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THESEUS selected by ESA for
Phase O/A study !l (2018021)

M5 mission themes

ESA SELECTS THREE NEW MISSION CONCEPTS FOR STUDY

L2 A high-energy survey of the early Universe, an infrared observatory to study the formation
of stars, planets and galaxies, and a Venus orbiter are to be considered for ESA’s fifth medium class
mission in its Cosmic Vision science programme, with a planned launch date in 2032.

The three candidates, the|Transient High Energy Sky and Early Universe Surveyor (Theseus), the SPace

Infrared telescaone for Cosmalaoav and Astronhvsics (Spica). and the FnVision mission to Venus were




The transient high energy sky e
Synergy with next generation large Facilities (E-ELT; SKA) CT’%‘ a
ATHENA, GW and neutrlno detectors)
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Sheddindight on theearlyUniversevith GRBs

Becauseof their huge luminositiesnostly
emittedin the X and gammaays, their
redshifdistributioextendingt leastto z ~9
andtheirassociatiowithexplosiveleathof

massivetarsandstarformingegionsGRBs
areuniquaeandpowerfuloolsforinvestigatin

the earlyUniverseSFRevolution,physics
of redonization, galaxies metallicity
evolution and luminosity function, first
generatior{poplll)stars
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A statisticalsampleof highdz GRBscanprovidefundamental
iInformation

A measuréndependenttiie cosmic stadformationrate evenbeyond
thelimitsof currenandfuturegalaxysurveys

A directlyorindirectlyjetecthefirst populatiorof stars(poplll)

GRB 090429B s e

) (Za}'
Robertson&Ellis12 " 1

NS —
S

" - GRBR ~ SFR
[ —— GHRBR ~ Low-Z SFR

" —4— Rest-Frame UV Porn




A thenumbedensityndpropertiesflow-massgalaxies

050904 F850LP |060522 F110W|060927 F110W
z=6.29; M> 28.86 | Z=5.11; M> 28.13 Z=5.47; M> 28.57

F160W[090423  F125W+F160W| 0904298 F160
Z=6.73; M>27.92 | Z=8.23; M>30.29 | Z=9.4; \;> 28.49

|
. \ E
Tanvir+12 —_—

Robertson&Ellis12

EvenJ\WSTandELTssurveywillbe notableto probethefaintendof thegalaxy
Luminositiyunctioathighredshift§z>6-8)



A theneutralhydrogerfraction

A the escapdractionof UVphotonsfromhighz galaxies

A the earlymetallicity of theISMandIGMandits evolution
Abundances, HI, dust, dynamics etc. even for very faigt GRB 0507 38nt host

(R>28.5), bmt3.97, [Fe/HE=and low dust, from afterglow spectrum (Chen et al. .
Starling et al. 2005).
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CourtesyN. Tanvir



A theneutrahydrogefraction

A 1 Age of the Universe (Billions of years)
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C Locate and identify the electromagnetic

G

Monitoring the muHmessenger transient sky

counterparts to sources of gravitational
radiation and neutrinos, which may be

routinelydetectedn the late ®0s / early®Gs «——

by next generation facilities like
aLIG@VirgqeLISAET,or KMBNET

Providerealtimetriggersand accuratg~1 arcmin
withira fewseconds-16withira fewminuteshigh

energy transients for followup with next

generation opticaiNIR (EELT, JWST if still

operating),radio (SKA), X-rays (ATHENA)TeV
(CTA})elescopes synergywithLSST

Provide a fundamentalstep forward in the
comprehensiaf the physicsf variousclasse of
transientandfill the presentgapin the discovery
spaceof newclassesof transientsvents

Absolute peak magnitude My
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y-ray bursts

X-ray flashes & sub-luminous
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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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LIGO, Virgo, and partners make first detection of
gravitational waves and light from colliding neutron stars

Lightcurve from Fermi/GBM (50 — 300 keV)

THESEUS: D
V short GRRletection y a o
over large FOV wit Jrii G
arcminlocalization 4

V Kilonovadetection

arcsedocalization i ! - S
andcharacterization "¢ . F

V Possibledetectiorof %, T ;
weakeiisotropicX- IS
ray emission NE * f



THESEUS mission concept

XGISs

N\

C Soft X-ray Imager (SXI) a set of four
sensitivéobsteryetelescopesbservinm
0.3 - 5 keVband,total FOVof ~1sr with
sourcelocationaccuracy0.5-19

C X-Gammarays Imaging Spectrometer
(XGIY; 3 codeemask X-gamma ray
camerasusing bars of Silicon diodes
coupled with Csl crystal scintillators
observingn 2 keVo 10 MeVband,a FOV 4

of ~2-4 sr, overlappingthe SXI,with ~50 sl

SXls

sourcelocationaccuracy Radiators

C InfraRedTelescopdIRT) a 0.7m classiR e lnkSh
telescopeobservingn the 0.7 d 1.8 3 m
band,providinga 10 MOFOV with both LEO(< 5, ~60(km)
Imaging and moderate resolution Rapid slewing bus

spectroscopyapabilitieg->redshift) Prompt downlink



C THESEUS will have the ideal combinatiamstumentation an
mission profile for detecting all types of GRBs (long, short/hal
weak/soft, highedshift), localizing them from a Baemindown to
arcsecand measure the redshift for a large fraction of them

10000.0 T T T T ' . 3
Fermi/GBM :° o GRB170817A1GW170817

ox

1000.0
High-redshift

100.0

Ep,obs [keV]

100f =y <5

10" 10° 10" 10° 10°
Peak flux [ph/cm’s]



C THESEUS will alsetect and localize down to-0&cminthe
soft xray short/long GRB afterglows, ofN&(BH) mergers and
many classes of galactic and exjatactic transients

C For several of these sources, THESEUS/IRT will provide
detection and study of associated NIR emission, location witr
arcsecand redshift

109 Light curve peaks at 200 Mpc
£ | |

Ml
AV

1e-06

Classical novae

Fluz [erg/(s-cm?)]

107 101 10° 10° 10 10° 10° 107
18400 16402 les04 1e+06 Source time since merger [s|

integration time s



C Shedding light on the early Universe with GRBs

Nows(>2) [yr']

Age of the Universe [Gyr]

1346 322 151 091 0.62 046 036 029 024 020 0.17

1000.0

100.0

10.0

1.0

Theseus (High res. spec.)

Theseus (photometric)

0.1 1
0 5 10 15 20
Redshift

THESEUS All z>5 z>8 z>10
GRB# /yr

Detections 387 - 870 25-60 4-10 2-4
Photometric z 25 -60 410 2-4
Spectroscopic z 156 - 350 10-20 1-3 05-1




C Shedding light on the early Universe with GRBs
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Star formation history GRB accurate localization and NIf
primordial galaxies ray, Gammay characterizatipegshifi

Neutral fraction _
IGM, ionizing Cosmic

radiation escapi Chelml_cal
fraction evolution,

2=8.2 simulated ELT afterglow spectrum

TRANSIENT HIGH ENERGY SKY AND EARLY UNIVERSE SURVEYOR
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C GWmulttmessenger timéomain astrophysics

GWitransientsourcesthat will be monitoredoy THESEU$clude
NSNS/ NSBHmergers
C collimatednaxisandoffaxisprompgammaayemissiofrom
shorlGRBs
C Optical/NIRndsoft X-ray isotropic emissiongromkilonovae
offaxisafterglowand,forNSNS, fromnewljbornmsmagnetar
spindown

10 Light curve peaks at 200 Mpc
................................................. » _ _

100} .

XGIS (total)+SXI

NGI{I‘( >Z) [yrI]

2 i i H HE
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Source time since merger [s]|
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C Promptly and accurately localizexgh counterparts
to GW events with THESEUS

50




Corrected R_ magnitude

C Detectionstudy arcsecondocalizatiorandredshiftof

afterglowandkilonovaemissionfromshortGRBGW

eventswith THESEUS/IRT
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C Promptly and accurately localizexgh counterparts
to GW events with THESEUS

50
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NSBH/NSNS merger
physics/host galaxy

identification/formatio
historilonova
identification

Eimwiﬁ‘aeﬂaam)pe .
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Hubble
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Localization of GW/neutrino gas
or Xray transient sources

NIR, Xay, Gammay characterizatic Transient source

multwavelength
campaigns
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Jet physics
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C Timedomalin astronomy and

GRB physics

A survey capabilities of transient
phenomena similar to the Large
Synoptic Survey Telescope (LSST)
the optical: a remarkable scientific
sinergycan be anticipated

A substantially increased detection re
and characterization ofesudrgetic
GRBs and-Ray Flashes

A unprecedentddsights in the physics
and progenitors of GRBs and their
connection with peculiar-coltapse
Sne
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A THESEUS Core Science is based on two pillars:

o0 probe the physical properties of the early Universe, by discovering
and exploiting the population of high redshift GRBs.

0 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).

A THESEUS 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

o0 provide a flexible follow-up observatory for fast transient events with
multi-wavelength ToO capabilities and guest-observer programmeg.




TheSwiftexperience

A Aflexible, rapid-slewing, multi-wavelength observatory has proven a
very powerful facility.

A New, frequently unanticipated, discoveries throughout mission.

A High publication rate, particularly of high impact papers (e.g. >50
Nature papers)
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http.//www.isdc.unige.ch/theseus/

In summary

THESEUS, submitted to ESA/M5 by a large European collaboration w
strong interest by international partners (e.g. wWilSiully exploit GRBs as
powerful and unique tools to investigate the early Unausds&ill provide
us with unprecedented clues to GRB physics andasdes.

THESEUS wadlso playafundamental role for GW/muiessenger and tim
domain astrophysicat the end of next deca@éso by providing flexible
followrup observatory for fast transient evemith multiwavelengtioO
capabilities and guesbservemprogrammes

THESEUS isumique occasion for fully exploiting thgropean and Italian
leadershipn timedomain and mulinessenger astrophysics and inkey
enabling technologigfbstereye telescope§SDD by INAF, INFN, FBK, L

THESEUS observations will impact on several fields of astrophysics,
cosmology and even fundamental physics and will enhance important
scientific return afiext generation multi messengarlG@aVirgg LISA ET,
or Km3NET ande.m facilities (e.g., LSSTEET, SKA, CTA, ATHENA

Amatietal 2017 (arXiv:1710.04638)
Stratta et al. 2017 (arXiv:1712.08153)



A ESAL2/L3 reviewiTheSSCstronglyendorseshe
needo continu@ursuingnthefutureghediscovery
of GRBs 0O

ATHESEUSwIll be a reallyuniqueand superbly
capabldacilitypnethatwilldoamazingciencen
its own butalsowilladdhugevalueto thecurrently
planned new photon and mulimessenger
astrophysiaesfrastructurasthe202@ to>203G.

08/11/2017 Interview with the ESA SARP M5 29
ESTEC
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C THESEUS®weasurementssinergywith larges.m facilities
->substantialmprovmenof redshiftestimate foe.m

counterpart®f GWsources->Cc0osSmology

Planck
SHoES
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Mission

profile and budgets

FUNCTIONAL SUBSYSTEMS Basic Mass |Margin |Margin Current
(k=) ) |k Mass (Kg)

SERVICE MODULE

AOCS (gyro, RW, SAS, ST) 115,1 10% 11,5 126,6

PDHU + X BAND 31,4 10% 3,1 34,5

DATA HANDLING 244 5% 1,2 25,6

EPS (PCU, Battery, SA) 85,1 10% 8,5 93,6

SYSTEM STRUCTURE 129.1 10% 12,9 1420

PROPULSION 17,0 15% 25 195

THERMAL CONTROL (heaters+blankets) 14,2 10% 1.4 15,6

HARNESS 46,0 20% 92 552

Total Service Module Mass 462.3 11%o 50,5 512,8

PAYLOAD MODULE

SXI 100,0 20% 20,0 120,0

XGIS 93,0 20% 18,6 111,6

IRT 942 20% 18,8 116,0

i-DHU + i-DU + NGRM + TBU + harness (TBC) 23,1 20% 4.6 27,7

Total P/L Module Mass 310,35 62,1 3753

Total Service Module Mass (kg) 512,8

Total Payload Module Mass (kg) 375,3

System level margin (20%) 177,6

Dry Mass at launch (kg) 1065,6

Propellant 100,0

Launcher adapter 31,7

Total mass at launch (kg) 1197,3

A LaunchvithVEGACintoLEQ(<5°, ~600km)
A Spacecrafslewingcapabilitie30° <5 min)

A Prompt downlink options : WHF network (options
ORBCOMMIASA/TDRSESA/EDRS)

IRIDIUMNetwork,



[HESEUBayloadconsortiumM5)

ITALY- L.P. projecoffice, XGIS, Malindi antenna

UK- SXI ¢pticst detectorscalibrationt S/W (SXI pipeline and resontgbuticio
SDC)

France IRT ¢oordinaticand IR cameinacludingooler) ESA- IRTopticst SXICCDs

Germany, Poland Data Processihimit§ DPU) fasothSXI and XGBpweSupply
Unitg PSU)

SwitzerlandSDC (datarchivingAOs + pipelings+ IRTocablaneassembly

Othercontributions Spain(XGI&ollimatojysBelgium(SXlintegratioandtests, Czech
Rep.(mechanicatructureandthermatontrol d&Xl)|relandIRTfocablang Hungary
(spacecraiihterfaceimulator, PDHU, K&lib), SlovenigX-band transponder, mobile
grouncktation)

International optionabntributions USA(TDRSS;ontribto XGS and lidé&tectors),
Brazil: AlcantarantennaChina(SXI, XGSJapan?

Industriabartners CGS (OHBroup, GPAP



The keyoleof Italyin THESEUS

A Buildingntheuniquéneritagén GRBandtransientscienceofthe
last 1520 years(BeppoSAXSETE2, Swift,INTEGRALAGILE,
Fermipptical/NIRllowup

A Strengtheningnd exploitinghe fundamentalontributioto time
domairandgravitationalavesastrophysi¢E GGVirgo EMfollow
upwithmajorfacilitiegkeVLT)

A Takingadvantagef leadershim keyenablindechnologidsased
onR&D supportedyINFNJNAFASIinthelastyears(eg., silicon
driftdetectors scintillators)




The keyoleof Italyin THESEUS

A ScienceINAF(LeadPropose& coordinatiohASFBO,IASF
MI, Oss Brera JAPS JASFPA,Oss Napolig ), Universities
(eg., Univ FerraraPol Milano SNSPisa,Univ Federicdl
NapoliUnivUrbingé ), INFNTriestelNapoliBolognag )

A XGIS INAF(PL IASFBO, IASFMI, IAPS ¢ ), INFN(Trieste,
Bolognag ), Universities(PolitecnicdMilano,Univ Pavia,
UnivFerrarag ), FBKTrento

A Supportfor XGISMalindigroundstation ASI

A Industrialsupportfor M5 proposal OHBItalia, GPAP



Italiancontributiontechnologicaheritage

A Scintillatobased detectorsfor high energy astrophysics BeppoSAX
PDS& GRBMINTEGRARICSITAGILE/MCAleadingolesof INAF IASF
I Bolognay R&DprojectsundedyASl

A SDD as detectors for high energy astrophysics and associated
electronic§{ASIC)R&DprojectéundedyINFNeg., REDSOXASIINAF

A Conceptandearliesttestingof SDD+Co{ siswictd )eg., Marisaldétal
2005

A Concept studies of next generation GRB Monitors for future
opportunities supportedy ASHNAF contractduring20062011 (p.i. L.
Amati)

A InnovationSDD+CsletectionystemASIC

A Developmendnd testingof an XGISmoduleprototypeis supportedby
TECNONAR2014(PI. L. AmatiINAFO IASFBologna)



The Soft Xay Imager (SXI)

4 DUs, each has a 31 x 26 dégMe

Source 2

Source 1

Spherical

focal surface

Unreflected rays ”

create diffuse
background

Reflective
surfaces

Table 4 : : SXI detector unit main physical characteréstics

Energy band (keV) 0.3-5
Telescope type: Lobster eye
Optics aperture (mm?2) 320x320

Optics configuration

8x8 square pore MCPs

MCP size (mm2)

40x40

Focal length (mm) 300

Focal plane shape spherical
Focal plane detectors CCD array
Size of each CCD (mm?2) 81.2x67.7
Pixel size (um) 18

Pixel Number

4510 x 3758 per CCD

Number of CCDs

4

Field of View (square deg) ~1sr
Angular accuracy (best, worst) (<10, 105)
(arcsec)

Power [W] 27,8

Mass [keo] 40




The XGammeraysspectromete(XGS)

S scintillator x 12
uoo— L:cﬂ Ar . L0 2,006 keV
v < 1200/ 2
r =08
1000} S 4012 keV
X s T g
CsI(TD) “F s 504 300 eV FWHM
400
2005— 02 o015 kE\é_(]Z‘i keV
Direct Scintillation : a0 03 ke
N . . o — ' L : 2 i 6 § 10 12
detectionin Si light detection 0.4 08 T ! Energy (keV)
. ‘ Em@; bmfd 2 kel” — 20 Mel”
== ¥ detection plane modules 4
# of detector pixel [ module 32x32
pixcel size (= mask element size) 55 mm
Low-energy detector (2-30 kel”) Silicon Drift Detector
450 pm thick
Hioh enervy detector (> 30 kel”) CsI(T1) (3 cm thick)
Discrimination Sif CsI(T) detection | Pulse shape analysis
Dimension [cm] S50x50x85
Power [W] 30,0
20 ke 0150 keV 10 kv [ Mass [y 77
Fully coded FOV 0% deg’
Half sens. FOV 50% 50 deg?® 505 50 deg” (FWHM)
Toul FOV 6464 e 1 83 degt FWIR) e
Ang. 163 25 acmun
Souzce locatton accuracy |~ agemin (for 6 0 souree )
Enerpy res 200eVFWVHM @ 6keV | 18% FWHM (@ 60 keV | 6% FWHM (3 500 keV
Timming res. | ysec | ysec | usec




Swift/BAT
THESEUS/SXI
10000 1000 '
:g :
GRASP —
(deg? x cm?) E 100
eROSITA z
1000 E
£ 10 HETE-2/SXC HETE-2/FREGATE
XMM-Newton ]
W g S \ HETE-2/WXM
100 - S———r .
Energy (keV) 0 e ol
o 1 2 3 4 5 Energy (keV)
2022 )
Energy Band FOV Energy resolution ~ Peak eff. area  Source location ~ Operation
CGRO/BATSE 20-2000 keV open 10 keV (100 keV)  ~1700 cm? >1.7 deg ended
Switt 15-150 keV 1.4 sr 7keV (60 keV) ~2000 cm? 1-4 arcmin active
Fermi/GBM 8keV -40 MeV  open 10 keV (100 keV) 126 cm? >3 deg active
Konus-WIND 20 keV - 15MeV  open 10 keV at 100 keV 120 cm? - active
BeppoSAX/WEC  2-28 keV 0.25 sr 1.2 keV (6 keV) 140cm? | arcmin ended
HETE-2/WXM 2-25 keV 0.8 sr 1.7 keV (6 keV) 350cm? 1-3 arcmin ended
THESEUS 0.3-20000 keV 1-14sr 300eV (6 keV) 1500 cm? 0.5-1 arcmin 2025-2028 ?
SVOM 4keV -5 MeV 1.5 sr 2 keV (60 keV) 1000 cn}2 2-10 arcmin 2018-2022 ?

+ Infraredelescopeand fasslewing!!!




Field of view

f
XGIS
SXI t
IRT 31" |64
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104 |
o L
122" |



M1@=07m

ThelnfraRedlelescop€lRT)

Intrument (consortium)

Intermediate Image Plane

Image Pupil Plane Dete

ctor Focal Plané

batfle

IF Telescope / Instrument l
i
I

Cotimator |

Filters (YJHK) l :: :

LRS DPA/ ’.’ !,5

HRS Grism~{ | ----j..vz --------

Telescope (industry) ‘ / t—_,
~ baffle .
m = g onmie detector

Telescope type: Cassegrain
Primary & Secondary size: 700 mm & 230 mm
Matenal: S1C (for both optics and optical tube assembly)
Detector type: Teledyne Hawau-2RG 2048 x 2048 pixels (18 m each)
Imaging plate scale 07.3/pixel
Field of view: 107 < 10° 10° < 10° Sx Y
Resolution (A/AL): 2-3 (imaging) 20 (low-res) 500 (high-res), goal 1000
Sensitivity (AB mag): H = 20.6 (300s) H = 18.5 (300s) H =17.5 (1800s)
Filters: ZYTH Prism VPH grating
Wavelength range (lm): 0.7-1.8 (1maging) 0.7-1.8 (low-res) 0.7-1.8 (high-res, TBC)
Total envelope size (mm): 800 @ < 1800
Power (W): 115 (50 W for thermal control)
Mass (ke): 112.6
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GRB NIRfterglow
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ATHENA +
Follow-up of high-z GRB with large facilities

O p‘[j ca I/| R a b5 X-ray spectroscopy of the progenitor environme
spectroscopy of the host
oalax

x=8.2 sirmulated E-ELT alterglow speclro
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Energy (keV)

30+ m class ELTs
ESA L2 X-ray Observatory




Table 2: Number of NS-NS (BNS) mergers expected to be detected in the next years by second- (2020+) and third- (2030+) generation GW
detectors and the expected detection number of electromagnetic counterparts as short GRBs (collimated) and X-ray isotropic emitting counterparts
(see §3.1 and 3.2) with THESEUS SXI and XGIS (see text for more details). BNS rate is a realistic estimate from Abadie et al. 2010 and

Sathyaprakash et al. 2012 and the BNS range indicates the sky- and orbital inclination-averaged distance up to which GW detectors can detect a
BNS with SNR = 8.

GW observations THESEUS XGIS/SXT joint GW+EM observations
Epoch  GW detector BNSrange  BNSrate XGIS/sGRBrate  SXI/X-ray isotropic
(yr™!) (yr™) counterpart rate (yr™')
2020+  Second-generation (advanced LIGO, ~200Mpe  ~40° ~5-15 ~1-3 (simultaneous)
Advanced Virgo, India-LIGO, KAGRA) ~6-12 (+follow-up)
2030+  Second + Third-generation ~15-20Gpe  >10000  ~15-35 2100

(e.g. ET, Cosmic Explorer)
* from Abadie et al. 2010a




C GWmhulttmessenger and timmain astrophysics

GWitransientsourcesthatwill be monitorecoy THESEU®iclude

C NSNS/ NSBHmergers
C collimatedEMemissiofromshortGRBsandtheirafterglowgate
of O 1/yr for 2G GWdetectorbutupto 20yr for 3G GWdetectors
asEinsteifelescope
C Optical/NIRndsoftX-rayisotropicemissionffommacronovag
off-axis afterglowsand,forNSNS,fromnewlybornmsmagnetar
spindowrfrateof GW detectabl®&SNS or NSBH systemsi.e.
dozendundredgr)
C Corecollapseof massivestars LongGRBs LLGRBsccSNe(much
moreuncertaipredictions GWenergyutputpossibleateof~1/yr)
C FlaredromisolatedNSs SoftGammédrepeater@lthouglcWenergy
contenis ~0.01%-1% of EMcounterpart




THESEU®ainscientificgoals

A) Exploring the Early Universe
(cosmic dawn and reionization era First Stars and Reionization Era

unveiling the GamniRay Burst = IR ——————
(GRBs) population in the first billio N\

neutral and fransparent

years omesnt —— /Planck T\ umasstrone

The study of the Universebeforeand
duringheepoclofreionizatiorepresents
one of the majorthemesfor the next g
generatiorof spaceand grountdbased
observationdlacilities Many questions
about the first phases of structure

Epoch of Reionizati Galaxies and Quasers
e e begin to form - starting

'. -THESEUS 2 5 reionization.

formatiom the earlyUniversevillstillbe SRR Ak
opennthelate2026: g R T 1 Fomsion cangts
A When and how did first ‘ 0| amsaote
' ? e
stars/galaxies form?~ oactrlete
A What are their properties? When - | | Qusrsysen

how fast was the Universe enriche
Wlth metaIS? ~13.7 Billion

A How dideionizatiorproceed?

Today: Astronomers look back and understand



