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- Introduction 

- Part I and II: understand the physics 
of GRBs with X-ray archival data 

- Part III: GRBs in the multi-messenger 
context - future prospects with 3G 
gravitational wave detectors 

- Conclusions
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First GRB observations: the cornerstones

Time from trigger (s)
1 100 104 106

Temporal window explored by the instrument

• First GRBs discovered by Vela satellite, late ’60s

• Erratic and highly variable light curves

• Bi-modality in the duration-hardness plane (Kouveliotou 
1993)—> two classes of GRBs

• Isotropic distribution in the sky

BATSE,  10 keV-20 MeV,  ’90s

Meegan + 1996 

Light curves

Sky

distribution

Distribution of GRB duration  
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Beppo SAX:  
GRB monitor +  X-ray WFC (arcmin loc.) 
+ focusing X-ray telescope for follow-up

First X-ray and optical afterglow 
First redshift measurement First association between a 

long GRB and a supernova

Time from trigger (s)
1 100 104 106

Temporal window explored by the instrument

From the observations of the afterglow and the 
association with SNae we found that:

- There is a relativistic jet launched by a central 
engine

- Stellar explosions can be able to produce a long 
GRB 

First GRB observations: the cornerstones

Costa et al. 1997,  Van Paradijs 1997

Kulkarni 1998,
Hjorth 2003, 
Stanek 2003
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Fully autonomous observatory devoted for the 
detection of GRBs, thanks to the interplay of three 

instruments on board:

- Burst Alert Telescope (BAT), 15-150 keV—> 
detects the prompt emission and localizes the 
burst with arcmin precision

- X-ray Telescope (XRT), 0.5-10 keV—> slews 
after ≾100 sec to the BAT position and 
characterizes the X-ray emission

- UV-Optical Telescope (UVOT), 170-650 nm—> 
characterizes the multi-band emission

The Neil Gehrels Swift Observatory, 2004

Time from trigger (s)
1 100 104 106

Temporal window explored by the instrument

First GRB observations: the cornerstones

???
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Swift: main achievements

The systematic detection of the 
panchromatic afterglow

• The GRB is detected by BAT 
• XRT slews to the sky location 
• An accurate position of the burst 

is circulated to the astronomical 
community

Optical afterglow

From Kann et al. 2010From Chandra & Frail 2012

Radio afterglow
Average spectrum during afterglow

<latexit sha1_base64="cz/GIVNq92mDByWUSvbD0FseQi4=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LgnisYD9gu5Rsmrah2eySzApl6c/w4kERr/4ab/4b03YP2vog5PHeDDPzwkQKg6777RTW1jc2t4rbpZ3dvf2D8uFRy8SpZrzJYhnrTkgNl0LxJgqUvJNoTqNQ8nY4vp357SeujYjVI04SHkR0qMRAMIpW8rsqJXe9zH7TXrniVt05yCrxclKBHI1e+avbj1kacYVMUmN8z00wyKhGwSSflrqp4QllYzrkvqWKRtwE2XzlKTmzSp8MYm2fQjJXf3dkNDJmEoW2MqI4MsveTPzP81McXAeZUEmKXLHFoEEqCcZkdj/pC80ZyokllGlhdyVsRDVlaFMq2RC85ZNXSeui6l1Waw+1Sv0mj6MIJ3AK5+DBFdThHhrQBAYxPMMrvDnovDjvzseitODkPcfwB87nDyI7kSw=</latexit>

⌫F⌫

<latexit sha1_base64="8OSvUBDYQu5+JvQLVIQfsh/suO0=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RzAOSJcxOZpMhM7PLPISw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFKWfa+P63V1pb39jcKm9Xdnb39g+qh0dtnVhFaIskPFHdCGvKmaQtwwyn3VRRLCJOO9HkLvc7T1RplshHM01pKPBIspgRbHKpLy0aVGt+3Z8DrZKgIDUo0BxUv/rDhFhBpSEca90L/NSEGVaGEU5nlb7VNMVkgke056jEguowm986Q2dOGaI4Ua6kQXP190SGhdZTEblOgc1YL3u5+J/Xsya+CTMmU2uoJItFseXIJCh/HA2ZosTwqSOYKOZuRWSMFSbGxVNxIQTLL6+S9kU9uKpfPlzWGrdFHGU4gVM4hwCuoQH30IQWEBjDM7zCmye8F+/d+1i0lrxi5hj+wPv8Abh4jgo=</latexit>⌫

From astro-colibri.com

X-ray afterglow TeV afterglow

MAGIC collaboration, 2019

http://astro-colibri.com


Samuele Ronchini, Gran Sasso Science Institute PhD Defense
7

Swift: main achievements
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Standard decay (*) Steep decay + plateau Flares

Plateau + steep drop Re-brightening

(*) natural outcome of a jet 
decelerating in the ISM 

Blandford McKee 1976,
Meszaros & Rees 1997,

Sari, Piran & Narayan 1998

Discovery of a complex morphology of X-ray light curves
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The multi-messenger revolution
EMGW

- First association between binary neutron star (BNS) 
mergers and short GRBs

- Heavy elements are synthesized in the ejecta of 
BNS mergers —> their  radioactive decay powers 
the kilonova (KN) emission (Li & Paczynski 
1998)

- Evidence of a relativistic jet with an angular 
structure, observed off-axis

The first smoking gun of BNS merger / sGRB / KN 
association: GW170817, GRB 170817A and AT2017gfo

e.g. Abbott+ 2017, Goldstein+ 2017, Pian+ 2017, 
Smartt+ 2017, Villar + 2017, D’Avanzo+ 2018, 

Ghirlanda+ 2019

KN spectra

KN light curve
Radio to X-ray afterglow
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GW170817: discoveries and their impact

Such a wide, 
 multi-disciplinary impact …

GRBs and high-energy 
astrophysics 

GRMHD processes for the 
jet launching

Nuclear physics

Matter in extreme 
conditions

Cosmology Evolution of stellar 
populations

Stellar NucleosynthesisGravitational physics

… requires a well defined strategy 
for future observations:

Coordination between GW-
EM community

Dedicated programs to 
follow-up the GW events

Optimized observational 
strategies

Design next generation 
telescopes and GW detectors 

to maximize the multi-
messenger science output
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Massive star 
collapse

Compact binary merger, containing at 
least one neutron star

Central 
engine

The standard picture
Several prompt 

emission 
scenarios
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Massive star 
collapse

Compact binary merger, containing at 
least one neutron star

Central 
engine

The standard picture
Several prompt 

emission 
scenarios

Photospheric emission

Eichler + 2000,
Ryde + 2005,
Pe’er + 2006
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Massive star 
collapse

Compact binary merger, containing at 
least one neutron star

Central 
engine

The standard picture
Several prompt 

emission 
scenarios

Internal shocks

Rees & Mezsaros 1994
Kobayashi + 1997

Daigne & Mochkovich 1998

Photospheric emission

Eichler + 2000,
Ryde + 2005,
Pe’er + 2006
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Massive star 
collapse

Compact binary merger, containing at 
least one neutron star

Central 
engine

The standard picture
Several prompt 

emission 
scenarios

Internal shocks

Rees & Mezsaros 1994
Kobayashi + 1997

Daigne & Mochkovich 1998

Photospheric emission

Eichler + 2000,
Ryde + 2005,
Pe’er + 2006

Magnetic 
reconnections

Drenkhahn 2002,
Lyutikov & Blandford 2003

Zhang 2011
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Forward shock —> long 
lasting, visible from radio to 

VHE

Reverse shock —> duration 
limited by shock crossing 

time, visible mainly in optical 
and radio

Insterstellar 
medium

External shock 
front

The standard picture
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Forward shock —> long 
lasting, visible from radio to 

VHE

Reverse shock —> duration 
limited by shock crossing 

time, visible mainly in optical 
and radio

Insterstellar 
medium

External shock 
front

e.g., Salafia 2022

On-axis

The standard picture
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Forward shock —> long 
lasting, visible from radio to 

VHE

Reverse shock —> duration 
limited by shock crossing 

time, visible mainly in optical 
and radio

Insterstellar 
medium

External shock 
front

e.g., Salafia 2022

On-axis

The standard picture

Off-axis

e.g., Makhathini 2021
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Forward shock —> long 
lasting, visible from radio to 

VHE

Reverse shock —> duration 
limited by shock crossing 

time, visible mainly in optical 
and radio

Insterstellar 
medium

External shock 
front

e.g., Salafia 2022

On-axis

The standard picture

Off-axis

e.g., Makhathini 2021

+ cocoon shock breakout  
(Potentially visible at large viewing angles)

Nakar & Sari 2012, Nakar & Piran 2017
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Emission processes in the jet, 
acceleration mechanisms

Nature of the progenitor and 
its impact on the prompt and 

afterglow features

Jet launching mechanism Formation of jet structure 

Jet composition (dominated by 
magnetic or kinetic energy)

Origin of of very high-energy 
photons

Open questions about 𝛾-ray bursts physics

12

Exploit the archival data from  Swift  to give 
new insights about these open issues

First goal of my work:
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Multi-messenger perspectives
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What GW data can tell about the remnant and the GRB 
progenitor:

- NS-NS or NS-BH?
- constraints on exotic scenarios (GRBs from BBH)
- central engine: BH vs NS paradigm
- fraction of binary mergers able to produce a 
relativistic jet

Joint GW+EM detection: 
  

- - a fundamental tool to test alternative 
theories of gravity 

- - critical to probe the physics of the 
launching mechanism and the jet 
break-out through the circum-burst 
ejecta

The missing messenger: 

- Where are high-energy 
neutrinos from CBMs?Properties of the KN ejecta: 

- - geometrical and dynamical 
structure 

- - neutron richness 
- - Heavy elements nucleosynthesis 
- - Probe the Jet-KN interaction 
-

What is the optimal combination of future GW 
networks and high-energy EM probes to 

answer to these questions?

Second goal of my work:
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Part I 

On the origin of spectral evolution 
in the steep decay of GRBs

Ronchini et al. 2021, Nature Communications, 12, 4040
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The steep decay: the transition between the prompt and afterglow phase 

- Observed very often at the beginning of the light curves 
of Swift-XRT

- Typical duration of few 102 sec

- Temporal decay index ⪞ 2-3

- Usually characterized by a gradual softening of the X-ray 
spectrum
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prompt to afterglow

Flux

Time
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??
Most of the times the XRT 
observations start after the 

beginning of the steep decay

Goal of the work:  

- perform a systematic spectral analysis during 
the steep decay observed with Swift-XRT 

- Compare the spectral evolution for a well 
defined sample of events 

Sample selection 

- Bright enough events, for a time resolved 
analysis 

- Events characterized by a well defined peak 
time of the decay 

- Bright emission in the BAT instrument at the 
moment of the peak

Fmax
<latexit sha1_base64="/kgeUJQ4PTvoVqZ7MIukuCRHZkQ=">AAAB+XicbVBNS8NAEN34WetX1aOXxSJ4KokIeiwK4rGC/YC2lMl2WpduNmF3IpbQH+FVT97Eq7/Gg//FJOagre/0eG+GefP8SElLrvvpLC2vrK6tlzbKm1vbO7uVvf2WDWMjsClCFZqODxaV1NgkSQo7kUEIfIVtf3KV+e0HNFaG+o6mEfYDGGs5kgIoldrXgySAx9mgUnVrbg6+SLyCVFmBxqDy1RuGIg5Qk1BgbddzI+onYEgKhbNyL7YYgZjAGLsp1RCg7Sd53Bk/ji1QyCM0XCqei/h7I4HA2mngp5MB0L2d9zLxP68b0+iin0gdxYRaZIdIKswPWWFk2gPyoTRIBFly5FJzAQaI0EgOQqRinBZTTvvw5r9fJK3TmufWvNuzav2yaKbEDtkRO2EeO2d1dsMarMkEm7An9sxenMR5dd6c95/RJafYOWB/4Hx8AzE9lCg=</latexit><latexit sha1_base64="/kgeUJQ4PTvoVqZ7MIukuCRHZkQ=">AAAB+XicbVBNS8NAEN34WetX1aOXxSJ4KokIeiwK4rGC/YC2lMl2WpduNmF3IpbQH+FVT97Eq7/Gg//FJOagre/0eG+GefP8SElLrvvpLC2vrK6tlzbKm1vbO7uVvf2WDWMjsClCFZqODxaV1NgkSQo7kUEIfIVtf3KV+e0HNFaG+o6mEfYDGGs5kgIoldrXgySAx9mgUnVrbg6+SLyCVFmBxqDy1RuGIg5Qk1BgbddzI+onYEgKhbNyL7YYgZjAGLsp1RCg7Sd53Bk/ji1QyCM0XCqei/h7I4HA2mngp5MB0L2d9zLxP68b0+iin0gdxYRaZIdIKswPWWFk2gPyoTRIBFly5FJzAQaI0EgOQqRinBZTTvvw5r9fJK3TmufWvNuzav2yaKbEDtkRO2EeO2d1dsMarMkEm7An9sxenMR5dd6c95/RJafYOWB/4Hx8AzE9lCg=</latexit><latexit sha1_base64="/kgeUJQ4PTvoVqZ7MIukuCRHZkQ=">AAAB+XicbVBNS8NAEN34WetX1aOXxSJ4KokIeiwK4rGC/YC2lMl2WpduNmF3IpbQH+FVT97Eq7/Gg//FJOagre/0eG+GefP8SElLrvvpLC2vrK6tlzbKm1vbO7uVvf2WDWMjsClCFZqODxaV1NgkSQo7kUEIfIVtf3KV+e0HNFaG+o6mEfYDGGs5kgIoldrXgySAx9mgUnVrbg6+SLyCVFmBxqDy1RuGIg5Qk1BgbddzI+onYEgKhbNyL7YYgZjAGLsp1RCg7Sd53Bk/ji1QyCM0XCqei/h7I4HA2mngp5MB0L2d9zLxP68b0+iin0gdxYRaZIdIKswPWWFk2gPyoTRIBFly5FJzAQaI0EgOQqRinBZTTvvw5r9fJK3TmufWvNuzav2yaKbEDtkRO2EeO2d1dsMarMkEm7An9sxenMR5dd6c95/RJafYOWB/4Hx8AzE9lCg=</latexit><latexit sha1_base64="/kgeUJQ4PTvoVqZ7MIukuCRHZkQ=">AAAB+XicbVBNS8NAEN34WetX1aOXxSJ4KokIeiwK4rGC/YC2lMl2WpduNmF3IpbQH+FVT97Eq7/Gg//FJOagre/0eG+GefP8SElLrvvpLC2vrK6tlzbKm1vbO7uVvf2WDWMjsClCFZqODxaV1NgkSQo7kUEIfIVtf3KV+e0HNFaG+o6mEfYDGGs5kgIoldrXgySAx9mgUnVrbg6+SLyCVFmBxqDy1RuGIg5Qk1BgbddzI+onYEgKhbNyL7YYgZjAGLsp1RCg7Sd53Bk/ji1QyCM0XCqei/h7I4HA2mngp5MB0L2d9zLxP68b0+iin0gdxYRaZIdIKswPWWFk2gPyoTRIBFly5FJzAQaI0EgOQqRinBZTTvvw5r9fJK3TmufWvNuzav2yaKbEDtkRO2EeO2d1dsMarMkEm7An9sxenMR5dd6c95/RJafYOWB/4Hx8AzE9lCg=</latexit>

Ensures that the spectral peak is 
above the XRT band and hence 
we can monitor its transition as 

the flux decays
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Fmax
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N(E) / A(E)⇥ E�↵

Results: the alpha-F correlation
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Flux
<latexit sha1_base64="mM5XS+RPV8kuX+BvWHdGoai2drg=">AAAB/XicbVDLSsNAFJ34rPVVdelmsAiuSiKCLouCuKxgH9CGMpne1qGTSZi5Iy2h+BVudeVO3PotLvwXk5iFtp7V4Zx7ueeeIJbCoOt+OkvLK6tr66WN8ubW9s5uZW+/ZSKrOTR5JCPdCZgBKRQ0UaCETqyBhYGEdjC+yvz2A2gjInWH0xj8kI2UGArOMJW6PYQJJtfSTmb9StWtuTnoIvEKUiUFGv3KV28QcRuCQi6ZMV3PjdFPmEbBJczKPWsgZnzMRtBNqWIhGD/JI8/osTUMIxqDpkLSXITfGwkLjZmGQToZMrw3814m/ud1LQ4v/ESo2CIonh1CISE/ZLgWaRdAB0IDIsuSAxWKcqYZImhBGeepaNNyymkf3vz3i6R1WvPcmnd7Vq1fFs2UyCE5IifEI+ekTm5IgzQJJxF5Is/kxXl0Xp035/1ndMkpdg7IHzgf369qliU=</latexit><latexit sha1_base64="mM5XS+RPV8kuX+BvWHdGoai2drg=">AAAB/XicbVDLSsNAFJ34rPVVdelmsAiuSiKCLouCuKxgH9CGMpne1qGTSZi5Iy2h+BVudeVO3PotLvwXk5iFtp7V4Zx7ueeeIJbCoOt+OkvLK6tr66WN8ubW9s5uZW+/ZSKrOTR5JCPdCZgBKRQ0UaCETqyBhYGEdjC+yvz2A2gjInWH0xj8kI2UGArOMJW6PYQJJtfSTmb9StWtuTnoIvEKUiUFGv3KV28QcRuCQi6ZMV3PjdFPmEbBJczKPWsgZnzMRtBNqWIhGD/JI8/osTUMIxqDpkLSXITfGwkLjZmGQToZMrw3814m/ud1LQ4v/ESo2CIonh1CISE/ZLgWaRdAB0IDIsuSAxWKcqYZImhBGeepaNNyymkf3vz3i6R1WvPcmnd7Vq1fFs2UyCE5IifEI+ekTm5IgzQJJxF5Is/kxXl0Xp035/1ndMkpdg7IHzgf369qliU=</latexit><latexit sha1_base64="mM5XS+RPV8kuX+BvWHdGoai2drg=">AAAB/XicbVDLSsNAFJ34rPVVdelmsAiuSiKCLouCuKxgH9CGMpne1qGTSZi5Iy2h+BVudeVO3PotLvwXk5iFtp7V4Zx7ueeeIJbCoOt+OkvLK6tr66WN8ubW9s5uZW+/ZSKrOTR5JCPdCZgBKRQ0UaCETqyBhYGEdjC+yvz2A2gjInWH0xj8kI2UGArOMJW6PYQJJtfSTmb9StWtuTnoIvEKUiUFGv3KV28QcRuCQi6ZMV3PjdFPmEbBJczKPWsgZnzMRtBNqWIhGD/JI8/osTUMIxqDpkLSXITfGwkLjZmGQToZMrw3814m/ud1LQ4v/ESo2CIonh1CISE/ZLgWaRdAB0IDIsuSAxWKcqYZImhBGeepaNNyymkf3vz3i6R1WvPcmnd7Vq1fFs2UyCE5IifEI+ekTm5IgzQJJxF5Is/kxXl0Xp035/1ndMkpdg7IHzgf369qliU=</latexit><latexit sha1_base64="mM5XS+RPV8kuX+BvWHdGoai2drg=">AAAB/XicbVDLSsNAFJ34rPVVdelmsAiuSiKCLouCuKxgH9CGMpne1qGTSZi5Iy2h+BVudeVO3PotLvwXk5iFtp7V4Zx7ueeeIJbCoOt+OkvLK6tr66WN8ubW9s5uZW+/ZSKrOTR5JCPdCZgBKRQ0UaCETqyBhYGEdjC+yvz2A2gjInWH0xj8kI2UGArOMJW6PYQJJtfSTmb9StWtuTnoIvEKUiUFGv3KV28QcRuCQi6ZMV3PjdFPmEbBJczKPWsgZnzMRtBNqWIhGD/JI8/osTUMIxqDpkLSXITfGwkLjZmGQToZMrw3814m/ud1LQ4v/ESo2CIonh1CISE/ZLgWaRdAB0IDIsuSAxWKcqYZImhBGeepaNNyymkf3vz3i6R1WvPcmnd7Vq1fFs2UyCE5IifEI+ekTm5IgzQJJxF5Is/kxXl0Xp035/1ndMkpdg7IHzgf369qliU=</latexit>

Time
<latexit sha1_base64="x6DVpOxs6zJPvpAgPN5ONQKHB9w=">AAAB/XicbVC7TsNAEDyHVwivACXNiQiJKrIREpQRNJRByktyrOh82YRT7s7W3RoRWRFfQQsVHaLlWyj4FxzjAhKmGs3samcnjKWw6LqfTmlldW19o7xZ2dre2d2r7h90bJQYDm0eycj0QmZBCg1tFCihFxtgKpTQDSfXc797D8aKSLdwGkOg2FiLkeAMM8nvIzxg2hIKZoNqza27Oegy8QpSIwWag+pXfxjxRIFGLpm1vufGGKTMoOASZpV+YiFmfMLG4GdUMwU2SPPIM3qSWIYRjcFQIWkuwu+NlClrpyrMJhXDO7vozcX/PD/B0WWQCh0nCJrPD6GQkB+y3IisC6BDYQCRzZMDFZpyZhgiGEEZ55mYZOVUsj68xe+XSees7rl17/a81rgqmimTI3JMTolHLkiD3JAmaRNOIvJEnsmL8+i8Om/O+89oySl2DskfOB/floaWFQ==</latexit><latexit sha1_base64="x6DVpOxs6zJPvpAgPN5ONQKHB9w=">AAAB/XicbVC7TsNAEDyHVwivACXNiQiJKrIREpQRNJRByktyrOh82YRT7s7W3RoRWRFfQQsVHaLlWyj4FxzjAhKmGs3samcnjKWw6LqfTmlldW19o7xZ2dre2d2r7h90bJQYDm0eycj0QmZBCg1tFCihFxtgKpTQDSfXc797D8aKSLdwGkOg2FiLkeAMM8nvIzxg2hIKZoNqza27Oegy8QpSIwWag+pXfxjxRIFGLpm1vufGGKTMoOASZpV+YiFmfMLG4GdUMwU2SPPIM3qSWIYRjcFQIWkuwu+NlClrpyrMJhXDO7vozcX/PD/B0WWQCh0nCJrPD6GQkB+y3IisC6BDYQCRzZMDFZpyZhgiGEEZ55mYZOVUsj68xe+XSees7rl17/a81rgqmimTI3JMTolHLkiD3JAmaRNOIvJEnsmL8+i8Om/O+89oySl2DskfOB/floaWFQ==</latexit><latexit sha1_base64="x6DVpOxs6zJPvpAgPN5ONQKHB9w=">AAAB/XicbVC7TsNAEDyHVwivACXNiQiJKrIREpQRNJRByktyrOh82YRT7s7W3RoRWRFfQQsVHaLlWyj4FxzjAhKmGs3samcnjKWw6LqfTmlldW19o7xZ2dre2d2r7h90bJQYDm0eycj0QmZBCg1tFCihFxtgKpTQDSfXc797D8aKSLdwGkOg2FiLkeAMM8nvIzxg2hIKZoNqza27Oegy8QpSIwWag+pXfxjxRIFGLpm1vufGGKTMoOASZpV+YiFmfMLG4GdUMwU2SPPIM3qSWIYRjcFQIWkuwu+NlClrpyrMJhXDO7vozcX/PD/B0WWQCh0nCJrPD6GQkB+y3IisC6BDYQCRzZMDFZpyZhgiGEEZ55mYZOVUsj68xe+XSees7rl17/a81rgqmimTI3JMTolHLkiD3JAmaRNOIvJEnsmL8+i8Om/O+89oySl2DskfOB/floaWFQ==</latexit><latexit sha1_base64="x6DVpOxs6zJPvpAgPN5ONQKHB9w=">AAAB/XicbVC7TsNAEDyHVwivACXNiQiJKrIREpQRNJRByktyrOh82YRT7s7W3RoRWRFfQQsVHaLlWyj4FxzjAhKmGs3samcnjKWw6LqfTmlldW19o7xZ2dre2d2r7h90bJQYDm0eycj0QmZBCg1tFCihFxtgKpTQDSfXc797D8aKSLdwGkOg2FiLkeAMM8nvIzxg2hIKZoNqza27Oegy8QpSIwWag+pXfxjxRIFGLpm1vufGGKTMoOASZpV+YiFmfMLG4GdUMwU2SPPIM3qSWIYRjcFQIWkuwu+NlClrpyrMJhXDO7vozcX/PD/B0WWQCh0nCJrPD6GQkB+y3IisC6BDYQCRzZMDFZpyZhgiGEEZ55mYZOVUsj68xe+XSees7rl17/a81rgqmimTI3JMTolHLkiD3JAmaRNOIvJEnsmL8+i8Om/O+89oySl2DskfOB/floaWFQ==</latexit>

Fmax
<latexit sha1_base64="/kgeUJQ4PTvoVqZ7MIukuCRHZkQ=">AAAB+XicbVBNS8NAEN34WetX1aOXxSJ4KokIeiwK4rGC/YC2lMl2WpduNmF3IpbQH+FVT97Eq7/Gg//FJOagre/0eG+GefP8SElLrvvpLC2vrK6tlzbKm1vbO7uVvf2WDWMjsClCFZqODxaV1NgkSQo7kUEIfIVtf3KV+e0HNFaG+o6mEfYDGGs5kgIoldrXgySAx9mgUnVrbg6+SLyCVFmBxqDy1RuGIg5Qk1BgbddzI+onYEgKhbNyL7YYgZjAGLsp1RCg7Sd53Bk/ji1QyCM0XCqei/h7I4HA2mngp5MB0L2d9zLxP68b0+iin0gdxYRaZIdIKswPWWFk2gPyoTRIBFly5FJzAQaI0EgOQqRinBZTTvvw5r9fJK3TmufWvNuzav2yaKbEDtkRO2EeO2d1dsMarMkEm7An9sxenMR5dd6c95/RJafYOWB/4Hx8AzE9lCg=</latexit><latexit sha1_base64="/kgeUJQ4PTvoVqZ7MIukuCRHZkQ=">AAAB+XicbVBNS8NAEN34WetX1aOXxSJ4KokIeiwK4rGC/YC2lMl2WpduNmF3IpbQH+FVT97Eq7/Gg//FJOagre/0eG+GefP8SElLrvvpLC2vrK6tlzbKm1vbO7uVvf2WDWMjsClCFZqODxaV1NgkSQo7kUEIfIVtf3KV+e0HNFaG+o6mEfYDGGs5kgIoldrXgySAx9mgUnVrbg6+SLyCVFmBxqDy1RuGIg5Qk1BgbddzI+onYEgKhbNyL7YYgZjAGLsp1RCg7Sd53Bk/ji1QyCM0XCqei/h7I4HA2mngp5MB0L2d9zLxP68b0+iin0gdxYRaZIdIKswPWWFk2gPyoTRIBFly5FJzAQaI0EgOQqRinBZTTvvw5r9fJK3TmufWvNuzav2yaKbEDtkRO2EeO2d1dsMarMkEm7An9sxenMR5dd6c95/RJafYOWB/4Hx8AzE9lCg=</latexit><latexit sha1_base64="/kgeUJQ4PTvoVqZ7MIukuCRHZkQ=">AAAB+XicbVBNS8NAEN34WetX1aOXxSJ4KokIeiwK4rGC/YC2lMl2WpduNmF3IpbQH+FVT97Eq7/Gg//FJOagre/0eG+GefP8SElLrvvpLC2vrK6tlzbKm1vbO7uVvf2WDWMjsClCFZqODxaV1NgkSQo7kUEIfIVtf3KV+e0HNFaG+o6mEfYDGGs5kgIoldrXgySAx9mgUnVrbg6+SLyCVFmBxqDy1RuGIg5Qk1BgbddzI+onYEgKhbNyL7YYgZjAGLsp1RCg7Sd53Bk/ji1QyCM0XCqei/h7I4HA2mngp5MB0L2d9zLxP68b0+iin0gdxYRaZIdIKswPWWFk2gPyoTRIBFly5FJzAQaI0EgOQqRinBZTTvvw5r9fJK3TmufWvNuzav2yaKbEDtkRO2EeO2d1dsMarMkEm7An9sxenMR5dd6c95/RJafYOWB/4Hx8AzE9lCg=</latexit><latexit sha1_base64="/kgeUJQ4PTvoVqZ7MIukuCRHZkQ=">AAAB+XicbVBNS8NAEN34WetX1aOXxSJ4KokIeiwK4rGC/YC2lMl2WpduNmF3IpbQH+FVT97Eq7/Gg//FJOagre/0eG+GefP8SElLrvvpLC2vrK6tlzbKm1vbO7uVvf2WDWMjsClCFZqODxaV1NgkSQo7kUEIfIVtf3KV+e0HNFaG+o6mEfYDGGs5kgIoldrXgySAx9mgUnVrbg6+SLyCVFmBxqDy1RuGIg5Qk1BgbddzI+onYEgKhbNyL7YYgZjAGLsp1RCg7Sd53Bk/ji1QyCM0XCqei/h7I4HA2mngp5MB0L2d9zLxP68b0+iin0gdxYRaZIdIKswPWWFk2gPyoTRIBFly5FJzAQaI0EgOQqRinBZTTvvw5r9fJK3TmufWvNuzav2yaKbEDtkRO2EeO2d1dsMarMkEm7An9sxenMR5dd6c95/RJafYOWB/4Hx8AzE9lCg=</latexit>

t1
<latexit sha1_base64="bpjvDdQVLVBQmTrY8/6AlPcUcSs=">AAAB9XicbVC7TsNAEFzzDOEVoKQ5ESFRRTZCgjKChjII8pCSKDpfNuGU89m6W4MiK59ACxUdouV7KPgXbOMCEqYazexqZ8ePlLTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZMDYCmyJUoen43KKSGpskSWEnMsgDX2Hbn1xlfvsBjZWhvqNphP2Aj7UcScEplW5p4A0qVbfm5mCLxCtIFQo0BpWv3jAUcYCahOLWdj03on7CDUmhcFbuxRYjLiZ8jN2Uah6g7Sd51Bk7ji2nkEVomFQsF/H3RsIDa6eBn04GnO7tvJeJ/3ndmEYX/UTqKCbUIjtEUmF+yAoj0w6QDaVBIp4lRyY1E9xwIjSScSFSMU5LKad9ePPfL5LWac1za97NWbV+WTRTgkM4ghPw4BzqcA0NaIKAMTzBM7w4j86r8+a8/4wuOcXOAfyB8/ENq/OSIQ==</latexit><latexit sha1_base64="bpjvDdQVLVBQmTrY8/6AlPcUcSs=">AAAB9XicbVC7TsNAEFzzDOEVoKQ5ESFRRTZCgjKChjII8pCSKDpfNuGU89m6W4MiK59ACxUdouV7KPgXbOMCEqYazexqZ8ePlLTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZMDYCmyJUoen43KKSGpskSWEnMsgDX2Hbn1xlfvsBjZWhvqNphP2Aj7UcScEplW5p4A0qVbfm5mCLxCtIFQo0BpWv3jAUcYCahOLWdj03on7CDUmhcFbuxRYjLiZ8jN2Uah6g7Sd51Bk7ji2nkEVomFQsF/H3RsIDa6eBn04GnO7tvJeJ/3ndmEYX/UTqKCbUIjtEUmF+yAoj0w6QDaVBIp4lRyY1E9xwIjSScSFSMU5LKad9ePPfL5LWac1za97NWbV+WTRTgkM4ghPw4BzqcA0NaIKAMTzBM7w4j86r8+a8/4wuOcXOAfyB8/ENq/OSIQ==</latexit><latexit sha1_base64="bpjvDdQVLVBQmTrY8/6AlPcUcSs=">AAAB9XicbVC7TsNAEFzzDOEVoKQ5ESFRRTZCgjKChjII8pCSKDpfNuGU89m6W4MiK59ACxUdouV7KPgXbOMCEqYazexqZ8ePlLTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZMDYCmyJUoen43KKSGpskSWEnMsgDX2Hbn1xlfvsBjZWhvqNphP2Aj7UcScEplW5p4A0qVbfm5mCLxCtIFQo0BpWv3jAUcYCahOLWdj03on7CDUmhcFbuxRYjLiZ8jN2Uah6g7Sd51Bk7ji2nkEVomFQsF/H3RsIDa6eBn04GnO7tvJeJ/3ndmEYX/UTqKCbUIjtEUmF+yAoj0w6QDaVBIp4lRyY1E9xwIjSScSFSMU5LKad9ePPfL5LWac1za97NWbV+WTRTgkM4ghPw4BzqcA0NaIKAMTzBM7w4j86r8+a8/4wuOcXOAfyB8/ENq/OSIQ==</latexit><latexit sha1_base64="bpjvDdQVLVBQmTrY8/6AlPcUcSs=">AAAB9XicbVC7TsNAEFzzDOEVoKQ5ESFRRTZCgjKChjII8pCSKDpfNuGU89m6W4MiK59ACxUdouV7KPgXbOMCEqYazexqZ8ePlLTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZMDYCmyJUoen43KKSGpskSWEnMsgDX2Hbn1xlfvsBjZWhvqNphP2Aj7UcScEplW5p4A0qVbfm5mCLxCtIFQo0BpWv3jAUcYCahOLWdj03on7CDUmhcFbuxRYjLiZ8jN2Uah6g7Sd51Bk7ji2nkEVomFQsF/H3RsIDa6eBn04GnO7tvJeJ/3ndmEYX/UTqKCbUIjtEUmF+yAoj0w6QDaVBIp4lRyY1E9xwIjSScSFSMU5LKad9ePPfL5LWac1za97NWbV+WTRTgkM4ghPw4BzqcA0NaIKAMTzBM7w4j86r8+a8/4wuOcXOAfyB8/ENq/OSIQ==</latexit>

t2
<latexit sha1_base64="67UXoOWm4CPRHu8RiHb9ImdOJWw=">AAAB9XicbVC7TsNAEFyHVwivACXNiQiJKrIjJCgjaCiDIA8psaLzZRNOOT90twZFVj6BFio6RMv3UPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP+iYMNYC2yJUoe553KCSAbZJksJepJH7nsKuN73K/O4DaiPD4I5mEbo+nwRyLAWnVLqlYWNYrdl1OwdbJk5BalCgNax+DUahiH0MSChuTN+xI3ITrkkKhfPKIDYYcTHlE+ynNOA+GjfJo87ZSWw4hSxCzaRiuYi/NxLuGzPzvXTS53RvFr1M/M/rxzS+cBMZRDFhILJDJBXmh4zQMu0A2UhqJOJZcmQyYIJrToRaMi5EKsZpKZW0D2fx+2XSadQdu+7cnNWal0UzZTiCYzgFB86hCdfQgjYImMATPMOL9Wi9Wm/W+89oySp2DuEPrI9vrYKSIg==</latexit><latexit sha1_base64="67UXoOWm4CPRHu8RiHb9ImdOJWw=">AAAB9XicbVC7TsNAEFyHVwivACXNiQiJKrIjJCgjaCiDIA8psaLzZRNOOT90twZFVj6BFio6RMv3UPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP+iYMNYC2yJUoe553KCSAbZJksJepJH7nsKuN73K/O4DaiPD4I5mEbo+nwRyLAWnVLqlYWNYrdl1OwdbJk5BalCgNax+DUahiH0MSChuTN+xI3ITrkkKhfPKIDYYcTHlE+ynNOA+GjfJo87ZSWw4hSxCzaRiuYi/NxLuGzPzvXTS53RvFr1M/M/rxzS+cBMZRDFhILJDJBXmh4zQMu0A2UhqJOJZcmQyYIJrToRaMi5EKsZpKZW0D2fx+2XSadQdu+7cnNWal0UzZTiCYzgFB86hCdfQgjYImMATPMOL9Wi9Wm/W+89oySp2DuEPrI9vrYKSIg==</latexit><latexit sha1_base64="67UXoOWm4CPRHu8RiHb9ImdOJWw=">AAAB9XicbVC7TsNAEFyHVwivACXNiQiJKrIjJCgjaCiDIA8psaLzZRNOOT90twZFVj6BFio6RMv3UPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP+iYMNYC2yJUoe553KCSAbZJksJepJH7nsKuN73K/O4DaiPD4I5mEbo+nwRyLAWnVLqlYWNYrdl1OwdbJk5BalCgNax+DUahiH0MSChuTN+xI3ITrkkKhfPKIDYYcTHlE+ynNOA+GjfJo87ZSWw4hSxCzaRiuYi/NxLuGzPzvXTS53RvFr1M/M/rxzS+cBMZRDFhILJDJBXmh4zQMu0A2UhqJOJZcmQyYIJrToRaMi5EKsZpKZW0D2fx+2XSadQdu+7cnNWal0UzZTiCYzgFB86hCdfQgjYImMATPMOL9Wi9Wm/W+89oySp2DuEPrI9vrYKSIg==</latexit><latexit sha1_base64="67UXoOWm4CPRHu8RiHb9ImdOJWw=">AAAB9XicbVC7TsNAEFyHVwivACXNiQiJKrIjJCgjaCiDIA8psaLzZRNOOT90twZFVj6BFio6RMv3UPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP+iYMNYC2yJUoe553KCSAbZJksJepJH7nsKuN73K/O4DaiPD4I5mEbo+nwRyLAWnVLqlYWNYrdl1OwdbJk5BalCgNax+DUahiH0MSChuTN+xI3ITrkkKhfPKIDYYcTHlE+ynNOA+GjfJo87ZSWw4hSxCzaRiuYi/NxLuGzPzvXTS53RvFr1M/M/rxzS+cBMZRDFhILJDJBXmh4zQMu0A2UhqJOJZcmQyYIJrToRaMi5EKsZpKZW0D2fx+2XSadQdu+7cnNWal0UzZTiCYzgFB86hCdfQgjYImMATPMOL9Wi9Wm/W+89oySp2DuEPrI9vrYKSIg==</latexit>

t3
<latexit sha1_base64="ThXAiC0CXwDmAUtDVu4Hydd+7tw=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIBCcoIGsogyENKrGh92YRTzg/drUGRlU+ghYoO0fI9FPwLtnEBCVONZna1s+NFShqy7U+rtLS8srpWXq9sbG5t71R399omjLXAlghVqLseGFQywBZJUtiNNILvKex4k6vM7zygNjIM7mgaoevDOJAjKYBS6ZYGp4Nqza7bOfgicQpSYwWag+pXfxiK2MeAhAJjeo4dkZuAJikUzir92GAEYgJj7KU0AB+Nm+RRZ/woNkAhj1BzqXgu4u+NBHxjpr6XTvpA92bey8T/vF5Mows3kUEUEwYiO0RSYX7ICC3TDpAPpUYiyJIjlwEXoIEIteQgRCrGaSmVtA9n/vtF0j6pO3bduTmrNS6LZsrsgB2yY+awc9Zg16zJWkywMXtiz+zFerRerTfr/We0ZBU7++wPrI9vrxGSIw==</latexit><latexit sha1_base64="ThXAiC0CXwDmAUtDVu4Hydd+7tw=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIBCcoIGsogyENKrGh92YRTzg/drUGRlU+ghYoO0fI9FPwLtnEBCVONZna1s+NFShqy7U+rtLS8srpWXq9sbG5t71R399omjLXAlghVqLseGFQywBZJUtiNNILvKex4k6vM7zygNjIM7mgaoevDOJAjKYBS6ZYGp4Nqza7bOfgicQpSYwWag+pXfxiK2MeAhAJjeo4dkZuAJikUzir92GAEYgJj7KU0AB+Nm+RRZ/woNkAhj1BzqXgu4u+NBHxjpr6XTvpA92bey8T/vF5Mows3kUEUEwYiO0RSYX7ICC3TDpAPpUYiyJIjlwEXoIEIteQgRCrGaSmVtA9n/vtF0j6pO3bduTmrNS6LZsrsgB2yY+awc9Zg16zJWkywMXtiz+zFerRerTfr/We0ZBU7++wPrI9vrxGSIw==</latexit><latexit sha1_base64="ThXAiC0CXwDmAUtDVu4Hydd+7tw=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIBCcoIGsogyENKrGh92YRTzg/drUGRlU+ghYoO0fI9FPwLtnEBCVONZna1s+NFShqy7U+rtLS8srpWXq9sbG5t71R399omjLXAlghVqLseGFQywBZJUtiNNILvKex4k6vM7zygNjIM7mgaoevDOJAjKYBS6ZYGp4Nqza7bOfgicQpSYwWag+pXfxiK2MeAhAJjeo4dkZuAJikUzir92GAEYgJj7KU0AB+Nm+RRZ/woNkAhj1BzqXgu4u+NBHxjpr6XTvpA92bey8T/vF5Mows3kUEUEwYiO0RSYX7ICC3TDpAPpUYiyJIjlwEXoIEIteQgRCrGaSmVtA9n/vtF0j6pO3bduTmrNS6LZsrsgB2yY+awc9Zg16zJWkywMXtiz+zFerRerTfr/We0ZBU7++wPrI9vrxGSIw==</latexit><latexit sha1_base64="ThXAiC0CXwDmAUtDVu4Hydd+7tw=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIBCcoIGsogyENKrGh92YRTzg/drUGRlU+ghYoO0fI9FPwLtnEBCVONZna1s+NFShqy7U+rtLS8srpWXq9sbG5t71R399omjLXAlghVqLseGFQywBZJUtiNNILvKex4k6vM7zygNjIM7mgaoevDOJAjKYBS6ZYGp4Nqza7bOfgicQpSYwWag+pXfxiK2MeAhAJjeo4dkZuAJikUzir92GAEYgJj7KU0AB+Nm+RRZ/woNkAhj1BzqXgu4u+NBHxjpr6XTvpA92bey8T/vF5Mows3kUEUEwYiO0RSYX7ICC3TDpAPpUYiyJIjlwEXoIEIteQgRCrGaSmVtA9n/vtF0j6pO3bduTmrNS6LZsrsgB2yY+awc9Zg16zJWkywMXtiz+zFerRerTfr/We0ZBU7++wPrI9vrxGSIw==</latexit>

Phenomenological explanation
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⌧rad = min (⌧Syn, ⌧IC , ...)
<latexit sha1_base64="hkwH+mqHKY1J4MmiF4yVThrbddk=">AAACH3icbVDLSgNBEJz1bXxFPXoZDELEsOyKoBdBzEVvikaFJITeSUeHzM4uM71CWPYj/AS/wquevInXHPwXN4+DRutUVHXTXRXESlryvL4zNT0zOze/sFhYWl5ZXSuub9zYKDECayJSkbkLwKKSGmskSeFdbBDCQOFt0K0O/NtHNFZG+pp6MTZDuNeyIwVQLrWKew2CpJUaaGfHjVDqtDwSrno6q4zoeTWruK67m7WKJc/1huB/iT8mJTbGRav41WhHIglRk1Bgbd33YmqmYEgKhVmhkViMQXThHus51RCibabDUBnfSSxQxGM0XCo+FPHnRgqhtb0wyCdDoAc76Q3E/7x6Qp2jZip1nBBqMThEUuHwkBVG5m0hb0uDRDD4HLnUXIABIjSSgxC5mOT1FfI+/Mn0f8nNvut7rn95UDo5HTezwLbYNisznx2yE3bGLliNCfbEXtgre3OenXfnw/kcjU45451N9gtO/xut1qLa</latexit><latexit sha1_base64="hkwH+mqHKY1J4MmiF4yVThrbddk=">AAACH3icbVDLSgNBEJz1bXxFPXoZDELEsOyKoBdBzEVvikaFJITeSUeHzM4uM71CWPYj/AS/wquevInXHPwXN4+DRutUVHXTXRXESlryvL4zNT0zOze/sFhYWl5ZXSuub9zYKDECayJSkbkLwKKSGmskSeFdbBDCQOFt0K0O/NtHNFZG+pp6MTZDuNeyIwVQLrWKew2CpJUaaGfHjVDqtDwSrno6q4zoeTWruK67m7WKJc/1huB/iT8mJTbGRav41WhHIglRk1Bgbd33YmqmYEgKhVmhkViMQXThHus51RCibabDUBnfSSxQxGM0XCo+FPHnRgqhtb0wyCdDoAc76Q3E/7x6Qp2jZip1nBBqMThEUuHwkBVG5m0hb0uDRDD4HLnUXIABIjSSgxC5mOT1FfI+/Mn0f8nNvut7rn95UDo5HTezwLbYNisznx2yE3bGLliNCfbEXtgre3OenXfnw/kcjU45451N9gtO/xut1qLa</latexit><latexit sha1_base64="hkwH+mqHKY1J4MmiF4yVThrbddk=">AAACH3icbVDLSgNBEJz1bXxFPXoZDELEsOyKoBdBzEVvikaFJITeSUeHzM4uM71CWPYj/AS/wquevInXHPwXN4+DRutUVHXTXRXESlryvL4zNT0zOze/sFhYWl5ZXSuub9zYKDECayJSkbkLwKKSGmskSeFdbBDCQOFt0K0O/NtHNFZG+pp6MTZDuNeyIwVQLrWKew2CpJUaaGfHjVDqtDwSrno6q4zoeTWruK67m7WKJc/1huB/iT8mJTbGRav41WhHIglRk1Bgbd33YmqmYEgKhVmhkViMQXThHus51RCibabDUBnfSSxQxGM0XCo+FPHnRgqhtb0wyCdDoAc76Q3E/7x6Qp2jZip1nBBqMThEUuHwkBVG5m0hb0uDRDD4HLnUXIABIjSSgxC5mOT1FfI+/Mn0f8nNvut7rn95UDo5HTezwLbYNisznx2yE3bGLliNCfbEXtgre3OenXfnw/kcjU45451N9gtO/xut1qLa</latexit><latexit sha1_base64="hkwH+mqHKY1J4MmiF4yVThrbddk=">AAACH3icbVDLSgNBEJz1bXxFPXoZDELEsOyKoBdBzEVvikaFJITeSUeHzM4uM71CWPYj/AS/wquevInXHPwXN4+DRutUVHXTXRXESlryvL4zNT0zOze/sFhYWl5ZXSuub9zYKDECayJSkbkLwKKSGmskSeFdbBDCQOFt0K0O/NtHNFZG+pp6MTZDuNeyIwVQLrWKew2CpJUaaGfHjVDqtDwSrno6q4zoeTWruK67m7WKJc/1huB/iT8mJTbGRav41WhHIglRk1Bgbd33YmqmYEgKhVmhkViMQXThHus51RCibabDUBnfSSxQxGM0XCo+FPHnRgqhtb0wyCdDoAc76Q3E/7x6Qp2jZip1nBBqMThEUuHwkBVG5m0hb0uDRDD4HLnUXIABIjSSgxC5mOT1FfI+/Mn0f8nNvut7rn95UDo5HTezwLbYNisznx2yE3bGLliNCfbEXtgre3OenXfnw/kcjU45451N9gtO/xut1qLa</latexit>

⌧dyn =
R

2c�2
<latexit sha1_base64="Tdue+R/d/IQAJabAZeIU9+bIITU=">AAACE3icbVC7TsNAEDzzJrwClBSciJCoIjtCggYJQQFlQCQgxSFaXzZw4u5s3a2RIssln8BX0EJFh2j5AAr+BSek4DXVaGZXuzNRoqQj33/3xsYnJqemZ2ZLc/MLi0vl5ZWmi1MrsCFiFduLCBwqabBBkhReJBZBRwrPo5vDgX9+i9bJ2JxRP8G2hisje1IAFVKnvB4SpJ2s2zf5XtizILLTPKuJ8Ai0hsta3ilX/Ko/BP9LghGpsBHqnfJH2I1FqtGQUOBcK/ATamdgSQqFeSlMHSYgbuAKWwU1oNG1s2GQnG+mDijmCVouFR+K+H0jA+1cX0fFpAa6dr+9gfif10qpt9vOpElSQiMGh0gqHB5ywsqiIeRdaZEIBp8jl4YLsECEVnIQohDTorJS0UfwO/1f0qxVA78anGxX9g9GzcywNbbBtljAdtg+O2Z11mCC3bEH9sievHvv2XvxXr9Gx7zRzir7Ae/tE0T8nok=</latexit><latexit sha1_base64="Tdue+R/d/IQAJabAZeIU9+bIITU=">AAACE3icbVC7TsNAEDzzJrwClBSciJCoIjtCggYJQQFlQCQgxSFaXzZw4u5s3a2RIssln8BX0EJFh2j5AAr+BSek4DXVaGZXuzNRoqQj33/3xsYnJqemZ2ZLc/MLi0vl5ZWmi1MrsCFiFduLCBwqabBBkhReJBZBRwrPo5vDgX9+i9bJ2JxRP8G2hisje1IAFVKnvB4SpJ2s2zf5XtizILLTPKuJ8Ai0hsta3ilX/Ko/BP9LghGpsBHqnfJH2I1FqtGQUOBcK/ATamdgSQqFeSlMHSYgbuAKWwU1oNG1s2GQnG+mDijmCVouFR+K+H0jA+1cX0fFpAa6dr+9gfif10qpt9vOpElSQiMGh0gqHB5ywsqiIeRdaZEIBp8jl4YLsECEVnIQohDTorJS0UfwO/1f0qxVA78anGxX9g9GzcywNbbBtljAdtg+O2Z11mCC3bEH9sievHvv2XvxXr9Gx7zRzir7Ae/tE0T8nok=</latexit><latexit sha1_base64="Tdue+R/d/IQAJabAZeIU9+bIITU=">AAACE3icbVC7TsNAEDzzJrwClBSciJCoIjtCggYJQQFlQCQgxSFaXzZw4u5s3a2RIssln8BX0EJFh2j5AAr+BSek4DXVaGZXuzNRoqQj33/3xsYnJqemZ2ZLc/MLi0vl5ZWmi1MrsCFiFduLCBwqabBBkhReJBZBRwrPo5vDgX9+i9bJ2JxRP8G2hisje1IAFVKnvB4SpJ2s2zf5XtizILLTPKuJ8Ai0hsta3ilX/Ko/BP9LghGpsBHqnfJH2I1FqtGQUOBcK/ATamdgSQqFeSlMHSYgbuAKWwU1oNG1s2GQnG+mDijmCVouFR+K+H0jA+1cX0fFpAa6dr+9gfif10qpt9vOpElSQiMGh0gqHB5ywsqiIeRdaZEIBp8jl4YLsECEVnIQohDTorJS0UfwO/1f0qxVA78anGxX9g9GzcywNbbBtljAdtg+O2Z11mCC3bEH9sievHvv2XvxXr9Gx7zRzir7Ae/tE0T8nok=</latexit><latexit sha1_base64="Tdue+R/d/IQAJabAZeIU9+bIITU=">AAACE3icbVC7TsNAEDzzJrwClBSciJCoIjtCggYJQQFlQCQgxSFaXzZw4u5s3a2RIssln8BX0EJFh2j5AAr+BSek4DXVaGZXuzNRoqQj33/3xsYnJqemZ2ZLc/MLi0vl5ZWmi1MrsCFiFduLCBwqabBBkhReJBZBRwrPo5vDgX9+i9bJ2JxRP8G2hisje1IAFVKnvB4SpJ2s2zf5XtizILLTPKuJ8Ai0hsta3ilX/Ko/BP9LghGpsBHqnfJH2I1FqtGQUOBcK/ATamdgSQqFeSlMHSYgbuAKWwU1oNG1s2GQnG+mDijmCVouFR+K+H0jA+1cX0fFpAa6dr+9gfif10qpt9vOpElSQiMGh0gqHB5ywsqiIeRdaZEIBp8jl4YLsECEVnIQohDTorJS0UfwO/1f0qxVA78anGxX9g9GzcywNbbBtljAdtg+O2Z11mCC3bEH9sievHvv2XvxXr9Gx7zRzir7Ae/tE0T8nok=</latexit>

The high latitude emission dominates in the radiative regime

Radiative regime Adiabatic regime

⌧rad ⌧ ⌧dyn
<latexit sha1_base64="TpBguEZpGTTJ/KSHzuAkBzggFGw=">AAACC3icbVC7TsNAEDyHVwivAAUFzYkIiSqyERKUETSUQSIPKYmi9WUTTjmfrbs1UmT5E/gKWqjoEC0fQcG/4DgpIGGq2Zld7e74kZKWXPfLKaysrq1vFDdLW9s7u3vl/YOmDWMjsCFCFZq2DxaV1NggSQrbkUEIfIUtf3wz9VuPaKwM9T1NIuwFMNJyKAVQJvXLR12CuJ8YGKRdpWbFYKLTfrniVt0cfJl4c1Jhc9T75e/uIBRxgJqEAms7nhtRLwFDUihMS93YYgRiDCPsZFRDgLaX5A+k/DS2QCGP0HCpeC7i74kEAmsngZ91BkAPdtGbiv95nZiGV71E6igm1GK6iKTCfJEVRmbJIB9Ig0QwvRy51FyAASI0koMQmRhnUZWyPLzF75dJ87zquVXv7qJSu54nU2TH7ISdMY9dshq7ZXXWYIKl7Jm9sFfnyXlz3p2PWWvBmc8csj9wPn8A9yGbxg==</latexit><latexit sha1_base64="TpBguEZpGTTJ/KSHzuAkBzggFGw=">AAACC3icbVC7TsNAEDyHVwivAAUFzYkIiSqyERKUETSUQSIPKYmi9WUTTjmfrbs1UmT5E/gKWqjoEC0fQcG/4DgpIGGq2Zld7e74kZKWXPfLKaysrq1vFDdLW9s7u3vl/YOmDWMjsCFCFZq2DxaV1NggSQrbkUEIfIUtf3wz9VuPaKwM9T1NIuwFMNJyKAVQJvXLR12CuJ8YGKRdpWbFYKLTfrniVt0cfJl4c1Jhc9T75e/uIBRxgJqEAms7nhtRLwFDUihMS93YYgRiDCPsZFRDgLaX5A+k/DS2QCGP0HCpeC7i74kEAmsngZ91BkAPdtGbiv95nZiGV71E6igm1GK6iKTCfJEVRmbJIB9Ig0QwvRy51FyAASI0koMQmRhnUZWyPLzF75dJ87zquVXv7qJSu54nU2TH7ISdMY9dshq7ZXXWYIKl7Jm9sFfnyXlz3p2PWWvBmc8csj9wPn8A9yGbxg==</latexit><latexit sha1_base64="TpBguEZpGTTJ/KSHzuAkBzggFGw=">AAACC3icbVC7TsNAEDyHVwivAAUFzYkIiSqyERKUETSUQSIPKYmi9WUTTjmfrbs1UmT5E/gKWqjoEC0fQcG/4DgpIGGq2Zld7e74kZKWXPfLKaysrq1vFDdLW9s7u3vl/YOmDWMjsCFCFZq2DxaV1NggSQrbkUEIfIUtf3wz9VuPaKwM9T1NIuwFMNJyKAVQJvXLR12CuJ8YGKRdpWbFYKLTfrniVt0cfJl4c1Jhc9T75e/uIBRxgJqEAms7nhtRLwFDUihMS93YYgRiDCPsZFRDgLaX5A+k/DS2QCGP0HCpeC7i74kEAmsngZ91BkAPdtGbiv95nZiGV71E6igm1GK6iKTCfJEVRmbJIB9Ig0QwvRy51FyAASI0koMQmRhnUZWyPLzF75dJ87zquVXv7qJSu54nU2TH7ISdMY9dshq7ZXXWYIKl7Jm9sFfnyXlz3p2PWWvBmc8csj9wPn8A9yGbxg==</latexit><latexit sha1_base64="TpBguEZpGTTJ/KSHzuAkBzggFGw=">AAACC3icbVC7TsNAEDyHVwivAAUFzYkIiSqyERKUETSUQSIPKYmi9WUTTjmfrbs1UmT5E/gKWqjoEC0fQcG/4DgpIGGq2Zld7e74kZKWXPfLKaysrq1vFDdLW9s7u3vl/YOmDWMjsCFCFZq2DxaV1NggSQrbkUEIfIUtf3wz9VuPaKwM9T1NIuwFMNJyKAVQJvXLR12CuJ8YGKRdpWbFYKLTfrniVt0cfJl4c1Jhc9T75e/uIBRxgJqEAms7nhtRLwFDUihMS93YYgRiDCPsZFRDgLaX5A+k/DS2QCGP0HCpeC7i74kEAmsngZ91BkAPdtGbiv95nZiGV71E6igm1GK6iKTCfJEVRmbJIB9Ig0QwvRy51FyAASI0koMQmRhnUZWyPLzF75dJ87zquVXv7qJSu54nU2TH7ISdMY9dshq7ZXXWYIKl7Jm9sFfnyXlz3p2PWWvBmc8csj9wPn8A9yGbxg==</latexit>

⌧rad � ⌧dyn
<latexit sha1_base64="L8yiR+D8HpFJvg7bZaliCCaBwi0=">AAACC3icbVC7TsNAEDyHVwivAAUFzYkIiSqyERKUETSUQSIPKYmi9WUTTjmfrbs1UmT5E/gKWqjoEC0fQcG/4DgpIGGq2Zld7e74kZKWXPfLKaysrq1vFDdLW9s7u3vl/YOmDWMjsCFCFZq2DxaV1NggSQrbkUEIfIUtf3wz9VuPaKwM9T1NIuwFMNJyKAVQJvXLR12CuJ8YGKTd0WhWDCY67ZcrbtXNwZeJNycVNke9X/7uDkIRB6hJKLC247kR9RIwJIXCtNSNLUYgxjDCTkY1BGh7Sf5Ayk9jCxTyCA2Xiuci/p5IILB2EvhZZwD0YBe9qfif14lpeNVLpI5iQi2mi0gqzBdZYWSWDPKBNEgE08uRS80FGCBCIzkIkYlxFlUpy8Nb/H6ZNM+rnlv17i4qtet5MkV2zE7YGfPYJauxW1ZnDSZYyp7ZC3t1npw35935mLUWnPnMIfsD5/MH5yKbvA==</latexit><latexit sha1_base64="L8yiR+D8HpFJvg7bZaliCCaBwi0=">AAACC3icbVC7TsNAEDyHVwivAAUFzYkIiSqyERKUETSUQSIPKYmi9WUTTjmfrbs1UmT5E/gKWqjoEC0fQcG/4DgpIGGq2Zld7e74kZKWXPfLKaysrq1vFDdLW9s7u3vl/YOmDWMjsCFCFZq2DxaV1NggSQrbkUEIfIUtf3wz9VuPaKwM9T1NIuwFMNJyKAVQJvXLR12CuJ8YGKTd0WhWDCY67ZcrbtXNwZeJNycVNke9X/7uDkIRB6hJKLC247kR9RIwJIXCtNSNLUYgxjDCTkY1BGh7Sf5Ayk9jCxTyCA2Xiuci/p5IILB2EvhZZwD0YBe9qfif14lpeNVLpI5iQi2mi0gqzBdZYWSWDPKBNEgE08uRS80FGCBCIzkIkYlxFlUpy8Nb/H6ZNM+rnlv17i4qtet5MkV2zE7YGfPYJauxW1ZnDSZYyp7ZC3t1npw35935mLUWnPnMIfsD5/MH5yKbvA==</latexit><latexit sha1_base64="L8yiR+D8HpFJvg7bZaliCCaBwi0=">AAACC3icbVC7TsNAEDyHVwivAAUFzYkIiSqyERKUETSUQSIPKYmi9WUTTjmfrbs1UmT5E/gKWqjoEC0fQcG/4DgpIGGq2Zld7e74kZKWXPfLKaysrq1vFDdLW9s7u3vl/YOmDWMjsCFCFZq2DxaV1NggSQrbkUEIfIUtf3wz9VuPaKwM9T1NIuwFMNJyKAVQJvXLR12CuJ8YGKTd0WhWDCY67ZcrbtXNwZeJNycVNke9X/7uDkIRB6hJKLC247kR9RIwJIXCtNSNLUYgxjDCTkY1BGh7Sf5Ayk9jCxTyCA2Xiuci/p5IILB2EvhZZwD0YBe9qfif14lpeNVLpI5iQi2mi0gqzBdZYWSWDPKBNEgE08uRS80FGCBCIzkIkYlxFlUpy8Nb/H6ZNM+rnlv17i4qtet5MkV2zE7YGfPYJauxW1ZnDSZYyp7ZC3t1npw35935mLUWnPnMIfsD5/MH5yKbvA==</latexit><latexit sha1_base64="L8yiR+D8HpFJvg7bZaliCCaBwi0=">AAACC3icbVC7TsNAEDyHVwivAAUFzYkIiSqyERKUETSUQSIPKYmi9WUTTjmfrbs1UmT5E/gKWqjoEC0fQcG/4DgpIGGq2Zld7e74kZKWXPfLKaysrq1vFDdLW9s7u3vl/YOmDWMjsCFCFZq2DxaV1NggSQrbkUEIfIUtf3wz9VuPaKwM9T1NIuwFMNJyKAVQJvXLR12CuJ8YGKTd0WhWDCY67ZcrbtXNwZeJNycVNke9X/7uDkIRB6hJKLC247kR9RIwJIXCtNSNLUYgxjDCTkY1BGh7Sf5Ayk9jCxTyCA2Xiuci/p5IILB2EvhZZwD0YBe9qfif14lpeNVLpI5iQi2mi0gqzBdZYWSWDPKBNEgE08uRS80FGCBCIzkIkYlxFlUpy8Nb/H6ZNM+rnlv17i4qtet5MkV2zE7YGfPYJauxW1ZnDSZYyp7ZC3t1npw35935mLUWnPnMIfsD5/MH5yKbvA==</latexit>

The tail emission is dominated by the last 
emitting surface

Spectral softening dominated by the 
Doppler shift due to high latitude emission

The spectrum undergoes to an intrinsic shift 
due to the adiabatic cooling of particles 

<latexit sha1_base64="0rEVDL6IQGLJNRqEH05VLFryYYQ="></latexit>
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✓
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= Q (�e, t)

The theoretical approach

<latexit sha1_base64="EyC9cTIyqVh/Yd47D2+RIhDZeUM="></latexit>

�̇e = �̇syn + �̇IC + �̇ad = ��TB2�2

6⇡mec
� PIC(�)

mec2
� 2�

3t
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<latexit sha1_base64="vqtdrHUEpmXwmaA2AeKZaWzOemg=">AAAB+3icbVC7TgJBFJ3FF+ILtbSZSEysyK7RaEm0scREEAMbcne4wITZR2bukpANX2GrlZ2x9WMs/Bd31y0UPNXJOfd5vEhJQ7b9aZVWVtfWN8qbla3tnd296v5B24SxFtgSoQp1xwODSgbYIkkKO5FG8D2FD97kJvMfpqiNDIN7mkXo+jAK5FAKoFR67E1B0xgJ+tWaXbdz8GXiFKTGCjT71a/eIBSxjwEJBcZ0HTsiN0nHSaFwXunFBiMQExhhN6UB+GjcJD94zk9iAxTyCDWXiuci/u5IwDdm5ntppQ80NoteJv7ndWMaXrmJDKKYMBDZIpIK80VGaJkmgXwgNRJBdjlyGXABGohQSw5CpGKcRlNJ83AWv18m7bO6c1G3785rjesimTI7YsfslDnskjXYLWuyFhPMZ0/smb1Yc+vVerPef0pLVtFzyP7A+vgG1DKVGA==</latexit>

#

<latexit sha1_base64="lASnid0xOHCbdv/nvfcmbw4+wV4="></latexit>

D(#) =
1

�(1� � cos(#))

#
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XRT band

Spectral evolution dominated by HLE

The HLE emission predicts a 
simultaneous flux decline and a 
spectral softening, if the spectral 

peak crosses the band



Samuele Ronchini, Gran Sasso Science Institute PhD Defense
21

High Latitude Emission
Several variations tested:

- Assuming different spectral 
shapes

- Including the jet structure
- Including finite width 

emitting shell
- Including time-dependent 

shell dynamics
- Including time-dependent 

evolution of magnetic field 
and particle injection rate

In all cases, the predicted spectral 
evolution is shallower than the 

observed one

Spectral evolution dominated by HLE

From Ronchini et al. 2021
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Conservation of entropy

For a synchrotron spectrum

Prescription for magnetic field evolution

Spectral evolution dominated by adiabatic cooling

From Ronchini et al. 2021
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Joint spectral - temporal fit allows us to 
constrain:

- the radius of the last emitting region
<latexit sha1_base64="0WQeCrh2hkLfy3zdeE0MWCL/iEA="></latexit>

1.8⇥ 1014(�/100)2 cm . R0 . 1.4⇥ 1016(�/100)2 cm

- the decay index of B

Fit results
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Extension of the sample 
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How the steep decay will be studied by future telescopes: the case of THESEUS

Mission concept optimized for: 

1. Multi-messenger studies, follow up 
and identification of EM counterpart 
of GW and neutrino events 

2. Detection and characterization of 
GRBs up to redshifts close to the re-
ionization epoch of the Universe 

3. Systematic survey of the transient sky 
in the high-energy

Transient High-Energy Sky and Early Universe Surveyor 

XGIS (2 keV-10 MeV)

SXI (0.3-10 keV)

IRT(0.7-2 µm)
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THESEUS
Soft X-ray Imager (SXI) X/gamma-ray Imaging spectrometer (XGIS) 

Key advantages: 

1. Wide coverage of the sky 

2. Very extended energy range, 
from 0.3 keV to 10 MeV 

3. Arcmin localisation

Large Grasp Very wide spectral coverage

FOV Position accuracy

SXI 0.5 sr < 2 arcmin

XGIS 2 sr (2 - 150 keV)
4 sr (>150 keV) < 15 arcmin

IRT 15’ x 15’ < 1 arcsec
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<latexit sha1_base64="TKSjCjCRKo7H2lWs94kraU6+8v4="></latexit>

Liso ⇠ 1052erg/s, z = 0.5

1 2

3

1

2 3

Predicted performance of THESEUS for the monitoring of the steep decay

Published in Ghirlanda + 2021
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• The spectral evolution during the steep decay of prompt-like pulses in GRBs is 
characterized by a unique relation

• The standard high latitude emission scenario cannot account for the spectral 
evolution during the steep decay. 

• Our results disfavor an efficient cooling  of particles

• The inclusion of adiabatic cooling of particles well explains the observed 
alpha-F relation

• The inefficient radiative cooling of particles in GRB outflows is in contrast 
with energy dissipations from electrons (proton-synchrotron could be a 
solution)

• Future wide field X-ray instruments, such as THESEUS, will be able to 
monitor the full prompt-to-afterglow transition, systematically probing the 
spectral evolution during the steep decay

Conclusions Part I
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Part II 

On the origin of plateau emission in 
the X-ray afterglow of GRBs

Ronchini et al. 2023, Astronomy & Astrophysics, accepted
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X-ray plateau
Observational evidences:

• Duration 102 -104  s
• Typical temporal slope s<0.7-0.8
• Found in both short and long GRBs.
• Luminosity and duration anti-correlated
• Diverse behavior in optical: both chromatic and achromatic

<latexit sha1_base64="rCnIw/5zX0wzgn+ePYs3cJj+QIc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNRDx4r2A9oQ9lsN+3SzSbuToQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+64lrI2L1gOOE+xEdKBEKRtFK7e4tl0gJ9soVt+rOQJaJl5MK5Kj3yl/dfszSiCtkkhrT8dwE/YxqFEzySambGp5QNqID3rFU0YgbP5vdOyEnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8MrPhEpS5IrNF4WpJBiT6fOkLzRnKMeWUKaFvZWwIdWUoY2oZEPwFl9eJs2zqndRPb8/r9Su8ziKcATHcAoeXEIN7qAODWAg4Rle4c15dF6cd+dj3lpw8plD+APn8weSY4+t</latexit>

�t

<latexit sha1_base64="TR67SCmgUk+pFAC9kuIynPK85Ao=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEIXiyJFPVYFMRjBfsBbQyb7aZdupuE3YlQQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFySCa3Ccb6uwsrq2vlHcLG1t7+yW7b39lo5TRVmTxiJWnYBoJnjEmsBBsE6iGJGBYO1gdD31249MaR5H9zBOmCfJIOIhpwSM5NvlG7+De5pLDA/ZqZ74dsWpOjPgZeLmpIJyNHz7q9ePaSpZBFQQrbuuk4CXEQWcCjYp9VLNEkJHZMC6hkZEMu1ls8Mn+NgofRzGylQEeKb+nsiI1HosA9MpCQz1ojcV//O6KYSXXsajJAUW0fmiMBUYYjxNAfe5YhTE2BBCFTe3YjokilAwWZVMCO7iy8ukdVZ1z6u1u1qlfpXHUUSH6AidIBddoDq6RQ3URBSl6Bm9ojfryXqx3q2PeWvBymcO0B9Ynz/at5KW</latexit>

FX ⇠ t�s

Optical Optical 

X-rays X-rays

Li et al. 2012 Dainotti et al. 2010

Achromatic Chromatic



Samuele Ronchini, Gran Sasso Science Institute PhD Defense
31

The X-ray plateau challenges the 
decelerating fireball paradigm

In the assumption that 
synchrotron radiation is the 

dominant process, the 
temporal decay depends: 

1. On the medium density 
profile 

2. On the shape of the 
particle energy 
distribution 

3. On the microphysical 
parameters

No combination of these factors 
can account for such a shallow 

decay

Can the X-ray plateau be reconciled with the standard scenario?
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The magnetar scenario

If the central engine is a fast rotating (P~1 ms) 
highly magnetized (B~1014 G) neutron star, the 
rotational energy is lost via spin down radiation

The energy released can:

1. Refresh the forward shock, injecting 
additional energy in the accelerated particles

2. Create a quasi-isotropic particle wind, which 
shocks the ISM and by itself emits in X-rays

( e.g., Dai & Lu 1998, Zhang & Mészáros 2001, Rowlinson + 2014) 

(e.g. Fan & Xu 2006, Yu + 2010, You + 2021)
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The magnetar scenario

Chen 2017

Evidence of internal plateau

BH

Troja 2007

Forward shock 
emission

Magnetar wind
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The structured jet scenario
The jet shock front deviates from a spherical 

geometry

Top hat

Structured
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�

The formation of a jet structure is a natural 
outcome of the [jet - circumburst medium] 
interaction, both for merger and collapsar 

driven GRBs, confirmed by simulations

Pavan + 2022 Gotlieb + 2022
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The structured jet scenario
Impact on the afterglow light curve

Oganesyan 2020 Beniamini 2020

1

2 3
Radiation departing from the jet 

wings arrives later and it is 
subject to a less severe Doppler 

boosting
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Strategy of our analysis

1. Build a complete Swift sample of GRBs with 
an X-ray plateau and simultaneous optical 

data

2. Study the spectral evolution in the X-rays with 
a temporally resolved analysis

3. Test if, at each time, optical and X-ray are 
simultaneously compatible with a single 

emission region, dominated by synchrotron 
radiation

4. Characterize the multi-band emission during 
the X-ray plateau, in the context of available 

scenarios

We define two samples, based on the 
comparison between optical and X-ray fluxes
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For each temporal bin 

1. We derive X-ray flux and photon index 
2. We extrapolate down to optical 
3. We compare with the observed optical flux
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19 GRBs in Sample 1 11 GRBs in Sample 2

We can derive the evolution of the break 
frequency and compare it with the behavior 

expected from different scenarios

Sample classification

From Ronchini et al. 2023
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Results: Sample 1

The temporal evolution of X-ray and 
optical flux and break frequency is fitted 

with a power law

We find:

1. The standard FS scenario, even assuming time-dependent micro-physical 
parameters, cannot explain the X-ray/optical evolution

2. The energy injection scenario can reproduce the temporal evolution of the 
spectral break 

3. The structured jet scenario, as well, is able to explain the observed spectral 
evolution, assuming different possible ISM density profiles 
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What we know: 
A single synchrotron component is excluded 

Optical always in excess Excess only in a limited 
 temporal window

X-raysOptical
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The optical excess requires 
the presence of two spectral 

components

Results: Sample 2
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1. The plateau is a temporal feature often observed in the X-ray light curve of GRBs and the 
physical origin should involve a quite common process, present both in merger- and 
collapsar-driven GRBs

2. A satisfactory model for the X-ray plateau should be able to explain:
A. Why the plateau is so common 
B. The observed empirical correlations 
C. The full multi-band emissions and associated spectral evolution

3. For ~2/3 of the analysed GRBs, the multi-wavelength emission during the plateau is 
compatible with a single synchrotron spectral component

4. For the remaining 1/3 the optical emission is in excess, showing the evidence of the interplay 
of at least two spectral components during the plateau phase

5. Both the HLE from a structured jet and the magnetar are viable scenarios, possibly 
contributing in different bands

Conclusions Part II
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Part III 

Multi-messenger observations of GRBs 
in the Einstein Telescope era

Ronchini et al. 2022, Astronomy & Astrophysics, 665, A97
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Overview

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

1. gravitational waves (GWs) 
2. Electromagnetic (EM) 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

Relevance of this work: 

• Highlight the role of wide 
field space telescopes for 
the identification of the EM 
counterpart 

• Evaluate the scientific 
return of future GW-EM 
synergies 

• Define the best technical  
design of future GW and 
EM instruments, to 
optimally achieve the multi-
messenger science goals
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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

Sensitivity curves
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The 3rd generation of GW detectors: science case
• 105-106  detections / yr of stellar mass BH mergers up to z~100

• Detection of primordial BH

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

• 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

• 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

Dupletsa et al. 2022

Bayesian parameter  
estimation    →   Fisher matrix

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

Expected number of BNS 
detections / yr ~ 105 
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From BNS mergers to short GRBs

Population of BNS mergers from compact 
binary population synthesis model

Phenomenological model for 
prompt emission

Fermi-GBM rate of short 
GRBs

Prediction of 
the point 

detection rate

Peak flux Burst duration

Fluence Peak energy

Estimation of the prompt and afterglow emission

Comparison with properties of 
Fermi-GBM sample

+

T2 > T1

Line of sight

T1
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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)

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

- Less number of events but with deeper 
understanding of the GRB physics

PROS 
- Confirm the spatial and temporal 

coincidence with the GW 
- Characterise the spectral shape up to high 

energies 
- High number of joint detections ⇒ 

statistical studies
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GW sky localisation 
ET ET+CE ET+2CE

From Ronchini et al. 2022
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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

From Ronchini et al. 2022
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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. 2023 (under review)
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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

From Ronchini et al. 2022
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Athena

Assessment of the science case for different the ET design

L
L

45°

Sardinia Meuse-Rhine 

L

Sardinia

Delta: 10 km or 15 km

2L misaligned: 15 km or 20 km

GOAL: Detailed comparison of the 
scientific return of the ET with several 

proposed designs

CBMs

Stochastic background

Multi-messenger

Nuclear physics

GR tests Population studies

Cosmology

Branchesi et al. 2023 (under review)
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Joint GW + prompt emission

Assessment of the science case for different the ET design



Samuele Ronchini, Gran Sasso Science Institute PhD Defense
55

Joint GW + prompt emission

Joint GW + afterglow emission

Assessment of the science case for different the ET design
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Joint GW + prompt emission

Joint GW + afterglow emission

Sky localization

Assessment of the science case for different the ET design
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Hubble constant Dark energy EoS Modified GW propagation

Joint GW + prompt emission

Joint GW + afterglow emission

Sky localization

Assessment of the science case for different the ET design
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Pre-merger sky localization

Horizon for equal mass mergers
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� 10 km < � 15 km ⇠ 2L 15 km < 2L 20 km

In terms of detection efficiency and 
precision in the parameter estimation:

The inclusion of the low frequency has a 
deep impact on the vast majority of the ET 

science cases

Assessment of the science case for different the ET design



Samuele Ronchini, Gran Sasso Science Institute PhD Defense
57

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 localize the EM counterpart and possibly identify 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 

• It is necessary to define an optimal strategy to select GW events, based on the 
estimation of the GW parameters, for which the detection of EM signal is higher 

• The developed methodology for the estimation of GW+EM detection is highly 
versatile ⇒  applicable to different combinations of instruments and for different 
models of emission

Conclusions Part III
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Conclusions
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• With almost 20 years of activity, the Swift database represents a precious source of 
information to better investigate the physical nature of GRBs

• The study of the X-ray steep decay and the associated spectral evolution leads to useful 
hints about the prompt emission physics

• A systematic multi-band time-resolved spectral analysis of the X-ray plateau brings a 
step further in the interpretation of its origin

• A comprehensive data-based understanding of the prompt and afterglow features of GRB 
is essential to forecast the scientific outcome of future  𝛾-ray and X-ray missions

• It is an urgent priority to define the perspectives of multi-messenger observations with 
3G GW detectors and future high-energy telescopes to identify the best instrumental 

technical design, the most effective observational plans and to evaluate the scientific 
potential to unveil the physics of GRBs
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Thanks!
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Backup slides
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Ongoing work and future prospects

I currently work at the Swift Mission Operation Center (PennState 
University), giving my contribution for the preparatory phase for the 

next GW observing run 04:

- Monitoring and development of the real-time pipeline GUANO for 
the search of Swift-BAT sub-threshold events

- Optimization of the tiling strategy of XRT/UVOT for the search 
of the EM counterpart of BNS mergers 
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Gamma-ray Urgent Archiver for Novel Opportunities (GUANO)
BAT coded mask Some GRBs potentially detectable 

by BAT are missed because, e.g.: 

- occurring close to the edge of the 
coded mask  

- Occurring during slew 

- Located out of the FOV

We can recover them, with a 
deeper low-latency analysis 

<latexit sha1_base64="yASUPBkYMdfWBNiNVuBetTOtw9Q=">AAACAHicbVDLSgNBEJz1GeNr1YMHL4MhEC9hV4J6UYJC8BjBPCBZltnJJBky+2CmVwjrXvwVLx4U8epnePNvnCR70MSChqKqm+4uLxJcgWV9G0vLK6tr67mN/ObW9s6uubffVGEsKWvQUISy7RHFBA9YAzgI1o4kI74nWMsb3Uz81gOTiofBPYwj5vhkEPA+pwS05JqH9VKPwSOuXdXcBIbpyaVtWbhbdM2CVbamwIvEzkgBZai75le3F9LYZwFQQZTq2FYETkIkcCpYmu/GikWEjsiAdTQNiM+Uk0wfSHFRKz3cD6WuAPBU/T2REF+pse/pTp/AUM17E/E/rxND/8JJeBDFwAI6W9SPBYYQT9LAPS4ZBTHWhFDJ9a2YDokkFHRmeR2CPf/yImmelu2zcuWuUqheZ3Hk0BE6RiVko3NURbeojhqIohQ9o1f0ZjwZL8a78TFrXTKymQP0B8bnD6DulIA=</latexit>

P (det|F > Fth) = 100%
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P (det|F > Fth) < 100%

The efficiency of the trigger 
algorithm degrades as we 

move from the center of the 
FoV

1

2

1

2

GW
BAT FOV

Application to the multi-messenger science case:

1. GW trigger 
2. Swift-BAT does not 

trigger 
3. The GUANO analysis 

reveals a significant 
event, providing 
arcmin localization 

4. EM follow up
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Gamma-ray Urgent Archiver for Novel Opportunities (GUANO)

AthenaFlowchart

External trigger: info 
on trigger time and 

sky position 

Dump BAT data 
around trigger time

Max likelihood 
analysis, on a full sky 

grid 

Arcmin localization 
provided Prob(IN/OUT FoV)

Coarse constrains about 
localization, but we can stil 

claim a detection 

No significant 
candidate

Ingested external 
triggers: 

1. Fermi/GBM, 
Integral, Calet, 
GECAM 

2. GWs 
3. IceCube 
4. HAWC 
5.  FRBs

Location promptly 
circulated via GCN

Multi-wavelength 
follow up, search of 
host galaxy, redshift

Fe
w

 h
ou

rs IN

OUT

Successfully operative in O3, both for 
above- and sub threshold events

Ready to run in low-
latency also during O4

Success rate: 
- more than 100 

GRBs recovered 
with GUANO so 

far 
- 32 with arcmin 

position (24 long + 
8 short) 

- In 14 of them the 
afterglow emission 
was detected (1/2 

of which are short)



Samuele Ronchini, Gran Sasso Science Institute PhD Defense
65

The sample of GRBs with X-ray plateau

T=all GRBs 

P= GRBs with X-ray 
plateau 

S=short GRBs 

L=long GRBs 

Z= GRBs with 
measured redshift 

Presence of X-ray plateau determined by the results of the Swift 
automatic analysis (light curve fitted with a series of power laws)
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1054erg

Redshift distribution: no 
evidence of dependence of X-
ray plateau from the redshift

We verified the consistency 
with the L_p-t_p anti-
correlation, previously found in 
literature

Incidence of plateau in short 
and long GRBs
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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
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h(t) ! h(t) + n(t)
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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

band = 0.5 -10 keV
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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

band = 0.5 -10 keV
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Conservation of entropy

For a synchrotron spectrum

Prescription for B evolution

Transversal section of the jet

To the observer
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The high and very high energy window
Fermi Telescope: GBM + LAT

All sky monitor 
Wide spectral coverage:  

GBM—> 8 keV - 40 MeV 
LAT—> 20 MeV - 300 GeV

More clear insights about the spectral properties of the prompt 
emission

Li 2019 Ravasio 2019

Imaging Atmospheric Cherenkov Telescopes
MAGIC: 190114C H.E.S.S. : 190829A
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Results: Sample 1

The temporal evolution of X-ray and optical 
flux and break frequency is fitted with a power 

law

We find:

1. The standard FS scenario, even assuming 
time-dependent micro-physical parameters, 

cannot explain the X-ray/optical evolution

2. In the energy injection scenario in 
agreement

3. The structured jet scenario, as well, is able 
to explain the observed spectral evolution, 

assuming different possible ISM density 
profiles 
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⌫b / t�s s<0 s=0 s>0

# cases 3 5 11

Energy injection favored? Not necessarily
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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

Why we need joint GW+EM detections?
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The multi-messenger revolution
EMGW

- Compact Binary Coalescences (CBCs) are GW 
emitters 

- The central remnant of the merger can potentially 
launch a relativistic jet 

- If at least one NS is involved, an EM signal is expected

- NS-BH and NS-NS mergers produce a variety of 
ejecta—> dynamical, disk winds, polar 

- The radioactive decay of heavy elements powers the 
kilonova (KN) emission (Li & Paczynski 1998) 

- On time scales of days-week, emission in UV/
optical/IR

The first smoking gun of BNS merger / sGRB / KN 
association: GW170817, GRB 170817A and AT2017gfo

e.g. Abbott+ 2017, Goldstein+ 2017, Pian+ 2017, 
Smartt+ 2017, Villar + 2017, D’Avanzo+ 2018, 

Ghirlanda+ 2019

KN spectra

KN light curve
Radio to X-ray afterglow


