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THESEUS
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), 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



q Smooth CDF study, successful MDR -> Phase A 
q Efficient and positive interaction between ESA and  consortium

May 2018: THESEUS selected by 
ESA for M5 Phase 0/A study

Comleted by May
2021

June 2021



Shedding light on the early Universe with GRBs
Because of their huge luminosities, mostly
emitted in the X and gamma-rays, their
redshift distribution extending at least to z ~9
and their association with explosive death of
massive stars and star forming regions, GRBs
are unique and powerful tools for
investigating the early Universe: SFR
evolution, physics of re-ionization, galaxies
metallicity evolution and luminosity
function, first generation (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



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)

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

• the number density and properties of low-mass galaxies



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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Courtesy N. Tanvir

• the neutral hydrogen fraction
• the escape fraction of UV photons from high-z galaxies
• the early metallicity of the ISM and IGM and its evolution
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Exploring the multi-messenger transient sky
q Locate and identify the electromagnetic

counterparts to sources of gravitational
radiation and neutrinos, which may be
routinely detected in the late ‘20s / early
‘30s by next generation facilities like
aLIGO/aVirgo, eLISA, ET, or Km3NET;

q Provide real-time triggers and accurate (~1
arcmin within a few seconds; ~1’’ within a few
minutes) 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; synergy with LSST

q Provide a fundamental step forward in the
comprehension of the physics of various classes
of transients and fill the present gap in the
discovery space of new classes of transients
events





THESEUS: 

ü short GRB detection
over large FOV with 
arcmin localization

üKilonova detection, 
arcsec localization
and 
characterization

üPossible detection
of weaker isotropic
X-ray emission



q Soft X-ray Imager (SXI): a set of four
sensitive lobster-eye telescopes observing
in 0.3 - 5 keV band, total FOV of ~1sr with
source location accuracy 0.5-1’;

q X-Gamma rays Imaging Spectrometer
(XGIS,): 3 coded-mask X-gamma ray
cameras using bars of Silicon diodes
coupled with CsI crystal scintillators
observing in 2 keV – 10 MeV band, a FOV
of ~2-4 sr, overlapping the SXI, with ~5’
GRB location accuracy in 2-30 (150) keV

q InfraRed Telescope (IRT): a 0.7m class IR
telescope observing in the 0.7 – 1.8 μm
band, providing a 10’x10’ FOV, with both
imaging and moderate resolution
spectroscopy capabilities (-> redshift)

THESEUS mission concept

LEO (< 5°, ~600 km)
Rapid slewing bus
Prompt downlink  



PROPOSAL CDF STUDY

THESEUS mission concept: ESA study



q 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



q Shedding light on the early Universe with GRBs
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q THESEUS will also detect and localize down to 0.5-1 arcmin
the soft X-ray short/long GRB afterglows, of NS-NS mergers and 
of many classes of galactic and extra-galactic transients

q For several of these sources, THESEUS/IRT may provide
detection and study of associated NIR emission, location within 
1 arcsec and redshift



q GW/multi-messenger and time-domain astrophysics 

GW transient sources that will be monitored by THESEUS include:

q NS-NS / NS-BH mergers:
q collimated EM emission from short GRBs and their

afterglows (rate up to 20/yr for 3G GW detectors as Einstein
Telescope)

q Optical/NIR and soft X-ray isotropic emissions from
macronovae, off-axis afterglows and, for NS-NS, from newly
born ms magnetar spindown (rate of GW detectable NS-NS
or NS-BH systems, i.e. dozens-hundreds/yr)

q Core collapse of massive stars: Long GRBs, LLGRBs, ccSNe (much
more uncertain predictions in GW energy output, possible rate of
~1/yr)

q Flares from isolated NSs: Soft Gamma Repeaters (although GW
energy content is ~0.01%-1% of EM counterpart)



q GW/multi-messenger and time-domain astrophysics 
GW transient sources that will be monitored by THESEUS
include NS-NS / NS-BH mergers:

q collimated on-axis and off-axis prompt gamma-ray
emission from short GRBs

qOptical/NIR and soft X-ray isotropic emissions from
kilonovae, off-axis afterglows and, for NS-NS, from newly
born ms magnetar spindown



q Promptly and accurately localizing e.m. counterparts 
to GW events with THESEUS 

15 ʹ

5 ʹ

110∘× 30∘



q Detection, study and arcsecond localization of 
afterglow and kilonova emission from shortGRB/GW 
events with THESEUS/IRT 

Precise localization is mandatory to activate large ground-based
telescopes as VLT or ELT from which detailed spectral analysis will

reveal the intrinsic nature of these newly discovered phenomena



q Promptly and accurately localizing e.m. counterparts 
to GW events with THESEUS 

15 ʹ

5 ʹ

110∘× 30∘

1 arcsec ! 



q THESEUS measurements + sinergy with large e.m. 
facilities -> substantial improvment of redshift estimate 
for e.m. counterparts of GW sources -> cosmology

Estimating H0 with GW170817A 
(LVC 2017)

Investigating dark energy with a statistical
sample of GW + e.m. (Sathyaprakash et al. 2019)
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• survey capabilities  of transient 
phenomena similar to the Large 
Synoptic Survey Telescope (LSST) in 
the optical: a remarkable scientific 
sinergy can be anticipated.

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

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

q Time-domain astronomy and  
GRB physics 

Nava et al. 2018

Soderberg et al.



q Absorption features: the case of GRB990705 (edge at 3.8 keV -> 
redshifted neutral iron k-edge -> z = 0.85 -> confirmed by host 
galaxy spectroscopy: redshift estimate through X-ray spectroscopy 
(need energy resolution < ~1 keV in X-rays)

BeppoSAX WFC + GRBM
(Amati et al. 2000)

THESEUS SXI + XGIS
(Nava et al. 2018)



q measuring cosmological parameters with GRBs

600 GRB



q measuring cosmological parameters with GRBs

600 GRB



• THESEUS 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).

• 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

o provide a flexible follow-up observatory for fast transient events with 
multi-wavelength ToO capabilities and guest-observer programmes.31



In summary
v 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.

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

v 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 

v 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)

v Call for participating THESEUS scientific WGs will be issued very soon; 
THESEUS science session at EWASS 19 in Lyon; Theseus Consortium 
meeting in Bologna on July 3-5; THESEUS International Conference in 
Malaga on 12-15 May 2020



Back-up slides



q Shedding light on the early Universe with GRBs



Mission profile and budgets



THESEUS payload consortium: contributions
• Italy - L.P. / project office, XGIS, Malindi ground station, Trigger Broadcasting Unit 

• UK - SXI (coord., optics, cal., s/w) 

• France - IRT (coord.,camera, cal., s/w), Theseus Burst Alert Ground Segment

• Germany (with Poland and Denmark) - I-DHUs and Power Supply Units (PSUs)

• Switzerland: SDC (s/w, data processing, pipelines, quick-look) + IRT filter wheel

• Spain: XGIS coded mask, +… (IRT detectors / optics? SXI focal plane structure / optics....?)

• ESA P/L contribution:  IRT telescope (including cooler), SXI detectors

• Other contributions: Spain (XGIS coded mask, SXI focal plane assembly, IRT), Belgium (SXI 

integration and tests), Czech Rep. (mechanical structures and thermal control of SXI)

• Possible minor contributions: Ireland (XGIS detectors, IRT on-board s/w ), Hungary
(spacecraft interface simulator, I-DHU, IRT calib.), Slovenia (X-band)

• Possible international non-enabling contributions: USA: (XGIS sim. + tests, TDRSS), Brazil:
Alcantara ground station, China (SXI, XGIS)



THESEUS responsibilities product tree



THESEUS consortium: contact persons

+ science key persons in the TSST and instruments leads and 
key persons in the SEWG



THESEUS teams: ESA

(lead scientist)

L. Colangeli (ESA, Head of Science Coordination Office), P. Falkner (ESA, Head of Mission Studies Office

(Lead scientist)



THESEUS consortium science: 6 WGs,
> 200 contributing scientists

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





q Detection, accurate location (from few arcmin to few arcsec) and
possibly redshift measurement (also through other e.m. facilities)
and m-w characterization of the e.m. counterpart (short GRB, soft
X-ray emission, kilonova) of several tens of GW signals from NS-NS
and NS-BH (e.g, NS-NS, KN and GRB physics; use of GW signals as
standard sirens for cosmology (H0, dark energy,…)

q Investigating SFR cosmic history up to early Universe and getting
clues to pop III stars with two complementary methods (THESEUS
through high-z long GRBs, ET through population and properties of
BHs upt to very high z)

q GW signals form CC-Sne (THESEUS is likely to unveal the bulk of
the population of “local”, soft and sub-energetic GRBs produced by
peculiar CC-Sne) and SGRs

THESEUS: straightforward synergies with ET





q Shedding light on the early Universe with GRBs



The Soft X-ray Imager (SXI) – led by UK

4 DUs, each has a 31 x 26 degree FoV



The X-Gamma-ray imaging spectrometer





19/11/2014 Diego Götz - THESEUS - M4 Science 48



GRB NIR Afterglow

Hi-z GRB NIR spectroscopy Very Hi-z GRB NIR spectroscopy

NIR Kilonova from NS-NS



50C. Labanti

Coded mask

Detection plane
Made of 10x10 
(or 9x9 TBD) modules 

Field delimiter

+ 
• DHU (Data Handling Unit)
• Instr. Specific SW
• Harness 
• Particle monitor 
• …..

XGIS detection unit (camera)
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Top SDD matrixS

Top PCB with holesS

ScintillatorsS

Pre-amp ASICS

Connection to Back 
End ElectronicsS

Bottom SDD matrix, 
pre-amp ASIC  and 
PCB S

Back End Electronics PCBS

C. Labanti

8x8 Pixel SDD

Self standing Detection module made of 8x8 individual detectors, electronics, I/F

Top PCB with open windows for low energy  X-ray radiation and  
pre-amp Front ASICs in the opposite side of the SDD

XGIS detection plane module



+ Infrared telescope and fast slewing !!!

2029-2030

2022
2032



The Italian contribution to THESEUS
• Theseus consortium coordination: INAF (Lead Proposer, project office)

• Science: 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, …)

• XGIS (including radiation monitor): INAF (PI; OAS, IASF-MI, IAPS, IASF-PA,
…), Universities (Politecnico Milano, Univ. Pavia, Univ. Ferrara, Univ. Udine,
FBK Trento

• TBU (Trigger Broadcasting Unit): INAF

• Malindi ground station: ASI (in-kind contribution)

• Industries: involvement already in Phase A (contrib. XGIS and TBU studies)
ASI funding for Phase A study: ~500 KEuro (2019-2020)
Co-funding from INAF + Universities: ~660 KEuro
Likely further ESA funding for XGIS module prototyping: ~450 KEuro



Italian contribution: break-down



q SKA: early Universe cosmology (pop III stars, cosmic
re-ionization, first galaxies), GRBs and transients physics,
multi-messenger astrophysics

q CTA: GRB and transient physics, test of fundamental
physics, multi-messenger astrophysics

q THESEUS synergies Working Group: investigating
Theseus-CTA and Theseus-SKA synergies

THESEUS: straightforward synergies with
SKA and CTA



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

56

• ESA L2/L3 review: “The SSC strongly endorses the
need to continue pursuing in the future the discovery
of GRBs”

• THESEUS will be a really unique and superbly
capable facility, one that will do amazing science on
its own, but also will add huge value to the currently
planned new photon and multi-messenger
astrophysics infrastructures in the 2020s to > 2030s.





q THESEUS will also detect and localize down to 0.5-1 arcmin the 
soft X-ray short/long GRB afterglows, of NS-NS (BH) mergers and of 
many classes of galactic and extra-galactic transients

q For several of these sources, THESEUS/IRT will provide
detection and study of associated NIR emission, location within 1 
arcsec and redshift



THESEUS payload consortium: contributions
• Italy - L.P. / project office, XGIS, Malindi ground station, Trigger Broadcasting Unit 

• UK - SXI (coord., optics, cal., s/w) 

• France - IRT (coord.,camera, cal., s/w), Theseus Burst Alert Ground Segment

• Germany (with Poland and Denmark) - I-DHUs and Power Supply Units (PSUs)

• Switzerland: SDC (s/w, data processing, pipelines, quick-look) + IRT filter wheel

• Spain: XGIS coded mask, +… (IRT detectors / optics? SXI focal plane structure / optics....?)

• ESA P/L contribution:  IRT telescope (including cooler), SXI detectors

• Other contributions: Spain (XGIS coded mask, IRT), Belgium (SXI integration and tests), 

Czech Rep. (mechanical structures and thermal control of SXI)

• Possible minor contributions: Ireland (XGIS detectors, IRT on-board s/w ), Hungary
(spacecraft interface simulator, I-DHU, IRT calib.), Slovenia (X-band)

• Possible international non-enabling contributions: USA: (XGIS sim. + tests, TDRSS), Brazil:
Alcantara ground station, China (SXI, XGIS)



THESEUS responsibilities product tree



THESEUS mission concept: ESA study



Further instruments design changes
q Slight down-sizing of IRT and XGIS required ->

verify impact (see next talks)
q Change of IRT optics design -> advantages and

disadvantages
q Impact of spacecraft pointing performances on IRT

imaging and spectroscopy sensitivity
q SXI detectors: from CCD to CMOS ? -> impact

(energy band, efficiency, …)





THESEUS consortium science: 6 WGs,
> 200 contributing scientists

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



q Shedding light on the early Universe with GRBs



Mission profile and budgets

• Launch with VEGA-C into LEO (< 5°, ~600 km)
• Spacecraft slewing capabilities (30° < 5 min)
• Prompt downlink options : WHF network (options: IRIDIUM network,

ORBCOMM, NASA/TDRSS, ESA/EDRS)



q THESEUS measurements + sinergy with large e.m. facilities
-> substantial improvment of redshift estimate for e.m. 
counterparts of GW sources -> cosmology

Estimating H0 with GW170817A



• survey capabilities  of transient 
phenomena similar to the Large 
Synoptic Survey Telescope (LSST) in 
the optical: a remarkable scientific 
sinergy can be anticipated.

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

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

q Time-domain astronomy and  
GRB physics 

Nava et al. 2018

Soderberg et al.



q GW/multi-messenger time-domain astrophysics 
GW transient sources that will be monitored by THESEUS include
NS-NS / NS-BH mergers:

q collimated on-axis and off-axis prompt gamma-ray emission from
short GRBs

q Optical/NIR and soft X-ray isotropic emissions from kilonovae,
off-axis afterglows and, for NS-NS, from newly born ms magnetar
spindown



q Promptly and accurately localizing e.m. counterparts 
to GW events with THESEUS 

15 ʹ

5 ʹ

110∘× 30∘



q Promptly and accurately localizing e.m. counterparts 
to GW events with THESEUS 

15 ʹ

5 ʹ

110∘× 30∘

1 arcsec
(+redshift)! 



THESEUS payload consortium (M5)
• ITALY - L.P. / project office, XGIS, Malindi antenna 

• UK - SXI (optics + detectors + calibration) + S/W  (SXI pipeline and remote contribution to 
SDC) 

• France - IRT (coordination and IR camera, including cooler) , ESA - IRT optics + SXI CCDs

• Germany, Poland - Data Processing Units (DPU) for both SXI and XGS, Power Supply 
Units (PSU)

• Switzerland: SDC (data archiving, AOs, + pipelines) + IRT focal plane assembly

• Other contributions: Spain (XGIS collimators), Belgium (SXI integration and tests), Czech
Rep. (mechanical structures and thermal control of SXI), Ireland (IRT focal plane), Hungary
(spacecraft interface simulator, PDHU, IRT calib.), Slovenia (X-band transponder, mobile 
ground station)

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

• Industrial partners: CGS (OHB group), GPAP



The Soft X-ray Imager (SXI)

4 DUs, each has a 31 x 26 degree FoV



The X-Gamma-rays spectrometer (XGS)



Field of view

XGIS

SXI

IRT



The InfraRed Telescope (IRT)



GRB NIR Afterglow NIR Kilonova from NS-NS

Hi-z GRB NIR spectroscopy Very Hi-z GRB NIR spectroscopy



q Low-Earth Orbit (LEO), (< 5°, ~600 km)

q Rapid slewing bus (>10°/min)

q Prompt downlink (< 10-20s)

q Sky fraction that can be observed: 64%

THESEUS mission profile



May 2018: THESEUS selected by 
ESA for Phase 0/A study

(with SPICA and ENVISION) 



A Korsch telescope is corrected for spherical aberration, coma, astigmatism, and 
field curvature and can have a wide field of view while ensuring that there is little 
stray light in the focal plane. 

IRT – Telescope ESA Study

https://en.wikipedia.org/wiki/Spherical_aberration
https://en.wikipedia.org/wiki/Coma_(optics)
https://en.wikipedia.org/wiki/Astigmatism_(optical_systems)
https://en.wikipedia.org/wiki/Field_curvature
https://en.wikipedia.org/wiki/Stray_light
https://en.wikipedia.org/wiki/Focal_plane


THESEUS website


