Multi-messenger transients
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History of multi-messenger observations
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This event enables
-+ to probe the engine of core-collapse SN
-+ 1o set upper bounds on the neutrino mass,
charge, and number of flavours
« to perform unique tests of gravity
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Nucleosynthesis and
enrichment of the Universe

The merger of a binary-neutron-star
through gravitational waves and multi-
wavelength observations

Abbot et al. 2017, PRL, 119
Abbott et al. 2017 ApdL,848



Possible association of high-energy
neutrinos with the blazar TXS 0506+056

log(Frequency [Hz])
16 18 2

first direct identification of
astrophysical sources of /
extragalactic neutrinos '

Aarsten et al. 2018, Science, 362



These events demonstrated the potential of
multi-messenger observations to provide key insight
into the physics of the most energetic events such as

SN, GRBs, AGN



SOME OF THE MOST INTERESTING MULTI-MESSENGER SOURCES

COMPACT OBJECT COALESCENCE MASSIVE-BH MERGER
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GRAVITATIONAL-WAVES



GW 170817

Gamma rays, 50 to 300 keV GRB 170817A
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GW 170817

Masses are consistent
with the masses of all
— PrenmDrr known neutron stars!

= PhenomPNRT
= SEOBNRT
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GW 170817

Binary neutron star mergers are progenitor of short GRB

First short GRB observed off-axis

Fermi

Reported 16 secon:
after detection

LIGO-Virgo

Reported 27 minutes after detection

Gamma rays, 50 to 300 keV GRB 170817A
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Multi-wavelength afterglow observations

Achromatic flux—rise until ~ 150 days!

*kx 3x F,@3GHz %% 100 x F, @ F606W
why F,@6GHz **x 1000 X F, @ 1keV

F(t) oc t0.7-0.8

Forward shock from .
a structured jet - ~ it

time after GW170817 [days]
D’Avanzo et al. 2017, A&A

SOURCE SIZE < 2 mas

Ghirlanda et al. 2019, Science
See also Mooley, Deller, Gottlieb et al. 2018



Multi-wavelength afterglow observations

T'(6)

Forward shock from
a structured jet

»
. ‘ Structured off-axis jet



Villar+ 2017 and refs therein

GW 170817

Apparent Magnitude

MJD - 57982.529

Pian et al. 2017 Nature [ Loas !
| Smartt et 2017 Nature [

r'B.IS mergers are a major channel o
formation of heavy elements
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Radioactively powered transients

Relativistic astrophysics Nucleosynthesis and

enrichment of the Universe

2 B y Exploding ynt

A Bang s No stable isotopes
.~ fusion s

% Cosmic v Exploding ? S’ ';‘

a white
fission dwarfs Al B
B} 15

9 . Ti Ni Cu
o a2 2 »
Zr Ag Sb
©

o7 51

Hf Bi

7 8 83

La
2

Ac
(]

Fundamental
Physics

Nuclear matter physics

*— ——— ATMOSPHERE

Magneti

Polar cap

Cone of open
magnetic

field




How was that possible?
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a‘tlon _wuical/NIR Kilonova

LVC + astronomers, ApJL, 848, L12



Real-time search for candidates
Infrastracture to send rapid alerts!

{Eda .1

NS marocer L L

World-wide rapid response to cover s:gnal Iocatlon
Resources to characterize the transients

+9 days +16 days

Brokers
Common format
Tools to access archive and data

0 25 50 75
Mpc

LVC + astronomers, ApJL, 848, L12



What happened after
GW170177?



Solar Masses

LIGO, Virgo and KAGRA O1+02+03 runs

Masses in the Stellar Graveyard

90 GW CANDIDATE EVENTS!
LVK arXiv:2111.03606



O4 LIGO, Virgo and KAGRA run

Updated O1 02 == O3 == O4 O5
2023-05-16
80 100 100-140 160-190 240-325

Mpc  Mpc Mpc Mpc

LIGO i

150-260
Mpc

Virgo

KAGRA

G2002127-v19 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029

* 04: 18 months of active observing time, started end of May
e So far, only LIGOs

Low-latency pubblic alerts:
N\/w GraceDB |67 Significant Detection Candidates
(FAR one per 6 months for compact binary merger targets)

The majority high probability to be BBH, no BNS




BNS mergers are there!



GRB 211211A




GRB 211211A: long GRB/KILONOVA
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GRB 211211A: Fermi/GBM
Normalized Counts, 8-900 keV
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Minute-duration GRB, prompt and bright spikes last more than 12 s
Nearby GRB at 350 Mpc and 7.9 kpc from the galaxy center
Rastinejad, J. C. et al. 2022 Nature



GRB 211211A: long GRB/KILONOVA

GW170817-like events
are within reach

A percentage of long
GRB population arise
from mergers
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Rastinejad, J. C. et al. 2022 Nature

See alsoTroja et al. 2022 Nature, Xiao, S. et al. 2022 Nature
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GRB 211211A: GeV emission
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Discovery of a significant
( >50) transient-like
emission by Fermi/LAT

Photon energies 0.1-1 GeV

Mei et al. 2022, Nature



GRB 211211A: GeV excess

1 I
LAT [0.1-10 GeV]

XRT [0.5-10 keV] Forward shock + kilonova

SED4 (MM [0.3-10 keV] i
m uvw2-filter K] onova
2 uvm2-filter
m
uvw 1-filter

u-filter
b-filter XRT
V v-filter
R-filter
I-filter
K-filter
10 GHz (x10%)
6 GHz (x10%)

3 GHz (x10%)

104 107 105 103 107! 10! 103 10° 107
Post-trigger time [s] hv [keV]

The GeV emision is in EXCESS with respect to synchrotron
emission from standard forward shock of the relativisic jet
explaining the afterglow emission in the other bands

Mei et al. 2022, Nature




GEV emission from a compact binary merger

| -

/%

KILONo VA

Fs

Seed]
F"\O ro msS

External Inverse Compton

kilonova - seed photons for the EIC

electrons nearby the kilonova
photosphere att = 10% s

presence of a late-time
low-power jet

New counterpart for
GW signals

to probe jet-neutron
rich ejecta interaction

Mei et al. 2022, Nature



GRB 230307A...another long-GRB associated with
compact object mergers!

Afterglow/kil%mova ‘GRB 230307A
| O ~ JWST/NIRCAM
" JWST mid-IR imaging and
spectroscopy 29 and 61 days
| L after the burst
’ z=0.065
, < o §
10" E |

S o F115W F150W F277W F356W F444W

;B R

Levan et al. 2023 Nature

AT2017gfo, 10d @ Phot.29d
—— 29 d Model Phot. 61 d

Tellurium emission line

[W III][Se IIT]

Mid-IR source due to the
production of lanthanides

F) (10720 ergs~1cm=2A1)
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Observed wavelength (micron)



After GW170817 NO FIRM EM COUNTERPARTS: detection rate, type of systems,
large sky-localization and fainter counterparts to be searched..
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Next generation GW astronomy
and multi-wavelenght follow-up

See GWIC roadmap; Bailes et al. 2021, Nature Reviews Physics;
Maggiore et al 2020, JCAP; Evans et al. 2021 arXiv:2109.09882;
Branchesi et al. 2023, JCAP



ET: the European 3G GW
observatory concept

INCLUDED IN ESFRI ROADMAP in 2021
ET collaboration more than 1500 scientists!

Triangular shape
Arms: 10 km

Underground
Cryogenic

Increase laser power
Xylophone

*
----------------



3G effort worldwide

Cosmic
Explorer

Cosmic Explorer: L shaped detectors, two sites
(40km, 20 km [option])
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The ET sensitivity will make it possible:
« Large distances back to the EARLY UNIVERSE

Detection horizon for black-hole binaries

Years after the Big Bang
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COMPACT OBJECT BINARY POPULATIONS

BINARY NEUTRON-STAR MERGERS
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Sampling astrophysical populations
of binary system of compact objects
along the cosmic history of the
Universe

Redshift of detected signals

10° BNS detections per year

GWFish Harms et al. 2022, 10° BBH detections per year
Astronomy and Computinng




The ET sensitivity will make it possible:

)
Detection horizon for black-hole binaries (@))
« EARLY UNIVERSE SR ©
8
« POPULATION A— S =
)
oC
« PRECISE GW ASTRONOMY: exceptional parameter
estimation accuracy for very high SNR events ——
‘\0 Q0 }' q |
Ly
o oy ;
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o TV RINT e

4

PRECISE ASTRONOMY. WUCLEAR PHYSICS



The ET wide frequency band will make it possible:
« Access UNEXPLORED MASS up to 10° Mo




BLACK HOLES WITH MASSES OF 100-10000 Mo

Seeds of Massive BH?




BLACK HOLES WITH MASSES OF 100-10000 Mo

Seeds of Massive BH? U



PRIMORDIAL BLACK-HOLES

Disentangle astrophysical PoPlI|
from primordial BHs

log(d Ny /dmydz/T,,.)

Any BBH merger
at z>30 primordial

80

« Difference between ET and CE due to the better ET sensitivity at low

frequencies
See NG et al. 2022.ApJL

 Note: accurate measurement of z is also needed ! NG et al. 2023, PRD

Recent population synthesis work on POPIII and POPII BBH mergers
(see Costa et al. MNRAS 2023, Santoliquido et al.2023 MNRAS)



PRIMORDIAL BLACK-HOLES

Disentangle astrophysical PoPlI|
from primordial BHs

Any BBH merger
at z>30 primordial

See NG et al. 2022.ApJL
asurement of z is also needed ! NG et al. 2023, PRD

Recent population synthesis work on POPIII and POPII BBH mergers
(see Costa et al. MNRAS 2023, Santoliquido et al.2023 MNRAS)



UNIVERSE EXPANSION, DARK ENERGY, MODIFIED
GRAVITY AT COSMOLOGICAL SCALE
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Belgacem et al. JCAP 2019



UNIVERSE EXPANSION, DARK ENERGY, MOLa'ED
GRAVITY AT COSMOLOGICAL SCALE
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Multi-messenger in the ET era



RELATIVISTIC JET PHYSICS,
GRB EMISSION MECHANISMS,
High-energy COSMOLOGY and MODIFIED GRAVITY

Counterparts 7Rl

-9

Credit: Ronchini

Ootical KILONOVA PHYSICS,
ptlica NUCLEOSYNTHESIS, NUCLEAR
counterparts PHYISCS and HO ESTIMATE

Hundred of MM events per year!

Image credit: NASA Goddard Space Flight Center




ET sky-localization capabillities

GWFISH IIII|||
"H|I|||||

| |‘| I detected
EE

I I ‘l‘ AQ < 1000 deg?
I AQ < 100 deg?
I ||III I AQ < 10 deg?
II I @ AQ <1 deg?
[ [ ]
: 0.5 1.0 :
Redshift

ET low frequency sensitivity make it possibile
To localize BNS!

« 0O(100) detections per year with sky-localization (90% c.r.) < 100 sq. deg
« Early warning alerts!




Network sky-localization capabilities

detected

AQ < 1000 deg?
AQ < 100 deg?
AQ < 10 deg?
AQ < 1 deg?

R —— « 0O(1000) detections per year with sky-localization
Cosmic (90% c.r.) <10 sq. deg

- Explorer

Dupletsa et al. 2022, Ronchini et al. 2022



Network sky-localization capabilities

ET+2CE T

|‘ detected
AQ < 1000 deg?
AQ < 100 deg?
AQ < 10 deg?
I AQ < 1 deg?
| |

L
.“| “|
: 0.5

1.0

Redshift

W T— ( * 0O(1000) detections per year with sky-localization
Cosmic (90% c.r.) < 1 sq. deg

\ Explorer

Dupletsa et al. 2023



Prioritization of triggers required

Sky-localization Viewing angle

— [ e [eneos e

o
o

redshift

Naet(AQ < 10 deg?) 6797 | 154167
Naet(AQ < 100 deg?) 192468 | 493819
Nat(AQ < 1000 deg?) | 2791 | 428484 | 585317

o
>

— N06,/6,=0.01
06,/6, = 0.05

— N6,/6,=0.1

— N06,/6,=0.2
06,/6,=0.5

Too large numbers of
triggers well localized to
be followed-up

Send in low-latency
source parameters and
continuous updates o s 1o 1z 20 25 30

redshift

Ronchini et al. A&A 2022



* Real-time search: overlapping signals, low-frequencies
» A few tens of alerts per hour
* Pre-merger alerts

« Select triggers to be followed

« Send in low-latency all source parameters and
continuous updates, dyanmical database

 GW detectors as external trigger user

« What EM oservatories for the search?

 What resources to characterize the transients?
» Brokers, common platform
« Common format

 Jools to access archive and data

ASTRO-COLIBRI




HIGH-ENERGY

RELATIVISTIC JET PHYSICS,
GRB EMISSION MECHANISMS,
COSMOLOGY and MODIFIED GRAVITY



Prompt and afterglow emission from a structured jet
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Model calibration using the properties of
observed short GRB samples

« Starting with the BNS population
« Comparison with statistical properties of Fermi GBM sGRBB sample
Optimal parameters estimated via MCMC

0.34
. 0.26707

RsarB = f(NS—-NS)—jet X R(NS—-NS)

l’ From population
Rate of SGRB synthesis
observed by Fermi

GRB data from Ghirlanda 2016



e GW +y-ray joint detections per year
A3 SURVEY MODE

Fermi-GBM+ET Fermi-GBM+(ET+CE)

I injected

@ GW detections

I y-ray detections

I joint GW+y-ray detections

I injected

[ GW detections

I y-ray detections

I joint GW+y-ray detections

. 0.4 0.6 0.8 1.0
redshift ' redshift

Almost all detected short GRB will have a GW counterpart

Depending on the satellites, we will have
tens to hunreds of detections per year

Crucial instruments able to localize at arcmin-arcsec
level to drive the ground-based follow-up!

Ronchini et al. A&A 2022




Joint ET Joint (ET+CE)
INSTRUMENT FOV/4r loc. acc. Njp/N,
erg cm™2 +7y-ray +7y-ray

| Fermi-GBM | 001-25 | 05() 075 | Sdeg(® | (a 33*‘};1 | 33714 | 68713 | | 95%3% |

jEprorer

Ronchini, MB, Oganesyan, et al. 2022, A&A B satanuie




Joint detection GW+X-ray afterglow per year

_ FOV (sr) | loc. accuracy (arcmin)

THESEUS-SXI ]
map e

SURVEY MODE:
- a few tens of detections per year

POINTING MODE

following BNS mergers / yr detected
with GW sky localization < 100 deg”2 with detectable X-ray emission

- a few tens for ET alone and a few hundreds per year for ET+CE

BUT necessary
« fast response to GW alerts and re-pointing
 prioritizationof the alerts to be followed

Ronchini et al. 2022 A&A



Joint detection GW+X-ray afterglow per year
WFX-ray monitors

Redshift distribution of joint X-ray+GW
detections observed in pointing mode

all 6,
= 6,<5 WFX-ray telescopes

P 6, >5°
* significant increase of joint
ET+2CE+THESEUS-SXI .

detections: tens-hundreds

per year
* enable to study jet structure
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* trigger ground-based follow-
up and more sensitive
instrument such as ATHENA

Joint GW+Xray detections

Ronchini, MB, Oganesyan, et al. A&A 2022



Pre-merger detections

Merger time

Critical to detect the prompt/early multi-wavelength emission

* to probe the central engine of GRBs, particularly to understand the jet
composition, the particle acceleration mechanism, the radiation and energy
dissipation mechanisms (e.g. VHE prompt CTA/ET synergy)

* to probe the structure of the outer sub-relativistic ejecta, early UV emission (e.g.
ULTRASAT/UVEX/DORADO synergy)



CTA and GW DETECTOR synergies

- \ \\ \j | (,/

SN I ST

o N \ /t\ \ ! )7' K

g GRB 190114C (MAGIC)
GRB 180720B(HESS)

- Afterglow VHE emission!

LHAASO experiment detected the gamma ray
burst GRB 221009A up to energies > 10 TeV



Sky-localization capability:
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Banerjee, Oganesyan, Branchesi et al 2023, A&A




Observation strategy:

Follow-up pre-merger
alerts with CTA
* Follow-up well
localized sources (< FoV)
* Single shot observation
5 " Visie.o 1+ Mosaic strategy
IR * Divergent pointing

v
.
\, ) e ..( v

120' %i “ : 'V.":: ,’J ., »”E..‘v‘ ‘4..4 . ]305 0 ¥ 2500 "‘2‘405 : l" CV.

Banerjee, Oganesyan, Branchesi et al 2023, A&A



Observation strategy: MST

5-min; ace = 3; FoV=30 deg.? 5-min; ace = 3; FoV=30 deg.? 5-min; ace = 3; FoV=30 deg.?

] — ET+2CE  —— ET+LVKI+
ET+CE  =—— ET
— ET+2VOY

—— ET+2CE | == ET+LVKI+
ET+CE — ET
e ET+2VOY

ET+2CE
ET+CE

CTA-MST time [%]

3 ] ET+2VOY
. 1 ET+LVKI+
- ] ET

102 103 104 102 103 104 102 103 104
Sky-Loc. [deg.?] Sky-Loc. [deg.?] Sky-Loc. [deg.?]

CTA-MST time [%; 6, <45°]

Banerjee, Oganesyan, Branchesi et al 2022, A&A




An |OP and SISSA j:

Science with the Einstein Telescope: a
comparison of different designs
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GW Sky-Localization

B detected
AL = 1000 deg
a0 = 100 deg
A1 = 10 dig
b = 1 ding
) 3.0

(a) A 10 km HFLF ecryo ﬂh) A 15 km HFLF cryo

(d) 2L 15 km HFLF cryo (e) 2L 20 km HFLF cryo

2L with 15 km
« comparable to 15 km triangle
» better than10 km triangle
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2L-15km-45° better than 10 km triangle
(and comparable to 15 km triangle)

« larger number of well-localized events up to a larger redshift
« number of short GRBs with an associated GW signal increases

by about 30%, and the number of expected kilonovae
counterparts increases by a factor of 2
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IMPACT on GW/KILONOVAE science

BNSs detected with a sky-localization < 40 deg?

Apparent AB Magnitude

10° J 10°
t [days] t [days]

(a) A 10 km HFLF cryo (b) A 15 km HFLF cryo

Apparent AB Magnitude

10~ 10° ) 107! 10°
t [days] t [days]

(c) 2L 15 km HFLF cryo (d) 2L 20 km HFLF cryo

Two filter (g and i) observations repeated the

= first and second night after the merger and
an exposure time for each pointing of 600 s




IMPACT on GW/KILONOVAE science

BNSs detected with a sky-localization < 40 deg?
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(a) A 10 km HFLF cryo (b) A 15 km HFLF cryo
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Apparent AB Magnitude

10° ) 107! 10°
t [days] t [days]

(c) 2L 15 km HFLF cryo (d) 2L 20 km HFLF cryo

Two filter (g and i) observations repeated the

= - first and second night after the merger and an
exposure time for each pointing of 600 s




Cosmology

Joint GW-kilonova detections, ET+VRO

iF I,;Fl(ﬁzo HFLF cryogenic

—_— ALl.Skm 1 AH()/HO AQM/QM

e 2], 45° 15 km

— 2L, 45° 20%m A-10km 0.009 0.832
A-15km 0.007 0.303
2L.-15km-45° 0.006 0.370
21L-20km-45° 0.004 0.243

COSMOLOGY: Hubble
constant measurement from GW standard
sirens with percent precision!

Results depend on the BNS merger rate normalization
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