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@ Multimessenger astronomy
@ GW transients and their EM counterparts
o Joint EM + GW searches

e 02: GW170817

e O03: GW190521
o O4: 5250818k

o Externally triggeréd GW searches
o Prospects
@ Conclusions
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Introduction

counterparts

What is Multimessenger Astronomy?

Multimessenger Astronomy: study of the Universe through the combination of data
from different types of cosmic messengers coming from

the same astrophysical source

MULTIMESSENGER
ASTRONOMY

gravitational waves

Figure from link
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Introduction

Coalescence of binary systems of NSs and/or BHs

» Accurate modeling of the GW signals
» Energy emitted in GWs (NS-NS): ~ 1072 Mgc?

see Patrick and Chad’s lectures

Core collapse of massive stars and Isolated neutron stars

o The modeling of the GW signal is
complicated

» Energy emitted in GWs:

~ 1071-10~7 Mgc? for core collapse*
~ 10716- 1076 Mg c? for isolated NSs

4

* higher values are suggested by models exploring “extreme” GW emission
scenarios
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Introduction

NS-NS and NS-BH mergers: — Short Gamma-Ray Bursts (GRBs)

» Prompt ~-ray emission (< 2 s)
o Multiwavelegth afterglow emission:

X-ray, optical, radio, gamma-rays
(minutes, hours, days, months)

A

M

time

A few dozens of short GRBs observed per
year

Jet—ISM Shock (Afterglow)
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Image credit: Metzger & Berger 2012
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Classification

Two different classes of GRBs, based on the prompt emission properties:
@ Short GRBs: Tgg <2 s
@ Long GRBs: Tgg >2 s

BATSE 48 Catalog

T T T LERELEALLL IR L N B RELLL | T T Ty T T TITT

NUMBER OF BURSTS

Long

II\IIIIl\IIlIII

LRI B R TTTT M SR RTT | R TTTIT B

Q.1 1z 10, 100.
Teo {seconds)

Tog: time taken to accumulate 95% of the burst fluence starting at the 5%
fluence level
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Introduction

ted multi-wavelength electromagnetic (EM) emission

NS-NS and NS-BH mergers: — Kilonova

Joe-ISM Shook (Afimegion) » Significant mass (0.01-0.1 Mg) is
gl ejected during NS-NS/NS-BH

Radio (weeks—yeurs)

Fjecta—ISM Shock merger at sub-relativistic velocity

! é/ Radio (years) (01- 03 C)

-l (O » The neutron-rich ejecta undergoes
‘ ‘\"‘\\(_s‘iﬂonm L Ny rapid neutron capture (r-process)
;J'v',‘ . nucleosynthesis

g Melgel Ejecta
i Tidal Tail & Disk Wind ;

» The radioactive decay of unstable
£ o nuclei powers a rapidly evolving,
q"\ o supernova-like transient: the
A P “kilonova”, observed in the optical

and NIR (days-weeks)

-01-03¢ '|

Image credit: Metzger & Berger 2012 r-process: neutron capture much faster than
beta decay; this requires special conditions:

T > 10° K, high neutron density 1022 cm
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ted multi-wavelength electromagnetic (EM) emission

NS-NS and NS-BH mergers: — Radio blast-wave emission

Jet-ISM Shock (Afterglow) /q
Optical (hours—days) ;
Radio (weeks—years) o
% 5_( Ejecta—ISM Shock
e ‘;, (5/ Radio (yearsy

il § ._?obs

\ég:‘li_:ﬂ?_vm Sl The interaction of the

o X

\ W sub-relativistic outflow with the
e L o surrounding matter produces long
é x> <\ i ::l | i lasting radio signals (years)

& Merger Ejecta
Tidad Tail & Disk Wind |

Image credit: Metzger & Berger 2012

Pirsa: 26080016 Page 9/42



Introduction

lonova detection for GRB 130603B?

.

F606W /optical
NIR/F160W

Time sinee GRB 1306038 (days)
10
T

*X-ray ]

* Fooew » dashed lines: afterglow model

*F160W A

®

ejected masses:
102 Mg and 10~ Mg

AB-magnitude
X-ray flux (ergs s ' em ®)

solid red curves:
afterglow-+kilonova

i L
108 108
Time since GRB 1306038 (s)

Tanvir et al, Nature, 500, 547 (2013)
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o They are typically not expected to produce bright EM signal due to the absence

of baryonic matter left outside the merger remnant...

... However, some rare scenarios which predict an unusual presence of matter
around the BBH have been proposed in the last years, e.g.

the matter comes from the remnants of the stellar progenitors (Loeb 2016, Perna et al.
2016, Janiuk et al. 2017)

the matter comes from the tidal disruption of a star in triple system with two BHs
(Seto & Muto 2011, Murase et al. 2016)

In addition, BBH mergers can take place in gas rich environment in the disks of
active galactic nuclei (AGN, Bartos et al. 2017, McKernan et al. 2019)
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Introduction

ted multi-wavelength EM emission

@ Core collapse of massive stars Isolated neutron stars
e supernovae (SNe): e soft y-ray repeaters
e X-rays, UV e radio/X-ray pulsar glitches
(minutes, days) (see Lorenzo’s lecture)

e optical (week, months)

e radio (years)

Image Credit: Avishay Gal-Yam

Image Credit: NASA, CXC, M. Weiss
e long GRBs
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Introduction

GWs and photons provide complementary information about
the physics of the source and its environment

GW

' mass
» SpIn
» system orientation

e luminosity distance

compact object binary rate

EM

» precise (arcsec) sky
localization

» host galaxy

redshift

» emission processes

e gcceleration mechanisms
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Introduction

t GW and EM detections

Possible scenarios:

» EM follow-up: low-latency GW data analysis pipelines promptly identify GW
candidates and send GW alerts to trigger EM observations (see Nicolas' lecture)

GW candidates Sky localization EM follow-up

A few
minutes

-

Externally-triggered GW searches: an EM transient event is detected and GW
data are analyzed to look for possible associated GW events
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GW and EM follow-up observations

hlights from the LVK observing runs

GW170817 | | GW190521

s
Updated Q1 Q2 03 04

2025-11-15

80 100-140 150 -160+
Mpc

LGo 'F £ EE)

40-60 50-60
Mpc Mpc

Virgo |

0.7 1-3 =10
Mpc Mpc Mpc

A
| | | | | | | | | | |
G2002127-v33 2016 2017 2018 2019 2020 2021 2022 2023 2024 Aozs 2026

KAGRA

S250818k
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On August 17, 2017 at 12:41:04 UTC Advanced LIGO and Advanced Virgo made
their first observation of a binary neutron star inspiral: GW170817

Luminosity distance:

Dy, =401%, Mpc

Sky localization:

- rapid loc., HLV: 31 deg?
- final loc.*, HLV: 28 deg?

LVC 2017, PRL-119, 161104

* More refined analysis allowed to reduce the sky localization to 16 deg?
(Abbott et al. 2019, PRX, 9, 031040; Abbott et al. 2019, PRX, 9, 011001)
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GW and EM follow-up observations

a-rays: short GRB

A GRB (GRB 170817A) was independently detected by Fermi-GBM and
INTEGRAL, in coincidence with GW170817

h‘ﬁ
s B

% " Lightcurve from Fermi/GBM (10 — 50 keV) |
T 290 |
o[ ! J | Pl

it DU LT e The start of the gamma-ray
1500 -iiLH“I-J[r 'R

ol LA , emission relative to the merger
1750 4 Lighteurve from Fermi /GBM (50 — 300 kaV') time iS L 1.7 S

1300
N b i WL ‘ » Sky position consistent
10009 & gl I | aflogh gl gt LA, o

Ao B i
i ") Hl’T.:l- FRICET [ T

7 il U L) ml pllobali R
vrso 1 Lo — LLIIHMU‘ J

Th0 1

» Duration and spectral properties
Lighteurve from INTEGRAL/SPI-ACS . . i
£ 120000-| - 100 ke) indicate that GRB 170817A is

5 117300

5 115000 Lt Pt oA B bt cAbRDINY L at Do consistent with a short GRB

. Sl

Ll LU0 e ot |
EREdR" TR

£ 112500

= First direct evidence that
a00 NS-NS mergers are progenitors of
" (at least some) short GRBs!

0

50

LvC 2017, ApJ, 848, 13
Goldstein et al., 2017, ApJL, 848, 14
Savchenko et al., 2017, ApJL, 848, 15
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GW and EM follow-up obse

rvations

10 Mev) {erg)

(1 kev -
Lo (1 eV - 10 Me) (ergis)

Long GREs
Short GRBs
- GRE 1708174

Long GRES
Short GREs
GRE 1708174 {

q 3 B ] F3 q
Redshift (z) Redshif: iz)

Rotation Axis

Uniform

Intrinsically sub-luminous Core
GRB?

o structured jet?

cocoon emission?

Central Engine
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8

Viewing Angle

b
/

//
S

Structured
Jet

GRB 170817A several
orders of magnitude less
energetic than other
observed bursts with
measured redshift

Rotation Axis
Viewing Angle

|
Uniform ﬁ/

Core
/

</

Cocoon

Central Engine

LvC 2017, ApJ, 848, 13
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A wide-ranging EM follow-up campaign started in the hours immediately after the
observation of GW170817 and GRB 170817A

Credit: LIGO-Virgo
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e

The identification of the host galaxy

An associated optical transient (SSS17a/AT 2017gfo) has been discovered on August
18, 2017; the transient is located at ~ 10" from the center of the galaxy NGC 4993,
at a distance of 40 Mpc

The discovery has been
reported by 6 teams: DLT40-20.5d Swope +10.9 h

SWOPE (10.86 h)
DLT40 (11.08 h)
VISTA (11.24 h)
MASTER (11.31 h)
DECam (11.40 h)
Las Cumbres (11.57 h) ' 30"

Abbott et al, ApJ Letters, 848, 12 (2017)
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ntrodt

GW a_le EM follow-up 6|;§e : atirc:‘;;
The optical transient AT 2017gfo

The optical transient was later observed with different instruments

(REM, ESO-VST, ESO-VLT...)
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Pian et al., Nature, 551, 67 (2017)
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Introduct

GW and EM follow-up observations

spectroscopic identification of the kilonova

» The first spectrum is well described by

a blackbody spectrum of temperature
~ 5000 K

» Later:

The maximum moved to longer
wavelengths

=> rapid cooling of the ejecta;

Broad absorption-like lines appear on
the spectral continuum

w
7]
o]
E

=
o

m

=> atomic species produced by
nucleosynthesis that occurs in the
post-merger ejecta

First spectroscopic identification of a
kilonova and evidence that NS-NS
mergers can produce heavy r-process
elements!

m,- [T P ST v s —
o "o 1 1B 20 25
Wavelength (um)
Credit: ESO/E. Pi /s, s 3. Pian, ..., Patricelli et al. 2017;
redit: . Pian et al./5. Smartt
ePESSTO Smartt et al. 2017
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d EM follow-up observaticns

"and radio observations

9 days and 16 days after the GW trigger, an X-ray and a radio counterparts have been
discovered (Troja et al. 2017, Hallinan et al. 2017). Source monitored for hundreds of
days...

- - - )
Two possible interpretations: S10MHz(x27/8)

1.4GHz (x9/4)

. - 3GHz(=x3/2)
- - cocoon emission o

5% 1014 Hz (x300) o™
1keV (x5000)

— GRB afterglow emission from a
structured jet

flux density [mJy]

Both models are consistent with the
multiwavelength light curve... =

i
time after GW170817 [days]

Ghirlanda et al. 2019
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GW and EM follow-up observations

) observations

... But Very Long Baseline Interferometry observations allowed to break the
degeneracy (Ghirlanda et al. 2019, Mooley et al. 2018)

Apparent source size < 2.5
milliarcseconds

Daclination offset (mas)

o Displacement of the source

apparent position by 2.67 & 0.3
milliarcseconds in 155 days

Rotation Axis s
Viewing Angle

This excludes the isotropic outflow scenario and
favor the structured jet model: a successful jet
with a structured angular velocity and energy
profile, featuring a narrow core (with 6; < 5 deg)
- . Structured
seen from a viewing angle 6., < 20 deg. det

Central Engine

Pirsa: 26080016 Page 24/42



Intre ion
GW and EM follow-up observations

817/GRB 170817A: What's missing?

EM counterparts in many wavelenghts; what about very-high-energy VHE gamma rays
(E > 100 GeV)?

In the last few years VHE emission has been observed in association with several GRBs
= at least a fraction of GRBs has VHE emission

H.E.S.S. performed prompt and long term EM follow-up; no significant VHE emission has
been found (Abdalla et al. 2017, ApJL, 850, 22; Abdalla et al 2020 ApJL 894 L16)

MAGIC follow-up observations were performed in 10 different nights from January to June
2018; no significant VHE emission has been found (Stamerra, Salafia, ..., Patricelli et al.

2022, PoS(ICRC2021)944)

@ B10MHz(x27/8) ]
1.4 GHz (=9/4)
3GHz (x312) o,/ : —— Structured jet synchro + $5€ '\’i‘i”-lC
»  6GHz P 4 Makhathini+20

5% 101 Hz (%300)
1keV (%5000}

flux density [mly]

E2 dN/JE [ergcm™2 571

103 . . ‘
1 a i ]0‘ "0(\ '||]'4 'I.U‘I H]Ir\
time alter merger [days] Phaton energy [eV]

Adapted from Ghirlanda, Salafia, et al. 2019, Science, 363, 968
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GW and EM follow-up observations

The observed time delay between GRB 170817A and GW170817 (~1.7 s) can be used to put
constraints on fundamental physics:

aft
et et GRD #

1 Lightourve from Ferma /GBM (10 - 50 keV)

Speed of gravity vs speed of light

Av = vgw — VEM

Event. rate (counts/s)

Lightcurve from Fermi/GBM (50 — 300 keV)
Av ., YEMAt
VEM b

LA T, AT

un B alliabl ol o
AR LI Y

)
@
g
g
3
£
€
=

lower limit on distance: D=26 Mpc

Ligtltuurw'ﬁmu INTEGRAL/SPI-ACS ) .
3200001 CoARLke¥) I e Time delay: two cases considered
17004 | |1 | s | R | - :
11000 ST AR W T bl o i AL L 0 the EM and GW signals were emitted
wzs00 4! LA | S e R o AR e simultaneously

the EM signal was emitted 10 s later

Event rate (counis/s)

—gesg IR w AR ot g yrle
— YEM —

Froquency (Hz)

4 -2 0
Time from merger (s)

Abbott et al. 2017, ApJL, 848, 13
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GW a_md EM follow-up obsérva;:i:é;;
NGC4993 association: implications for Cosmology

GW170817 as a standard siren: the Hubble constant

Recession velocity of NGC4993 from spectroscopic = : :
measurements: 3017 + 166 km s~ =

SHoESYE

e Distance from GW signal

%

0.0 0.1
Time(s)

T T T T
90 100 110 120 130
Hg (kms i Mpc—h)

v=Hp- D = HU:701L§2 km/s/Mpc

LVC 2017, Nature, 551, 85

More recent estimates, obtained assuming a priori that the GW source is in NGC 4993, are:
Hf,:TOflf' km s~ Mpc™' (high-spin case)

Ho=70"17 km s~ Mpc=? (low-spin case) LVC 2019, PRX, 9, 011001
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GW and EM follow-up observations

01 + 02 BBHs + GW190521

MASS GAP

A final BH
#  BBH components

» GW event observed by the two LIGO

detectors and Virgo

» my: 85727 Mg, ma: 661717 Mg

» The primary falls in the mass gap by

(pulsational) pair-instability SN
= Challenge for stellar evolution

Isolated binary evolution is disfavoured

[ Dynamical scenario? ]

LVC 2020, PRL, 125, 101102
LVC 2020, ApJL, 900, 13
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\V\"\ ¥ Of
d EM follow-up observaticns

Example: hierarchical mergers in AGN disks

First-generation (1 s 4 .
9 ( g) : Credit: NASA/JPL-Caltech

black hales

credit: NASA /
ESA./ Hubble

Second
generation

(29)

Credit: Imre Bartos
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GW and EM

B052190an EM counterpart?

The Zwicky Transient Facility (ZTF) detected a candidate optical counterpart in AGN
J124942.34-344929

o GW sky localization: 765 deg?
(90% C.R.)
18.81

o ZTF observed 48% of the 90% 7100
C.R. of the GW skymap '

» An EM flare observed ~ 34 days 1861

= 18.81
after the GW event Lo0.

o It is consistent with expectations i i
for a BBH merger in the accretion 024 ?M"”mﬂr‘%’x’“”‘?
disk of an AGN (see McKernan et 0] N

al. 2019, ApJL, 884, 50) 58200 58300 58400 585%58600 58700 58800 58900

Graham et al. 2020, PRL, 124, 251102

However, this association is not yet clear and is under investigation (Leong et al.
2025, Morton et al. 2023, Ashton et al. 2021, Palmese et al. 2021)
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Introduction

GW and EM follow-up observations

Low-significant candidate; it has the highest probability of being a NS-NS among
all candidates observed in 04 (pns—_ns = 29%)

» H, L and V online

Only automated data quality checks for low-significant events, but ...

AT2025ulz

» ... Possible EM counterpart \
observed by ZTF: - S250818k
ZTF25abjmnps/AT2025ulz | ‘
(GCN 41414)

o Further observations with Keck
(GCN 41436)

240° 235°

GW distance;

initial data consistent with a
kilonova

1
]
z=0.0848, consistent with the :
1
1
|

T«L
0 200 0
Distance [Mpc]

Kasliwal et al. 2025
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» Optical and NIR imaging +

» Light curve consistent with a type

» Spectrum also in agreement with

GW and EM follow-up obse

» Given the special science case, LVK released an Initial GCN Circular: GCN 41437

No evidence for glitches or data quality issues

Update GCN Circular: GCN 41440
Updated 3D GW skymap; AT2025ulz position still consistent

» Other EM follow-up campaigns have been performed (e.g., by ENGRAVE)

spectroscopy and radio

| ¥

]
observations H
8
W

o9

“Jggsgszﬂé

1

[
o
1

® vy

Magnitude

IIb SN: shock cooling + 5°®Ni
decay-powered emission

early spectra of SNe Ilb 20 10 50
Time since GW trigger (days)

Data favour a type Ilb SN interpretation for the source, in chance temporal
coincidence with the GW candidate event

ENGRAVE Collaboration, A&A accepted, arXiv:2605.02639

31/77
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Otl.}i'us:e; mult\messenger searches
rnally triggered GW searches

EM/high-energy neutrino detection = GW triggered search

Known time and sky position of the EM /neutrino transient = reduction in the search
parameter space = gain in sensitivity search

o GAMMA-RAY BURST TARGETED SEARCH AROUND e POTENTIAL DISCOVERY
DETECTED THE TRIGGER TIME AND SKY REGION

search window

\
!

— : .
/ t, ‘ time i .
v v ¥
P X \
LIGO VIRGO KAGRA Image Credit: ChatGPT

GW data are analyzed in a time Potential
multimessenger

detection!

P

Space telescopes detect a

GRB. We obtain the trigger window around tg, taking into
time to and the sky account the sky localization of

localization of the source. the GRB.

External triggers mainly shared with LVK through Memorandum of Understanding
(MoUs) with external collaborations (e.g., Fermi)
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Other multimessenger searches

nally triggered GW searches with GRBs

Histogram of Fermi GRBs by T_

50 - 300 keV
Two kind of searches, depending
on the GRB class:
Short GRBs: Tgg + |5T90‘ < 2s
Long GRBs: Tgp — [6To0| > 4 s
All others:

T [5]
Image credit: Rob Coyne

Short/ GRBs All GRBs

e Unmodeled generic GW transient search

e Modeled binary merger search
e "On-source” search window:

e “On-source” search window:

[—5, +1] s from the GRB trigger time [—600, +max (60, T90)) s from the
GRB trigger time

/ \

.

No evidence for GW counterparts other than GW170817 in the first three observing

runs
Abbott et al. 2017, ApJ 841 89 (O1), Abbott et al. 2019, ApJ, 886, 75 (O2), Abbott et al 2021
ApJ 915 86 (O3a), Abbott et al. 2022, ApJ, 928, 186 (O3b)
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Non GW-detection result: lower bound on the progenitor distance
(example: O3b)

Unmodeled burst searches Binary system coalescences

(86 GRBs) (17 short GRBs)

ADE-A
- (5G-15011

BNS

—— Generie Spin NSEH

.
/M
[
s
e
=
=
£
b

Number of GRBs

10! 107 10!

Exclusion distance (Mpe)

Fxclusion Distance (Mpec)
Median: Mpc; 92 Mpc Median: 149 Mpc; 207 Mpc

Abbott et al. 2022, ApJ, 928, 186
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V EM fellow-up 5
Other multimessenger searches

ally triggered GW searches: the case of GRB 1509068

» Short duration GRB close to the ® No evidence for NS-NS or NS-BH GW
galaxy NGC 3313 (D=54 Mpc) signals up to 102/170/186 Mpc

: 54 Mpc o T —_BNS
NGC 3313 O'E\ll’l 25 ’\'I;n 3 NS-BH generic spin

Oo6Mpe . @ Mre | _ NS-BH aligned spin

536 Mpic

OI] M]](‘: IPN error region

1
|

-25.5

mfidence leve

=T
~

95,7 Lo][i Mpe

4 152 Mpe
25.8 1 10'=150kpe at 54 Mpc

159.6 159.4 159.2

. I : L | L !
50 100 150 200 250 300 350 100 - 450 500
Right Ascension (deg)

distance (Mpe)

Abbott et al. 2017, ApJ, 841, 89
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Prospects & Conclusions

at we learned so far and open questions

o First direct evidence that NS-NS mergers are progenitors of at least a fraction
of short GRBs

v First evidence for a structured jet for GRBs
First unambiguous observational evidence for a kilonova
» No EM counterpart observed in association with NS-BH mergers

» Possible EM signal in association with a BBH merger

» Do all NS-NS mergers produce short GRBs?

» Are Kilonovae associated to every short GRB?

o What is the GRB central engine/NS-NS merger outcome?
» Do NS-NS mergers have a VHE EM counterparts?

» Do NS-BH and BBH mergers have EM counterparts?

 ...and much more!

Next generation instruments will be key to answer to these questions
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Prospects & Conclusions

e LVK observing plans

Updated O 03 04 IR1 05

2026-05-27
100-140 150-170 160-180 225-295

Mpc

Mp Mpc
LIGO & [5) I o

Mpe Mpc

50-60 50-60
Mpc Mpc Mpc

Virgo == = E

0.7 5-7 7-15
Mpc Mpc Mpc

KAGRA " 1

G2002127-v36 ' : T T T T | T T | T \ \ ]
2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
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