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THESEUS
Transient High Energy Sky and  

Early Universe Surveyor 

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

Coordinators (ESA/M5): [ƻǊŜƴȊƻ !ƳŀǘƛΣ tŀǳƭ hΩ.ǊƛŜƴ (Univ. Leicester,
UK), Diego Gotz (CEA-Paris, France), C. Tenzer (Univ. Tuebingen, D), 
E. Bozzo (Univ.Genève, CH)

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

Interested international partners: USA, China, Brazil



THESEUS selected by ESA for 

Phase 0/A study !!!!! (2018-2021)
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Sheddinglight on the earlyUniversewithGRBs

Becauseof their huge luminosities,mostly
emitted in the X and gamma-rays, their
redshiftdistributionextendingat leastto z ~9
andtheirassociationwithexplosivedeathof
massivestarsandstarformingregions, GRBs
areuniqueandpowerfultoolsforinvestigating
the earlyUniverse: SFRevolution,physics
of re-ionization, galaxies metallicity
evolution and luminosity function, first
generation(popIII)stars



Astatisticalsampleof highðz GRBscanprovidefundamental

information:

Åmeasureindependentlythecosmicstarðformationrate, evenbeyond

thelimitsofcurrentandfuturegalaxysurveys

Å directly(orindirectly)detectthefirst populationof stars(popIII)

Z = 9.2 Robertson&Ellis12



EvenJWSTandELTssurveyswillbenotableto probethefaintendof thegalaxy

LuminosityFunctionathighredshifts(z>6-8)

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

Åthenumberdensityandpropertiesof low-massgalaxies



Abundances, HI, dust, dynamics etc. even for very faint hosts. E.g. GRB 050730: faint host 

(R>28.5), but z=3.97, [Fe/H]=-2 and low dust, from afterglow spectrum (Chen et al. 2005; 

Starling et al. 2005). 
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CourtesyN. Tanvir

Åtheneutralhydrogenfraction

Åtheescapefractionof UVphotonsfromhigh-zgalaxies

Åtheearlymetallicityof theISMandIGMandits evolution
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Monitoring the multi-messenger transient sky

ÇLocate and identify the electromagnetic

counterparts to sources of gravitational

radiation and neutrinos, which may be

routinelydetectedin the lateô20s / earlyô30s

by next generation facilities like

aLIGO/aVirgo, eLISA, ET,or Km3NET;

ÇProvidereal-timetriggersandaccurate(~1 arcmin

withina fewseconds; ~1ôôwithina fewminutes)high-

energy transients for follow-up with next-

generation optical-NIR (E-ELT, JWST if still

operating),radio (SKA),X-rays (ATHENA),TeV

(CTA)telescopes; synergywithLSST

ÇProvide a fundamentalstep forward in the

comprehensionof thephysicsof variousclassesof

transientsandfill thepresentgapin thediscovery

spaceof newclassesof transientsevents





THESEUS: 

Vshort GRB detection

over large FOV with 

arcminlocalization

VKilonovadetection, 

arcseclocalization

and characterization

VPossibledetectionof 

weakerisotropicX-

rayemission



ÇSoft X-ray Imager (SXI): a set of four

sensitivelobster-eyetelescopesobservingin

0.3 - 5 keVband,total FOVof ~1sr with

sourcelocationaccuracy0.5-1õ;

ÇX-Gammarays Imaging Spectrometer

(XGIS,): 3 coded-mask X-gamma ray

cameras using bars of Silicon diodes

coupled with CsI crystal scintillators

observingin 2 keVð10MeVband,a FOV

of ~2-4 sr, overlappingthe SXI,with ~5õ

sourcelocationaccuracy;.

Ç InfraRedTelescope(IRT): a 0.7m classIR

telescopeobservingin the 0.7 ð1.8 ɜm

band,providinga 10õx10õFOV,with both

imaging and moderate resolution

spectroscopycapabilities(->redshift)

THESEUS mission concept

LEO (< 5°, ~600 km)

Rapid slewing bus

Prompt downlink 



ÇTHESEUS 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 arcmindown to 

arcsecand measure the redshift for a large fraction of them

GRB170817A/GW170817Fermi/GBM

High-redshift



ÇTHESEUS will also detect and localize down to 0.5-1 arcminthe 

soft X-ray short/long GRB afterglows, of NS-NS (BH) mergers and of 

many classes of galactic and extra-galactic transients

ÇFor several of these sources, THESEUS/IRT will provide

detection and study of associated NIR emission, location within 1 

arcsecand redshift



ÇShedding light on the early Universe with GRBs



ÇShedding light on the early Universe with GRBs
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ÇGW/multi-messenger time-domain astrophysics 

GWtransientsourcesthat will be monitoredby THESEUSinclude

NS-NS/ NS-BHmergers:

Çcollimatedon-axisandoff-axispromptgamma-rayemissionfrom

shortGRBs

ÇOptical/NIRandsoftX-ray isotropicemissionsfromkilonovae,

off-axisafterglowsand,forNS-NS,fromnewlybornmsmagnetar

spindown



Ç Promptly and accurately localizing e.m. counterparts 

to GW events with THESEUS 

15 ᾳ

5 ᾳ

110ʐ× 30ʐ



Ç Detection, study, arcsecondlocalizationand redshiftof 

afterglowand kilonovaemissionfrom shortGRB/GW 

eventswith THESEUS/IRT 

Precise localizationis mandatoryto activatelarge ground-based

telescopesasVLT or ELT from whichdetailedspectralanalysiswill

revealthe intrinsicnature of thesenewlydiscoveredphenomena



Ç Promptly and accurately localizing e.m. counterparts 

to GW events with THESEUS 

15 ᾳ

5 ᾳ

110ʐ× 30ʐ

1 arcsec

(+redshift)! 
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Åsurvey capabilities  of transient 
phenomena similar to the Large 
Synoptic Survey Telescope (LSST) in 
the optical: a remarkable scientific 
sinergycan be anticipated.

Å substantially increased detection rate 
and characterization of sub-energetic 
GRBs and X-Ray Flashes;

Åunprecedented  insights in the physics 
and progenitors of GRBs and their 
connection with peculiar core-collapse 
Sne;

ÇTime-domain astronomy and  

GRB physics 

Nava et al. 2018

Soderberget al.



ÅTHESEUS Core Science is based on two pillars:

o probe the physical properties of the early Universe, by discovering 

and exploiting the population of high redshift GRBs.

o provide an unprecedented deep monitoring of the soft X-ray transient 

Universe, providing a fundamental contribution to multi-messenger and 

time domain astrophysics in the early 2030s (synergy with aLIGO/aVirgo, 

eLISA, ET, Km3NET and EM facilities e.g., LSST, E-ELT, SKA, CTA, 

ATHENA).

ÅTHESEUS Observatory Science includes:

o study of thousands of faint to bright X-ray sources by exploiting the 

unique simultaneous availability of broad band X-ray and NIR 

observations

o provide a flexible follow-up observatory for fast transient events with 

multi-wavelength ToO capabilities and guest-observer programmes.
26



The Swiftexperience

ÅA flexible, rapid-slewing, multi-wavelength observatory has proven a 

very powerful facility.

Å New, frequently unanticipated, discoveries throughout mission.

Å High publication rate, particularly of high impact papers (e.g. >50 

Nature papers)



In summary
× THESEUS, submitted to ESA/M5 by a large European collaboration with 

strong interest by international partners (e.g., US)  will fully exploit GRBs as 
powerful and unique tools to investigate the early Universe and will provide 
us with unprecedented clues to GRB physics and sub-classes.

× THESEUS will also play a fundamental role for GW/multi-messenger and time 
domain astrophysicsat the end of next decade, also by providing a flexible 
follow-up observatory for fast transient eventswith multi-wavelength ToO
capabilities and guest-observer programmes

× THESEUS is a unique occasion for fully exploiting the European and Italian 
leadership in time-domain and multi-messenger astrophysics and in key-
enabling technologies (lobster-eye telescopes, SDD by INAF, INFN, FBK, Un.)

× THESEUS observations will impact on several fields of astrophysics, 
cosmology and even 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)

http://www.isdc.unige.ch/theseus/
Amati et al. 2017 ( arXiv:1710.04638 )
Stratta et al. 2017 (arXiv:1712.08153)



08/11/2017 Interview with the ESA SARP M5 -

ESTEC
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ÅESAL2/L3 review: ñTheSSCstronglyendorsesthe
needtocontinuepursuinginthefuturethediscovery
ofGRBsò

ÅTHESEUSwill be a reallyuniqueand superbly
capablefacility,onethatwilldoamazingscienceon
itsown,butalsowilladdhugevalueto thecurrently
planned new photon and multi-messenger
astrophysicsinfrastructuresinthe2020s to>2030s.



Back-up slides



Ç THESEUS measurements+ sinergywith large e.m. facilities

-> substantialimprovmentof redshiftestimate for e.m. 

counterpartsof GW sources-> cosmology

Estimating H0 with GW170817A



Mission profile and budgets

ÅLaunchwithVEGA-CintoLEO(<5°, ~600km)

Å Spacecraftslewingcapabilities(30° <5min)

Å Prompt downlink options : WHF network (options: IRIDIUMnetwork,
ORBCOMM,NASA/TDRSS,ESA/EDRS)



THESEUS payloadconsortium(M5)
Å ITALY - L.P. / projectoffice, XGIS, Malindi antenna 

Å UK - SXI (optics+ detectors + calibration) + S/W  (SXI pipeline and remote contributionto 
SDC) 

Å France - IRT (coordinationand IR camera, includingcooler) , ESA - IRT optics+ SXI CCDs

Å Germany, Poland - Data Processing Units(DPU) for bothSXI and XGS, PowerSupply 
Units(PSU)

Å Switzerland: SDC (data archiving, AOs, + pipelines) + IRT focalplaneassembly

Å Othercontributions: Spain(XGIS collimators),Belgium(SXI integrationand tests), Czech
Rep. (mechanicalstructuresand thermalcontrol of SXI),Ireland(IRT focalplane), Hungary
(spacecraftinterfacesimulator, PDHU, IRT calib.), Slovenia (X-band transponder, mobile 
groundstation)

Å International optional contributions: USA:(TDRSS, contrib. to XGS and IRT detectors), 
Brazil:Alcantara antenna, China(SXI, XGS), Japan?

Å Industrial partners: CGS (OHB group), GPAP



ÅBuildingontheuniqueheritageinGRBandtransientsscienceofthe

last 15-20 years(BeppoSAX,HETE-2, Swift,INTEGRAL,AGILE,

Fermi,optical/NIRfollow-up)

ÅStrengtheningand exploitingthe fundamentalcontributionto time

domainandgravitationalwavesastrophysics(EGO-Virgo,EMfollow-

upwithmajorfacilitieslikeVLT)

ÅTakingadvantageof leadershipin keyenablingtechnologiesbased

onR&DsupportedbyINFN,INAF,ASIinthelastyears(e.g., silicon

driftdetectors+scintillators,)

The key roleof Italyin THESEUS



The key roleof Italyin THESEUS

ÅScience: INAF(LeadProposer& coordination; IASF-BO,IASF-
MI,Oss. Brera,IAPS,IASF-PA,Oss. Napoli,é), Universities
(e.g., Univ. Ferrara,Pol. Milano,SNSPisa,Univ. FedericoII
Napoli,Univ. Urbino,é), INFN(Trieste,Napoli,Bologna,é)

ÅXGIS: INAF(PI; IASF-BO,IASF-MI, IAPS,é), INFN(Trieste,
Bologna,é), Universities(PolitecnicoMilano,Univ. Pavia,
Univ. Ferrara,é),FBKTrento

ÅSupportfor XGIS,Malindigroundstation: ASI

ÅIndustrialsupportfor M5proposal: OHB-Italia,GPAP



Italiancontribution: technologicalheritage

ÅScintillator-based detectorsfor high energy astrophysics: BeppoSAX
PDS&GRBM,INTEGRAL/PiCSIT, AGILE/MCAL(leadingrolesofINAF- IASF
ïBologna)+R&DprojectsfundedbyASI

ÅSDD as detectors for high energy astrophysics and associated
electronics(ASIC): R&DprojectsfundedbyINFN(e.g., REDSOX),ASI,INAF

ÅConceptandearliesttestingof SDD+CsI(òsiswichó)(e.g., Marisaldietal.
2005)

ÅConcept studies of next generation GRB Monitors for future
opportunities: supportedby ASI-INAFcontractduring2006-2011(p.i. L.
Amati)

Å Innovation: SDD+CsIdetectionsystem,ASIC

ÅDevelopmentandtestingof an XGISmoduleprototypeis supportedby
TECNOINAF2014(P.I. L. Amati,INAFðIASFBologna)



The Soft X-ray Imager (SXI)

4 DUs, each has a 31 x 26 degree FoV



The X-Gamma-rays spectrometer(XGS)



+ Infraredtelescopeand fast slewing!!!

2029-2030

2022
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The InfraRedTelescope(IRT)



GRB NIR Afterglow NIR Kilonovafrom NS-NS

Hi-z GRB NIR spectroscopy VeryHi-z GRB NIR spectroscopy



19/11/2014 Diego Götz - THESEUS - M4 Science 43





ÇGW/multi-messenger and time-domain astrophysics 

GWtransientsourcesthatwill bemonitoredbyTHESEUSinclude:

ÇNS-NS/ NS-BHmergers:

ÇcollimatedEMemissionfromshortGRBsandtheirafterglows(rate

ofÒ1/yr for2G GWdetectorsbutupto 20/yr for3G GWdetectors

asEinsteinTelescope)

ÇOptical/NIRandsoftX-ray isotropicemissionsfrommacronovae,

off-axisafterglowsand,forNS-NS,fromnewlybornmsmagnetar

spindown(rateof GWdetectableNS-NS or NS-BH systems, i.e.

dozens-hundreds/yr)

ÇCorecollapseof massivestars: LongGRBs, LLGRBs, ccSNe(much

moreuncertainpredictionsinGWenergyoutput,possiblerateof~1/yr)

ÇFlaresfromisolatedNSs: SoftGammaRepeaters(althoughGWenergy

contentis~0.01%-1%ofEMcounterpart)



The study of the Universebeforeand
duringtheepochofreionizationrepresents
one of the major themesfor the next
generationof spaceand groundïbased
observationalfacilities. Many questions
about the first phases of structure
formationin theearlyUniversewillstillbe
openinthelate2020s:

Å When and how did first 
stars/galaxies form? 

ÅWhat are their properties? When and 
how fast was the Universe enriched 
with metals? 

Å How did reionizationproceed? 46
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THESEUS: Mainscientificgoals
A) Exploring the Early Universe 
(cosmic dawn and reionization era) by 
unveiling the Gamma-Ray Burst 
(GRBs) population in the first billion 
years


