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Abstract

THESEUS is a space mission concept aimed at exploiting Gamma-Ray Bursts for
investigating the early Universe and at providing a substantial advancement of multi-
messenger and time-domain astrophysics.

These goals will be achieved through a unique combination of instruments allowing
GRB and X-ray transient detection over a broad field of view (more than 1sr) with 0.5-1
arcmin localization, an energy band extending from several MeV down to 0.3 keV and
high sensitivity to transient sources in the soft X-ray domain, as well as on-board
prompt (few minutes) followup with a 0.7 m class IR telescope with both imaging and
spectroscopic capabilities.

THESEUS will be perfectly suited for addressing the main open issues in cosmology such
as, e.g., star formation rate and metallicity evolution of the inter-stellar and intra-
galactic medium up to redshift ~10, signatures of Pop Ill stars, sources and physics of
reionization, and the faint end of the galaxy luminosity function.

In addition, it will provide unprecedented capability to monitor the X-ray variable sky,
thus detecting, localizing, and identifying the electromagnetic counterparts to sources
of gravitational radiation, which may be routinely detected in the late '20s / early '30s
by next generation facilities like aLIGO/ aVirgo, eLISA, KAGRA, and Einstein Telescope.
THESEUS will also provide powerful synergies with the next generation of multi-
wavelength observatories (e.g., LSST, ELT, SKA, CTA, ATHENA).
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Age of the Universe (billions of years)
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THESEUS GRB/yr All 7>5 z>8 z>10

Detections 387-870 25-60 4-10 2-4
Photometric z 25-60 4-10 2-4
Spectroscopic z 156-350 10-20 1-3  0.5-1
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e Soft X-ray Imager (SXI): a set of 4 “Lobster-Eye” X-ray (0.3-6 keV) telescopes covering a total FOV of ~1 sr
with 0.5-1 arcmin source location accuracy, provided by a UK led consortium;

e InfraRed Telescope (IRT): a 70 cm class near-infrared (up to 2 um) telescope with imaging and moderate
spectral capabilities provided by a France led consortium (including ESA, Switzerland, and Germany);

e X-Gamma ray Imaging Spectrometer (XGIS): a spectrometer comprising 3 detection units based on SDD+CsI(TI)
modules (2 keV-20 MeV), covering twice the FOV of the SXI. This instrument will be provided by an Italian
led consortium (including Spain).



scintillator

| —

CsI(TI)

Direct X Scintillation
detectionin Si light detection




Table 5: XGIS detector unit main physical characteristics.

Energy band 2 keV-20 MeV
Detection plane modules 4

detector pixel/module 32%32

pixel size (= mask element size) S5X5 mm

Low-energy detector (2-30 keV) Silicon Drift Detector 450 um thick
High energy detector (>30 keV) CsI(TI) 3 cm thick

Discrimination Si/CsI(Tl) detection  Pulse shape analysis

Dimension 50x50x85 cm
Power 300 W
Mass 37.3kg

Table 6: XGIS unit characteristics vs energy range.

2-30 keV 30-150 keV >150 keV
Fully coded FOV 9x9 deg?
Half sens. FOV 50x50 deg? 50x50 deg” (FWHM)
Total FOV 64x64 deg? 85x85 deg® (FWZR) 27st
Ang. res 25 arcmin
Source location accuracy  ~5 arcmin (for >6 o source)
Energy res 200 eV FWHM at 6 keV 18% FWHM at 60 keV 6% FWHM at 500 keV
Timing res. 1 us 1 us 1 us

On axis useful area 512 cm? 1024 cm? 1024 cm?




Table 4: SXI detector unit main physical characteristics.

Energy band (keV)
Telescope type
Optics aperture
Optics configuration
MCP size

Focal length

Focal plane shape
Focal plane detectors
Size of each CCD
Pixel size

Number of pixel
Number of CCDs
Field of View

Angular accuracy (best, worst)

0.3-6

Lobster eye
320%320 mm?

8%8 square pore MCPs
40x40 mm?

300 mm

spherical

CCD array
81.2x67.7 mm?

18 um

4510x3758 per CCD
4

~1 sr

(<10, 105) arcsec
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Transient type SXI rate

Magnetars 40 day™!
SN Ia shock breakout 4 yr~!
TDE 50 yr~!
AGN+Blazars 350 yr!
Thermonuclear bursts 35 day™!
Novae 250 yr~!
Dwarf novae 30 day ™
SFXTs 1000 yr!

Stellar flares and super flares 400 yr™!
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Abstract

The recent discovery of the electromagnetic counterpart of the gravitational wave
source GW170817, has demonstrated the huge informative power of multi-messenger
observations. During the next decade the nascent field of multi-messenger astronomy
will mature significantly. Around 2030, third generation gravitational wave detectors
will be roughly ten times more sensitive than the current ones. At the same time,
neutrino detectors currently upgrading to multi km?3 telescopes, will include a 10 km3
facility in the Southern hemisphere that is expected to be operational around 2030.

In this review, we describe the most promising high frequency gravitational wave and
neutrino sources that will be detected in the next two decades. In this context, we
show the important role of the Transient High Energy Sky and Early Universe Surveyor
(THESEUS), a mission concept proposed to ESA by a large international collaboration in
response to the call for the Cosmic Vision Programme M5 missions. THESEUS aims at
providing a substantial advancement in early Universe science as well as playing a
fundamental role in multi-messenger and time—domain astrophysics, operating in
strong synergy with future gravitational wave and neutrino detectors as well as major
ground- and space-based telescopes. This review is an extension of the THESEUS white
paper (Amati et al., 2017), also in light of the discovery of GW170817/GRB170817A that
was announced on October 16th, 2017.

Keywords: X-ray sources; X-ray bursts; gamma-ray sources; gamma-ray bursts; Astronomical
and space-research Instrumentation
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Table 1: THESEUS instruments

SXI XGIS IRT
Energy range 0.3-6 keV 2-30keV 30-150 keV > 150 keV ZYJH
(0.7 = 1.8um)
Field of View 1 sr Half sens.: 50%50 deg? 50x50 deg? imaging 10" x 10/
Total: 64x64 deg® 85%85 deg? 27 st low res 107 x 10/
high res x5
Source location < 10” (best) 5’ (for > 60 source) - - <1”
accuracy 105" (worse)
Sensitivity erg(ph) cm™2 s7! phcm™2 57! H (AB mag)
2 x 1078(10) (1s) 1 (1s) 0.15 (1s) 0.22 (Is) | imaging  20.6 (300 5s)
2x 10711(0.01) (10 ks) 0.02 (1ks) 0.004 (1ks)  0.008 (1ks) | low res. 18.5 (300 s)

high res.

17.5 (1800 s)




0° [

-30°

30°

18h

15h

12h

%h

-30°




10000.0

1000.0

Flux [ergcm °s ]




News(>2) [yrd]

10.0

1.0

0.1

Redshift




bew gy ainjosqy

© © y ® o - e
T T T T T T[] ]
T > >N
.- H
i Bt -
Rk
e ]
W2
Bl |
i H; |
T A _ _
P~ (v 8] (0)] o — % (42
~— — ~— ad (Y| (aY|

Bew gy uareddy

10

0.1

Days after LIGO trigger



GW observations

THESEUS XGIS/SXI joint GW+EM observations

Epoch  GW detector BNSrange  BNSrate XGIS/sGRB rate SXI/X-ray isotropic
(yr 1) (yr 1) counterpart rate (yr~')
2020+ Second-generation (advanced LIGO, ~200 Mpc ~40* ~5-15 ~1-3 (simultaneous)
Advanced Virgo, India-LIGO, KAGRA) ~6-12 (+follow-up)
2030+ Second + Third-generation ~15-20 Gpc  >10000  ~15-35 2100

(e.g. ET, Cosmic Explorer)

* from Abadie et al. 2010a



Summary

The first detection of the electromagnetic counterparts of a GW source has confirmed a
number of theoretical expectations and boosted the nascent multi-messenger
astronomy. In this review we have discussed several classes of sources, including
compact binary coalescences, core-collapsing massive stars, and instability episodes on
NSs that are expected to originate simultaneously high-frequency GWs, neutrinos and
EM emission across the entire EM spectrum, including in particular high energy
emission (in X-rays and gamma-rays).

We have shown that the mission concept THESEUS has the potential to play a crucial
role in the multi-messenger investigation of these sources. THESEUS, if approved, will
have the capability to detect a very large number of transient sources in the X-ray and
gamma-ray sky due to its wide field of view, and to automatically follow-up any high
energy detection in the near infrared. In addition, it will be able to localise the sources
down to arcminute (in gamma and X-rays) or to arcsecond (in NIR).

The instrumental characteristics of THESEUS are ideal to operate in synergy with the
facilities that will be available by the time of the mission: several new generation
ground- and space-based telescopes, second- and third-generation GW detector
networks and 10 km3 neutrino detectors. This makes THESEUS perfectly suited for the
coming golden era of multi-messenger astronomy and astrophysics



