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Abstract

The Transient High Energy Sources and Early Universe Surveyor (THESEUS) will address multiple
fundamental questions for modern cosmology and astrophysics. The primary scientific goals of the mission
address the Early Universe ESA Cosmic Vision theme “How did the Universe originate and what is made
of?” and, specifically, the sub-themes 4.1 Early Universe, 4.2 The Universe taking shape and 4.3 The
evolving violent Universe. It will also impact on the Gravitational Wave Universe (3.2) and The Hot and
Energetic Universe themes. THESEUS will have unique capabilities to: a) Explore the Early Universe (the
cosmic dawn and re-ionization era) by unveiling the Gamma-Ray Burst (GRB) population in the first billion
years; b) Identify electromagnetic counterparts to sources found by next-generation gravitational wave and
neutrino facilities (multi-messenger astrophysics); and c) Perform an unprecedented deep monitoring of
the soft X-ray transient Universe. These objectives are synergetic with those of every large electromagnetic
facilities of the next decade, such as ATHENA, E-ELT, SKA, CTA and LSST).
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1. Overview

The Transient High Energy Sources and Early Uni-
verse Surveyor (THESEUS) is a candidate mission for
the European Space Agency M5 slot, and if selected
is due for launch in 2032. THESEUS is currently un-
der Phase A study. The mission PI is Lorenzo Amati,
INAF, Italy. The payload consortium includes contri-
butions from many ESA member states, including Italy,
UK, France, Germany, Spain, Switzerland, Belgium, the
Czech Republic, Poland, Hungary, Ireland and Slovenia.

THESEUS will carry three instruments: two wide-field
monitors, the Soft X-ray Instrument (SXI, 0.3 – 5 keV
band) and the X-Gamma Imaging Spectrometer (XGIS,
2 keV – 20 MeV), and an Infrared Telescope (IRT, 0.7m
class, 0.7 – 1.8 µm). This payload will be accommodated
on a rapid-response spacecraft placed into a low inclina-
tion, low Earth orbit. The monitors can communicate
trigger information rapidly via a VHF system currently
under development for the SVOM mission, and transmit
bulk data via ground station passes.

Below we summarise the main science objectives and
in later sections give an overview of the baseline instru-
ment payload and the mission profile.

2. Science objectives

THESEUS has three primary objectives:

1. Provide real time trigger and accurate (∼ 1 arc-
minutes within a few seconds; ∼ 1 arc-seconds
within a few minutes) location of GRBs, particularly
at high redshift. for follow-up with next-generation
optical-NIR (E-ELT, GMT, TMT, JWST if still
operating), radio (SKA), X-rays (ATHENA), TeV
(CTA) or neutrino telescopes;

2. Enable multi-messenger astrophysics by identifying
the electromagnetic counterparts of detections by
the next generation of gravitational wave and neu-
trino facilities;

3. Discover new high-energy transient sources, includ-
ing supernova shock break-outs, black hole tidal dis-
ruption events, magnetar flares, and monitor known
X-ray sources, with high cadence observations.

2.1. High-redshift GRBs

Objective (1) makes use of the huge luminosities of
GRBs, mostly emitted in X- and gamma-rays, their red-
shift distribution, extending at least to z ∼ 10 and and



their association with explosive death of massive stars,
to provide a unique and powerful tool to study the early
Universe up to the re-ionization era. To date there is no
consensus on the dominant sources of re-ionization, and
GRB progenitors and their hosts are very good repre-
sentatives of the massive stars and star-forming galaxies
that may have been responsible. A statistical sample of
high redshift GRBs can provide fundamental informa-
tion such as: measuring independently the cosmic star-
formation rate, even beyond the limits of current and
future galaxy surveys, the number density and proper-
ties of low-mass galaxies, the neutral hydrogen fraction,
the escape fraction of UV photons from high-z galax-
ies. THESEUS will also be capable of finding the elusive
GRBs associated with the first, metal-free stars (the so-
called Pop III stars). Even indirectly, the role of Pop
III stars in enriching the first galaxies with metals can
be studied by looking to the absorption features of Pop
II GRBs blowing out in a medium enriched by the first
Pop III supernovae. More generally, high-z GRBs will
allow the characteristics of cosmic chemical evolution
to be investigated at early times. Further scientific re-
turn will come via the rapid dissemination of alerts from
THESEUS to facilitate efficient follow-up of high-redshift
GRBs with other ground- and space-based facilities, such
as E-ELT and Athena.

2.2. Multi-messenger astrophysics

The launch of THESEUS will enable objective (2) as
it will coincide with a golden era of multi-messenger
astronomy. With the first detection of gravitational
waves (GWs) by a new window on the Universe has been
opened. By the end of the present decade, the GW sky
will be routinely monitored by a network of second gen-
eration GW detectors, an ensemble of Michelson-type
interferometers composed by the two Advanced LIGO
(ALIGO) detectors in the USA and by Advanced Virgo
(AdVirgo) in Italy, plus LIGO-India and KAGRA in
Japan. By the 2030s, more sensitive third generation
GW detectors, such as the Einstein Telescope and Cos-
mic Explorer, are planned to be operative. Several of
the most powerful transient sources of GWs predicted
by general relativity, e.g. binary neutron star (NS-NS)
or NS-black hole (BH) mergers are expected to produce
bright electromagnetic (EM) signals across the entire
EM spectrum, and in particular in the IR, X-ray and
gamma-ray energy bands, as well as neutrinos. Identifi-
cation of an EM counterpart enables a multitude of sci-
ence programmes by allowing for parameter constraints
that the GW observations alone cannot fully provide,
such as on the emission mechanisms and jet physics, the
source location, the host galaxy environment at the time
of merger and the total energetics. Fundamental physics
constraints, such as breaking degeneracies in cosmologi-
cal parameters and constraining Lorenz invariance can

also be achieved. In parallel to the advancement in
GW physics, IceCube and KM3nNeT and the advent
of Megaton detectors will also revolutionize neutrino as-
trophysics. With it’s on-board multi-wavelength instru-
ments, THESEUS will provide a powerful complement
to these facilities, enabling both joint triggers and rapid
follow-up capability.

2.3. Monitoring the transient sky

Objective (3) makes use of the wide-field monitoring ca-
pability of THESEUS to detect and localize in X-rays
and Gamma-rays and to follow-up in the IR. The grasp
(deg2× cm2) of the THESEUS soft X-ray monitor (SXI)
is more than an order of magnitude above eROSITA
and XMM-Newton in the soft X-ray band, providing a
uniquely powerful probe of the transient Universe. THE-
SEUS will also have high-energy monitoring capability
out to 20MeV, providing a unique combination of sensi-
tivity and broad bandpass. The on-board IR telescope
provides the ability to accurately localise and monitor
many types of sources. THESEUS can autonomously lo-
cate other transient sources while searching for GRBs. In
this way a large number of both transients and variable
X-ray sources can be observing serendipitously during
regular observations. These data will provide a wealth
of unique science opportunities, by revealing the vio-
lent Universe as it occurs in real-time. Many of the
most luminous galactic and extra-galactic sources emit
at high energies, but in unpredictable ways requiring a
monitoring capability with sufficient grasp to capture
sources serendipitously. The orbital cadence and lifetime
of THESEUS will enable many thousands of square de-
grees of sky to be monitored each day, providing a vast
dataset alone, but will also enabling multi-wavelength
science. By combining with data from other observa-
tories, THESEUS will enhance the science return from
many ground- and space-based facilities by feeding them
targets and enabling monitoring observations.

3. Instrument payload

The payload on THESEUS consists of three instruments:

1. Soft X-ray Imager (SXI, 0.3 – 5 keV): a set of 4
lobster-eye telescope modules, covering a total FOV
of ∼ 1sr with source location accuracy < 1 − 2 arc-
minutes;

2. X-Gamma Imaging Spectrometer (XGIS, 2 keV – 20
MeV): a set of slat collimated monolithic X-gamma
rays detectors based on bars of Silicon diodes cou-
pled with CsI crystal scintillator, with a ∼ 2sr FOV;

3. InfraRed Telescope (IRT, 0.7−1.8µm): a 0.7m class
IR telescope with a 15×15 arc-minute FOV and ∼ 1
arc-second location accuracy, with both imaging and
spectroscopy capabilities.



3.1. The Soft X-ray Imager

The SXI comprises 4 modules, each a wide-field Lobster
eye telescope using the optical principle, first described
by Roger Angel, of using Micro-Pore Optics (MPOs).
These optics are similar to those being utilized in the
ESA BepiColumbo mission, currently en-route to Mer-
cury, the China-France SVOM mission, due for launch
in late 2021, and the ESA-China SMILE mission, cur-
rently under development for launch in 2023. The optics
aperture of each THESEUS SXI module is formed by an
array of 8x8 square pore MPOs mounted on a spherical
frame with radius of curvature 600 mm. The focal plane
of each SXI module is baselined as a set of X-ray sensitive
CMOS detectors in a 4x2 array with total detector area
of ∼ 16 × 16 cm2. The combined field of view of the 4
SXI modules is ∼ 1sr. As the MPOs are focussing X-ray
optics, the sky background is greatly reduced relative to
an unfocussed wide-field monitor instrument while main-
taining a wide-field of view. This provides more than an
order of magnitude more sensitivity for fast transients
such as GRBs compared to current facilities. On-board
trigger software, running on an instrument data-handling
unit, will find transients in real-time located to 1−2 arc-
minutes for rapid communication to ground. Detailed
simulations show the THESEUS SXI will detect many
hundreds of GRBs per year, with tens per year at z > 6
— a discovery rate � 10× Swift or SVOM — plus thou-
sands of other transients.

3.2. The X-Gamma Imaging Spectrometer

The X-Gamma ray Imaging Spectrometer (XGIS) com-
prises 2 coded-mask modules. The 2 modules are pointed
at offset directions in such a way that their field of view
partially overlap with each other and fully overlap with
that of the SXI. The detectors in each XGIS module con-
sist of low-energy Silicon Drift Detectors, which provide
imaging capabilities in the low energy band (2 -150 keV)
thanks to the combination of an opaque mask superim-
posed to a position sensitive detector, and a high-energy
CsI detector. A passive shield placed on the mechanical
structure between the mask and the detector plane will
determine the FOV of the XGIS modules for X-rays up to
about 150 keV energy. Furthermore, the detector plane
energy range is extended up to 20 MeV without imaging
capabilities. As for the SXI, on-board trigger software,
running on an instrument data-handling unit, will find
XGIS transients in real-time located to 8 arc-minutes
for rapid communication to ground. The combination
of SXI and XGIS will enhance the characterisation of
transients.

3.3. The Infrared Telescope

The InfraRed Telescope (IRT) on board THESEUS is de-
signed in order to identify, localize and characterise tran-
sients, and especially the GRBs detected by the SXI and

the XGIS. The telescope is baselined as having a 0.7m
aperture, feeding an instrument with photometric and
spectroscopic capability in the 0.7 –1.8 µm) band. Fol-
lowing an autonomous slew, the IRT will locate the coun-
terpart to high-energy triggers from the SXI and XGIS
by executing a pre-planned observing sequence. The
source location to arc-second accuracy will be rapidly
communicated along with a redshift estimate determined
on board.

4. Mission profile

The concept of THESEUS is to operate in a similar way
to the successful Swift mission and the planned SVOM
mission. Placed into a low-inclination (∼ 5 degrees) or-
bit, THESEUS will spend most of its time monitoring the
sky observing several thousand square degrees instanta-
neously. Due to the sensitivity of the SXI and XGIS,
the rate of triggers will be much higher than the Swift
and SVOM combined rate, plus a much larger number
of transients will be monitored on various timescales in
the X-ray band. The IRT is also a highly capable space-
based instrument, and can in principle enable observa-
tory science while the monitors observe the transient sky.

SXI and XGIS Triggers will be communicated to
ground within minutes of detection, followed by more
accurate source locations and a redshift determination
from the IRT within tens of minutes. The payload bulk
data will be available after downlink and processing. The
public data access policy will follow those of Swift and
SVOM, enabling a wide community involvement in the
mission. THESEUS will also have upload capability to
provide follow-up for triggers from other facilities. This
is most particularly required for multi-messenger facil-
ities where, if there is no immediate on-board trigger,
THESEUS can be repointed to observe the GW or neu-
trino sky location.
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