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Sheddingdight on the early Universewith GRBs
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Today: Astronomers look back and understand




Sheddingdight on the early Universewith GRBs

A statistical sample of highcz GRBs can provide
fundamentalinformation:

A measure independently the cosmic starcformation rate, even
beyondthe limits of currentandfuture galaxysurveys

A directly (or indirectly)detectthe first population of stars(pop IIl)
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A Detectingand studying primordial invisible galaxies

050904 F850LP |060522 F110W| 060927 F110W
2=6.29: Mg > 28.86 | Z=5.11: Mg >28.13 7=547: M5 > 28.57

F160W | 090423 F125W+F160W| 0904298 F160
Z7=6.73; Myg > 27.92 | Z=8:23:M,5>30.29 | Z=9.4; M,g> 28.49
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EvenJWSTand ELTssurveyswill be not able to probe the faint end of the
galaxyLuminosityFFunctionat highredshifts(z>6-8)



A Detectingand studying primordial invisible galaxies
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A Detectingand studying primordial invisible galaxies

050904 F850LP 060522 il w neutralhydrogenfraction
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ShortGRBsaand mult-messengeiastrophysics

GW170817 + SHORT GRB 170817A + KNAT2017GFO (~40 Mpc):
the birth of multi -.messenger astrophysics

Lightcurve from Fermi/GBM (50 — 300 keV) |
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ShortGRBsaand mult-messengeiastrophysics

GW170817 + SHORT GRB 170817A + KNAT2017GFO (~40 Mpc):
the birth of multi -.messenger astrophysics

Lightcurve from Fermi/GBM (50 — 300 keV)
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GRB: &ey phenomenonfor multi-messenger
astrophysicq§andcosmology

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

Relativistic jet formation,
equation of state,

fundamental physics Cosmic sites of -
process nucleosynthesis

New independent route
to measure cosmological
parameters
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Future GRBnissionsd f | U S Ya)yma |

Probing the Early Universe with GRBS
Multi-messenger and time domain/Astrophysics

The transient high energysky
Synergy with next generation large Facilities (E-ELT SKATCTAS
ATHENA, GW and neutrino detectors)

C 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



Future GRBnissions the case of THESEUS
(led byltaly; ESA/M5PhaseA study, re-proposedfor M7)

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 GRBnissions the case of THESEUS
(led byltaly; ESA/M5PhaseA study, re-proposedfor M7)

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, arcseclocation and redshift
measurement of detected
GRB/transients




Shedding light on the early Universe with GRBs

First Stars
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Shedding light on the early Universe with GRBs

o

&,

e Theseus 3.45 years
47 o 2005-2020

46 | N I (N (N [ N N AN (N S N N _—

1 2 3 4 5 6 7 8 9 101112 13 14

01 2 3 45 6 7 8 91011 12 13 14
Redshift

First Stars

'@ THESEUS (3.5yrs)| e
'® GRBs (1998-2020)  ®




LIGO, Virgo, and partners make first detection of
gravitational waves and light from colliding neutron stars

Lightcurve from Fermi/GBM (50 — 300 keV)
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LIGO, Virgo, and partners make first detection of
gravitational waves and light from colliding neutron stars

Lightcurve from Fermi/GBM (50 — 300 keV)
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GRB: &ey phenomenonfor multi-messenger

astrophysicq§andcosmology
MEASURING THE EXPANSION RATE AND GEOMETRY OF SPACE -TIME
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GRB: &ey phenomenonfor multi-messenger

astrophysicq§andcosmology
MEASURING THE EXPANSION RATE AND GEOMETRY OF SPACE -TIME
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Multi-messengeircosmologythrough GRBs

MEASURING THE EXPANSION RATE AND GEOMETRY OF SPACE -TIME
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Fundamentalphysicswith GRBstestingLI / QG

C Using time delay between low and high energy photons to put Li
Lorentz Invariance Violation (allowed by unprecedent Ferml GBM +
broad energy band)
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GW170817/GRB170817A, D ~Mipc
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In summary

x GRBs are a key phenomenon for cosmolegyryUniverse, cosmological
parameters), multmessenger astrophysics (GW, neutrinos) and
fundamental physics

X Next generation GRB missions, like THESEUS, developed by a large
European collaboration and already studied by ESA (M5 Phasé Al)ly
exploit these potentialitieand will provide us withinprecedented clues
to GRB physics and sualasses.

x THESEUS isiaiqgue occasion for fully exploiting tl&uropean leadership
In time-domain and multimessenger astrophysics andrelated key-
enablingtechnologies

x THESEUS observations will impacsewveral fields of astrophysics,
cosmology and fundamental physics and will enhance importantly the
scientific return ofnext generation multi messengéLIG®aVirgq LISA
ET, or Km3NBTlnde.m. facilities(e.g., LSST;H.T, SKA, CTA, ATHENA

x THESEUSSA/M5 Phasé study successfub reproposedfor M7 (2037)

SPIE articles on instrumentddv.Sp.Res& Exp.Astr articles on science
http://www.isdc.unige.ch/theseus/




Backup slides



THESEUS SIENCE: EARLY UNIVERSE

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

Years after the Big Bang

-

1 billion
T

The Dark Age

{

193[qo [esiuiouonse
. 1511} 4O UOnBWIOY

‘ Reionization

» Fully ionized
|

10
1+Redshift

GRBSs pinpointindividual stars-and GRBSs provide unigue insights into
offer.a poweriul probe-of the the faintest galaxies. e.qg. .chemical-and
interstellar, circumgalactic and dynamical 'states, amount of star
intergalactic media, via absorption line formation at the faint end of the LF;
Spectroscopy of their bright afterglows. large scale galactic environments etc.

EXPLORING THE COSMIC DAWN AND THE MULTI -MESSENGER TRANSIENT UNIVERSE



THESEUS SIENCE: EARLY UNIVERSE
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Donnan et al. 202:

Early JWST results suggest
surprising-numbers: of relatively
massive galaxies atz>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 2=6.3)

afterglow and ‘host-have provided a new
demonstration of this unique-capability.

EXPLORING THE COSMIC DAWN AND THE MULTI

-MESSENGER TRANSIENT UNIVERSE



Unique way to obtain detailed information on the neutral gas in the ISM, independently form the galaxy luminosity,
therefore also for the bulk of the very high-redshift galaxies

Most of the metals are in the neutral gas. GRB afterglow spectroscopy uniquely allow at very hihgh redshift
the determination of neutral gas properties:

» Metallicity

* Dust depletion

» Dust to metal mass ratio

» Metal nucleosynthesis

Galaxy observations with JWST do not have access to this information,
beacuse to have it you need a bright background source within the galaxy. GRBs allows that.

Furtermore, as the afterglow position is precise, it is possible to combine the information above
with that of the ionized gas obtained with the observation of the galaxy continuum and emission lines

EXPLORING THE COSMIC DAWN AND THE MULTI -MESSENGER TRANSIENT UNIVERSE



Gamma -Ray Bursts :the most extreme

phenomena Inthe

Long GRBs: core

collapse of pecular
massive stars,

association with SN

Short GRBs: NSNS
or NS-BH mergers,
association with
GW sources

== Short GRBs
- Long GRBs

Universe

Long gamma-ray burst
(>2 seconds’ duration)
A red-giant
l star collapses
—> <« onto its core....

1

..becoming so
dense that it
expels its outer

Gamma rays

Short gamma-ray burst
(<2 seconds’ duration)

»
Stars* in \
a compact
binary system »

begin to spiral
inward....
»

T OEY
colliding.

The resulting torus
has at its center

a powerful

black hole.

4
/

£

*Possibly neutron stars.




Measuringcosmologicaparameterswith GRBs

U GRBhFnspectratypicallyshow apeakat a characteristigghoton
energyk,

U measuredspectrum+ measuredredshift -> intrinsic peakeneryand
radiated energy

]ﬂ_DEE 108/ 142 e
Ep,i = pr (]_ + Z) Er:,_i_m T2 / : ENEVAE corg

oF (ergx em? §)

£ Il | | 1 1 |
1048 1049 1050 1051 1052 1053 1054
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Amati et al. (2002,2006,2008, 2013)




Measuringcosmologicaparameterswith GRBs

C afractionof the extrinsicscatterof the E, -E, correlationisindeed
due to thecosmologicaparametersusedto computek,,

C Evidenceindependenton other cosmologicaprobes that, if we
are in aflat LCDMuniverse, W, is lower than 1 andaround0.3
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Amati et al. 2008, Amati & Della Valle13,Morescoet al. 2022



Measuringcosmologicaparameterswith GRBs

C afractionof the extrinsicscatterof the E, -E, correlationisindeed
due to thecosmologicaparametersusedto computek,,

C Evidenceindependenton other cosmologicaprobes that, if we
are in aflat LCDMuniverse, W, is lower than 1 andaround0.3
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U Future GRB experiments (e.gVOM, HERMEBHESEU, @&and more
Investigationgin particular: reliable estimates of jet angles and-self
calibration will improve the significance and reliability of the results and
allow to go beyond SNicosmology (e.g. investigation of dark energy
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Future GRBnissions synergies

ENTERING THE GOLDEN ERA OF MULTI -MESSENGER ASTROPHYSICS

® decision/construction operation

s s ossr e osspoeeomsre  Gravitational
2G ’ = waves
Synergy with future GW _
o 5nano . 3G =
and neutrino facilities will

enable transformational

investigations of (ceCube-Gen? - _ Neutrinos
multi -messenger =iy ”ﬁ'ﬁmbl
sources bt
KM3NeT ; mn
THESEUS

2026 2028 2030 2032 2034 2036



Multi-messenger science with THESEUS

INDEPENDENT DETECTION & CHARACTERISATION OF THE MULTI -
MESSENGER SOURCES

Lessons from GRB170817A

Aligned

GRBs Misaligned
GRBs Expected rates:

" © THESEUS + 3G:
A ~50aligned+misaligned short GRBs

A ~200 X-ray transients

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

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



Alndependent measure of

cosmic SFRat high-z

(possiblyincludingpop-lll stars)
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A statistical sample of high 3z GRBs will give access to star formation in the
faintest galaxies, overcoming limits of current and future galaxy surveys

THESEUGOoNsortium2021



A Detectingand studying primordial invisible galaxies

The proportion of GRB hosts below a given detection limit provides an estimate
of the fraction of star formati on
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A Sheddindight on cosmicreionization
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A Cosmicchemicalevolution at high-z

log (Z1Zg )
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Multi -wavelength/messengesynergies
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Star formation history GRB accurate localization and NIf
primordial galaxies ray, Gammay characterizatiorgshift

Neutral fraction _
IGM, ionizing Cosmic

radiation escap| Chelml_cal
fraction evolution,

2=8.2 simulated ELT afterglow spectrum

TRANSIENT HIGH ENERGY SKY AND EARLY UNIVERSE SURVEYOR
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Ao WIC Roadmap and Letter of Endorsement from EGO/virgo
pril 202 learly mention further upgrades of 2G to bridge in the 3G era

NSNS merger detection efficiency with 2G and
2G++ will sensibly improve at z>0.1 with 2G++




