration: B. P. Abbott, R. Abbott, T. D. Abbott, S. Abraham, F.

Acernese, K. Ackley, C. Adams, R. X. Adhikari, V. B. Adya, C. Affeldt, M. Agathos, K. Agatsuma, N. Aggarwal, O.
D. Aguiar, L. Aiello, A. Ain, P. Ajith, G. Allen, A. Allocca, M. A. Aloy, P. A. Altin, A. Amato, S. Anand, A. Ananyeva,
S. B. Anderson, W. G. Anderson, S. V. Angelova, S. Antier, S. Appert, K. Arai, M. C. Araya, J. S. Areeda, M.
Aréne, N. Arnaud, S. M. Aronson, K. G. Arun, S. Ascenzi, G. Ashton, S. M. Aston, P. Astone, F. Aubin, P.
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PROPOSITION 2: OBSERVATIONS WITH GW ALERTS
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GRANDMA

GLosaL Rarib AbvANCED NETWORK DEVOTED TO MULTIMESSENGER ADDICTS

Local team - scientists - Infrastructure

CONNECTING EXISTING

N '«‘ '_\‘ . FACILITIES
,@vﬁwﬁs THAT ARE NOT SUPPOSED
TO BE CONNECTED

WITHIN A YEAR
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Created in April, 2018

More than 70
by LAL - Obs Nice ore than

scientists
Pl. S.Antier

Present in

26 institutes / groups 15 countries

CNRS/- APC - AP - LAL - Obs Nice - IRAP - LAM

18 observatories

The first six months of the Advanced LIGO’s and
Advanced Virgo’s third observing run with

Alishov, E Arbouch, A Baransky, K Barynova, J M Bai,

Monthly Notices of the Ro) onomical Society, Volume 492, Issue 3, March 2020, Pages
3904-3927, https://doi.org/10.1093/mnras/stz3142
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GRANDMA : AN EMPIRE WHEN THE SUN NEVER RISES

® Tiling
® Galaxy targeting ¢
@® OT confirmation

—Xinglong

CTA-La Palma 488 TV " Lijiang
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Accepted ToO Proposal 2020A
CFHT (P1. Coleiro) - GTC (PI. Kann) - TNT/TRT (PI. Noysena)
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JOINT SCHEDULER

X Spatial coverage
Distribution of the tiles over the network
X Temporal resolution
Best portion of the credible region observed several times with 1h delay minimum

Designed for each telescope
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Optimizing multitelescope observations of
gravitational-wave counterpart

lin =, S

Pages 5775-5783, https://doi.or



ICARE
INTERFACE AND COMMUNICATION FOR ADDICTS OF THE RAPID
FOLLOW—UP IN MULTI"MESSENGER ERA

Online
data processing

e Individual
- Observations ﬂ Scheduling
4 es
- ;‘

;\ ““J:“
Y

Onlme
status

Telescopes

VOevent
VOevent
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GRANDMDA O3 0BSERVATIONAL REPORT

43/48 FoLLOW—UP OF GW ALERTS

7 BNS & NS—BH 30 BRH MERGERS

Delay since the GW trigger time (hours) Coverage in deg2 (Average and STD)

B Vax [ Min Average B AVERAGE [ STD

30 400

300

200

100

ust September November December January
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(GLoBAL EFFORT : NO DISCOVERY YET, O3A SsUMMARY

Nom. Nom.
GW alert | Telescopes Time sensitivity sensitivity Spectrosco | Other-wa
rate involved available GW counterpart py velength
Follow-up Follow-up

~60in 19 few hours

GROWTH .
sites per alerts

few hours

per alert
Asiago

unlimited

~22 mag
collab.
ENGRAVE

GRAWITA

7in 3 sites unlimited 16 -18 (c,r)




KiLoNova—CACTCHER
90% oF GW ALERTS FOLLOWED CITIZEN SCIENCE PROGRAM

45 O00 Euros

MULTI"WAVELENGTH PROJECT
INCLUDING PHYSICIST AND ASTRONOMERS

MULTIMESSENGER
UNIVERSAL
“ PLaterorM ICARE

76% OF FIRST NS—BH Loca.
COVERED IN 1H AT 17 MAG

(GEOGRAPHIC DIVERSITY
16 MIN BETWEEN GW TO 25 TELESCOPES
AND GRANDMA MIN oBs — _; ~
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P3:. OBSERVATIONS WITH OPTICAL SURVEYS

® Ten year sky survey from 2022
e Coverage of 9.2 sq deg FOV
e Raw alert flow > 1 million

in compa. ZTF ~ 200 000 per day
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P3:. GRANDMA INITIATIVE TO FACE ALERT DELUGE

Detection pipeline for candi

with D. Corre, E. Berti

Standardized photometric calibration
with P. A. Duverne, P.Hello

Standardized spectrocopy
with A. Coleiro

ﬁ Classification of the candidates (supernova, ...)

with C. Stachie, M. Coughlin
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AsTROPHYSICS ON COMPACT BINARY COALESCENCE

S. Antier (APC)

NUCLEAR PHYSICS COSMOLOGY
Equation of state of nuclear
matter Measuring the Hubble
constant

T. Dietrich (Uni Postdam)
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NONE KILONOVA : SOMETHING FOR NOTHING

Implications of the search for optical counterparts
during the first six months of the Advanced LIGO’s

researchh |gh ] ights and Advanced Virgo’s third observing run: possible
limits on the ejecta mass and binary properties
| [\ h m Di h, Mattia B Francoi cart,
SRAVITATIONAL WAVES | -
Something for nothing

Monthly Notices of the Ro
Mon. Not. R. Astr ;

Pages 863-876, |
Published: 10 December 2019
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Thanks to the observations done by the astronomical community, if 190426c¢ originated from a BHNS merger, we

find that the non-observation of a kilonova rules out the event being from a black hole with a large, aligned spin
combined with low-mass star.
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MULTI—MESSENGER ASTRONOMY
A BRIDGE BETWEEN PHYSICS AND ASTROPHYSICS

LVC analysis Sky localization

(M.0.A) _ _
Ejecta properties
(mej,Vej,Xej)

Quasi-universal relations SO Il [PEEEiEe

Opening and
Constraints on the inclination angle

inclination angle
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afterglow

Binary properties GRB

- (9,A, Mrov)

Multi-messenger constraints

Gamma-ray burst
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MULTI—MESSENGER ASTRONOMY
A BRIDGE BETWEEN PHYSICS AND ASTROPHYSICS

sGRBs

GW170817 AT2017gfo+GRB170817A
AT2017gfo GW170817+AT2017gfo+GRB17817A

Parameter 90% confidence interval

M

Multimessenger Bayesian parameter inference of a
binary neutron star merger

Michael W Coughlin =, Tim Dietrich, Ben Margalit, Brian D Metzger ~ Author Notes (!

Monthly Notices of the Royal Astronomical Society: Letters, Volume 489, Issue 1, October A i
2019, Pages L91-L96, https://doi.org/10.1093/mnrasl/slz133 R [] i I:,{__l] km
Published: 29 August2019 Article history v




MULTI—MESSENGER ASTRONOMY
A BRIDGE BETWEEN PHYSICS AND ASTROPHYSICS

m= = SFHx === ALF2
= BHBA¢

R [km]

The constraints on tidal deformability yields constraints on possible NS EOS
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KILONOVAE AS STANDARD CANDLES ?

GW (low spin)

Kasen et al. - inf.
Kasen et al. - meas.
GW + Kasen et al. - inf.
Bulla - inf.

Planck

SHOES

Superluminal

Probability

80 100 120
Ho [km s~ Mpc~!]

Using kilonovae as standard candles to measure the Hubble Constant

Michael W. Coughlin, Tim Dietrich, Jack Heinzel, Nandita Khetan, Sarah Antier, Nelson Christensen, David A. Coulter, Ryan J. Foley

(Submitted on 2 Aug 2019 (v1), last revised 13 Aug 2019 (this version, v2))




The tuture for multi-messengers area is bright !

In the PAST 01/02 campaign In the future: O3 and beyond
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Mergers: BNS rate (4-80) in 2020, up to 19
Collapse of massive star

BH-BH mergers

NS-NS merger Isolated neutrons star instabilities

Populations studies
Remanent studies Global picture

* of the Violent Universe
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Electromagnetic emissions
On different angles



