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Short GRBs: NS-NS 
or NS-BH mergers, 

association with 
GW sources 

Long GRBs: core 
collapse of  massive 

stars, tracing primordial 
stars & galaxies

Gamma-Ray Bursts: the most extreme

phenomena in the Universe



Shedding light on the early Universe with GRBs

 Long GRBs: huge luminosities, 
mostly emitted in the X and 
gamma-rays

 Redshift distribution 
extending at least to z ~9 and 
association with exploding 
massive stars 

 Powerful tools for 
cosmology: SFR evolution, 
physics of re-ionization, high-z 
low luminosity galaxies, pop 
III stars 



A statistical sample of high–z GRBs can provide
fundamental information:

• measure independently the cosmic star–formation rate, even
beyond the limits of current and future galaxy surveys

• directly (or indirectly) detect the first population of stars (pop III)

Z = 9.2
Robertson&Ellis12

Shedding light on the early Universe with GRBs



Even JWST and ELTs surveys will be not able to probe the faint end of the
galaxy Luminosity Function at high redshifts (z>6-8)

Robertson&Ellis12

• Detecting and studying primordial invisible galaxies
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Robertson&Ellis12

• Detecting and studying primordial invisible galaxies

• neutral hydrogen fraction
• escape fraction of UV

photons from high-z
galaxies

• early metallicity of the
ISM and IGM and its
evolution

Robertson&Ellis12



Short GRBs and multi-messenger astrophysics
GW170817 + SHORT GRB 170817A + KN AT2017GFO (~40 Mpc):                              

the birth of multi-.messenger astrophysics
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Relativistic jet formation, 
equation of state, 

fundamental physics Cosmic sites of r-
process nucleosynthesis

New independent route 
to measure cosmological 

parameters

GW170817 + SHORT GRB 170817A + KN AT2017GFO
THE BIRTH OF MULTI-MESSENGER ASTROPHYSICS

Short GRBs and multi-messenger astrophysics



Future GRB missions (late‘20s and ‘30s)  

 THESEUS (studied for ESA Cosmic Vision / M5), HiZ-

GUNDAM (JAXA, under study), TAP (idea for NASA probe-

class mission), Gamow Explorer (proposal for NASA 

MIDEX): prompt emission down to soft X-rays, source 

location accuracy of few arcmin, prompt follow-up with 

NIR telescope, on-board REDSHIFT
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THIS BREAKTHROUGH WILL BE ACHIEVED BY A MISSION CONCEPT 
OVERCOMING MAIN LIMITATIONS OF CURRENT FACILITIES  

Set of innovative wide-field monitors 
with unprecedented combination of 
broad energy range, sensitivity, FOV 

and localization accuracy

On-board autonomous fast follow-up in 
optical/NIR, arcsec location and redshift 

measurement  of detected 
GRB/transients

Future GRB missions: the case of THESEUS                        
(led by Italy; ESA/M5 Phase-A study, re-proposed for M7)  
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 Soft X-ray Imager (SXI): a set of two 
sensitive lobster-eye telescopes observing 
in 0.3 - 5 keV band, total FOV of ~0.5sr 
with source location accuracy <2’ 

 X-Gamma rays  Imaging Spectrometer 
(XGIS): 2 coded-mask X-gamma ray 
cameras using Silicon drift detectors 
coupled with CsI crystal scintillator bars 
observing in 2 keV – 10 MeV band, a FOV 
of >2 sr, overlapping the SXI, with <15’ 
GRB location accuracy 

 InfraRed Telescope (IRT): a 0.7m class IR 
telescope observing in the 0.7 – 1.8 μm 
band, providing a 15’x15’ FOV, with both 
imaging and moderate resolution 
spectroscopy capabilities

ZIRTO
R

YIRTO
R

Future GRB missions: the case of THESEUS                        
(led by Italy; ESA/M5 Phase-A study, re-proposed for M7)  
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 Soft X-ray Imager (SXI): a set of two 
sensitive lobster-eye telescopes observing 
in 0.3 - 5 keV band, total FOV of ~0.5sr 
with source location accuracy <2’ 

 X-Gamma rays  Imaging Spectrometer 
(XGIS): 2 coded-mask X-gamma ray 
cameras using Silicon drift detectors 
coupled with CsI crystal scintillator bars 
observing in 2 keV – 10 MeV band, a FOV 
of >2 sr, overlapping the SXI, with <15’ 
GRB location accuracy 

 InfraRed Telescope (IRT): a 0.7m class IR 
telescope observing in the 0.7 – 1.8 μm 
band, providing a 15’x15’ FOV, with both 
imaging and moderate resolution 
spectroscopy capabilities

o Low Earth Orbit        
(< 5°, ~600 km)

o Autonomously rapid 
slewing bus

o 4-years nominal

Future GRB missions: the case of THESEUS                        
(led by Italy; ESA/M5 Phase-A study, re-proposed for M7)  



Shedding light on the early Universe with GRBs



Shedding light on the early Universe with GRBs





THESEUS: 

 short GRB detection
over large FOV with 
arcmin localization

Kilonova detection, 
arcsec localization
and 
characterization

Possible detection
of weaker isotropic
X-ray emission



Multi-wavelength/messenger synergies



Synergy with CTA (and ASTRI)
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 THESEUS will have the ideal combination of instrumentation 
and mission profile for detecting all types of GRBs (long, 
short/hard, weak/soft, high-redshift), localizing them from a 
few arcmin down to arsec and measure the redshift for a large 
fraction of them

GRB170817A/GW170817Fermi/GBM

High-redshift

Local/ Low-

luminosity



Unprecedented GRB prompt emission physics with THESEUS



 Long GRB180720B (HESS) and GRB190114C (MAGIC), plus two more events

 Further evidence of possible SSC or IC component in GRB afterglow emission

Detection of TeV photons from GRBs by Cherenkov telescopes!!!

GRB190114C: TeV 

prompt emission



 Long GRB180720B (HESS) and GRB190114C (MAGIC), plus two more events

 Further evidence of possible SSC or IC component in GRB afterglow emission

GRB190829A at z=0.08: TeV afterglow emission

Detection of TeV photons from GRBs by Cherenkov telescopes!!!



 Using time delay between low and high energy photons to put Limits on 

Lorentz Invariance Violation (allowed by unprecedent Fermi GBM + LAT 

broad energy band)

GRB 990510

Fundamental physics with GRBs: testing LI / QG



Exploring the multi-messenger transient sky



Nanosatellites programmes: case of HERMES
 Accurate location of GRBs for multi-messenger astrophysics

 Accurate GRB timing over wide energy band for LIV tests



Nanosatellites programmes: case of HERMES
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• Science case & requirements, design, R&D simulations: INAF (PI; OAS,
IASF-MI, IAPS, IASF-PA, Oss. Napoli, Oss. Roma, …), Universities
(Politecnico Milano, Univ. Pavia, Univ. Ferrara, Univ. Udine, Univ.
Bologna, Univ. Cagliari, SNS Pisa, Univ. Federico II Napoli, Univ. Urbino,
GSSI, …) FBK Trento; interest and contribution by scientists and
technologists from INFN (Ferrara, Bologna, Trieste, Napoli, Salerno, …)

• Industries in THESEUS study: OHB-I (XGIS), TAS-I (s/c), GPAP (TBU)

• Building on the unique heritage in GRB and transients science and
technology (e.g., BeppoSAX, HETE-2, Swift, INTEGRAL, AGILE, Fermi)

• Taking advantage of leadership in key enabling technologies based on
R&D supported by ASI, INAF and INFN in the last years (e.g., silicon
drift detectors + scintillators)

• Strengthening and exploiting the fundamental contribution to time
domain and gravitational waves astrophysics (EGO-Virgo, EM follow-up
with major facilities like VLT)

THESEUS Italian community and heritage
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Mostly the same for HERMES, coordinated by INAF – Trieste and
Univ. Cagliari

THESEUS Italian community and heritage



• THESEUS consortium coordination: INAF-OAS Bologna (Lead Proposer,
project office)

• PIship of THESEUS/XGIS instrument: INAF (PI@OAS, + IASF-MI, IAPS,
IASF-PA, …), Universities (Politecnico Milano, Univ. Pavia, Univ. Ferrara,
Univ. Udine), FBK Trento

• Key role in THESEUS Science case, requirements, simulations: INAF
(Lead Scientist; OAS, IASF-MI, Oss. Brera, IAPS, IASF-PA, Oss. Napoli, Oss.
Roma, …), Universities (e.g., Univ. Ferrara, Pol. Milano, SNS Pisa, Univ.
Federico II Napoli, Univ. Urbino, …)

• Key role in HERMES detection system: concept, R&D, design and testing

• Contribution to HERMES Science: science case, requirements,
simulations, follow-up strategy

Great perspective interactions between THESEUS, HERMES and CTA
teams at OAS for further assessment, simulations and optimization of
synergies between CTA and future GRB / high-energy transients missions

Key roles of INAF-OAS in THESEUS and HERMES



Back-up slides



The X-Gamma Ray Imaging Spectrometer (XGIS)

 Two coded-mask X-gamma ray cameras using innovative coupling
between Silicon drift detectors (2-30 keV) and CsI crystal scintillator
bars (20 keV–10 MeV)



 Unprecedented combination 
of effective area (min. >500 
cm2, max. >1000 cm2) and 
energy band  (2 keV – 10 MeV)

 Total FoV ~6 sr (2 sr imaging) 

 GRB location accuracy <15’ in 
imaging FoV

 Excellent timing  (< 5 ms)

 Sensitivity to high-z GRBs

 Under study: polarimetry, 
lower energy threshold,  non 
imaging localization

The X-Gamma Ray Imaging Spectrometer (XGIS)



 XGIS Phase A study:
 R&D on detectors (SDD+CsI) and

electronics (ASIC, BE)
 Trade-offs and optimization of

design
 detection module prototype

manufacturing and testing (ESA-OHB
+ASI-INAF partners)

The X-Gamma Ray Imaging Spectrometer (XGIS)



• Science case & requirements, design, R&D simulations: INAF (PI; OAS,
IASF-MI, IAPS, IASF-PA, Oss. Napoli, Oss. Roma, …), Universities
(Politecnico Milano, Univ. Pavia, Univ. Ferrara, Univ. Udine, Univ.
Bologna, Univ. Cagliari, SNS Pisa, Univ. Federico II Napoli, Univ. Urbino,
GSSI, …) FBK Trento; interest and contribution by scientists and
technologists from INFN (Ferrara, Bologna, Trieste, Napoli, Salerno, …)

• Industries in THESEUS study: OHB-I (XGIS), TAS-I (s/c), GPAP (TBU)

• Building on the unique heritage in GRB and transients science and
technology (e.g., BeppoSAX, HETE-2, Swift, INTEGRAL, AGILE, Fermi)

• Taking advantage of leadership in key enabling technologies based on
R&D supported by ASI, INAF and INFN in the last years (e.g., silicon
drift detectors + scintillators)

• Strengthening and exploiting the fundamental contribution to time
domain and gravitational waves astrophysics (EGO-Virgo, EM follow-up
with major facilities like VLT)

XGIS: Italian community and heritage

ASI funding for Phase A study: ~500 KE (2019-2021); Co-funding from 
INAF + Universities: ~660 KE; ESA-OHB-I contract (INAF/OAS involved): 
~480KE;  AHEAD2020



 An XGIS-like instrument will improve substantially the capability of
future missions for multi-messenger astrophysics and GRB science

 The Phase A study of THESEUS and related TDAs grants an already good
TRL level (e.g., detection module prototype, SDD detectors and
specifically designed ASIC already under testing).

 Modularity grants great flexibility in adapting design for specific
scientific objectives and available resources;

 Possibility of extended capabilities by exploiting 3D detection plane:
Compton polarimetry and source location outside imaging FoV

 Perspective 1: inclusion in the payload of a mid/large GRB mission:
es., THESEUS (Phase-II proposal for ESA M-class 2037) and Gamow
Explorer (under evaluation by NASA as possible candidate for MIDEX to
be launched in 2028; an ASI contribution has already been discussed)

Perspectives for the XGIS



Perspective 2: dedicated mission

• Small mission “a la AGILE” (~300-350 kg), with scientific P/L based on
one/two THESEUS/XGIS – like cameras (mass ~80 kg, power ~100 W,
volume ~60x60x90 cm3), possibly re-designed to optimize combination
of FoV and location accuracy or on a set of misaligned simply collimated
detection (super) modules;

• could be launched in LEO or to L2; latter case would optimize synergy
with Gamow Explorer, and NASA my be interested in contributing the
launcher (high-interest of Gamow community and possibility of using
same launcher);

• Two mini-satellites (~100-150 kg each) in LEO in conjugate constellation
layout on both sides of the earth (“a la GECAM”), with only misaligned
XGIS detection modules (maximum FOV, i.e. almost full sky at all time)

 Remark: XGIS, ALBATROS, DAMA and partly SWIPE and ASTENA, come
from the same large scientific community and are partly based on same
R&D (e.g., HERMES, THESEUS/XGIS, ASTENA/WFI) : maximum effort will
be done for converging (main trade-offs include compact vs. distributed)



 R&D activities during THESEUS Phase A Study as ESA/M5 candidate
allowed to reach a TRL of at least 4 for the ASIC and 5 for the SDD+CsI
detection elements (with identified path for reaching TRL 6 by 2024).

 TDA study by OHB-I and INAF-OAS, funded by ESA, was dedicated to
define requirements, to design, manufacture, and test a XGIS Detection
Module (DM) prototype; achieved maturity level of TRL 4/5.

 In order to obtain a TRL6, the XGIS DM would need a more robust
mechanical design able to withstand the launch loads and the use of
new ASIC component of the Orion family, designed and produced
specifically for the XGIS and currently under testing

 Study of Alternative DM concepts with larger sub-array dimensions and
a smaller pixel size to improve spatial resolution and provide
polarimetric capabilities

TRL: status and needed activities



EXPLORING THE COSMIC DAWN AND THE MULTI-MESSENGER TRANSIENT UNIVERSE

THESEUS: XGIS PERFORMANCES

XGIS capabilities for time domain astronomy



Measuring cosmological parameters with GRBs
 a fraction of the extrinsic scatter of the Ep,i-Eiso correlation is indeed

due to the cosmological parameters used to compute Eiso

 Evidence, independent on other cosmological probes, that, if we
are in a flat LCDM universe , WM is lower than 1 and around 0.3

Amati et al. 2008, Amati & Della Valle 2013



• Building on the unique heritage in GRB and transients
science and technology of the last 15-20 years (BeppoSAX,
HETE-2, Swift, INTEGRAL, AGILE, Fermi

• Taking advantage of leadership in key enabling technologies
based on R&D supported by ASI, INAF and INFN in the last
years (e.g., silicon drift detectors + scintillators)

• Strengthening and exploiting the fundamental contribution
to time domain and gravitational waves astrophysics (EGO-
Virgo, EM follow-up with major facilities like VLT)

The key role of Italy in THESEUS
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THESEUS consortium responsibilities (Lead: ITALY )

Instruments Data Handling Units

Science Data Centre

Main ground 
station 

(ASI/Malindi)



z=6.29; MAB > 28.86 Z=5.11; MAB > 28.13 Z=5.47; MAB > 28.57 

Z=6.73; MAB > 27.92 Z=8.23; MAB > 30.29 Z=9.4; MAB > 28.49 

Tanvir+12

Robertson&Ellis12

• Requirements:



Transient High Energy Sky and  
Early Universe Surveyor 

Lead Proposer (ESA/M5): Lorenzo Amati (INAF – OAS Bologna, Italy)

Coordinators (ESA/M5): Lorenzo Amati, Paul O’Brien (Univ. Leicester,
UK), Diego Gotz (CEA-Paris, France), A. Santangelo (Univ. Tuebingen, D), 
E. Bozzo (Univ. Genève, CH)

Payload consortium:  Italy, UK, France, Germany, Switzerland, Spain, 
Poland, Denmark, Belgium, Czech Republic, Slovenia, Ireland,  NL, ESA

Future missions: the case of THESEUS



ASI-INAF agreement: break-down
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ENTERING THE GOLDEN ERA OF MULTI-MESSENGER ASTROPHYSICS

Synergy with future GW 
and neutrino facilities will 

enable transformational 
investigations of 
multi-messenger

sources

Future GRB missions: synergies
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April 2021

https://www.nature.com/articles/s42254-021-00303-8

GWIC Roadmap and Letter of Endorsement from EGO/virgo 
clearly mention further upgrades of 2G to bridge in the 3G era

NS-NS merger detection efficiency with 2G and 
2G++ will sensibly improve at z>0.1 with 2G++
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INDEPENDENT DETECTION & CHARACTERISATION OF THE MULTI-
MESSENGER SOURCES

Misaligned 
GRBs

Aligned 
GRBs

Expected rates:

THESEUS + 3G:
• ~50 aligned+misaligned short GRBs
• ~200  X-ray transients 

Lessons from GRB170817A

Higher redshift events – X/𝛾 is likely
only route to EM detection: larger 
statistical studies including source 

evolution, probe of dark energy and test 
modified gravity on cosmological scales

Multi-messenger science with THESEUS



MEASURING THE EXPANSION RATE AND GEOMETRY OF SPACE-TIME 

GRB: a key phenomenon for multi-messenger
astrophysics (and cosmology)



MEASURING THE EXPANSION RATE AND GEOMETRY OF SPACE-TIME 

~20 joint GRB+GW events

GRB: a key phenomenon for multi-messenger
astrophysics (and cosmology)



Fundamental physics with GRBs: GW vs. light 
speed

Vgw / c < 4x10-16

GW170817/GRB170817A, D ~ 40 Mpc
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• Independent measure of cosmic SFR at high-z
(possibly including pop-III stars)

THESEUS Consortium 2021

A statistical sample of high–z GRBs will give access to star formation in the 
faintest galaxies, overcoming limits of current and future galaxy surveys 
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?

Bright Faint

The proportion of GRB hosts below a given detection limit provides an estimate 
of the fraction of star formation “hidden” in such faint galaxies

• Detecting and studying primordial invisible galaxies

THESEUS Consortium 2021
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• Shedding light on cosmic reionization

THESEUS Consortium 2021

Combination of massive star formation rate and ionizing escape 
fraction will establish whether stellar radiation was sufficient to 

reionize the universe, and indicate the galaxy populations responsible
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• Cosmic chemical evolution at high-z

THESEUS Consortium 2021



Estimating H0 with GW170817A 

(LVC 2017)

Investigating dark energy with a statistical

sample of GW + e.m. (Sathyaprakash et al. 2019)

GRB: a key phenomenon for multi-messenger
astrophysics (and cosmology)

MEASURING THE EXPANSION RATE AND GEOMETRY OF SPACE-TIME 



What was the timeline 
of reionization? 

What sources were 
responsible? 

How did the chemical 
elements build up?

 A major goal of contemporary cosmology is to reveal the emergence of
primordial stars and galaxies, and the contemporaneous reionization of
the intergalactic medium, in the first billion years of the Universe

60

Shedding light on the early Universe with GRBs



 Using time delay between low and high energy photons to put Limits on 

Lorentz Invariance Violation (allowed by unprecedent Fermi GBM + LAT 

broad energy band)

Fundamental physics with GRBs: testing LI / QG


