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Overview

Goal of this presentation:

Provide an exhaustive view about the joint detection of:


1. gravitational waves (GWs)

2. Electromagnetic counterpart in the high energy domain


from the coalescence of NS binaries, in the era of 3G GW detectors 

Redshift

BNS merger density

GW

EM

Points on which I will focus:


• Role of wide field 
instruments for the 
identification of the EM 
counterpart


• GW sky localisation


• For the follow-up, define a 
strategy to prioritise the 
GW sources with highest 
probability to have detectable 
EM emission


• Role of sensitive telescopes 
to characterise the multi-
wavelength emission
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Why we need joint detections?
Info from GWs: Info from EM signals:

• masses of the system

• inclination of the orbital plane

• nature of the remnant

• luminosity distance

• energetic and dynamical properties of 
the outflow (jet+kilonova ejecta)

• redshift

- Cosmological studies

• Hubble diagram

• Tests of GR

Relativistic astrophysics and 
fundamental physics


• Who are the progenitors of 
short GRBs


• How the jet properties 
depend on the central 
engine (BH vs NS)


• EoS of NS
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The 3rd generation of GW detectors: steps forwards
10

 k
m

Einstein Telescope 
(ET)

40
 k

m

Cosmic Explorer 
(CE)

- Triangle geometry

- Xilophone concept: low 

frequency at cryogenic 
temperature + high 
frequency at room 
temperature


- Underground to 
minimise seismic noise

Extension of LIGO 
concept with 10x longer 
arms

BNS inspiral

From Chan et al. 2018

Both should start to be 
operative around 2035

~ factor 10 improvement in sensitivity
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The 3rd generation of GW detectors: science case

1. Detection of 105-106 stellar mass BH mergers/yr up to z~20

2. Detection of primordial BH

3. Detection of ~105 BNS mergers/yr beyond the star formation peak


•ET more sensitive at low frequency → the inspiral is followed for a 
longer time → better sky localisation


•Access the effects of tidal deformations at the moment of the merger 
→	 NS EoS


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

5. Nature of dark energy and modifications of GR at cosmological distances

Maggiore+2020 Evans+2021
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The 3rd generation of GW detectors: population studies
Related issues:


- Overlapping signals


- Selection of the best candidates: 
which one should be followed up?


- Need for fast parameter estimation 
in case of population studies

Advantages:


- systematic census of 
the NS population 
across the cosmic 
history

(NS)
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The 3rd generation of GW detectors: population studies
Related issues:


- Overlapping signals


- Selection of the best candidates: 
which one should be followed up?


- Need for fast parameter estimation 
in case of population studies

Advantages:


- systematic census of 
the NS population 
across the cosmic 
history

- Parameter estimation based on Fisher-matrix 
approximation


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


- Computationally efficient

- Ideal to process large amount of injections and 

to obtain average population properties

- Gives robust results in the limit of high SNR

Harms et al. 2022 arXiv:2205.02499


MCMC    →   Fisher matrix

In the limit of high SNR: quadratic 
approximation of the likelihood

(NS)
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From BNS mergers to short GRBs

Redshift distribution of BNS mergers from 
population synthesis model

Phenomenological model for 
prompt emission

Fermi-GBM rate of short 
GRBs

Reliable 
predictions 
for future 

high-energy 
satellites

Peak flux Burst duration

Fluence Peak energy

Estimate of the prompt and afterglow 
emission, assuming the same jet structure 

derived for GW 170817

Comparison with properties of 
Fermi-GBM sample

+

From Santoliquido et al. 2021
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Joint detection of 𝛾-ray emission and GWs

Fermi GBM+ET Fermi GBM+(ET&CE)
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Joint detection of 𝛾-ray emission and GWs

Fermi GBM+ET Fermi GBM+(ET&CE)

Few but well 
localised 

events
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Joint detection of 𝛾-ray emission and GWs

Fermi GBM+ET Fermi GBM+(ET&CE)

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

Few but well 
localised 

events
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Two kinds of joint detections
Fermi-like telescopes

- ~ all sky monitors

- Possibility to build constellations at fairly 

low cost

- Best sensitivity around the sGRB peak 

energy

- ~ deg location accuracy

Swift-like telescopes

- Good sky coverage

- Arcmin location accuracy

- Possibility to promptly follow up with 

ground-based telescopes

PROS

- Identification of the host galaxy

- Determination of the redshift

- Detection of X-ray counterparts (standard 

GRB afterglow, jet-KN ejecta interaction, 
SBO, wind from magnetar…) 

PROS

- Confirm the spatial and temporal 

coincidence with the GW

- Characterise the spectral shape up to high 

energies
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GW sky localisation 
ET ET+CE ET+2CE
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GW sky localisation 
ET ET+CE ET+2CE

High-z GW source localisation is given 
by counterparts detected by wide field 

X-ray and 𝛾-ray telescopes with arcmin 
localisation capabilities
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Viewing angle
ET ET+2CE

<latexit sha1_base64="yDdCvFuUN4iBcEM2JnYZ5/hBiJA=">AAACE3icbVA9SwNBEN3zM8avqKWFi0GIBMJdULQM2lgqGBVy8ZhbJ8mSvbtld06QI6U/wV9hq5Wd2PoDLPwvXmIKNb7q8d4M8+aFWklLrvvhTE3PzM7NFxaKi0vLK6ultfULm6RGYFMkKjFXIVhUMsYmSVJ4pQ1CFCq8DPvHQ//yFo2VSXxOdxrbEXRj2ZECKJeC0lYvyKoDX5tEU8K9qi8Se12v+NRDguB2NyiV3Zo7Ap8k3piU2RinQenTv0lEGmFMQoG1Lc/V1M7AkBQKB0U/tahB9KGLrZzGEKFtZ6NHBnwntZDH0Gi4VHwk4s+NDCJr76Iwn4yAevavNxT/81opdQ7bmYx1ShiL4SGSCkeHrDAybwj5jTRIBMPkyGXMBRggQiM5CJGLaV5ZMe/D+/v9JLmo17z9mnu2V24cjZspsE22zSrMYweswU7YKWsywe7ZI3tiz86D8+K8Om/fo1POeGeD/YLz/gW6K52Z</latexit>

h+ / 1 + cos2(✓v)
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h⇥ / cos(✓v)
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⇠ const for ✓v ⇠ 0
Line of sight
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Luminosity distance
ET ET+2CE

<latexit sha1_base64="JbDbxkS6VuFFJRAlyRaZpIKex7M=">AAACGXicbVC7TsNAEDzzDOFloKQ5ESGFJrIRCEoEFBQUQSIBKY6s9bEhJ8726W4dCVn5Aj6Br6CFig7RUlHwLzghBSRMNZrZ1c5OpJW05HmfztT0zOzcfGmhvLi0vLLqrq03bZoZgQ2RqtRcR2BRyQQbJEnhtTYIcaTwKro7GfhXPTRWpskl3Wtsx3CbyI4UQIUUuttdHmiTako5DzoGRB6I1FYD6iJB2Nvp56fheT90K17NG4JPEn9EKmyEeuh+BTepyGJMSCiwtuV7mto5GJJCYb8cZBY1iDu4xVZBE4jRtvPhO32+nVko8mg0XCo+FPH3Rg6xtfdxVEzGQF077g3E/7xWRp3Ddi4TnREmYnCIpMLhISuMLHpCfiMNEsEgOXKZcAEGiNBIDkIUYlYUVy768Me/nyTN3Zq/X/Mu9ipHx6NmSmyTbbEq89kBO2JnrM4aTLAH9sSe2Yvz6Lw6b877z+iUM9rZYH/gfHwDCbegfg==</latexit>

h / cos(✓v)

DL
Degenerate parameters
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Detectability of the afterglow emission: survey vs pointing

How to detect X-ray emission:

1. In survey mode: probability ~FOV/4𝜋 of detecting 

by chance the source 

2. In pointing mode: selection of the sources with  ΔΩ 

< 100 deg2

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

Survey mode 

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

Pointing mode 

Sky localisation 
from GW Response time

Detection with 
wide field X-ray 

telescopes
GW sky error box X-ray FOV

ΔΩ

For 2-3 GW detectors active, 

pointing better than survey,


but…
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Caveats about the pointing strategy

A rapid response is necessary to catch 
the brighter phase of the afterglow

Following-up all the sources with ΔΩ < 
100 deg2 is unfeasible

Other GW parameters should be exploited 
to restrict the selection:


• SNR

• Viewing angle and relative error

• Luminosity distance and relative error
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Pre-merger sky localisation

time

ΔΩ

For some golden cases, enough 
SNR can be accumulated already 

before the merger

ET+2CE Ndet(ΔΩ<100 deg2)

t_m ~105

t_m-5 min ~103

t_m-15 min ~102

From Banerjee et al. (In preparation)
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Pre-merger sky localisation and VHE from sGRBs

~ 30 s slewing time

?

During the activity of 3G GW detectors, 
CTA should be operative as well

MAGIC and HESS detected VHE 
during GRB afterglows → what about 

the prompt emission?
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Pre-merger sky localisation and VHE from sGRBs

SNR>8 Few minutes

~ 30 s slewing time

In this way, CTA will be able to point in 
the direction of the GRB at the moment 

of the merger, allowing to detect 
possible VHE emission during the 

prompt phase

<latexit sha1_base64="EGLHZqVWVE7esCTs60J8Gceuirg=">AAACDXicbVDLSgNBEJz1GeMr6km8DAYhIoRdUfQY9OIxgnlAEkLv2CaDs7PLTK8SQvAT/AqvevImXv0GD/6Lu+sefNVhqK7qpqfLj5S05LrvztT0zOzcfGGhuLi0vLJaWltv2jA2AhsiVKFp+2BRSY0NkqSwHRmEwFfY8q9PU791g8bKUF/QKMJeAAMtr6QASqR+aXNYod2ukYMhgTHhLU/rPZ08/VLZrboZ+F/i5aTMctT7pY/uZSjiADUJBdZ2PDei3hgMSaFwUuzGFiMQ1zDATkI1BGh74+yECd+JLVDIIzRcKp6J+H1iDIG1o8BPOgOgof3tpeJ/Xiemq+PeWOooJtQiXURSYbbICiOTbJBfSoNEkP4cudRcgAEiNJKDEIkYJ2EVkzy839f/Jc39qndYdc8PyrWTPJkC22LbrMI8dsRq7IzVWYMJdsce2CN7cu6dZ+fFef1qnXLymQ32A87bJ2bfmqs=</latexit>

h(t) ! h(t) + n(t)
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Caveats about the pointing strategy
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How to exploit the GW information

Uncertainty on distance

Uncertainty on viewing angle Unfortunately, the Nature is cruel in this case → the most promising cases for high-
energy detection are the on-axis ones, which also correspond to the ones with larger 

uncertainty on viewing angle and distance
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How to exploit the GW information

Uncertainty on distance

Uncertainty on viewing angle Unfortunately, the Nature is cruel in this case → the most promising cases for high-
energy detection are the on-axis ones, which also correspond to the ones with larger 

uncertainty on viewing angle and distance

Step 1: selection on SNR and viewing angle
<latexit sha1_base64="/sd9ayowV3nlcFfRN/pHcspVBCs="></latexit>

SNR > 100,�⌦ < 100 deg2, ✓v ±�✓v < 20�

<latexit sha1_base64="sLD4b1or8PWahG/ILh/M2txgIQM="></latexit>

⇠ 105 ! 450 ! 4+3
�2 det/yre.g., ET+2CE + THESEUS-SXI:
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How to exploit the GW information

Uncertainty on distance

Uncertainty on viewing angle Unfortunately, the Nature is cruel in this case → the most promising cases for high-
energy detection are the on-axis ones, which also correspond to the ones with larger 

uncertainty on viewing angle and distance

Step 2: selection on volume uncertainty
<latexit sha1_base64="3mZEHzqOoA6J6tcvScl5T0Gn1Ro="></latexit>

�V = �⌦D2
L�DL < Vmax ) �DL

DL
<

Vmax

�⌦D3
L

<latexit sha1_base64="zSL5Hw4eDpEFwNO/JwKZaYTHU5A="></latexit>

450 ! 125 ! 4+3
�2 det/yr

<latexit sha1_base64="tMUVGoBLOgDLB/4Tk5XiS6SqO3M=">AAACC3icbVC7TsNAEDzzDOEVoKCgOREhUaDI5iFokCJoaJCCRB5SEqL1scApd7Z1t0ZEVj6Br6CFig7R8hEU/At2cMFrqtHMrnZn/EhJS6777oyNT0xOTRdmirNz8wuLpaXlhg1jI7AuQhWalg8WlQywTpIUtiKDoH2FTb9/nPnNWzRWhsE5DSLsargO5JUUQKnUK602eomGu+Gh5/LOFu8YzU8jcbHTK5XdijsC/0u8nJRZjlqv9NG5DEWsMSChwNq250bUTcCQFAqHxU5sMQLRh2tspzQAjbabjAIM+UZsgUIeoeFS8ZGI3zcS0NYOtJ9OaqAb+9vLxP+8dkxXB91EBlFMGIjsEEmFo0NWGJk2g/xSGiSC7HPkMuACDBChkRyESMU4raqY9uH9Tv+XNLYr3l7FPdstV4/yZgpsja2zTeaxfVZlJ6zG6kywIXtgj+zJuXeenRfn9Wt0zMl3VtgPOG+fUcaZfw==</latexit>

Vmax = 10Mpc3

Step 1: selection on SNR and viewing angle
<latexit sha1_base64="/sd9ayowV3nlcFfRN/pHcspVBCs="></latexit>

SNR > 100,�⌦ < 100 deg2, ✓v ±�✓v < 20�

<latexit sha1_base64="sLD4b1or8PWahG/ILh/M2txgIQM="></latexit>

⇠ 105 ! 450 ! 4+3
�2 det/yre.g., ET+2CE + THESEUS-SXI:
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How to exploit the GW information
Unfortunately, the Nature is cruel in this case → the most promising cases for high-
energy detection are the on-axis ones, which also correspond to the ones with larger 

uncertainty on viewing angle and distance

Step 2: selection on volume uncertainty
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The importance of WFX-ray telescopes
Joint 𝛾-ray+GW 


detection efficiency (ET+Fermi-GBM)
Redshift distribution of 


joint X-ray+GW detections, in pointing mode

Too off-axis to have a 
detectable  𝛾-ray emission 

WFX-ray telescopes can 
significantly enhance the 

probability of a joint 
detection
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The role of sensitive X-ray instruments

Athena Piro et al. 2021

Unprecedented 
sensitivity in the 

soft X-rays

GW170817-like events 
are detectable:


• Months/years after 
the merger


• Up to large 
inclination angles
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The role of sensitive X-ray instruments

1. X-IFU: needs arcmin localisation, provided by  WFX-ray telescopes


The totality of sources identified with WFX-ray monitors can be detected 
by X-IFU

2. WFI: can carry out a mosaic of a sky region of ~10 deg2 
localisation provided by GW detectors

~5 joint detections per year, 
excluding cases with 𝜗v>50°

~15 joint detections per year, 
excluding cases with 𝜗v>30°

For ET+2CE GW sky error

WFI FOV

Athena
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Summary

Athena• 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 𝛾-ray monitors in the next decades will be 
crucial, in order to localise the EM counterpart and possibly the host galaxy with 
ground-based telescopes


• 𝛾-ray telescopes are ideal to detect sources up to cosmological distances, while WFX-
ray instruments are optimal for off-axis and sub-luminous events in the local 
Universe


• Exploiting the localisation of GW sources (only with ET or also in synergy with other 
GW observatories, e.g. Cosmic Explorer) enhances the probability of having a joint 
GW+EM detection


• It is necessary to define an optimal strategy to select GW events for which the 
detection of EM signal is higher
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Athena

Thank you!
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Athena

Backup slides
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GW sky localisation 
ET ET+CE ET+2CE
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GW sky localisation 
ET ET+CE ET+2CE

High-z sources can be well localised only 
with wide field X-ray and 𝛾-ray telescopes 
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Pre-merger sky localisation

time

ΔΩ

For some golden cases, enough 
SNR can be accumulated already 

before the merger
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How to exploit the GW information
Uncertainty on distance Uncertainty on viewing angle

Unfortunately, the Nature is cruel in this case—> the most promising cases for high-energy detection are the on-axis ones, which also correspond to 
the ones with larger uncertainty on viewing angle and distance

Scenario 1: selection on viewing angle and SNR
<latexit sha1_base64="/sd9ayowV3nlcFfRN/pHcspVBCs="></latexit>

SNR > 100,�⌦ < 100 deg2, ✓v ±�✓v < 20�
<latexit sha1_base64="sLD4b1or8PWahG/ILh/M2txgIQM="></latexit>

⇠ 105 ! 450 ! 4+3
�2 det/yr

SXI

<latexit sha1_base64="3mZEHzqOoA6J6tcvScl5T0Gn1Ro="></latexit>
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Scenario 2: selection on the volume uncertainty 

<latexit sha1_base64="zSL5Hw4eDpEFwNO/JwKZaYTHU5A="></latexit>

450 ! 125 ! 4+3
�2 det/yr
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Vmax = 10Mpc3


