
Samuele Ronchini, PennState University

Past achievements, current efforts and future challenges 
of multi-messenger astronomy

Detecting High-Energy 
counterparts of gravitational waves 

with the Fermi Telescope



Outline

Past achievements:  

☆   GW170817 and GRB170817A 
☆   Detection of long merger-driven GRBs 

Current efforts: 

☆   Real-time monitoring of GW counterparts 
☆   Subthreshold searches targeted on GW candidates 

Future challenges: 

☆   Multi-messenger detections in the 3G GW era 
☆   Synergies with other EM facilities



Past achievements



GWs and related high-energy EM counterparts

On-axis: 𝛾-ray flash, spanning from 
keV to GeV energies. Smoothly 

decaying afterglow

Off-axis: Afterglow barely detectable. KN 
only detectable. If there is a highly magnetized 
NS as remnant —> possible wind visible in the 

X-rays

Mildly off-axis: dim (if any) 𝛾-ray 
flash, peaking at lower energies. 

Cocoon shock-breakout from the jet-
ejecta interaction. Afterglow peaking 

at hr/days after the merger



GW 170817 and GRB 170817A
Dim 𝛾-ray flash, 1.7 s after the merger of 

two NS. Duration ∼2 sec

• Main peak (Comptonized spectrum E_p ∼ 180 
keV) +soft tail (thermal spectrum) 

• Minimum time scale variability of ∼ 0.125 s 

• No evidence of precursor emission 
• No evidence of extended emission (possibly 

related to a long-lived NS remnant)

Probability of random Fermi-GW 
coincidence of 
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Pcoinc = 5⇥ 10�8 = 5.3�
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Liso = 1.6⇥ 1047erg/s

Abbott+17

Goldstein+17

D’Avanzo+18 Pian+17

Broad picture completed 
with the observation of the 

GRB afterglow and Kilonova



What we know thanks to Fermi: origin of the 𝛾-GW delay 

Speed of gravity Time delay budget
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�t = (1 + z)(�tjet +�tbo +�tGRB)

Connected to: 
• Time needed to launch the jet —> merger remnant and launching 

mechanism 
• Time to break out —> jet needs to move faster than the merger ejecta 
• Time to reach the dissipation radius —> depending on the specific 

prompt emission mechanism

How to distinguish different scenarios with future joint detections: 

1. If the total delay is independent and uncorrelated to the GRB duration, the 
former is mainly controlled by the jet launching process 

2. If the delay is correlated with the GRB duration (connected with the 
dissipation radius) —> jet formation delay and break-out negligible
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�v = vGW � vEM
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Abbott+17

e.g., Zhang+18



What we know thanks to Fermi: origin of the 𝛾-ray flash

1.On-axis intrinsically faint jet 
2.Off-axis top-hat jet? 
3.Off-axis structured jet 
4.Cocoon shock breakout

Multi-wavelength observation of the afterglow 
+ apparent superluminal motion of the radio 

centroid —> strongly supports the 
structured jet scenario

Attention: even if the afterglow demonstrates the 
presence of a jet, the 𝛾-ray flash could be still due 

to a cocoon emission

Time delay + luminosity + spectrum can help to 
understand the origin of prompt emission, 
dissipation mechanism, emission radius, 

angular jet structure of NS mergers
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GW 170817 and Fermi-LAT

Fermi-LAT and short GRBs

Earliest upper limit at T0+1000 s

LAT detected 5% of the GBM-detected short GRBs

Expected joint GW-LAT detection rate of 1-2 /yr

Ajello+18
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GW 170817 and Fermi-LAT

Fermi-LAT and short GRBs

Earliest upper limit at T0+1000 s

LAT detected 5% of the GBM-detected short GRBs

Expected joint GW-LAT detection rate of 1-2 /yr

Compatible with an off-a
xis afterglow
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Fermi-LAT and GRB 211211A

• First long-duration GRB followed by the detection of a KN —> 
first merger-driven long GRB 

• Located at 350 Mpc —> potentially detectable by LVK 

• Detected by LAT at ∼10^4 s 

• Emission not compatible with the forward shock, but requires a 
thermal source of photons (likely the KN) as seeds photons for an 
Inverse Compton on the hot electrons accelerated by a lowly 
magnetized late jet

Mei+22

Adding a late 
low-power jet

Hamidani+24



There might be more merger-driven GRBs out there than what we think
GRB 211211A GRB 230327A

D = 350 Mpc D = 290 MpcBoth potentially detectable in GW if driven 
by NS+NS/BH

• Long duration and high S/N allowed time-resolved 
spectral analysis with GBM+BAT 

• Evidence of compatibility with Synchrotron 
emission in marginally fast cooling regime —> 
first time demonstrated for a merger-driven GRB 

• Spectral softening explains the extended emission

• Non-detection by Fermi-LAT puts this GRB as one 
with the lowest ratio fluence_LAT/
fluence_GBM 

• Very sub-luminous afterglow and no GeV emission 
requires a very low density of the circum-burst 
medium n = 10^-4-10^-5 cm^-3 

• Values typical of circus-galactic medium and consistent 
with a merger with a large galaxy offset

Gompertz+22 Dai+24



There might be more merger-driven GRBs out there than what we think
GRB 211211A GRB 230327A

D = 350 Mpc D = 290 MpcBoth potentially detectable in GW if driven 
by NS+NS/BH

• Long duration and high S/N allowed time-resolved 
spectral analysis with GBM+BAT 

• Evidence of compatibility with Synchrotron 
emission in marginally fast cooling regime —> 
first time demonstrated for a merger-driven GRB 

• Spectral softening explains the extended emission

GBM + LAT play a crucial role in the multi-

messenger context, probing the physics of both 

prompt and afterglow emission in association to 

compact binary mergers

• Non-detection by Fermi-LAT puts this GRB as one 
with the lowest ratio fluence_LAT/
fluence_GBM 

• Very sub-luminous afterglow and no GeV emission 
requires a very low density of the circum-burst 
medium n = 10^-4-10^-5 cm^-3 

• Values typical of circus-galactic medium and consistent 
with a merger with a large galaxy offset
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Broad multi-messenger picture

Central engine of merger-driven GRBs

Fraction of NS mergers  
able to launch a jet

Jet-KN interaction and relative structure 

Physics of NS matter

Tests of General Relativity 
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Jet
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Long-lived NS? 
Spin-down emission affecting  

AFTERGLOW + KN

Cosmological studies



Broad multi-messenger picture

Central engine of merger-driven GRBs

Fraction of NS mergers  
able to launch a jet

Jet-KN interaction and relative structure 

Physics of NS matter

Tests of General Relativity 
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Mjet ! Ljet

Prompt 𝛾-ray 

Jet interacts with the 
merger ejecta and shapes 

the angular profile

Afterglow

BH/HMNS/SMNS/SNS

Long-lived NS? 
Spin-down emission affecting  

AFTERGLOW + KN

Cosmological studies

Knowledge of the host galaxy and hence of the 

redshift n
ecessary to investigate better the 

intrinsic properties and break internal 

degeneracies
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Subthreshold searches with Fermi-GBM
Why to go subthreshold?

Detection efficiency

Joint sub-threshold searches essential to: 

• discover more EM-bright GW mergers 

• trigger possible EM follow-up campaigns —> 
the discovery of other EM candidates could 
increase even more the joint detection 
significance.
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Lowering the S/N threshold, we 
increase the horizon. 
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Subthreshold searches with Fermi-GBM
Why to go subthreshold?

Detection efficiency

Joint sub-threshold searches essential to: 

• discover more EM-bright GW mergers 

• trigger possible EM follow-up campaigns —> 
the discovery of other EM candidates could 
increase even more the joint detection 
significance.

Lowering the S/N threshold, we 
increase the horizon. 

The presence of a second messenger 
increases the significance

Deeper GW analysis targeted on the 
GRB, using sky position and trigger 

time



Subthreshold searches with Fermi-GBM
Untargeted Targeted

• The targeted search uses three template spectra to 
coherently forward model the detector response 

• Search performed on several durations of time bins 

• Candidates searched on a fixed time window around 
the GW trigger time 

O1 and O2: ΔT = T_GW ± 30 s 

O3: ΔT = [T_GW - 1 s, T_GW+ 30 s]

• Onboard triggering algorithm finds around 40 
short GRBs / yr —> the untargeted search adds 
80 short GRBs/yr (Burns+19) 

• Candidate GBM events are required to have excess 
counts greater than 2.5σ relative to background in one 
detector and at least 1.25σ in a second detector 

• Background population simulated shifting randomly 
in time the GW trigger times



Subthreshold searches with Fermi-GBM
Untargeted Targeted

O1+O2

O3

• 287 GRBs from onboard 
trigger + 187 from 
subthreshold search 

• 25 GWs, only from the 
CBC pipelines, with FAR < 
1/30 days

• 214 GRBs from onboard 
trigger + 479 from 
subthreshold search 

• 79 GWs CBC+bursts with 
p_astro >0.5

Fraction of GW localization 
visible to GBM

Quantifies the  spatial 
overlap between the GW 
and the GBM candidate

From the log-
likelihood ratio

GRB duration, added to 
consider possible 

correlation between GW-
gamma delay and duration

Distribution of the time 
delays, compared to the BKG

P-value associated to the 
ranking statistics R
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What to do with non-detections: GW 230529

0± 315± 270± 225± 180± 135± 90± 45± 0±
0±

30±

60±

30±

°30±

°60±

°30±

Fermi-GBM+Swift-BAT

°7.25 °7.00 °6.75 °6.50 °6.25 °6.00 °5.75
log10[15–350 keV flux upper limit (erg cm°2 s°1)]

The upper limits are computed for several spectral 
templates, and the most conservative value is 

adopted

Several structures profiles for the jet are tested, 
modeling the structure as  
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Case of GW230529 

1. First NS merger with a component in the mass 
gap 3-5 M⊙ 

2. Low mass ratio —> relatively high chance to  
have a remnant mass > zero 

3. Potentially EM-bright

Ronchini+24
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Power law, s = 4

Constraints on the 𝛾-ray emission from GW230529

We can exclude at 90% 
credibility a jet with  
L0>~10^49 erg/s  

AND 
𝜗c>15 deg

Constraints with different assumptions on the jet structure
<latexit sha1_base64="KTaZl4xmNiIHcuC4E2/evWucgNg=">AAACknicbVFba9swFJa9W+tdmnV924tYGCRQgl22bpRdurVsewhbBktTiIKR5WNHVJKNJAeC8Q/a39nb/s0UJ2NbugOCj+8759O5JKXgxobhT8+/cfPW7Ts7u8Hde/cf7HUe7l+YotIMxqwQhb5MqAHBFYwttwIuSw1UJgImydXZSp8sQBteqG92WcJM0lzxjDNqHRV3vpMEcq7qnNo5aEibYBTXn/F5QwRktkcWwGriJEubQ7 wG8YJons9t/zUmJCBcWTzqfXhFpLPQsh4Pmx75IiGn/T52Zh/x5LdZyx7i83iIieTpth92TJvigMsJCKj0T2NxpxsOwjbwdRBtQBdtYhR3fpC0YJUEZZmgxkyjsLSzmmrLmYAmIJWBkrIrmsPUQUUlmFndrrTBTx2T4qzQ7rkBW/bvippKY5YycZmruc22tiL/p00rm72c1VyVlQXF1h9llcC2wKv74JRrYFYsHaBMc9crZnOqKbPuioFbQrQ98nVwcTSIjgfHX591T99v1rGDHqMnqIci9AKdok9ohMaIeXvec++N99Y/8E/8d/7ZOtX3NjWP0D/hD38Bu9bGKA==</latexit>

PND

⇣
~✓, ✓v

⌘
=

Z
P (F < UL(⌦))PGW (⌦, DL | ✓v) d⌦dDL



What we can constrain with future 𝛾+GW detections 
(and non-detections)

NS

NS

BH

?

OFF-AXIS 
(Edge-on)

ON-AXIS 
(face-on)

Jet emission undetectable

How M1 and M2, spins are 
related to ejecta properties?KN

If NS-BH —> constraints on 
the mass ratio

𝛾-ray emission not detected

𝛾-ray emission detected

<latexit sha1_base64="gmcKacbS9DKYUqmiH5oonPC4xsI=">AAACFnicbVBNS8NAEN34bf2qevSyWAQFDYn4dSx68WBBwarQhDDZbtvF3STsTpQS+iu8+Fe8eFDEq3jz37itPfj1YODx3gwz8+JMCoOe9+GMjI6NT0xOTZdmZufmF8qLSxcmzTXjdZbKVF/FYLgUCa+jQMmvMs1BxZJfxtdHff/yhmsj0uQcuxkPFbQT0RIM0EpReatRi/zNWrS96bpuGGjR7iBond7Sk6gI2qAU9NYD7HCE6GYjKlc81xuA/iX+kFTIEKdR+T1opixXPEEmwZiG72UYFqBRMMl7pSA3PAN2DW3esDQBxU1YDN7q0TWrNGkr1bYSpAP1+0QBypiuim2nAuyY315f/M9r5Ng6CAuRZDnyhH0tauWSYkr7GdGm0Jyh7FoCTAt7K2Ud0MDQJlmyIfi/X/5LLrZdf8/dPdupVA+HcUyRFbJK1olP9kmVHJNTUieM3JEH8kSenXvn0XlxXr9aR5zhzDL5AeftEyAwnis=</latexit>

[M1,M2, ...] ! L�(✓v)

<latexit sha1_base64="43ociSa+xHUbUeGGXww9fy/SFaY=">AAACDXicbVDLSgNBEJz1bXxFPXoZjIJCWHaDr6PoxYNCBGOEJCy9k0kyZGZ3mekNhDU/4MVf8eJBEa/evfk3TmIOvgq6Kaq6mekKEykMet6HMzE5NT0zOzefW1hcWl7Jr65dmzjVjFdYLGN9E4LhUkS8ggIlv0k0BxVKXg27p0O/2uPaiDi6wn7CGwrakWgJBmilIL9V3jkPsnoblILBbR07HCHoFelF4A9bqei67m6QL3iuNwL9S/wxKZAxykH+vd6MWap4hEyCMTXfS7CRgUbBJB/k6qnhCbAutHnN0ggUN41sdM2AblulSVuxthUhHanfNzJQxvRVaCcVYMf89obif14txdZRIxNRkiKP2NdDrVRSjOkwGtoUmjOUfUuAaWH/SlkHNDC0AeZsCP7vk/+S65LrH7j7l3uF45NxHHNkg2ySHeKTQ3JMzkiZVAgjd+SBPJFn5955dF6c16/RCWe8s05+wHn7BPPGmYw=</latexit>

P (L� |✓v,M1,M2, ...)

<latexit sha1_base64="lj7xbNLM4+YSliBjjPJUIV6QuNQ=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUnE17LUhS5rsQ9oQ5hMp+3QyYOZiVJiPsWNC0Xc+iXu/BsnbRbaemDgcM693DPHiziTyrK+jcLK6tr6RnGztLW9s7tnlvfbMowFoS0S8lB0PSwpZwFtKaY47UaCYt/jtONNrjO/80CFZGFwr6YRdXw8CtiQEay05Jrlvo/VmGCeNFM3uWnWU9esWFVrBrRM7JxUIEfDNb/6g5DEPg0U4VjKnm1FykmwUIxwmpb6saQRJhM8oj1NA+xT6SSz6Ck61soADUOhX6DQTP29kWBfyqnv6cksqFz0MvE/rxer4ZWTsCCKFQ3I/NAw5kiFKOsBDZigRPGpJpgIprMiMsYCE6XbKukS7MUvL5P2adW+qJ7fnVVq9byOIhzCEZyADZdQg1toQAsIPMIzvMKb8WS8GO/Gx3y0YOQ7B/AHxucPV9mUEQ==</latexit>RGRB

<latexit sha1_base64="3tbxwKA+EhrotfsFXtpsvj8MS7Y=">AAAB+nicbVDLSsNAFL2pr1pfqS7dBIvgqiTia1nqxpXURx/QhjCZTtuhk0mYmSgl5lPcuFDErV/izr9x0mahrQcGDufcyz1z/IhRqWz72ygsLa+srhXXSxubW9s7Znm3JcNYYNLEIQtFx0eSMMpJU1HFSCcSBAU+I21/fJn57QciJA35vZpExA3QkNMBxUhpyTPLvQCpEUYsuU29pH59l3pmxa7aU1iLxMlJBXI0PPOr1w9xHBCuMENSdh07Um6ChKKYkbTUiyWJEB6jIelqylFApJtMo6fWoVb61iAU+nFlTdXfGwkKpJwEvp7Mgsp5LxP/87qxGly4CeVRrAjHs0ODmFkqtLIerD4VBCs20QRhQXVWC4+QQFjptkq6BGf+y4ukdVx1zqqnNyeVWj2vowj7cABH4MA51OAKGtAEDI/wDK/wZjwZL8a78TEbLRj5zh78gfH5A2PzlBk=</latexit>RBNS
<latexit sha1_base64="6aff1ka/PRTZVEgu+knE8DpNXXY=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUnE17LUTVdSH31AG8JkOm2HTh7MTMQS8ituXCji1h9x5984abPQ1gMDh3Pu5Z45XsSZVJb1bRRWVtfWN4qbpa3tnd09c7/clmEsCG2RkIei62FJOQtoSzHFaTcSFPsepx1vcp35nUcqJAuDBzWNqOPjUcCGjGClJdcs932sxgTz5C51k5v7eiN1zYpVtWZAy8TOSQVyNF3zqz8ISezTQBGOpezZVqScBAvFCKdpqR9LGmEywSPa0zTAPpVOMsueomOtDNAwFPoFCs3U3xsJ9qWc+p6ezJLKRS8T//N6sRpeOQkLoljRgMwPDWOOVIiyItCACUoUn2qCiWA6KyJjLDBRuq6SLsFe/PIyaZ9W7Yvq+e1ZpVbP6yjCIRzBCdhwCTVoQBNaQOAJnuEV3ozUeDHejY/5aMHIdw7gD4zPH/zYlGs=</latexit>RNSBH

• Due to jet-KN ejecta 
interaction? 

• Due to limited ejected mass?

Detected

Not detected

Why?



Future challenges 



Prospects for O4 and O5



Prospects for O4 and O5
What we can do: 

- Reasonably assume that most of short GRBs are 
driven by BNS mergers, while NSBH rarely have 
an emerging jet 

- Consider the uncertainties in the rate of BNS and 
NSBH mergers 

- For BNS —> Take into account the average 
detection rate of Fermi-GBM and build a GRB 
population model calibrated on past data 

- For NSBH —> much more model dependent 
and subject to uncertainty in the EoS, jet launch 
mechanism, absence of any joint EM-GW detection

BNS / yr NSBH / yr

O4

O5

<latexit sha1_base64="XiwSzzOpCV3F6yLqFyW+Dn6903U=">AAAB+3icbVDLSsNAFJ3UV62vWJduBosgiCHR1rosunFZwT6gjWEynbRDJ5MwMxFLyK+4caGIW3/EnX/jtM1CWw9cOJxzL/fe48eMSmXb30ZhZXVtfaO4Wdra3tndM/fLbRklApMWjlgkuj6ShFFOWooqRrqxICj0Gen445up33kkQtKI36tJTNwQDTkNKEZKS55ZrltVLz2rWbXsIT11HOsi88yKbdkzwGXi5KQCcjQ986s/iHASEq4wQ1L2HDtWboqEopiRrNRPJIkRHqMh6WnKUUikm85uz+CxVgYwiIQuruBM/T2RolDKSejrzhCpkVz0puJ/Xi9RwZWbUh4ninA8XxQkDKoIToOAAyoIVmyiCcKC6lshHiGBsNJxlXQIzuLLy6R9bjmXVvWuWmlc53EUwSE4AifAAXXQALegCVoAgyfwDF7Bm5EZL8a78TFvLRj5zAH4A+PzB9KwkmE=</latexit>

7.4+11.3
→5.5

GW GW+GBM GW+GBMGW

<latexit sha1_base64="0L8cXrA6CankaB/os4U/SetMp9o=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCIIakltZl0Y3LCvYBbQyT6aQdOpmEmYlQQ/BX3LhQxK3/4c6/cdpmodUDl3s4517mzvFjRqWy7S+jsLS8srpWXC9tbG5t75i7e20ZJQKTFo5YJLo+koRRTlqKKka6sSAo9Bnp+OOrqd+5J0LSiN+qSUzcEA05DShGSkueeWBbTt1Lz3Q7z+7SU9uq1DLPLNuWPQP8S5yclEGOpmd+9gcRTkLCFWZIyp5jx8pNkVAUM5KV+okkMcJjNCQ9TTkKiXTT2fUZPNbKAAaR0MUVnKk/N1IUSjkJfT0ZIjWSi95U/M/rJSq4cFPK40QRjucPBQmDKoLTKOCACoIVm2iCsKD6VohHSCCsdGAlHYKz+OW/pF2xnJpVvamWG5d5HEVwCI7ACXBAHTTANWiCFsDgATyBF/BqPBrPxpvxPh8tGPnOPvgF4+MbrGGSzw==</latexit>

0.17+0.26
→0.13

<latexit sha1_base64="g3ItbzxOHoR/nYOjvf8ryZsmu74=">AAAB9HicbVDLSsNAFL3xWeur6tLNYBEEsSTS+tgV3bisYB/QxjKZTtqhk0mcmRRKyHe4caGIWz/GnX/jtM1CWw9cOJxzL/fe40WcKW3b39bS8srq2npuI7+5tb2zW9jbb6gwloTWSchD2fKwopwJWtdMc9qKJMWBx2nTG95O/OaISsVC8aDHEXUD3BfMZwRrI7lOpZucXaePyalTSbuFol2yp0CLxMlIETLUuoWvTi8kcUCFJhwr1XbsSLsJlpoRTtN8J1Y0wmSI+7RtqMABVW4yPTpFx0bpIT+UpoRGU/X3RIIDpcaBZzoDrAdq3puI/3ntWPtXbsJEFGsqyGyRH3OkQzRJAPWYpETzsSGYSGZuRWSAJSba5JQ3ITjzLy+SxnnJuSiV78vF6k0WRw4O4QhOwIFLqMId1KAOBJ7gGV7hzRpZL9a79TFrXbKymQP4A+vzByV2kQ8=</latexit>

15+15
→9

<latexit sha1_base64="kI2mwlwsUCHp2xSTwQfs8yiACXA=">AAAB6XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1MIiaGMZxXxAcoS9zV6yZG/v2J0TwpF/YGOhiK3/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRrdTv/XEtRGxesRxwv2IDpQIBaNopYdrr1euuFV3BrJMvJxUIEe9V/7q9mOWRlwhk9SYjucm6GdUo2CST0rd1PCEshEd8I6likbc+Nns0gk5sUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophld+JlSSIldsvihMJcGYTN8mfaE5Qzm2hDIt7K2EDammDG04JRuCt/jyMmmeVb2L6vn9eaV2k8dRhCM4hlPw4BJqcAd1aACDEJ7hFd6ckfPivDsf89aCk88cwh84nz/9m40E</latexit>

< 1

<latexit sha1_base64="lrqkHqLZsZl4w37fnUlFJD39S4c=">AAAB+HicbVDLSsNAFL3xWeujUZduBosgiCWR2rosunFZwT6gjWEynbRDJw9mJkIN+RI3LhRx66e482+ctllo64ELh3Pu5d57vJgzqSzr21hZXVvf2CxsFbd3dvdK5v5BW0aJILRFIh6Jrocl5SykLcUUp91YUBx4nHa88c3U7zxSIVkU3qtJTJ0AD0PmM4KVllyzVKu76fmllT2kZ7ZVzVyzbFWsGdAysXNShhxN1/zqDyKSBDRUhGMpe7YVKyfFQjHCaVbsJ5LGmIzxkPY0DXFApZPODs/QiVYGyI+ErlChmfp7IsWBlJPA050BViO56E3F/7xeovwrJ2VhnCgakvkiP+FIRWiaAhowQYniE00wEUzfisgIC0yUzqqoQ7AXX14m7YuKXatU76rlxnUeRwGO4BhOwYY6NOAWmtACAgk8wyu8GU/Gi/FufMxbV4x85hD+wPj8AYLVkbY=</latexit>

67+104
→50

<latexit sha1_base64="61RlEvRt83uSDs1fuphqhCqHD+4=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEQQyJlNpl0Y3LCvYBbQyT6aQdOnkwMxFqyJe4caGIWz/FnX/j9LHQ1gMXDufcy733+AlnUtn2t1FYW9/Y3Cpul3Z29/bL5sFhW8apILRFYh6Lro8l5SyiLcUUp91EUBz6nHb88c3U7zxSIVkc3atJQt0QDyMWMIKVljyz7HjZhW3V84fs3LFquWdWbMueAa0SZ0EqsEDTM7/6g5ikIY0U4VjKnmMnys2wUIxwmpf6qaQJJmM8pD1NIxxS6Wazw3N0qpUBCmKhK1Jopv6eyHAo5ST0dWeI1Ugue1PxP6+XqqDuZixKUkUjMl8UpBypGE1TQAMmKFF8ogkmgulbERlhgYnSWZV0CM7yy6ukfWk5Nat6V600rhdxFOEYTuAMHLiCBtxCE1pAIIVneIU348l4Md6Nj3lrwVjMHMEfGJ8/cf6Rqw==</latexit>

1+1.6
→0.8

<latexit sha1_base64="+c1thfdPW/VGDl6c4KUh4KhLtxk=">AAAB+XicbVDLSsNAFJ34rPUVdelmsAiCWDIatMuiG5cV7APaGCbTSTt0Mgkzk0IJ+RM3LhRx65+482+ctllo64ELh3Pu5d57goQzpR3n21pZXVvf2Cxtlbd3dvf27YPDlopTSWiTxDyWnQArypmgTc00p51EUhwFnLaD0d3Ub4+pVCwWj3qSUC/CA8FCRrA2km/byHX87KKG8qfsHLlXuW9XnKozA1wmqCAVUKDh21+9fkzSiApNOFaqi5xEexmWmhFO83IvVTTBZIQHtGuowBFVXja7PIenRunDMJamhIYz9fdEhiOlJlFgOiOsh2rRm4r/ed1UhzUvYyJJNRVkvihMOdQxnMYA+0xSovnEEEwkM7dCMsQSE23CKpsQ0OLLy6R1WUXXVffBrdRvizhK4BicgDOAwA2og3vQAE1AwBg8g1fwZmXWi/VufcxbV6xi5gj8gfX5A/HCke8=</latexit>

140+143
→81

<latexit sha1_base64="oxH7sJ/8AwbEj80HR5O927KFPHU=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgxpCUoC6LblxWsA9sQ5lMJ+3QySTMTIQS+hduXCji1r9x5984TbPQ1gMDZ865l3vvCRLOlHacb6u0tr6xuVXeruzs7u0fVA+P2ipOJaEtEvNYdgOsKGeCtjTTnHYTSXEUcNoJJrdzv/NEpWKxeNDThPoRHgkWMoK1kR4d26mjC+TZ3qBaM58caJW4BalBgeag+tUfxiSNqNCEY6V6rpNoP8NSM8LprNJPFU0wmeAR7RkqcESVn+Ubz9CZUYYojKV5QqNc/d2R4UipaRSYygjrsVr25uJ/Xi/V4bWfMZGkmgqyGBSmHOkYzc9HQyYp0XxqCCaSmV0RGWOJiTYhVUwI7vLJq6Rdt91L27v3ao2bIo4ynMApnIMLV9CAO2hCCwgIeIZXeLOU9WK9Wx+L0pJV9BzDH1ifPzNBjqo=</latexit>

0.02→ 4.4

BNS NSBHColombo+22 Colombo+23



GW sky localization
<latexit sha1_base64="JPmA2wPhfOfqWeWMdnCT4ic0RwQ=">AAAB/XicbVDJSgNBEO2JW4zbuNy8NIaApzAjweUW1IM3I5gFMsPQ06lJmvQsdPcIcQj+ihcPinj1P7z5N3aSOWjig4LHe1VU1fMTzqSyrG+jsLS8srpWXC9tbG5t75i7ey0Zp4JCk8Y8Fh2fSOAsgqZiikMnEUBCn0PbH15N/PYDCMni6F6NEnBD0o9YwChRWvLMA+cauCLYuQ2hT7zswnIqY88sW1VrCrxI7JyUUY6GZ345vZimIUSKciJl17YS5WZEKEY5jEtOKiEhdEj60NU0IiFIN5teP8YVrfRwEAtdkcJT9fdERkIpR6GvO0OiBnLem4j/ed1UBeduxqIkVRDR2aIg5VjFeBIF7jEBVPGRJoQKpm/FdEAEoUoHVtIh2PMvL5LWSdU+rdbuauX6ZR5HER2iI3SMbHSG6ugGNVATUfSIntErejOejBfj3fiYtRaMfGYf/YHx+QMre5Ro</latexit>

!”90%

15 %

Fraction of BNS over the total   

O4

O5

Fraction of NSBH over the total 

<latexit sha1_base64="qWUx89eEf0UnnwAGldDxOKhQ8JE=">AAACE3icbVDJSgNBEO2Je9xGPXppDIJ4CDMiLuBB1IM3FcwCmTj09FRik56F7hoxDPkHL/6KFw+KePXizb+xsxzU+KDg8V4VVfWCVAqNjvNlFSYmp6ZnZueK8wuLS8v2ympVJ5niUOGJTFQ9YBqkiKGCAiXUUwUsCiTUgs5p36/dgdIiia+xm0IzYu1YtARnaCTf3vbOQCKj3kUEbebnh4632aNH1HUcSqmHcI85DaHdu9nx7ZJTdgag48QdkRIZ4dK3P70w4VkEMXLJtG64TorNnCkUXEKv6GUaUsY7rA0NQ2MWgW7mg596dNMoIW0lylSMdKD+nMhZpHU3CkxnxPBW//X64n9eI8PWQTMXcZohxHy4qJVJigntB0RDoYCj7BrCuBLmVspvmWIcTYxFE4L79+VxUt0pu3vl3avd0vHJKI5Zsk42yBZxyT45JufkklQIJw/kibyQV+vRerberPdha8EazayRX7A+vgHiTJuq</latexit>

!”90% < 100 deg2
<latexit sha1_base64="UCmOGNTIGniQlNmukiHN29Z2GBE=">AAACEnicbVDJSgNBEO2Je9xGPXppDIJewoyIC3gQ9eBNBbNAJg49PZXYpGehu0YMQ77Bi7/ixYMiXj1582/sLAc1Pih4vFdFVb0glUKj43xZhYnJqemZ2bni/MLi0rK9slrVSaY4VHgiE1UPmAYpYqigQAn1VAGLAgm1oHPa92t3oLRI4mvsptCMWDsWLcEZGsm3t70zkMiodxFBm/n5oeNt9ugRdR1KqYdwjzkNod272fHtklN2BqDjxB2REhnh0rc/vTDhWQQxcsm0brhOis2cKRRcQq/oZRpSxjusDQ1DYxaBbuaDl3p00yghbSXKVIx0oP6cyFmkdTcKTGfE8Fb/9frif14jw9ZBMxdxmiHEfLiolUmKCe3nQ0OhgKPsGsK4EuZWym+ZYhxNikUTgvv35XFS3Sm7e+Xdq93S8ckojlmyTjbIFnHJPjkm5+SSVAgnD+SJvJBX69F6tt6s92FrwRrNrJFfsD6+AWlwm3A=</latexit>

!”90% < 10 deg2
<latexit sha1_base64="UCmOGNTIGniQlNmukiHN29Z2GBE=">AAACEnicbVDJSgNBEO2Je9xGPXppDIJewoyIC3gQ9eBNBbNAJg49PZXYpGehu0YMQ77Bi7/ixYMiXj1582/sLAc1Pih4vFdFVb0glUKj43xZhYnJqemZ2bni/MLi0rK9slrVSaY4VHgiE1UPmAYpYqigQAn1VAGLAgm1oHPa92t3oLRI4mvsptCMWDsWLcEZGsm3t70zkMiodxFBm/n5oeNt9ugRdR1KqYdwjzkNod272fHtklN2BqDjxB2REhnh0rc/vTDhWQQxcsm0brhOis2cKRRcQq/oZRpSxjusDQ1DYxaBbuaDl3p00yghbSXKVIx0oP6cyFmkdTcKTGfE8Fb/9frif14jw9ZBMxdxmiHEfLiolUmKCe3nQ0OhgKPsGsK4EuZWym+ZYhxNikUTgvv35XFS3Sm7e+Xdq93S8ckojlmyTjbIFnHJPjkm5+SSVAgnD+SJvJBX69F6tt6s92FrwRrNrJFfsD6+AWlwm3A=</latexit>

!”90% < 10 deg2
<latexit sha1_base64="qWUx89eEf0UnnwAGldDxOKhQ8JE=">AAACE3icbVDJSgNBEO2Je9xGPXppDIJ4CDMiLuBB1IM3FcwCmTj09FRik56F7hoxDPkHL/6KFw+KePXizb+xsxzU+KDg8V4VVfWCVAqNjvNlFSYmp6ZnZueK8wuLS8v2ympVJ5niUOGJTFQ9YBqkiKGCAiXUUwUsCiTUgs5p36/dgdIiia+xm0IzYu1YtARnaCTf3vbOQCKj3kUEbebnh4632aNH1HUcSqmHcI85DaHdu9nx7ZJTdgag48QdkRIZ4dK3P70w4VkEMXLJtG64TorNnCkUXEKv6GUaUsY7rA0NQ2MWgW7mg596dNMoIW0lylSMdKD+nMhZpHU3CkxnxPBW//X64n9eI8PWQTMXcZohxHy4qJVJigntB0RDoYCj7BrCuBLmVspvmWIcTYxFE4L79+VxUt0pu3vl3avd0vHJKI5Zsk42yBZxyT45JufkklQIJw/kibyQV+vRerberPdha8EazayRX7A+vgHiTJuq</latexit>

!”90% < 100 deg2

5 %

18 %

16 %

4.2 % 19 %

3.6 %

3.6 %

90% credible area of the sky localization

For both BNS and NSBH: 
<latexit sha1_base64="x/HKctHOaBy6qJEXTwqJkK7xIqk=">AAACFXicbVDLSgNBEJz1bXxFPXoZDIIHCbMh+LgF9eBNBWMC2RhmJ504ZGZ3mekVw5Kf8OKvePGgiFfBm3/jJObgq6ChqOqmuytMlLTI2Ic3MTk1PTM7N59bWFxaXsmvrl3aODUCqiJWsamH3IKSEVRRooJ6YoDrUEEt7B0N/doNGCvj6AL7CTQ170ayIwVHJ7XyO8ExKOQ0ONXQ5a3sgAVbAxpYqWmJMUYDhFvMaBu6g6tSK19gRTYC/Uv8MSmQMc5a+fegHYtUQ4RCcWsbPkuwmXGDUigY5ILUQsJFj3eh4WjENdhmNvpqQLec0qad2LiKkI7U7xMZ19b2deg6Ncdr+9sbiv95jRQ7+81MRkmKEImvRZ1UUYzpMCLalgYEqr4jXBjpbqXimhsu0AWZcyH4v1/+Sy5LRX+3WD4vFyqH4zjmyAbZJNvEJ3ukQk7IGakSQe7IA3kiz9699+i9eK9frRPeeGad/ID39gli950Y</latexit>

!”90% → 2000 deg2

<latexit sha1_base64="OVS5dsb3w4oLnmH7oOnawz1ZT3E=">AAACF3icbVDJSgNBEO1xjXGLevTSGAJeDDMat5uoB28qmETIxNDTqcTG7pmhu0YMw/yFF3/FiwdFvOrNv7GzHNweFDzeq6KqXhBLYdB1P52x8YnJqencTH52bn5hsbC0XDNRojlUeSQjfRkwA1KEUEWBEi5jDUwFEurBzVHfr9+CNiIKL7AXQ1Oxbig6gjO0UqtQ9o9BIqP+qYIua6X7rl/KqG+EolvuxrZLqY9whyltQze72mwVim7ZHYD+Jd6IFMkIZ63Ch9+OeKIgRC6ZMQ3PjbGZMo2CS8jyfmIgZvyGdaFhacgUmGY6+CujJau0aSfStkKkA/X7RMqUMT0V2E7F8Nr89vrif14jwc5eMxVhnCCEfLiok0iKEe2HRNtCA0fZs4RxLeytlF8zzTjaKPM2BO/3y39JbbPs7ZQr55XiweEojhxZJWtknXhklxyQE3JGqoSTe/JInsmL8+A8Oa/O27B1zBnNrJAfcN6/AENsnX8=</latexit>

!”90% → 30↑ 50 deg2

For S/N > 8

For S/N > 12
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Main milestones for multi-messenger science 

• Detection of NS mergers beyond the star formation peak 
• Detection of post-merger signal —> nature of remnant 
• Possibility to detect and localize minutes before the merger 
• Drastic improvement in the sky localization



The 3G GW era
BNS / yr NSBH / yr

ET

GW GW+GBM GW+GBMGW

S/
N

 c
ut

 a
t 1

2

<latexit sha1_base64="IX/gRZex0ZT4CM8fpljFiJk4EFg=">AAAB+HicbVDLSgNBEOz1GeMjqx69DAbBU9gNQT0GvXiMYB6QrGF2MpsMmX0w0yvEJV/ixYMiXv0Ub/6Nk2QPmljQUFR1093lJ1JodJxva219Y3Nru7BT3N3bPyjZh0ctHaeK8SaLZaw6PtVciog3UaDknURxGvqSt/3xzcxvP3KlRRzd4yThXkiHkQgEo2ikvl2qkh6KkGviOg9Zbdq3y07FmYOsEjcnZcjR6NtfvUHM0pBHyCTVuus6CXoZVSiY5NNiL9U8oWxMh7xraETNLi+bHz4lZ0YZkCBWpiIkc/X3REZDrSehbzpDiiO97M3E/7xuisGVl4koSZFHbLEoSCXBmMxSIAOhOEM5MYQyJcythI2oogxNVkUTgrv88ippVSvuRaV2VyvXr/M4CnACp3AOLlxCHW6hAU1gkMIzvMKb9WS9WO/Wx6J1zcpnjuEPrM8fLUmSJQ==</latexit>

2→ 104
<latexit sha1_base64="xlIiciI2/0A5qcaQEEBv0tZRjW4=">AAAB+HicbVDLSgNBEOz1GeMjqx69DAbBU9jVoB6DXjxGMA9I1jA7mU2GzD6Y6RXiki/x4kERr36KN//GSbIHTSxoKKq66e7yEyk0Os63tbK6tr6xWdgqbu/s7pXs/YOmjlPFeIPFMlZtn2ouRcQbKFDydqI4DX3JW/7oZuq3HrnSIo7ucZxwL6SDSASCUTRSzy6dky6KkGviOg9ZddKzy07FmYEsEzcnZchR79lf3X7M0pBHyCTVuuM6CXoZVSiY5JNiN9U8oWxEB7xjaETNLi+bHT4hJ0bpkyBWpiIkM/X3REZDrcehbzpDikO96E3F/7xOisGVl4koSZFHbL4oSCXBmExTIH2hOEM5NoQyJcythA2pogxNVkUTgrv48jJpnlXci0r1rlquXedxFOAIjuEUXLiEGtxCHRrAIIVneIU368l6sd6tj3nripXPHMIfWJ8/LtuSJg==</latexit>

3→ 104
<latexit sha1_base64="Tt3PnTf++KcuF+5gnFog7R70HBU=">AAAB9XicbVDLSsNAFL3xWeur6tLNYBEEsSS1+NgV3bisYB/QpmUynbRDJ5MwM1FKyH+4caGIW//FnX/jtM1CWw9cOJxzL/fe40WcKW3b39bS8srq2npuI7+5tb2zW9jbb6gwloTWSchD2fKwopwJWtdMc9qKJMWBx2nTG91O/OYjlYqF4kGPI+oGeCCYzwjWRuqeV3rJWdlJu8nptZP2CkW7ZE+BFomTkSJkqPUKX51+SOKACk04Vqrt2JF2Eyw1I5ym+U6saITJCA9o21CBA6rcZHp1io6N0kd+KE0Jjabq74kEB0qNA890BlgP1bw3Ef/z2rH2r9yEiSjWVJDZIj/mSIdoEgHqM0mJ5mNDMJHM3IrIEEtMtAkqb0Jw5l9eJI1yybkoVe4rxepNFkcODuEITsCBS6jCHdSgDgQkPMMrvFlP1ov1bn3MWpesbOYA/sD6/AGUjZFI</latexit>

34+91
→21

<latexit sha1_base64="Lg7tpyDYfaKJPhcYxsabiRo1IFQ=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCIIZEi+2y6MZlBfuANobJdNIOnUzCzESoIfgrblwo4tb/cOffOG2z0NYDF86ccy9z7/FjRqWy7W+jsLS8srpWXC9tbG5t75i7ey0ZJQKTJo5YJDo+koRRTpqKKkY6sSAo9Blp+6Prid9+IELSiN+pcUzcEA04DShGSkueeWBbNcdLz2yrUs3u01P9vMg8s2xb9hRwkTg5KYMcDc/86vUjnISEK8yQlF3HjpWbIqEoZiQr9RJJYoRHaEC6mnIUEumm0+0zeKyVPgwioYsrOFV/T6QolHIc+rozRGoo572J+J/XTVRQc1PK40QRjmcfBQmDKoKTKGCfCoIVG2uCsKB6V4iHSCCsdGAlHYIzf/IiaZ1bzqVVua2U61d5HEVwCI7ACXBAFdTBDWiAJsDgETyDV/BmPBkvxrvxMWstGPnMPvgD4/MHvW+S2g==</latexit>

0.81+0.83
→0.47

Considering only BNS and short GRBs: 
• around 70% of all short GRB will have 

a detectable GW signal in ET 
• Around 95% of will have a detectable GW 

signal in ET+CE

Detection efficiency for KN detectable by VRO

Colombo+ in prep.

Loffredo+ in prep.
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0.81+0.83
→0.47

Considering only BNS and short GRBs: 
• around 70% of all short GRB will have 

a detectable GW signal in ET 
• Around 95% of will have a detectable GW 

signal in ET+CE

Detection efficiency for KN detectable by VRO

At z>0.5, the only chance to 

identify the host galaxy and 

determine the redshift is
 to rely on 

𝛾/X-ray detectors

Colombo+ in prep.

Loffredo+ in prep.



The 3G GW era

ET

ET+CE

ET+CE

ET+CE

The detection of the 
gamma-ray counterpart at 

high z can give strong 
constraints on the 
inclination angle, 

otherwise unavailable 
from the GW analysis 

alone  

Inclination angle and 
distance are degenerate, 

so the localization in space 
through EM observations 

can break such 
degeneracy

The more on-axis, the larger 
the uncertainty on the DL

On-axis events have large 
uncertainties on inclination

Ro
nc

hi
ni

+2
2

Ro
nc

hi
ni

+2
2

G
up

ta
+2

4



The 3G GW era

ET

ET+CE

ET+CE

ET+CE

The detection of the 
gamma-ray counterpart at 

high z can give strong 
constraints on the 
inclination angle, 

otherwise unavailable 
from the GW analysis 

alone  

Inclination angle and 
distance are degenerate, 

so the localization in space 
through EM observations 

can break such 
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The more on-axis, the larger 
the uncertainty on the DL

On-axis events have large 
uncertainties on inclination
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Even if p
erforming much better than 

current ones, 3G detectors need the 

contribution from 𝛾/X-ray detectors to 

precisely localize the source at z>0.5
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Multi-messenger science in the 3G GW era
Cosmology with standard sirens Origin of GW-𝛾 time delays

Hubble constant

Dark energy EoS Modified GW propagation

Having a sample of joint 
detections GW-𝛾 with 

available redshift

Branchesi+23

Iampieri+24

Number of joint 
Fermi+GW detections



Past achievements:  

☆  Fundamental role for the epochal multi messenger observation of GW170817 and GRB170817A 

Present efforts: 

☆   Fermi ensures a constant monitoring of the high-energy sky and the joint efforts with the LVK 
collaboration allow us to  

• optimize the chance of detecting the next MM event 
• obtain the most stringent limits in the case of a non-detection 

Future challenges: 

☆   Presence of (and coordination among) 𝛾/X-ray detectors  indispensable in 3G GW era to 
maximize the scientific return

Conclusions



Fermi and the origin of precursor in merger-driven GRBs

• PRECURSOR: short emission anterior and detached from the 
main emission episode, sometimes showing a softer spectrum 

• Observed in ≲10% of short GRBs 

• Open question:  

• just a fraction (and same origin) of the main prompt 
emission 

• Separate mechanism

Possible scenarios: 

• Pre-merger emission from the 
disruption of the NS crust 

• Magnetospheric interaction 

Expected to be more isotropic 
than the usual prompt emission 

—> suitable for joint GW-𝛾 
detection

Measuring the delay  

tGW - tprecursor 

can disentangle between models 

e.g., Dichiara+23
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P (M1,M2) → P (Macc)

Mass priors  
EoS
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ω < 1,Macc < 0.052M→

Connection between accreted mass and luminosity


