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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

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



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

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

 short GRB detection
over large FOV with 
arcmin localization

Kilonova detection, 
arcsec localization
and 
characterization

Possible detection
of weaker isotropic
X-ray emission



MEASURING THE EXPANSION RATE AND GEOMETRY OF SPACE-TIME 

GRB: a key phenomenon for multi-messenger
astrophysics (and cosmology)
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MEASURING THE EXPANSION RATE AND GEOMETRY OF SPACE-TIME 

~20 joint GRB+GW events

Multi-messenger cosmology through GRBs

ET collaboration



 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



Fundamental physics with GRBs: GW vs. light 
speed

|Vgw-C| / C <10-16

GW170817/GRB170817A, D ~ 40 Mpc



In summary
 GRBs are a key phenomenon for cosmology (ealry Universe, cosmological 

parameters), multi-messenger astrophysics (GW, neutrinos) and 
fundamental physics

 Next generation GRB missions, like THESEUS, developed by a large 
European collaboration and already studied by ESA (M5 Phase A) will fully 
exploit these potentialities and will provide us with unprecedented clues 
to GRB physics and sub-classes.

 THESEUS is a unique occasion for fully exploiting the European leadership 
in time-domain and multi-messenger astrophysics and in related key-
enabling technologies 

 THESEUS observations will impact on several fields of astrophysics, 
cosmology and fundamental physics and will enhance importantly the 
scientific return of next generation multi messenger (aLIGO/aVirgo, LISA, 
ET, or Km3NET;) and e.m. facilities (e.g., LSST, E-ELT, SKA, CTA, ATHENA)

 THESEUS ESA/M5 Phase A study successful -> reproposed for M7 (2037)
SPIE articles on instruments, Adv.Sp.Res. & Exp.Astr. articles on science 

http://www.isdc.unige.ch/theseus/



Back-up slides



EXPLORING THE COSMIC DAWN AND THE MULTI-MESSENGER TRANSIENT UNIVERSE

THESEUS SCIENCE: EARLY UNIVERSE

THESEUS enabled investigations of the high redshift universe in 
the late 2030s – unique discovery potential 

GRBs pinpoint individual stars and 
offer a powerful probe of the 

interstellar, circumgalactic and 
intergalactic media, via absorption line 
spectroscopy of their bright afterglows.

GRBs provide unique insights into 
the faintest galaxies. e.g. chemical and 

dynamical states, amount of star 
formation at the faint end of the LF, 

large scale galactic environments etc. 



EXPLORING THE COSMIC DAWN AND THE MULTI-MESSENGER TRANSIENT UNIVERSE

THESEUS SCIENCE: EARLY UNIVERSE

Early JWST results suggest 
surprising numbers of relatively 

massive galaxies at z>10, 
presenting a puzzle for galaxy 

evolution, and potentially higher 
than expected high-z star formation 

rate (and hence GRB rate)

Observations of GRB 210905A (z=6.3) 
afterglow and host have provided a new 
demonstration of this unique capability.

Castellano et al. 2022

Saccardi et al. 2022

Rossi et al. 2022

Donnan et al. 2022



EXPLORING THE COSMIC DAWN AND THE MULTI-MESSENGER TRANSIENT UNIVERSE



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

association with 
GW sources 

Long GRBs: core 
collapse of pecular

massive stars, 
association with SN 

Gamma-Ray Bursts: the most extreme

phenomena in the Universe



 GRB nFn spectra typically show a peak at a characteristic photon
energy Ep

measured spectrum + measured redshift -> intrinsic peak enery and 
radiated energy

Ep,i = Ep x (1 + z)

Ep

Measuring cosmological parameters with GRBs

Amati et al. (2002,2006,2008, 2013)



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, Moresco et al. 2022
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 Future GRB experiments (e.g., SVOM, HERMES, THESEUS, …) and more 
investigations (in particular: reliable estimates of jet angles and self-
calibration) will improve the significance and reliability of the results and 
allow to go beyond SN Ia cosmology (e.g. investigation of dark energy)
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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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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
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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



Multi-wavelength/messenger synergies

Amati+  2021



Cosmic 

chemical 

evolution, 

Pop III

GRB accurate localization and NIR, X-

ray, Gamma-ray characterization, redshift

Neutral fraction of 

IGM, ionizing 

radiation escape 

fraction 

Star formation history, 

primordial galaxies

ELT TMT GMT

ATHENA

130606A

N

E

050904 140515A

ELT TMT GMT

THESEUS 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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 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 missions: the case of THESEUS
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sensitive lobster-eye telescopes observing 
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 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

Amati+  2021

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

o Autonomously rapid 
slewing bus

o 4-years nominal

Future missions: the case of THESEUS
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THESEUS consortium responsibilities (Lead: ITALY )

Instruments Data Handling Units

Science Data Centre

Main ground 
station 

(ASI/Malindi)



EXPLORING THE COSMIC DAWN AND THE MULTI-MESSENGER TRANSIENT UNIVERSE

THESEUS: XGIS PERFORMANCES

THESEUS capabilities for GRB SCIENCE

THESEUS  will provide an unprecedented sample of many hundreds of  
GRBs with redshift, wide band X/gamma-ray spectroscopic and few ms

timing characterization, NIR 



EXPLORING THE COSMIC DAWN AND THE MULTI-MESSENGER TRANSIENT UNIVERSE

THESEUS SCIENCE: FURTHER REMARKS

THESEUS capabilities for GRB SCIENCE
(YB, section 2.4 ; Ghirlanda et al., Exp.Astr. 2021) 

Extreme prompt emission physics, 
jet structure, central engine, circum-
burst environment -> progenitors, 

weak/soft “local” GRBs, 
cosmological parameters, 

fundamental physics 
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EXPLORING THE COSMIC DAWN AND THE MULTI-MESSENGER TRANSIENT UNIVERSE

THESEUS SCIENCE: FURTHER REMARKS

EXPLORING THE TRANSIENT SKY WITH THESEUS
(YB, section 2.5; Mereghetti et al, arXiv:2104.09533)

THESEUS’s unique combination of instruments and mission profile, will 
provide detection, accurate localization and multi-wavelength 

characterization of many classes of transients 
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EXPLORING THE COSMIC DAWN AND THE MULTI-MESSENGER TRANSIENT UNIVERSE

THESEUS SCIENCE: FURTHER REMARKS

THESEUS capabilities for Time Domain Astronomy

Simulations have shown that 
THESEUS’s unique combination 
of large fields of view and broad-

band sensitivity makes it 
possible to catch and 

characterize short impulsive 
bursting events from many 

classes of high energy sources

Outstanding example: 
investigating the Fast-Radio 

Burst – Soft Gamma Repeaters 
connection and physics



EXPLORING THE COSMIC DAWN AND THE MULTI-MESSENGER TRANSIENT UNIVERSE

THESEUS: BEYOND CORE SCIENCE

THESEUS GUEST OBSERVER OPPORTUNITIES

Wide range of potential targets, from  asteroids and exoplanets                     
to SNe and distant AGNs

THESEUS will provide the opportunity for agile simultaneous
NIR and X-ray observations beyond its core science

51



EXPLORING THE COSMIC DAWN AND THE MULTI-MESSENGER TRANSIENT UNIVERSE

THESEUS SCIENCE: TIME-DOMAIN ASTRONOMY

EXPLORING THE TRANSIENT SKY WITH THESEUS

THESEUS  will find fast transients within a single orbit, while co-adding survey data 
will monitor longer timescale events 

52

The IRT will observe sources (also selected through GO programme) in the monitors 
FOV, giving very broad-data spectral coverage for key object classes



EXPLORING THE COSMIC DAWN AND THE MULTI-MESSENGER TRANSIENT UNIVERSE

THESEUS MISSION PROFILE

The Soft X-Ray Imager (SXI)

Two sensitive “lobster-eye” X-ray telescopes (0.3 - 5 keV); total 
FOV of 0.5sr (>1000 × conventional X-ray telescopes); 100ms 

photon timing; source location accuracy <2’ 

Mimic a lobster-eye using  
curved, square-pore MPOs

No single optical axis: get 
a wide field of view plus 
focusing with constant 
effective area

Spot (double reflection) 
Lines (single reflections)



EXPLORING THE COSMIC DAWN AND THE MULTI-MESSENGER TRANSIENT UNIVERSE

THESEUS: MISSION PROFILE

The Soft X-Ray Imager (SXI)

2 identical SXI modules:
Focal length: 300mm
Optic: 8x8 array of plates
Focal plane: 8 CMOS detectors
0.5sr total field of view 

SXI will show a unique combination of FOV and effective area 
(GRASP), enabling simulatneous detection and localization of 

many transients in parallel.



EXPLORING THE COSMIC DAWN AND THE MULTI-MESSENGER TRANSIENT UNIVERSE



EXPLORING THE COSMIC DAWN AND THE MULTI-MESSENGER TRANSIENT UNIVERSE

THESEUS: MISSION PROFILE

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)



EXPLORING THE COSMIC DAWN AND THE MULTI-MESSENGER TRANSIENT UNIVERSE

THESEUS: MISSION PROFILE

The X-Gamma Ray Imaging Spectrometer (XGIS)

• Unprecedented energy band  
(2 keV – 10 MeV) 

• Large effective area down to 
2 keV

• FOV >2 sr overlapping the 
SXI one 

• GRB location accuracy <15’ 
in 2-150 keV

• Excellent timing  (< a few ms)



EXPLORING THE COSMIC DAWN AND THE MULTI-MESSENGER TRANSIENT UNIVERSE

THESEUS: MISSION PROFILE

The X-Gamma Ray Imaging Spectrometer (XGIS)

XGIS Phase A study: detection module 
prototype (ESA-OHB-ESA –INAF/OAS                            

+ASI-INAF partners)



EXPLORING THE COSMIC DAWN AND THE MULTI-MESSENGER TRANSIENT UNIVERSE

THESEUS: MISSION PROFILE

The Infra-Red Telescope (IRT)

A 0.7 m class telescope with an off-axis Korsch optical design 
allowing for a large field of view (15’x15’) with imaging and 

moderate (R~400) spectroscopic capabilities 

Mimic a lobster-eye using  
curved, square-pore MPOs

ZIRTOR

YIRTOR

Teledyne H2RG sensitive in 
0.7-1.8 microns

Expected sensitivity per filter
(over 150 s): 20.9 (I), 20.7 (Z), 

20.4 (Y), 21.1 (J), 21.1(H). 
Spectral sensitivity limit (over 
1800 s), about 17.5 (H) over the 

0.8-1.6 microns 



EXPLORING THE COSMIC DAWN AND THE MULTI-MESSENGER TRANSIENT UNIVERSE

THESEUS: MISSION PROFILE

On-board sensitive absorption 
spectrosocpy for medium-bright 

events

On-board photometric redshift for 
>90% detected GRB afterglows

The Infra-Red Telescope (IRT)



EXPLORING THE COSMIC DAWN AND THE MULTI-MESSENGER TRANSIENT UNIVERSE



Gamma-Ray Bursts: the most extreme

phenomena in the Universe
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