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Abstract
The proposed THESEUS mission will vastly expand the capabilities to monitor the
high-energy sky. It will specifically exploit large samples of gamma-ray bursts to
probe the early universe back to the first generation of stars, and to advance multi-
messenger astrophysics by detecting and localizing the counterparts of gravitational
waves and cosmic neutrino sources. The combination and coordination of these activ-
ities with multi-wavelength, multi-messenger facilities expected to be operating in
the 2030s will open new avenues of exploration in many areas of astrophysics, cos-
mology and fundamental physics, thus adding considerable strength to the overall
scientific impact of THESEUS and these facilities. We discuss here a number of these
powerful synergies and guest observer opportunities.

Keywords Multi-messenger astrophysics · Gamma-ray bursts · X-ray sources ·
Gravitation wave sources · Neutrino sources

1 Introduction

Major discoveries in astrophysics and cosmology over the last decades have benefited
greatly from the synergy among space and ground-based facilities over the entire

� P. Rosati
rosati@fe.infn.it

Extended author information available on the last page of the article.

http://crossmark.crossref.org/dialog/?doi=10.1007/s10686-021-09764-2&domain=pdf
http://orcid.org/0000-0002-6813-0632
mailto: rosati@fe.infn.it


Experimental Astronomy

electromagnetic spectrum. Wide area surveys have played a key role in this endeavor
by probing large population of astrophysical sources and often discovering the rarest
objects in the Universe, feeding follow-up studies with large narrow-field facilities
from the radio to the X-ray bands. Some of these facilities have themselves conducted
deep surveys pushing the exploration to the early universe, albeit over small fields
(for example the HST and Chandra deep fields), thus stimulating multi-wavelength,
multi-observatory observations in the same sky regions.

Recent history has also shown that some of the most interesting and often
unexpected breakthroughs come from the discovery of transient phenomena, when
monitoring capabilities are combined with large area surveys. This has been partic-
ularly true in the high-energy (HE) domain, where gamma-ray bursts (GRBs), the
most luminous known sources of electromagnetic radiation, have emerged over the
last decade as powerful probes of the distant universe, by pinpointing the collapse of
massive stars (the long duration GRBs), potentially back to the very first stars, a few
hundred million years after the Big Bang. The other class of short duration GRBs
has now been securely associated with neutron star (NS) compact binary mergers,
after the detection of gravitational waves (GW) by the Ligo-Virgo interferometers
(GW170817, [1]), and the prompt identification of the electro-magnetic counterpart from
γ -rays to radio wavelengths has ushered in the new era of multi-messenger astrophysics.

In general, long-term monitoring of the high-energy sky reveals time variability
of galactic and extra-galactic sources of various kind. Together with the most ener-
getic transient phenomena, one has unique access to extreme physical processes,
with a strong bearing on fundamental physics: strong gravity regime, nuclear physics
at extreme densities, most efficient energy production mechanisms and particle
acceleration, extreme magnetic fields, the cosmic synthesis of heavy metals.

The proposed mission THESEUS (Transient High-Energy Sky and Early Universe
Surveyor)1 is ideally posed to play a pivotal role in the 2030s in the exploration of
transient high-energy sky, at the time when major multi-wavelength, multi-messenger
facilities will be operating. These include extremely large telescopes (ELTs) and
Rubin/LSST in the optical-NIR, the X-ray Athena observatory, the next generation
GW interferometers and neutrino detectors, the Square Kilometre Array (SKA), TeV
telescopes (e.g. CTA) (Fig. 1).

Thanks to the wide and deep monitoring of the high-energy sky (SXI+XGIS
instruments from 0.3 keV to 10 MeV), with focusing capabilities in the soft X-
ray (SXI), and an on-board 70 cm infrared telescope (IRT), THESEUS will feed
these powerful facilities with GRBs and other selected transient events, for dedicated
follow-up observations; THESEUS however will also respond to triggers from these
facilities. The combination of such a vast network of complementary information will
unleash the full scientific potential of the mission and expand the scientific impact
of all these future facilities. We discuss below specific science synergies between
THESEUS and such major facilities.

1We refer to the THESEUS Assessment Study Report (https://sci.esa.int/s/8Zb0RB8) for an overview
of the mission, a description of the on-board instrumentation (XGIS, SXI, IRT), and the key scientific
objectives. The mission profile and science cases are also discussed in detail in accompanying papers
[2–6].

https://sci.esa.int/s/8Zb0RB8
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Fig. 1 THESEUS will work in synergy on a number of themes (bullets) with major multi-messenger
facilities in the 2030s and will provide targets and triggers for follow-up observations with several of these
facilities

2 The Athena X-raymission

Athena (Advanced Telescope for High Energy Astrophysics) is an ESA-led X-ray
space mission, planned to be launched in the early 2030s, which has a number
of primary science requirements exploiting high-energy transients to probe physi-
cal questions. These include: probing stars in the early universe; using GRBs as
backlight to characterize the warm-hot intergalactic medium (WHIM); and probing
galactic and extra-galactic variable sources, such as tidal disruption events (TDE),
Active Galactic Nuclei (AGN) and stellar binary systems. For events with a suffi-
ciently small positional uncertainty, Athena can also contribute significantly to the
area of multi-messenger astrophysics. To maximise the role of Athena, it is therefore
essential that it promptly receives information on the location, brightness, redshift
and object class for a newly discovered transient. Athena must in some cases be pro-
vided with targets very quickly (within a few hours) while others can be provided on
timescales of days–weeks. THESEUS is ideally posed to deliver this information to
Athena.

Extragalactic transients are sufficiently rare that intrinsically large field-of-view
instruments are needed to identify sufficiently sizeable samples of bright objects.
The Swift-BAT and the Fermi-GBM lack on-board redshift determination capabil-
ity, and critically, they are unlikely to be still operational in the Athena era as they
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were launched in 2004 and 2008 respectively. Although the upcoming transient dis-
covery missions SVOM and Einstein Probe could still be operational (albeit beyond
their design lifetimes), they lack multi-wavelength redshift determination capabil-
ity on-board. Only the multi-wavelength THESEUS, due for launch very close in
time to Athena, can find transients, determine redshift on-board, conduct a soft X-
ray survey and find multi-messenger counterparts in the X-ray and IR, while rapidly
communicating discoveries to other facilities. Despite being independent missions,
the combination of Athena and THESEUS in the early 2030s would greatly enhance
the science return of both. Two prominent Athena science objectives ideally match
the capabilities of THESEUS, by requiring very rapid (target sent to Athena within a
few hours) identification of bright GRBs with redshift determination:

1. Probe the first generation of stars (Cosmic Dawn), the formation of the first
black holes, the dissemination of the first metals, and the primordial IMF. This is
to be achieved by determining the elemental abundances of the medium around
high-redshift GRBs. The Athena requirement is to observe 25, z > 7 GRBs
(Fig. 2).

2. Measure the local cosmological baryon density in the WHIM to better than 10%
and constrain structure formation models in the local density regime by mea-
suring the redshift distribution and physical parameters of WHIM filaments.
The Athena requirement is to observe 100 filaments towards bright GRBs up to
z = 1.

To enable a statistically reliable study of the period of cosmic dawn with Athena
requires raising the current high-redshift GRB detection rate by more than an order
of magnitude, a requirement well met by THESEUS but well beyond the capability

Fig. 2 A simulated Athena/X-IFU spectrum of a medium bright (fluence: 4×10−7 erg cm−2) z = 7 GRB
afterglow characterized by deep resonant lines from the ISM of the GRB host galaxy. An effective intrinsic
column density of 2 × 1022 cm−2 was assumed [credit: Athena/X-IFU Consortium]
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of any other current or approved future mission. Athena and THESEUS also have
similar fields of regard, so prompt follow-up is achievable. If followed-up within half
a day, a 50 ksec exposure using the Athena/X-IFU will typically contain hundreds
of thousands of photons from the brightest high-redshift GRBs. Under the require-
ment that the GRB afterglow observed by Athena/X-IFU should have over a million
photons in a 50 ksec observation, exploiting THESEUS GRB capabilities, a recent
study found that the number of expected WHIM aborbers during the 4-year nomi-
nal lifetime of the Athena would range between 45–137 [7]. This shows that the rate
of GRB discovery from THESEUS would readily provide the required rate of very
bright low-redshift GRBs for the Athena WHIM science requirements.

Athena has multiple science requirements that assume the availability of astro-
physical high-energy transients which it can follow-up on timescales of days to weeks
depending on the object class. Examples include: (a) studying the nature of stellar
disruption and subsequent accretion onto super-massive black holes during TDEs, (b)
observing stellar-mass and super-massive black holes in both quiescence and outburst
phases to probe the accretion process, (c) probing disk-corona systems in changing-
look AGN and (d) studying the counterparts to multi-messenger (GW and neutrino)
events.

To this end, it is critical to monitor large areas of sky in real-time to know the cur-
rent accretion state of either known or new examples of such systems. These Athena
science requirements are highly synergistic with those of THESEUS, which has a
primary science objective to perform an unprecedented real-time, high-cadence, deep
monitoring of the X-ray transient universe in order to identify a wide variety of extra-
galactic and galactic transients and to identify the counterparts to multi-messenger
sources. The two monitors on THESEUS will simultaneously observe the sky over an
energy range exceeding a factor of five orders of magnitude and will be particularly
sensitive to the softest energies down to 0.3 keV, providing a perfect complement to
the Athena observing bandpass. The THESEUS/IRT can also provide complementary
data for source monitoring and classification. THESEUS will detect tens of TDEs
per year, many magnetars/soft-gamma Repeater (SGRs), supernovae shock break-
outs, supergiant fast X-ray transient (SFXTs), thermonuclear bursts from accreting
neutron stars, Novae, dwarf novae, stellar flares, AGN and blazars [3]. The data will
be available within days from the THESEUS data processing system. THESEUS will
fly in the era when the next generation of gravitational-wave and neutrino detectors
will provide routine detections. Counterparts of such events found by THESEUS will
have location accuracies far superior to those of the multi-messenger observatories
and will be observable by Athena in a single pointing.

3 Extremely large telescopes

The THESEUS mission will operate in the decade when the next generation of
giant, 20 to 40 m class telescopes will be fully operational, specifically, the Giant
Magellan Telescope (GMT, 22-m equivalent diameter), the Thirty Meter Telescope
(TMT) and the 39-m ESO Extremely Large Telescope (E-ELT). Dedicated follow-up
observations of selected GRB events discovered by THESEUS with these facilities
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will realise and enhance the full scientific goals of the mission, particularly in the
exploration of the early universe and in the study of the optical/near-infrared (NIR)
counterparts of GW signals coming from NS-NS and NS-BH mergers associated
with short GRBs (SGRB). Over the last two decades, we had a preview of the pow-
erful synergy between GRB-dedicated experiments, such as Swift/BAT, Fermi/GBM,
and dedicated follow-up campaigns with 8-10 m class telescopes, for example with
the characterization of the interstellar medium in a few GRB hosting galaxies in the
first billion years of cosmic history (z > 6) with VLT spectroscopy (e.g. [8]), or
with observations of the kilonova associated with the GW170817 binary NS merger
(e.g. [9]). The synergy between THESEUS and the giant optical/NIR telescopes of
the 2030s, assisted with laser guide Adaptive Optics (AO), is expected to be far more
powerful, thus enabling transformative science. For this reason, following up these
GRBs are high-priority research goals for many of the planned ELT instruments.
Deep follow up observations with the largest ground-based facilities will exploit the
drastic improvement of their spectro-imaging sensitivity and angular resolution com-
pared to current 10m-class telescopes. They will also take advantage of the two order
of magnitude increase in the number of GRBs at any redshift, and particularly one
order of magnitude more at z > 6 (likely even beyond redshift 10). In addition, THE-
SEUS on-board NIR spectroscopy capabilities will ensure arcsec accurate location
and redshift estimates of the GRBs, thus allowing time-critical follow-up observa-
tions of pre-selected targets to be scheduled with the appropriate instrumentation on
these facilities.

We refer to Tanvir et al. 2021 ([5], this volume) for a detailed description of a
range of critical scientific cases related to the high-redshift universe, including simu-
lations and forecasts on expected performances when E-ELT follow-up observations
of THESEUS GRBs at z > 6 are carried out. Briefly, long duration GRBs at high
redshift are generated by the collapse of massive UV-bright stars and can therefore
trace star formation in the early universe, in a complementary (and likely unbiased)
fashion when compared to the conventional UV rest-frame selection of Lyman-break
or Ly-α emitting galaxies in deep HST surveys. Using GRBs as signposts of their
host galaxies, these can be unveiled even in the very low-luminosity regime (e.g.
[10]) and their redshift measured with ELTs (if only a photometric redshift with
a 10% uncertainty can be measured with the IRT onboard THESEUS). Moreover,
the bright power-law emission of the GRB afterglow illuminates the interstellar and
intergalactic medium, which can be investigated in absorption with high-dispersion,
high-S/N spectroscopy afforded by these future facilities. This spectral analysis pro-
vides detailed chemical abundance patterns and dust content of the GRB host galaxy,
even in the low-metallicity regime, and can reveal evidence of Pop III chemical
enrichment. Afterglow spectroscopy also yields an accurate measurement of the neu-
tral hydrogen column density of the host galaxy that can be disentangled from a
component of a (partly) neutral intergalactic medium (IGM), and finally an estimate
of the average escape fraction of ionizing radiation. A knowledge of the physical
properties of primordial galaxies well into the reionization epoch, together with the
measured GRB rate, will provide an independent determination of the early rise of
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the star formation rate in the Universe, indicating whether UV emitting sources at the
very faint end of the luminosity function can drive the reionization at z > 6.

We refer to Ciolfi et al. 2021 ([5], this volume), and Section 6 below, for a
discussion of the transforming capabilities of THESEUS in detecting and local-
izing the electromagnetic counterparts of gravitational waves. Also in this case,
follow-up observations with the E-ELT, in particular with the first light instrument
MICADO+MAORY [14], can lead to a characterization of the NS-NS and NS-BH
binary mergers, and the host galaxies of the associated SGRB event, at distances sig-
nificant larger than GW170817. In Fig. 3, we show representative NIR lightcurves
of the afterglow of high-z GRBs and a kilonova from a binary NS merger associ-
ated with a SGRB at 300 Mpc. The imaging and spectroscopic capabilities of the
E-ELT enable a characterization of such events over a prolonged period after the
burst, significantly extending the observations with the IRT on-board THESEUS.

An interesting new avenue opened by high spatial resolution observations with
MICADO-MAORY, with extreme AO yielding diffraction limited performance at
∼6 mas resolution, is the possibility to characterize the stellar population of the site
of the SGRB explosion from which the progenitor originated. Similarly, the 50 μas

astrometric capabilities of MICADO can be used, in principle, to study the jet and
expanding envelope of the SGRB afterglow in nearby events.

Fig. 3 Expected H-band light curves of the afterglow of high redshift GRBs and a kilonova from NS-NS
merger at 300 Mpc. The shaded area indicates the median (black line) and 1-σ scatter of 100 simulated
light curves drawn from GRB population models at z > 6 following [11]. The red curve represents the
kilonova associated to GW170817, projected to a distance of 300 Mpc, using H-band photometry from
[12]. Horizontal lines indicate the limiting magnitude of THESEUS IRT (600s and 1800s exposure for
photometric and spectroscopic limit, with SNR= 5 and 3, respectively,) and ESO ELT-MICADO (1 h
exposure with SNR = 5) in imaging and spectroscopic mode respectively (re-adapted from [13])
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4 The Square Kilometre Array (SKA) and other ground-based radio
facilities

The Square Kilometer Array (SKA) will be the largest radio observatory, expected
to be fully operating in the 2030s, consisting of two arrays of thousands of dishes,
one operating at mid-to-high frequencies located in South Africa, one at low radio
frequencies located in Australia (e.g. [15]). The SKA will drive transformational sci-
ence in many fields of astronomy. In particular, it will enable an ideal technique to
study the evolution of cosmic reionization via the measurement of the 21 cm radi-
ation from neutral hydrogen atoms (due to the hyperfine structure of the triplet and
the singlet levels of the hydrogen ground state). The 21 cm sky contains fluctuations
around the mean (“global”) signal, which encode information on the physical state
of hydrogen, largely representative of all baryons, in the Dark Ages and in the Epoch
of Reionization (EoR) [16].

Canonical tools to study reionization include the polarization of the Cosmic
Microwave Background, and most relevant here, absorption line spectra of bright
sources, typically quasars, located in the reionization epoch. However, the paucity of
these objects at early epochs, particularly in the first billion years of cosmic history,
has prevented a comprehensive study of the EoR. The large sample of high-z long
GRBs from THESEUS will open a complementary way to explore the reionization
process avoiding the proximity effects. This has been made possible for the first time
after the detection of GRBs at z > 5 [18], and specifically demonstrated by the stud-
ies by [19] and [20], who have used these sources to constrain the ionization state of
the IGM at high redshift by modelling its optical afterglow spectrum.

An even more exciting prospect is provided by 21 cm radio observations of
GRB afterglows, particularly with SKA. This idea was first explored by [17] who
investigated the 21 cm absorption lines (known as the “21 cm forest”) produced
by non-linear structures during the early stage of reionization, i.e. the starless
minihaloes and the dwarf galaxies (see Fig. 4). The infalling gas velocity around
minihaloes/dwarf galaxies strongly affects the line shape and, with the low spin tem-
peratures outside the virial radii of the systems, gives rise to horn-like line profiles.
The authors compute synthetic spectra of 21 cm forest for the radio afterglows of
GRBs. Broadband observation against GRB afterglows can also be used to reveal
the evolving 21 cm signal from both minihaloes and dwarf galaxies. The number,
strength and clustering of 21 cm absorption lines depend very sensitively on the
intensity of the X-ray background produced by e.g. high-mass X-ray binaries or early
black holes. This experiment will then offer a unique opportunity to explore cosmic
dawn and the rise of the first structures, including black holes. The synergy between
THESEUS and SKA will be fundamental to achieve these ambitious goals.

The SKA in its final configuration is expected to detect several GRB radio after-
glows [21] within a follow-up program based on external triggers like those provided
by THESEUS for both long and short GRBs. These observations are expected to pro-
vide fundamental insight on the physics of jets powering GRBs. Radio observations
at early times can reveal the reverse shock emission component,which bears infor-
mation on the magnetization of the outflow (e.g. GRB 130427 [22], GRB161219B
[23]).
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Fig. 4 Representation of the 21 cm absorption lines (known as the “21 cm forest”) produced by non-linear
structures during the early stage of reionization [17]

Radio imaging with micro-arcseconds astrometric precision will allow SKA to
measure the source proper motion out to z ∼ 0.3, depending on source intrinsic
parameters and flux density, thus constraining the viewing angle (e.g. [24]) through
multi–wavelength modelling of the afterglow emission (e.g. [25, 26]). The high res-
olution and sensitivity of the SKA will also help to unveil off-axis jets and orphan
GRBs ([27, 28]).

For ∼50% of the bursts, SKA can perform radio calorimetry [21], after the
trans-relativistic transition occurring ∼100 days after the explosion when the after-
glow emission should be 0.1–10 μJy, providing an estimate of the true, collimation
corrected energetics of the GRBs [29].

Finally, radio observations of high-z GRBs detected by THESEUS could also
provide a route to distinguish GRBs powered by Pop III stars. The large expected
GRB energetics (e.g. 1054−57 erg) from these progenitors, if powered by magneto-
rotational energy of the black hole and/or intense disk neutrino flux, and the possible
relatively small external medium density (e.g. n < 0.1 cm−3) would produce a quite
bright radio afterglow with peak flux densities in the range 100 μJy at 100 days
to 10 mJy at 103 days. Indeed, such events are expected to produce brighter radio
afterglows peaking at much later times than standard Pop II/I bursts [30].

4.1 The Next Generation Very Large Array (ngVLA)

The Next Generation Very Large Array (ngVLA) is a project under development at
the National Radio Astronomy Observatory (NRAO). This new radio facility builds
upon the scientific and technical legacy of both the Jansky VLA and ALMA with the
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aim to dramatically improve our understanding of planets, galaxies, black hole and
the dynamic radio sky [31].

The ngVLA is being designed to observe in the 1.2–116 GHz range, with up to
20 GHz of instantaneous sampled bandwidth. The main array will consist of 214
antennas, each 18 m in diameter, complemented by a short baseline array of 19 anten-
nas, each 6 m in diameter, and a long baseline array of 30 antennas, each 18 m in
diameter. The antennas in the main array will provide baselines ranging from tens of
meters up to 1000 km, thus achieving mas-resolution, whereas the long baseline array
will extend the maximum baseline to ∼ 9000 km, enabling sub-mas imaging capabil-
ities. The short baseline array instead will increase the sensitivity at the larger angular
scales which cannot be detected with the main array. With this design, the ngVLA
will reach 10 times the sensitivity of the Jansky VLA and ALMA, and its dense core
at km-baselines will provide high surface brightness sensitivity [32]. Therefore, the
ngVLA will bridge ALMA and SKA capabilities, opening a new window in studies
of thermal lines, continuum emission and polarimetric imaging.

The high-resolution and fast-mapping capabilities of ngVLA will allow the iden-
tification of the (eventual) radio counterparts of the high energy transient sources
discovered by THESEUS. In such a case, THESEUS alerts can be used as an external
trigger for ngVLA.

For example, the ngVLA will be an ideal instrument to study the radio emission com-
ponents of short GRBs: the frequency range would allow for distinguishing better
between the different components of short GRBs emission; in particular, a rapid follow-
up at radio (<1 day) with ngVLA would give the possibility to detect the reverse
shock emission [33]. Other components which can be probed with the ngVLA are
early-time self-absorbed forward shock emission, later-time optically thin forward
shock and off-axis jet emission, and combined with additional multi-wavelength
observation would allow us to constrain the relevant physical parameters.

Moreover, the ngVLA can perform multi-frequency radio follow-up observations
of tidal disruption events (TDEs) [34] in the 3–100 GHz range, with the possibil-
ity to detect thermal flares up to z ∼ 0.2. Furthermore, coordinated X-ray/radio
observations of higher luminosity non-thermal TDEs at higher redshift could also be
performed, especially in order to establish the true nature of sources detected in blind
surveys.

Mereghetti et al. 2021 ([3], this volume) describe how THESEUS can detect new
X-ray-transient AGN in the local universe and blazar flares, monitor them, and trigger
a series of multi-wavelength follow-up observations. Follow-ups with the ngVLA
will permit to image exceedingly faint radio emission on scales of 10s to 100s of
milliarcseconds, and allow for studying the formation, structure, and evolution of
jets [35]. Cross-correlation studies of emission at different wavelengths are crucial to
probe, e.g. the connection of multiple emitting regions in blazars’ jets.

5 The rubin observatory legacy survey of space and time

The Vera Rubin Observatory will carry out the Legacy Survey of Space and Time
(LSST), a 10-year long survey which will create a multi-color, dynamic view of the
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sky [36]. With its large field of view of 9.6 deg2, it will cover around 10000 deg2 each
night, in six optical bands (u, g, r, i, z and y), thus mapping the entire visible Southern
sky in just a few nights. With its 8.4 m diameter primary mirror, it will reach very
faint magnitudes (up to 24.4 in r band) in a single exposure. The survey will produce
a catalog of around 37 billion objects: 20 billion galaxies, 17 billion stars and orbits
for 6 million bodies in the Solar System.

Science operations of the LSST project are planned to start in 2024 and continue
through the next decade. Its four main science drivers are: (1) understanding dark
matter and dark energy, (2) hazardous asteroids and the remote Solar System (3)
formation and structure of the Milky Way, and (4) variable and transient sources.

In particular, the LSST will be a revolutionary and powerful transient machine: a
stream of 1-10 million of time-domain events per night (among them tens of thou-
sands of new transients) are expected to be detected with real-time data analysis.
They will be publicly distributed through Alert Brokers within 60 s of observa-
tion. Currently, a number of LSST observing strategies are still under study, with
different combinations of cadence and sky coverage, to provide adequate discov-
ery space for a variety of classes of transients. In general, the LSST will therefore
be complementary to THESEUS’s survey capabilities for high-energy transient
phenomena.

The catalog of 20 billion galaxies provided by the LSST (combined magnitudes
r < 27.5 and time resolved measurements to r < 24.5)—characterized in shape,
color, and variability—will be an invaluable resource for identification studies of
THESEUS transients, including location and properties of the host galaxies of GRBs,
GW events, TDEs etc. and their galactic environments. It has been estimated that the
LSST will observe in total tens of millions of variable stars [37], with other estimates
up to ∼135 million [38]. Estimates show that the discovery rate of cataclysmic vari-
ables could be as high as several 1000 per night [37], while the discovery rate of
active galactic nuclei (AGNs) will be ∼3000 per night in the beginning of the LSST
survey, and will decrease by a factor of 50 over first 4 years of the survey. In total the
LSST will produce a catalog of millions of AGNs [38].

The LSST catalogs of transients will clearly be of particular interest for THE-
SEUS. It is very likely that LSST observations, with emphasis on variable and
transient sources, will continue after the first 10 years of operations and that LSST
will continue to generate (as a conservative estimate) thousands of transient alerts of
interest to high-energy scientists every night. The success rate of such observations
will depend on the adopted LSST cadence strategy.

Contemporaneous observations by the LSST in the optical and by THESEUS in IR
and X-rays, will, for example, be very beneficial for studies of TDEs (see also [3]).
According to estimates by [39] the LSST will detect around 3500–8000 new TDEs
per year, providing solid constraints on the rate of these events. Combined X-ray and
optical observations of TDE events will ultimately improve our understanding on
accretion processes in black holes.

Although LSST observing strategies under consideration are not designed for
GRB afterglow detection, an appreciable number of GRBs afterglows is detectable—
of the order of about 25 events per year [40]. The LSST could also detect 50 orphan
afterglows per year, more than any other planned survey [27].
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Triggering and follow-up observations with the LSST are currently not envisaged,
however unique data (detections or upper limits) will be available in the LSST images
taken (serendipitously) just prior, during or soon after transient events detected by
THESEUS. Therefore, the LSST database can be searched for information on optical
counterparts and host galaxies corresponding to transients detected by THESEUS.
Furthermore, once the major science goals of LSST will be reached in about ten
years, observational time dedicated to target of opportunity programs for highly
interesting targets, such as gravitational-wave signals, are highly likely.

Synergy flow is possible also in the other direction: interesting transients discov-
ered by the LSST could be observed/followed up with THESEUS Guest Observer
(GO) program (see Section 9). This could be applied also in observations of Solar
System objects. For example, the LSST will make a large number of comet observa-
tions: about 104 comets will be observed on average of 50 times by the LSST during
its main survey [41]. In addition to ground-based observations of particularly inter-
esting cases, a range of cometary emission and absorption features could be observed
with THESEUS IR spectroscopy.

6 Next generation gravitational wave detectors

6.1 Ground-based GW observatories

The next generation ground-based gravitational wave observatories in the 2030s,
such as Einstein Telescope (ET) [42, 43] and Cosmic Explorer (CE) [44, 45], will
come online with sensitivities about an order of magnitude better than today’s detec-
tors, and with an observation band extended to lower frequencies [46]. They will be
an unprecedented resource to observe compact object mergers across cosmic history
back to the early universe. They will offer the opportunity to explore the origin, evo-
lution, and demography of binary neutron-star (BNS) and neutron star-black hole
(NS-BH) mergers. Planned upgrades of the current gravitational-wave detectors will
bridge the second generation to the third generation interferometers [46, 47]. For
LIGO, a major upgrade in the late 2020s, LIGO Voyager, would provide a significant
increase in sensitivity, and at the same time it will implement some key technologies
needed as well for the ET and CE [48]. Voyager is expected to increase the detec-
tion range by a factor of about 3 over Advanced LIGO, thus bringing the event rate
from several hundreds to thousands of detections. Figure 5 shows the expected sen-
sitivities of ET and CE, together with the sensitivities of LIGO, Virgo and Kagra
which include technological upgrades expected to be deployed in 2025 [47], as well
as LIGO Voyager.

Figure 6 shows the detection efficiency for an astrophysical population of binary
neutron stars randomly oriented and located in space with component masses fixed
at 1.4 M�, with a detection threshold corresponding to a signal-to-noise ratio (SNR)
of 8. ET will be able to detect binary neutron-star mergers up to a redshift ∼3, with
a 50% detection efficiency at z = 0.8. We also consider two networks of third gen-
eration (3G) detectors, one composed of ET and CE (Phase I) in the USA (ET+CE),
and one also including a second CE in Australia. The horizon redshift extends to
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Fig. 5 Strain sensitivities as a function of frequency for the next generation of GW observatories, ET
[50] and CE Phase I [45] with respect to the sensitivities of the upgraded instruments of the existing
LIGO, Virgo and Kagra expected to be operational in 2025 [47], and LIGO Voyager [48], a possible major
upgrade of the LIGO inteferometers in the late 2020s

about 5 (8), with 50% detection efficiency corresponding to z = 1 (1.2) for ET+CE
(ET+2CE).

Operating in synergy with the upgraded second generation detectors as well as
ET and CE, THESEUS will probe the electromagnetic emission from the multi-
component outflows in connection with gamma-ray bursts. The wide field of view of
THESEUS will enable the prompt detection of the X-ray emission associated with
the BNS and NSBH mergers. A longer time monitoring of the X-ray emission will
unveil the properties of the relativistic jets as well as the role of the merger remnant
on the properties of the afterglow emission, i.e., the extended emission and the X-ray
plateaus. In [4], we have evaluated the joint detection rate to be of few tens per year
for short gamma-ray bursts in synergy with the third generation (considering both jet
aligned and misaligned from the observers). This estimate can increase to orders of
100 joint detections per year when considering the short GRB extended emission, the
off-axis high latitude emission from the jet [49], and the soft X-ray emission from
the spin-down of new-born neutron stars.

THESEUS will perform an unprecedented deep monitoring of the transient uni-
verse, and represents the major asset during the 2030s to localize and identify the
electromagnetic counterparts to GW detections from BNS and NS-BH mergers at
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Fig. 6 Detection efficiency for binary neutron star mergers by ET alone, ET operating with CE located in
USA, and ET operating with one CE in USA and one CE in Australia. Detection SNR threshold set equal
to 8

high-redshift. Among the 105 BNS mergers expected to be detected each year (based
on [51] and assuming a NS mass of 1.4 M�), ET alone will able to localize only a
fraction of about 1% of them, with an error box smaller than 100 deg2 up to a redshift
of 0.3.2 An operating CE-ET network would localize 50% of BNS mergers within
10 deg2 at a distance of only z = 0.5, while it would still detect sources which are
at significantly larger luminosity distances [52]. For the events with a jet pointing
to us or slightly misaligned, THESEUS will represent a unique instrument to detect
and localize the associated short GRB and enable prompt ground-based follow-up
observations, as illustrated in Fig. 7.

While the gravitational wave observables bring information about the merger com-
ponents, i.e., their masses and spins, as well as the properties of the merger remnant,
the electromagnetic observables diagnose the characteristics of the outflows launched
from the merger. Therefore, joint detections provide the unique possibility to link the
properties of the progenitor to the large energy released in the electromagnetic chan-
nel, and are a powerful tool to answer fundamental questions about the nature of short
GRBs: what is the jet launching mechanism and its efficiency? Are there any sys-
tematic differences between NS-BH and NS-NS jets? Do NS-NS/NS-BH jets have
universal structure? What is the nature of merger remnant and what is its connection
with afterglow features?

2Localization uncertainties obtained from the same population used to estimate the detection efficiency of
Fig. 6 and considering a detection SNR > 8.
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Fig. 7 THESEUS can cover with a single exposure most of the sky uncertainty regions that will be
obtained from GW source detection with both 2G and 3G interferometers (red contours), allowing inde-
pendent detection of the electromagnetic counterpart and accurate sky localization down to arcmin/arcsec
level, exploiting the SXI and IRT instruments

BNS mergers that do not lead to a prompt collapse to a black hole, produce rem-
nants in which fluid modes are excited. The post-merger GW spectrum is dominated
by a quadrupolar fluid oscillation at a frequency fpeak (in the range of a few kHz)
[53], with additional nonlinear contributions [54, 55]. The sensitivity of the LIGO and
Virgo GW detectors was not sufficient to detect the post-merger phase of the BNS
merger GW170817 [1, 56], or the likely BNS merger GW190425 [57]. However,
post-merger GW detections are expected to be achieved by 3G detectors [58–62].

A confirmed absence of post-merger GW emission would imply a prompt collapse
to a BH. This is expected to be accompanied by systematically less massive and
more neutron-rich ejecta, resulting in a less luminous and redder kilonova than for
the case of a delayed collapse [63, 64]. The accurate sky coordinates that THESEUS
will promptly disseminate, will allow for kilonova follow-up campaigns with large
facilities such as the ELTs and the verification of these predictions. The threshold on
the total mass of the BNS system which determines the prompt collapse to a black
hole depends mainly on the equation of state (EOS) and the component mass ratio.
Empirical relations connecting these properties have been found through numerical
simulations [65, 66]. With a sufficient number of post-merger GW observations with
3G detectors, the fraction of BNS mergers that result in a prompt collapse vs. those
that result in a delayed (or no) collapse will be determined. This information would
have direct implications for the fraction of GRBs which have peculiar features on the
prompt and afterglow emission, as for instance the short GRB “extended emission”
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or the X-ray afterglow “plateaus” (see more in [4]). Joint detections of confirmed
prompt- or delayed collapse BNS mergers with 3G detectors and THESEUS would
significantly advance our understanding of the emission mechanisms powering short
GRBs.

The joint 3G/THESEUS detections will also have a significant impact on cosmol-
ogy. It will be possible to build a statistical significant sample of standard sirens to
measure the Hubble constant with a precision around 1% [4]. Furthermore, ET and
CE will reach distant astrophysical sources and make precise measurements of the
expansion rate, sensitive to the dark energy density and modifications of General
Relativity (GR) on cosmological scales (see [67], which describes the science cases
of ET). Modified gravity theories predict deviations from GR in the propagation of
GWs, which make luminosity distances measured from the GW amplitude different
from the standard (electromagnetic) luminosity distances. While this possible dis-
tance difference complicates the search for an electromagnetic counterpart when the
GW distance is used as prior for the search, the temporal coincidence (maintained
in the theories where the speed of gravity is equal to speed of light as proved for
GW170817) makes short GRBs the ideal counterpart to be detected and used to test
deviations from GR. For almost all modified gravity models, the deviations from GR
can be parametrized in terms of two parameters (Ξ0, n) as [68]

d
gw
L (z)

dem
L (z)

= Ξ0 + 1 − Ξ0

(1 + z)n
, (1)

where dem
L is the electromagnetic luminosity distance.

With a few hundreds of joint electromagnetic-GW detections, ET will constrain
Ξ0 to below 1% or better [69], but large deviations might be detected even with just
a single THESEUS-ET detection. An example of deviations from GR, measured by
ratio between the GW and electromagnetic luminosity distance is shown in Fig. 8 for
a specific model of modified gravity.

ET will access the full population of stellar-mass binary black-hole (BBH) and
intermediate mass BH mergers across the cosmic history of stellar evolution (see e.g.
[67]). Thus, ET will probe the earliest populations of the stars in the Universe, and
at the same time will test the existence of primordial black-holes predicted to form
in the early universe. ET will be able to detect BBH mergers at redshift larger than
30, where BBH from astrophysical origin are not expected (see e.g. [70]). THESEUS
is sensitive to very distant long GRBs, possibly probing Pop III stars. ET and THE-
SEUS can therefore work as multi-probe instruments to unveil the first structures of
the Universe, and disentangle astrophysical Pop III stars from primordial BHs.

6.2 Space-based GW detectors

The Laser Interferometer Space Antenna (LISA) is an ESA-led mission expected
to be launched in 2034, which will extend the gravitational wave spectrum to the
low frequency range, from about 10−4 Hz up to 1 Hz [71]. The LISA mission is
composed of three spacecrafts that will form a triangular configuration with an arm
length of 2.5 million km. It will open a new window by detecting gravitational waves
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Fig. 8 Example of the ratio of the gravitational to electromagnetic luminosity distance in a modified
gravity model, for different values of a parameter related to the energy scale of inflation. In the upper
curve, the deviations of d

gw
L (z) from dem

L (z) reaches 60% at large redshift (from [69])

from more massive and/or wider orbit objects, compared to the ground-based grav-
itational detectors, such as supermassive black hole (SMBH) mergers (with masses
in the range 104–106 M�), extreme mass ratio inspirals, and ultra-compact binaries
in our Galaxy. If THESEUS and LISA will operate in the same years, the FoV of
THESEUS will be very valuable to detect promptly the counterpart of gravitational
events that could have several to 10s degrees error box positions. This will also trig-
ger target of opportunity observations with other ground-based telescopes and space
missions in the 2030s. Even in the case that there will be no observational time
overlap between the two missions, THESEUS could also play an important role for
LISA. In fact, it might be able to detect promising astrophysical sources for LISA,
namely, by detecting the modulated X-ray emission expected for SMBH binaries
which are very close to merger (from year to day time-scales). If their X-ray flux is
high enough to be detected by the SXI instrument, THESEUS could therefore pro-
vide, in advance, positions of SMBH binary candidates to be scrutinized by LISA
and with multi-wavelength observational campaigns.

Furthermore, THESEUS and LISA will provide complementary visions on the
early epoch in the Universe when the first collapsed structures emerged, the former
through identification of the farthest galaxies pinpointed by GRBs, the latter through
the merging of SMBH possibly out to z ∼ 20.

7 Neutrino detectors

Understanding the physical origin of cosmic high-energy diffuse neutrinos, discov-
ered by the IceCube experiment [72], has become one of the most pressing question
of modern astrophysics and fundamental physics.
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Neutrino telescopes consist of underwater/ice very large detectors (∼1 km3 instru-
mented volume) able to observe secondary charged particles produced by neutrino
interactions (Fig. 9). Depending on neutrino flavour and interaction type, the event
typologies can be either long tracks (for events induced by νμ charged current (CC)
interactions) or cascades (for νe and most ντ CC interactions, and neutral current
(NC) interactions). In the case of tracks, 2π sr of the sky are accessible, with an
angular resolution down to 0.1◦–0.2◦ for the parent neutrino direction and a coarse
energy estimation. For cascades, the angular resolution can be at most of 3◦–5◦ over
the whole 4π of the sky, but with better energy determination. Atmospheric neutri-
nos represent an irreducible background for cosmic events: only at energies above
tens of TeV, the number of astrophysical neutrinos overcomes that produced in the
Earth atmosphere. Below ∼100 TeV, cosmic neutrinos can be selected by a direc-
tional excess in a small solid angle, or in coincidence with electromagnetic or GW
events.

Three detectors will be operational in the 2030s. The IceCube detector is cur-
rently operating at the South Pole, and it will be extended with its next-generation
instrument, IceCube-Gen2 [73]. The KM3NeT arrays are under construction in the
Mediterranean Sea [74], with a km3 scale detector having an effective area larger
than the present IceCube; KM3NeT will include at least two sites, one in Italy
and one France. Finally, a third detector is the GVD neutrino telescope [75] under
construction in the Baikal Lake (Russia), with larger sensitivity for neutrinos with
E > 100 TeV.

Fig. 9 Schematic view of a neutrino telescope. An array of photo sensors is embedded in a large volume
of a transparent medium (water or ice) to determine the direction and energy of secondary charged par-
ticles induced by neutrino interactions using the Cherenkov radiation. The figure shows the layout of the
KM3NeT detector, in construction in the Mediterranean Sea with one of the multi-PMT sensor (credit:
KM3NeT Collaboration, km3net.org)
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Cosmic neutrinos are secondary particles produced through the interaction of
protons (or nuclei) with matter or radiation fields, either close to the sources or
during propagation in the interstellar/intergalactic medium. Neutrinos interact only
through weak interactions and therefore escape dense astrophysical environments
that are opaque to electromagnetic radiation. Unlike charged particles, neutrinos are
not deflected by magnetic fields and point back to their source, thus settling the
long-standing question of cosmic ray origin(s).

Diffuse cosmic neutrinos have been observed with high statistical significance
[72]; however, their origin is still hotly debated. The neutrino detectors active in
the 2030s will sharpen our understanding of the processes involved in Galactic and
extragalactic objects at the highest energies, and their matter/radiation nearby envi-
ronments. Their main goal will be to: 1) resolve the sources of high-energy neutrinos
from the TeV to the EeV energies; 2) investigate cosmic particle acceleration pro-
cesses particularly with multi-messenger observations; 3) study the extragalactic
medium and understand the propagation of the highest energy particles in the Uni-
verse, by comparing neutrinos, X-rays and γ -rays propagation. Above ∼100 TeV
(1014 eV), the extragalactic space becomes opaque due to the scattering of γ -rays on
the CMB and on the extragalactic background light. This leaves neutrinos as unique
messengers to probe the most extreme particle accelerators in the cosmos.

Neutrino telescopes operating in the 2030s will have sufficient effective area to
identify some Galactic and extra-galactic steady sources. However, synergies with
other prompt observations of transient events will significantly improve the discov-
ery opportunities, as demonstrated by the recent observation of a neutrino event in
spatial and temporal coincidence with an enhanced γ -ray emission state of the blazar
TXS 0506+056 [76]. Different models foresee enhanced neutrino emission during
flaring activities and hardness transition states in X-ray sources. Primary candidates
are Galactic X-ray binaries, extragalactic flaring blazars, transient flares (GRBs) (see
also [77], this volume). Neutrino telescopes can rapidly respond to an external alert.
The presence of an event in the target sky region can be registered within 5-30 s. They
can also provide fast alerts for interesting neutrino candidates of likely cosmic origin.
All notable ν events from neutrino facilities will trigger alerts that will be distributed
publicly to the community, with all the necessary metadata information.

For the above reasons, the emergent field of cosmic neutrino astrophysics will
greatly benefit from coordinated operations with THESEUS. Multi-messenger obser-
vations can be used to identify blazars involved in p-γ interactions that produce the
neutrino emission. In particular, prompt X-ray observations will be the most sensitive
probes for these types of correlated studies. Another hadronic mechanism involved
in the ultra-high energy cosmic rays acceleration is expected to be present in GRBs.
The underlying physics that lies in the heart of GRB explosions is still unknown,
and it has long been thought that in a significant fraction of explosions, the GRBs
jets are choked. The expected outcome of a choked GRB jet may be neutrinos and
X-rays [78]. Thus, detected neutrinos can be used as targets of opportunity for THE-
SEUS to constrain the expected rate of choked GRBs. The X-ray cocoon emission
is expected to be detected by the SXI instrument out to a distance of few hundreds
of Mpc. THESEUS can therefore provide fundamental information about the rate of
these events, as well as their temporal profile and physical parameters (such as energy
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released or stellar type, etc.), which in turn will improve our understanding of the
GRB-supernovae connection.

In the context of the international cooperation on multimessenger astronomy,
THESEUS has the potential to become a crucial participant of future coordinated
networks, such as the AMON (Astrophysical Multimessenger Observatory Network)
[79], which currently includes many observational facilities across the globe. This
will allow a full exploitation of data obtained by EM, neutrino and GW observatories
by considering also subthreshold events.

8 The Cherenkov Telescope Array (CTA)

The Cherenkov Telescope Array (CTA [80]) is a global, next-generation observatory
studying very-high-energy (VHE) gamma rays in the energy range from tens of GeV
to hundreds of TeV. The observatory will be implemented in two sites - Chile and
the Canary Islands - and will comprise a range of Imaging Air Cherenkov Telescopes
(IACTs) of different sizes. The current CTA design will allow us to obtain unprece-
dented sensitivity, as well as unique angular and energy resolutions over a large
energy range. CTA is building on the success of the current generation of IACTs,
namely H.E.S.S., MAGIC, VERITAS and FACT. In the first years after the comple-
tion of construction (expected around 2025), about half of the available observation
time will be dedicated to Key Science Projects defined by the CTA Consortium. The
fraction of the time allocated to guest observer programs will increase rapidly. It
is thus expected that CTA will be a fully open observatory that coincides with the
timescale of the THESEUS mission.

We expect strong synergies between the science programmes of CTA and THE-
SEUS. One of the main science drivers for both observatories is the study of transient
phenomena and especially GRBs. This field has recently seen tremendous break-
throughs with the detection of VHE emission from GRBs detected by H.E.S.S.
(GRB 180720B [81] and GRB 190829A) and MAGIC (GRB 190114C [82, 83] and
GRB 201216C). As an example, the detection of the close-by and very low luminos-
ity burst GRB 190829A may indicate that the phase space of low luminosity events
detectable in large numbers with THESEUS will enable many further joint CTA-
THESEUS observations and studies. Access to this new phase space, combined with
the high sensitivity of CTA and its fast reaction to multi-wavelength alerts in the
2030s over the full sky, will allow detailed joint studies of GRB light-curves across
many orders of magnitude in energy and covering large time ranges. Moreover, THE-
SEUS/IRT is best suited to follow-up these events that can explode in very dusty
environments (e.g., GRBs 190114C and 190829A). The VHE gamma-ray horizon is
limited by absorption on the extragalactic background radiation fields. Fortunately,
the low CTA energy threshold will allow this horizon to be expanded with respect to
the one of the current generation of IACTs, and will thus benefit from the increased
number of high-redshift GRBs detected by THESEUS.

At lower redshifts, the joint CTA-THESEUS studies will naturally be extended
into the multi-messenger domain through searches for counterparts to GW events.
Given the large expected number of GW detections at the timescale of THESEUS,
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rapid and precise localisation of associated electromagnetic transients by THESEUS
will lead to significantly increase the efficiency and performance of CTA observa-
tions of these high-priority targets. Gravitational waves encode important information
(e.g. mass distribution, geometry, etc.) about the merging system even before it trig-
gers the explosions detected as short GRBs in the electromagnetic domain. Combined
observations of GWs, X-rays and VHE gamma-rays will thus help to significantly
increase our understanding on how the progenitor system links to the observational
appearance of the GRB. Significantly expanding on the first hints provided by the
(non-)observations of GW170817 [84, 85], we will be able for example to study the
conditions of the burst progenitor, the parameters of the burst and the circumburst
environment necessary to trigger VHE emission, the maximum energy reached and
its possible scaling with the jet opening angle.

The study of short GRBs and their possible kilonova emission might be further
explored by the connection of THESEUS with CTA. Recently, a hint of late-time
TeV emission from the short GRB 160821B, for which an associated kilonova was
found [86], has been reported by MAGIC [87]. The great opportunity provided by
an instrument such as THESEUS to catch such infrared transients and the supe-
rior sensitivity of CTA with respect to current generation IACT telescopes will help
to study the environment of the short GRBs and their possible associated kilonova
explosions.

9 THESEUS as an observatory

THESEUS is posed to provide a special opportunity for agile NIR and X-ray observa-
tions of a wide range of targets, from asteroids to the most distant AGN. Space-borne,
sensitive NIR spectroscopy is a powerful capability, and wide-field sensitive X-ray
monitoring can identify changes and priorities for follow-up studies.

While in Survey Mode, the IRT, SXI and XGIS will be gathering data, with IRT
pointed at a specific target. Hundreds of thousands of suitable targets are already
known, and eROSITA, Euclid, Rubin and SKA will deepen and extend the range
of relevant catalogs. A space-based infrared, and X-ray spectroscopic facility will
be attractive to a wide range of investigators and address important questions in a
plethora of scientific areas. While less powerful than JWST and Athena, the chance to
use THESEUS to observe substantial samples of interesting sources, both known and
newly-discovered, to appropriate depths and cadences, while the mission is searching
for GRBs, provides opportunities for additional science. A user community interested
in scales all the way from the Solar System to distant AGN can provide abundant
desired targets for THESEUS as an observatory. THESEUS will maintain a list of
core-programme targets, augmented with targets from a completed GO programme,
with all observations planned and executed by the THESEUS mission operations
team, while THESEUS operates in Survey Mode. The sensitivity of SXI and IRT are
well matched and deliver images and spectra to useful depths in a fractional orbit
spent staring at a specific target field. Existing catalogs of tens of thousands of targets
will grow from the forthcoming very large wide-field Rubin optical (see Section 5)
and eROSITA X-ray catalogs prior to launch. The numbers of known exoplanets



Experimental Astronomy

continue to grow, and new generation of radio facilities are providing rich catalogs
as precursors to the imaging of the SKA.

9.1 Key observatory science

We briefly discuss the range and numbers of suitable targets for THESEUS as
an observatory during the nominal mission, working out in cosmic distance. The
co-alignment of the IRT with the part of the SXI FoV where the two units over-
lap ensures that the best X-ray spectra/limits will be obtained alongside every IR
imaging/spectral target.

A space-borne IR spectrograph is able to investigate a range of cometary emission
and absorption features, without being restricted to specific atmospheric bands, and
with full access to all water and ice features, impossible from the ground. Several
tens of comets per year are likely to be observable as they pass through the inner solar
system, evolving through their approach to and recession from perihelion.

IR spectra of large samples of stars with transiting planets can be obtained by
THESEUS. By 2030, tens of thousands of transiting planets will be known, spread
widely over the sky, and with well-determined transit times, which can be sched-
uled well in advance to search for potential atmospheric signatures in IR absorption
spectroscopy. IRT is more sensitive than the Atmospheric Remote-sensing Infrared
Exoplanet Large-survey mission (ARIEL), and so carefully chosen extended plane-
tary transit observations can be made for known targets, and for a substantial number
of transiting planetary targets can be included in the observatory science target
catalog.

X-ray binaries and flaring stars can be discovered as bright X-ray and IR spec-
tral targets by THESEUS, or highlighted by other observatories, and then confirmed
and studied using THESEUS’s spectroscopic capabilities. Found predominantly in
the Galactic Plane, many hundreds of bright events will occur during the nominal
mission.

A prompt spectroscopic IR survey for supernovae that are found taking place out
to several 10s of Mpc, unencumbered by atmospheric effects, is likely to remain
attractive beyond 2030, and will help to resolve remaining questions about the impact
of environment and metallicity on the nature of supernovae and their reliability as
standard candles. Without sensitive IR spectroscopy, these questions might not be
resolved.

The availability of the full spectral window is particularly helpful for observations
of emission-line galaxies and AGN, for which key diagnostic lines are redshifted out
of the optical band from the ground at redshifts z ∼ 0.7. Even ELTs cannot beat
the atmosphere, and huge candidate samples will be cataloged over large fractions
of the sky, color-selected from Rubin LSST surveys, in concert with the coverage of
eROSITA, SKA and WISE. IRT will enable Hα spectral surveys of interesting classes
of the most luminous galaxies, and AGN all the way to z ∼ 2 − 3. Furthermore,
the THESEUS mission will provide a useful time baseline out to several years, to
see potential changes in the appearance of AGN spectra, and to confirm any changes
by revisiting selected examples. While it will be impossible to include more than a
few thousand galaxies and AGN in a spectral monitoring programme, the results of
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combining the wide-area data from LSST and WISE in the optical and IR, and with
eROSITA in the X-ray, with the serendipitous wide-area coverage of SXI and XGIS,
will allow new insight into the X-ray variability of large samples of AGN. There will
be demand for tens of thousands of IRT spectral targets, from comets to distant AGN.
Given that several spectra can be obtained per orbit, a practical number of targets is
of order 1000 each month, and tens of thousands of observations in parallel to Survey
Mode during the nominal mission.

IRT observations will also be very valuable for in-depth studies of brown dwarfs,
which represent the lowest-mass extension of the main-sequence in the Hertzsprung-
Russell diagram, with luminosities and effective temperatures lower than those of
M dwarfs. Their masses lie below the hydrogen-burning limit of ∼0.075 M�, with
radii of 1 RJupiter for mature objects, therefore their study can give important clues
on star formation processes at the low mass end. The spectral resolution of IRT and
its wavelength range of 0.8–1.6 μm are adequate to measuring typical spectral fea-
tures (specifically the FeHZ , VOZ , FeHJ and KIJ indices at 0.99, 1.06, 1.20, and
1.244, 1.253 μm), which are used to determine the brown dwarf spectral types (L,
T, Y), and are excellent diagnostics of their youth [88, 89]. IRT will provide high
S/N spectra of brown dwarfs with R ∼ 400. This resolution is higher than that of
the G141 grism on Hubble WFC3, allowing “snap style” targets to be obtained and
comparative studies, such as those of [90], to be performed at higher resolution than
is currently possible. Rotation studies of brown dwarfs have also been performed
with Hubble, creating spectral and spatial maps of their surfaces (e.g. [91–93] and in
some cases (e.g. [94]) have been performed simultaneously with observations taken
at 3.6 and 4.5 μm with Spitzer . Following current launch schedules, THESEUS will
be observing at the same time as ARIEL (launch 2029) and PLATO (launch 2026:
extended mission phase), making it possible to obtain simultaneous near-IR spec-
tra/photometry and optical photometry, or simultaneous near- and mid-IR spectra
using the 1.95–7.80 μm AIRS instrument on ARIEL.

9.2 Serendipitous detections

THESEUS will operate with a very substantial field-of-view in a Survey Mode at a
time when wide-field optical surveys with Rubin are mature, the eROSITA reference
map of the X-ray sky will be available, and the SKA will be generating very deep
radio images in the South. Many hundreds of thousands of interesting serendipitous
sources will be detected using THESEUS’s SXI and XGIS instruments automatically
during the mission, providing regular monitoring of a wide range of non-GRB tran-
sient sources for comparison against known high-energy sources. These classes of
targets include not only the transients and variables discussed in [3], but also interest-
ing new targets from wide-field X-ray sky coverage, building on the eROSITA map
of the sky. Furthermore, THESEUS’s sensitive IR/X-ray monitoring capability will
provide a very useful tool for selecting targets for Athena and possible future large
optical-NIR facilities.

One can also anticipate that the vast database of serendipitous sources (transients
or not) collected by the THESEUS during its lifetime, when operating in survey mode
with XGIS, SXI and IRT, or as part of IRT GO programs, complemented with other



Experimental Astronomy

surveys (e.g. SKA and Rubin/LSST), will also stimulate a large number of follow-up
or monitoring programs with 1-4 m class telescopes, including robotic observatories
(e.g. [95]), thus further extending THESEUS’ science impact on a wider international
community.
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