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The rosetta stone: What & How

10.5 hours1.7 sec 9 days 16 days Figure 7

Jetted outflows with di↵erent angular structures �(✓) and dE(✓)/d⌦ (right panels) successfully reproduce the broad-band
afterglow observations of GW170817 at radio (orange and pink), optical (purple) and X-ray (blue) wavelengths. Some
models are motivated by the physics of BNS mergers (Gottlieb et al. 2018b, Kathirgamaraju et al. 2019b, Hajela et al.
2019, Lazzati et al. 2018) and others are analytical abstractions (e.g., gaussian jets, Ghirlanda et al. 2019). These models
share the presence of a highly collimated core of ultra-relativistic ejecta at ✓ < ✓jet viewed o↵-axis (✓obs > ✓jet) and
surrounded by mildly relativistic wings of material. Due to relativistic beaming, the pre-peak emission is dominated by
radiation from the wider-angle mildly relativistic outflow (e.g., a cocoon). The jet core dominated the detected emission at
t & tpk. Observational data originally presented by: Alexander et al. (2017, 2018), Haggard et al. (2017), Hallinan et al.
(2017), Margutti et al. (2017, 2018), Kim et al. (2017), Troja et al. (2017, 2018a, 2019b, 2020), Dobie et al. (2018), Lyman
et al. (2018), D’Avanzo et al. (2018), Mooley et al. (2018b,a), Nynka et al. (2018), Resmi et al. (2018), Ruan et al. (2018),
Fong et al. (2019), Hajela et al. (2019), Lamb et al. (2019a), Piro et al. (2019), Makhathini et al. (2020).

and of the density of matter surrounding the binary at the time of merger (§5.1), which is

ultimately responsible for the deceleration of the mass outflows.

Following the SGRB literature, we refer to this non-thermal emission as an afterglow.

The synchrotron emission depends on the outflow kinetic energy Ek, the environment den-

sity n, the fraction of post-shock energy into tangled magnetic fields ✏B and accelerated

electrons ✏e, as well as on the details of the distribution of non-thermal relativistic electrons

N(�e) / �
�p
e (e.g., Sari et al. 1998). In the case of collimated relativistic outflows, the

observed emission carries further dependencies on ✓jet and ✓obs (Figure 1). As of ⇠ 3 yrs

after the merger, the non-thermal emission from GW170817 has been dominated by the

afterglow of a structured jet seen o↵-axis (§5.1, Figure 7). Future observations of this very

nearby system might identify the first kilonova afterglow (§8.1).

5.1. Structure and Geometry of a Jetted Relativistic Outflow

Broadband afterglow observations of GW170817 provide the first direct evidence that BNS

mergers are able to launch highly collimated relativistic jets that can survive the interaction

with the local merger ejecta, as first theorized by Paczynski (1986), Eichler et al. (1989),
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ScenariosBNS

Rtidal > RISCO

Mout ≠ 0

Tidal NS disruption

BHNS

Credits: 
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EM emission components <— Outflows (θ, β, E)
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EM emission components <— Outflows (θ, β, E)
1) Ultra-relativistic jet ( ) —> Non 
Thermal emission (GRB + AFTERGLOW) 

Γ ∼ 100

2) Neutron rich ejecta —> 
Thermal emission (Kilonova) 



ScenariosBNS BHNS
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EM emission components <— Outflows (θ, β, E)
1) Ultra-relativistic jet ( ) —> Non 
Thermal emission (GRB + AFTERGLOW) 

Γ ∼ 100

2) Neutron rich ejecta —> 
Thermal emission (Kilonova) 

Inclination (relative luminosity) 
Distance (detectable component)



MM expectations
Colombo et al., 2022; 2023 (in prep)

Ronchini et al. 2022; Branchesi et al. 2023; …

•Current BNS population models

•EM emission models (170817)

Binary formation + Stellar evolution codes 

Nuclear physics (KN) 
+

jet (dynamics+emission) 
physics (GRB)

R-MHD
Strong-B accretion

2024 2035

𝒪KN(0.1)
𝒪GRB(0.01)

𝒪KN(10)
𝒪GRB(1)

𝒪KN(102)
𝒪GRB(10)

𝒪KN(103)
𝒪GRB(102)
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•Refinement and evolution through 3G

•Improvement/new EM facilities

Technology

Knowledge
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Electromagnetic Facilities

Prompt Jet Emission

2024 2035

•Field of view 

•Sensitivity 

•Resolution

Photometry/Spectroscopy/HR Imaging
•Search/detection

•Follow up 
(characterisation)

KeV

MeV

TeV

Now

Fermi

Swift

GRB prompt & 

HE afterglow

Afterglow



Electromagnetic Facilities

•Field of view 

•Sensitivity 

•Resolution

Photometry/Spectroscopy/HR Imaging
•Search/detection

•Follow up 
(characterisation)

Ronchini et al. 2022

Distributed 
architecture Monolithic

GRB prompt & 

HE afterglow
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Electromagnetic Facilities

2024 2035

•Field of view 

•Sensitivity 
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•Search/detection

•Follow up 
(characterisation)

Kilonova
GRB afterglow
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Electromagnetic Facilities

•Field of view 

•Sensitivity 

•Resolution

Photometry/Spectroscopy/HR Imaging
•Search/detection

•Follow up 
(characterisation)

Kilonova
GRB afterglow

Vera Ruby Observatory (VRO) 

>2024 for 10 yrs (O5 … ET?)
⌀=8m
FoV=10 deg2

ugrizy,    r ≳ 24 (27.5 stack)
1/2 sky 1000 visits

 🌌 & ✨2 × 1010

•Early (<10 hr) discovery —> Blue KN

•MM-KN enabled by ToO:

•~10 - 40 KN with 2-5% of ToO time from O5 to ET 

(Andreoni et al., 2022; Branchesi et al. 2023)  

•Catch BHNS KN (dimmer and more distant)
Andreoni et al. 2022



Electromagnetic Facilities

•Field of view 

•Sensitivity 

•Resolution

Photometry/Spectroscopy/HR Imaging
•Search/detection

•Follow up 
(characterisation)

Kilonova
GRB afterglow

Extremely Large Telescope (ELT)

>2027 (ET)
⌀=39m
FoV=0.01 deg2

0.3-20μm; 
H~24-29.5

Credits: I. Hook

•Full KN characterisation and 

spectroscopy

•GRB afterglow imaging/spectroscopy/

photometry
O4-O5 … ET : KN spect. 

Xshooter @VLT + SOXS @NTT



Electromagnetic Facilities

Now 2035

•Field of view 

•Sensitivity 

•Resolution

Photometry/Spectroscopy/HR Imaging
•Search/detection

•Follow up 
(characterisation)

GRB  (KN) 
afterglow

700 MHz

10 GHz
MeerKAT

ASKAP

ngVLA

Ghirlanda et al., 2019



Electromagnetic Facilities

•Field of view 

•Sensitivity 

•Resolution

Photometry/Spectroscopy/HR Imaging
•Search/detection

•Follow up 
(characterisation)

GRB  (KN) 
afterglow

Can probe the less 
dense environment 
(as those of CBC)

Can probe apparent 
superluminal motion 
(off axis jets of CBC 

in the local Universe) 



Now 

2035 

Conclusions: pathways towards the future of MM (GW+EM) astronomy
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Now 

2035 

Technology

Knowledge

Conclusions: pathways towards the future of MM (GW+EM) astronomy
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Challenging discoveries Knowledge

Labbe’ et al., 2023 To be confirmed

Harikane et al., 2023

•Discovery of massive galaxies at z>10 

•High star formation (MW like) in high z small 

galaxy

•Galaxy counts challenge formation models 



Possible EM emissionBBH

Takawa et al. 2026


