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Overview

Goal of this work:
Provide an exhaustive overview about the joint detection of:

Rel f thi k:
1. gravitational waves (GWs) clevance ol this wor

2. Electromagnetic (EM) counterpart in the high energy domain e Highlight the role of wide
field space telescopes for

from the coalescence of NS binaries, in the era of 3G GW detectors the 1dentification of the EM
counterpart

e Evaluate the scientific
return of future GW-EM
Synergies

* Define the best technical
design of future GW and
EM 1nstruments, to
optimally achieve the multi-
messenger science goals

Redshift
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The 3rd generation of GW detectors: steps forwards

- Triangle geometry
- Xilophone concept: low
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The 3td generation of GW detectors:

sclence case

e 105-10¢ detections / yr of stellar mass BH mergers up to z~100

e Detection of primordial BH

e Detection of ~10° BNS mergers/yr beyond the star formation peak
e ET more sensitive at low frequency — the inspiral 1s followed for a longer
time — better sky localisation

o Access the effects of tidal deformations at the moment of the merger —

NS EoS

e Test of GR during the inspiral and 1n the post-merger (e.g. BH ringdown)

e Nature of dark energy and modifications of GR at cosmological distances
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The 3rd generation of GW detectors: population studies

Expected number of BNS
detections / yr ~ 103

l

Bayesian parameter
estimation — Fisher matrix

In the limit of high SNR: quadratic
approximation of the likelithood
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GLFISH

Dupletsa et al. 2022

e Parameter estimation based on Fisher-matrix
approximation

* Includes the effect of Earth rotation (not
negligible for long-lasting signals)

* Computationally efficient

* I[deal to process large amount of injections and
to obtain average population properties

* Gives robust results 1n the limit of high SNR
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From BNS mergers to short GRBs
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_ Fermi-GBM sample y
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From BNS mergers to short GRBs
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Population of BNS mergers from compact
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Joint detection of y-ray emission and GWs

band Fiim Joint ET Joint (ET+CE)
INSTRUMENT FOV/4n loc. acc. N;p/N, N;p/N,
MeV erg cm ™2 s~ +y-ray +y-ray
Fermi-GBM 0.01 -25 0.5(%) 0.75 5 deg (%) 33“_‘{‘11 6832% 47jf1 95t§%
Swift-BAT 0.015-0.15 2% 1078 0.11 1-3 arcmin 103 623}1% 13151 94t§%
SVOM-ECLAIRs | 0.004 - 0.250 1.792(%*) 0.16 < 10 arcmin 3J_’} 69ﬁ;0% 4t} 95151%
SVOM-GRM 0.03-5 0.23(*) 0.16 ~ 5 deg 9J_"31 591’2% 14t2 92’_’%%
THESEUS-XGIS 0.002 - 10 3x 1078 0.16 < 15 arcmin 105{ 63"_“3% 15’_“461 94i§%
HERMES 0.05-0.3 0.2(%) 1.0 1 deg 842’% 613‘1)% 1393‘61 94tg%
TAP-GTM 0.01-1 1(%) 1.0 20 deg 60’_“%?1 67j‘31% 84’:32 95tg%
Fermi GBM+ET Fermi GBM+ET&CE)
I injected
@ ET detections B injected

I y-ray detections
I joint ET+y-ray detections

[1 (ET&CE) detections
N y-ray detections

I joint (ET&CE)+y-ray detections

103' 103_

102_
102_

101_

101_
0.2 0.4 0.6 0.8 1.0 2.0 3.0 4.0 0.2 0.4 0.6 0.8 1.0 2.0 3.0 4.0

redshift redshift
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Joint detection of y-ray emission and GWs

band Fiim Joint ET Joint (ET+CE)
INSTRUMENT loc. acc. N;p/N, N;p/N,
MeV erg cm ™2 s~ +y-ray +y-ray
Fermi-GBM 0.01 -25 5 deg (9) 33i{‘1‘ 68i{§% 47ﬁ}j 95t§%
Swift-BAT 0.015-0.15 -3 arcmin lOig 623}1% 13:51 94f§%
SVOM-ECLAIRs 10 arcmin 3+ 6975 % 4+1 95> %
SVOM-GRM ~ 5 deg 9’_"31 59J_’g% 14:? 923%
THESEUS-XGIS < 15 arcmin le 632%% 15i2 94t§%
HERMES 1.0 1 deg 84*3% | 61719% 139+3¢ 94+8%
TAP-GTM 1.0 20 deg 603?1 67131% 8432 95t2%
Fermi GBM+ET Fermi GBM+ET&CE)
I injected
@ ET detections B injected

I y-ray detections
I joint ET+y-ray detections

[ (ET&CE) detections
B y-ray detections
I joint (ET&CE)+y-ray detections

103' 103_

102_
102_

101_
101_
0.2 0.4 0.6 0.8 1.0 2.0 3.0 4.0 0.2 0.4 06 08 1.0 2.0 30 4.0

redshift redshift
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Joint detection of y-ray emission and GWs

band Fiim Joint ET Joint (ET+CE)
INSTRUMENT loc. acc. Nyp/N, Njp/N,
MeV erg cm 2 s~ +y-ray +y-ray
Fermi-GBM 0.01-25 5 deg (9) 333‘11 68i}§% 47i}j 95i§%
Swift-BAT 0.015-0.15 -3 arcmin 10*3 6271, % 13+ 9475%
SVOM-ECLAIRs 0 arcmin 3+ 6975 % 4+ 95> %
SVOM-GRM ~ 5 deg 9+ 597%% 14+6 9213 %
THESEUS-XGIS <15arcmin | 104 | 63'13% 15%¢ 94+5%
HERMES 1.0 1 deg 84*3% | 61719% 13912 9410%
TAP-GTM 1.0 20 deg 60”_“%3 67131% 84“_“32 95’_’2%
Fermi GBM+ET Fermi GBM+H(ET&CE)
I injected
[ ET detections B injected -
I y-ray detections 1 (ET&CE) detections —

I joint ET+y-ray detections

0.2 0.4

106 0.8 1.0

redshift
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I y-ray detections
I joint (ET&CE)+y-ray detections _

High-z GW counterparts
can be detected only at
high-energy (kilonova

intrinsically fainter)

103_
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Joint detection of y-ray emission and GWs

band Fiim Joint ET Joint (ET+CE)
INSTRUMENT loc. acc. Nyp/N, Njp/N,
MeV erg cm 2 s~ +y-ray +y-ray
Fermi-GBM 0.01 - 25 5 deg (%) 33t | 687139 47+14 95%5%
Swift-BAT 0.015 - 0.15 -3 arcmin 1073 | 62*1l% 1343 94+6%
SVOM-ECLAIRs Oarcmin | 3'1 | 69107 47! 955% |~ Few but well
SVOM-GRM ~ 5 deg ot | 59%6% 14+ 92+3% localised
THESEUS-XGIS <15arcmin | 107 | 63713% 15%¢ 94+5% ~ events
HERMES 1.0 1 deg 84*3% | 61719% 13912 9410%
TAP-GTM 1.0 20 deg 60+2¢ | 6713% 84+30 95+3%
Fermi GBM+ET Fermi GBM+H(ET&CE)
I injected
[ ET detections B injected -
I y-ray detections [ (ET&CE) detections — I

I joint ET+y-ray detections I y-ray detections

I joint (ET&CE)+y-ray detections _

103_

High-z GW counterparts

can be detected only at
high-energy (kilonova
03 o 80 06 10 o S0 ho intrinsically fainter) o T, [
\ redshift ' ' redshift '
~ o o mm em m e em m mm mm e - ~ o o mm wm mm e wm em mm mm e -
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Two kinds of joint detections

Fermi-like telescopes Swift-like telescopes

- ~ all sky monitors

- Possibility to build constellations at fairly - Good sky coverage
low cost - Arcmin location accuracy
- Best sensitivity around the sGRB peak - Possibility to promptly follow up with
energy ground-based telescopes
- ~ deg location accuracy
PROS
PROS - Identification of the host galaxy
- Confirm the spatial and temporal - Determination of the redshift
coincidence with the GW - Detection of X-ray counterparts (standard
- Characterise the spectral shape up to high GRB afterglow, jet-KN ejecta interaction,
energies SBO, wind from magnetar...)
- High number of joint detections = - Less number of events but with deeper
statistical studies understanding of the GRB physics
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GW sky localisation

ET ET+CE ET+2CE

104/ 104; 104
103 103 103]
G
J
Vv
< 102 102 102
I injected I injected I injected
[ detected [ detected [ detected
101' I AQ <1000 de92 101 B AQ <1000 de92 101 B AQ <1000 degz
B AQ< 100 deg? B AQ< 100 deg? B AQ < 100 deg?
B AQ <10 deg? I AQ <10 deg? I AQ <10 deg?
100- I AQ<1 deg? 100- I AQ<1 deg? 100- I AQ<1 deg?
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0

Redshift Redshift Redshift

ET ET+CE | ET+2CE

Nget 143970 | 458801 | 592565
Nget(AQ < 1 deg?) 2 184 5009
Nget(AQ < 10 deg?) 10 6797 154167

Nget(AQ < 100 deg?) 370 | 192468 | 493819
Nget(AQ < 1000 deg?) | 2791 | 428484 | 585317
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GW sky localisation

ET ET+CE ET+2CE
1041 104; 104;
103 1031 1031
c
3
Y
< 102 102 102
I injected I injected I injected
[ detected [ detected [ detected
101' m AQ <1000 de92 101 B AQ <1000 de92 101 B AQ <1000 degz
I AQ <100 deg? B AQ< 100 deg? I AQ <100 deg?
B AQ <10 deg? I AQ <10 deg? I AQ <10 deg?
100' -- -AQ-<i d-egi [ | 100 — Al <1 degz 100 -- A-Q-< ]-de-gz- -
0.0 0.5 11.0 1.5 2.0 2.5 3.0 a 0.0 0.5 1 1.0 1.5 2.0 2.5 3.0 0.0 0.5 g 1.0 1.5 2.0 2.5 3.0 g
' Redshift ' ' Redshift ' . Redshift '
e s s s s s s s s s s s s s e- - A E E E E E E EEEE """ » N E E E E EEEEEEEEEEE BN | 4

High-z GW source localisation 1s given

ET ET+CE | ET+2CE
by counterparts detected by wide field

Nae 2 143970 | 458301 | 592565 X-ray and y-ray telescopes with arcmin
Naet(AL2 < 1 deg”) 2 184 2009 localisation capabilities
Nget(AQ < 10 deg?) 10 6797 154167

Nget(AQ < 100 deg?) 370 | 192468 | 493819
Nget(AQ < 1000 deg?) | 2791 | 428484 | 585317
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Detectability of the afterglow emission: survey vs pointing

How to detect X-ray emission:
1. In survey mode: probability ~FOV/47 of detecting

by chance the source
2. In pointing mode: sclection of the sources with AQ

Sky localisation
from GW

~ GWskyemorbox

< 100 deg?
THESEUS-SXI TAP Einstein Probe Gamow
Energy band 0.3-5 keV 0.3-5 keV | 0.5-4 keV | 0.3-5 keV
Field of view 0.5 sr 0.4 sr 1.1 sr 0.4 sr

Number of BNS mergers / yr detected in GWs and X-rays

Survey mode

ET | ET+2CE
EP 5072 | 6417
Gamow 93 lOfg
THESEUS-SXI 11+ 13*3
THESEUS-(SXI+XGIS) | 23%¢ | 277]
TAP-WFI 16+ 17+%

Samuele Ronchini, PennState University

Pointing mode

—>

Detection with
—>  wide field X-ray
__telescopes

Response time

For 2-3 GW detectors active,
pointing better than survey,
but...

)

ET | ET+CE | ET+2CE

EP 9% | 2945 | 359+

e | T3] o | 122

TAP-WFI | 83 | 1823 | 225+
10
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Caveats about the pointing strategy

A rapid response 1s necessary to catch

the brighter phase of the afterglow

Samuele Ronchini, PennState University

ET | ET+CE | ET+2CE
EP 9+3 | 294+%0 | 350+1¢8
THESEUS-SXI
Gamow / 7t§ 95iﬁ 122#2%
TAP-WFI 8+ | 182443 | 225*78
100 s 1 hr 4 hr
. . +168 +24 +15
Einstein Probe | 3597 %0 | 4877 | 17+
THESEUS-SXI/ .
122441 | 12+7 | <9
Gamow
76 20 10
TAP-WFI 225755 | 5075 | 1775

11

Following-up all the sources with AQ <
100 deg? 1s unfeasible

Other GW parameters should be exploited
to restrict the selection:

e SNR

* Viewing angle and relative error

 Luminosity distance and relative error

XIII Einstein Telescope Symposium, 8th-12th May 2023



Pre-merger sky localisation

iy | R T RN & ~ 30 s slewing time
s \/Irg O !
- Einstein Telescope
= (COsmic Explorer

+ Few minutes . PUCRIRRRERRES 00 SRR it YR vy

f (H2)

Future Cherenkov telescopes, like CTA,

For some golden cases,

enough SNR can be will be able to point in the direction of the
accumulated already before GRB at the moment of the merger,
the merger allowing to detect possible very-high
energy emission during the prompt
phase
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Pre-merger sky localisation

~ 30 s slewing time

at . -
o . .

LIGO |
Virgo

Einstein Telescope
Cosmic Explorer

1 . 1
1 Few minutes
1 1

Future Cherenkg
will be able tg

For some golden cases,

enough SNR can be
accumulated already before GRE merger,
the merger allow S nle very-high
\

ring the prompt
phase

energ
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The importance of WEFX-ray telescopes

Jomnt y-ray+GW Redshift distribution of
detection efficiency (ET+Fermi-GBM) joint X-ray+GW detections, in pointing mode
0 z<0.5 0.175- e
10 0.5<z<1.5 == o>
] z>1.5 , 0.150
5
- | S 0.125
B ilom =
< é 0.100-
= 3
Q 0.075-
. =
107* = 0.050
0.025+
0 1 2 3 4 5 6

1.0 1.5

Viewing angle (deq) redshift

Too off-axis to have a

detectable y-ray emission
WEFX-ray telescopes can

significantly enhance the
probability of a joint
detection
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Joint detections for different the ET design

Delta: 10 km or 15 km Joint GW + prompt emission

= — delta-10-cryo

- ! —— delta-15-cryo
— 2L-15-cryo

) —— 2L-20-cryo

15 | -=-= HERMES tot
L — |

- BB
9 Sardinia J: s

- =
0.0 0.5 10 1.5 20 2.5 3.0
redshift
2L misaligned: 15 km or 20 km
A10Ekm < Al1bkm ~ 2L 15km < 2L 20 km
Joint GW + afterglow emission
L Full (HFLF cryo) sensitivity detectors

L Instrument A10 | Al15 | 2L 15 | 2L 20
45 THESEUS-SXI survey 0
THESEUS-(SXI+XGIS) survey | 2175 | 2178 | 207, | 21°7

Q Sardinia Q MeuseRhine The. ET demgn. does not impact sensibly
the joint detection efficiency with WFX-
ray telescopes
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Optimize the synergy with Swift-like telescopes

Swift-BAT coded mask Some GRBs potentially
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- Located out of the FOV

The efficiency of the trigger
algorithm degrades as we
move from the center of the

Application to the multi-messenger
sclence case:

FoV / -
/ VAA

G P(det|F > F,,) = 100% 4 2

GW 7 15
©) rletF > Fi) < 100% BAT FOV 1

0.5

\ o

15

 deeper low-latency analysis

4,

ERRRSATE detectable by Swift-BAT are L nEmEEEREEERERERRE®
' We can recover them, with a B

!

GUANO
Tohuvavohu et al. 2020

GW trigger

Swift-BAT does not
trigger

The GUANO analysis
reveals a significant
event, providing
arcmin localization

EM follow up
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GUANO workflow and results

Successfully operative in O3, both for IngeSt?d external
above- and sub-threshold events triggers:

* Ferm1/GBM,

Integral, Calet,

External trigger: info Dump BAT data Ready to run in low-latency
around trigger time also during 04 GECAM

on trigger time and
sky position

Max likelihood e GWs
analysis, on a full sky e [ceCube

grid « HAWC
* FRBs

No significant
N candidate

Success rate:
P(IN/OUT FoV)

Arcmin localization
provided

14- ——— GCN circulated
EM follow-up started * more than 100

OUT 127 GRBs recovered
10- — with GUANO so

Coarse constraints about g far
localization, but we can stil " * 32 with arcmin

claim a detection 6 position (24 long +
8 short)
e In 14 of them the

N
2_
Multi-wavelength | L BB afterglow emission

Few hours

Location promptly
v circulated via GCN

follow up, search of was detected (1/2

host galaxy, redshift 100 T ,
time from external trigger (hr) of which are short)

'02
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Summary

* The remarkable capabilities of next generation GW detectors will allow us to probe
compact binary mergers at cosmological distances

* The existence of wide field X-ray and y-ray monitors in the next decades will be

crucial, in order to localize the EM counterpart and possibly identify the host galaxy
with ground-based telescopes

* [t 1s necessary to define an optimal strategy to select GW events, based on the
estimation of the GW parameters, for which the detection probability of the EM
signal 1s higher

* The developed methodology for the estimation of GW+EM detection 1s highly
versatile = applicable to different combinations of instruments and for different

models of emission

* Low-latency analysis with pipelines like GUANO can further enhance the detection
potential of Swift-like instruments, maximizing the probability of detecting and
localizing the EM counterpart

17
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Thank you!
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Pre-merger sky localisation and VHE from sGRBs

~ 30 s slewing time

Few minutes

Future Cherenkov telescopes, like CTA,
will be able to point in the direction of the
GRB at the moment of the merger,
allowing to detect possible very-high
energy emission during the prompt
phase

19
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Pre-merger sky localisation and VHE from sGRBs

~ 30 s slewing time

Few minutes

I 3 5 .
‘¢ .o .
- - .

\\(}.
Future Cheren} ég’@ CTA,

will be ablg 0(\@(\6 on of the
€ merger,
sible very-high
during the prompt
phase
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Pre-merger localization with Switt-like telescopes in the ET era

' Swift-BAT FOV

From Magee et al. 2021 : Swift-BAT FOV Banerjee et al. 2023 15-min: acg = 3
102 - 10° D :
] ) : .
> |
j‘z- - ! 51 103 4
3 S i 8 -
=~ 107 E’ 107 — : - 100 2 i’
I:-« | 2 - é -
£ g ) 0 102 5
S H @ +
= S S O
S : , > y — 1ET+2CE
s £ < o
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Continuous commanding already To be ready to routinely
tested: few seconds between command » | ingest pre-merger alerts in

sent from ground and start of
spacecraft slew

the ET era
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