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Abstract. The Infra-Red Telescope (IRT) on board the Transient High Energy Sky and
Early Universe Surveyor (THESEUS) ESA M5 candidate mission will play a key role in
identifying and characterizing moderate to high redshift Gamma-Ray Bursts afterglows.
The IRT is the enabling instrument on board THESEUS for measuring autonomously the
redshift of the several hundreds of GRBs detected per year bythe Soft X-ray Imager
(SXI) and the X- and Gamma-Ray Imaging Spectrometer (XGIS),and thus allowing the
big ground based telescopes to be triggered on a redshift pre-selected sample, and �nally
ful�lling the cosmological goals of the mission.
The IRT will be composed by a primary mirror of 0.7 m of diameter coupled to a single
camera in a Cassegrain design. It will work in the 0.7–1.8� m wavelength range, and will
provide a 10� 10 arc min imaging �eld of view with sub-arc second localization capabilities,
and, at the same time, a 5� 5 arc min �eld of view with moderate (R up to� 500) spectro-
scopic capabilities. Its sensitivity, mainly limited by the satellite jitter, is adapted to detect
all the GRBs, localized by the SXI/XGIS, and to acquire spectra for the majority of them.

Key words. Gamma-ray burst: general – Astronomical instrumentation,methods and tech-
niques – Instrumentation: spectrographs – Cosmology: early Universe – Galaxies: high-
redshift
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1. Introduction

Despite the recent progresses in Gamma-Ray
Burst (GRB) science, obtained in particular
thanks to theSwiftandFermisatellites (Zhang ,
2014, e.g.), there are still many open questions
in the �eld. One concerns the mechanisms that
power these extreme explosions (in a hand-
ful of seconds the isotropic equivalent energy
emitted by GRBs spans from 1050 to 1054 erg,
making them the most luminous events in the
Universe), which are still unclear after about
�ve decades since their discovery (Klebesadel
et al. , 1973). In particular, the content of the
relativistic �ow that produces the GRBs re-
mains to be investigated – especially in terms
of its bulk Lorentz factor, its magnetization, its
baryon loading and their consequences on the
possibility of GRBs being the sources of Ultra
High Energy Cosmic Rays (UHECRs).

Another open issue concerns the nature of
GRBs progenitors: while thanks to a couple of
tens of spectroscopic associations with type I
b/c Supernovae, long GRBs are currently con-
sidered the endpoint of very massive (>30–
50 M� ) stars evolution (but their potential bi-
nary nature is an open issue), the situation is
less clear for what concerns the short GRBs
(Levan et al. , 2016). The most popular mod-
els involve the possibility of a coalescence of
two compact objects (black holes or neutron
stars), and the �rst direct proof may be repre-
sented by GRB/GW 170817 for which a grav-
itational wave signal from two merging neu-
tron stars has been associated with a short �ash
of gamma ray radiation, although the derived
isotropic emitted energy is far below the one
measured for previously known short GRBs
(Fong et al. , 2017).

In addition to particle acceleration, ra-
diation physics, and stellar evolution, GRBs
are also pertinent to other branches of astro-
physics, like Cosmology. Indeed, thanks to
their bright afterglows they allow the observers
to pinpoint the most distant galaxies (Perley et
al. , 2016), and to study them thanks to the
imprinting on the afterglow data of the GRB
close environment and the intervening mat-
ter between the GRB and the Earth, gather-
ing a wealth of information on the structure

and physical state of the gas in the Universe
through spectroscopy.

THESEUS(Transient High Energy Sky and
Early Universe Surveyor) is a project submit-
ted to the European Space Agency (ESA) in
the framework of the call for the �fth medium
size mission (M5) of the Cosmic Vision pro-
gramme. One of its main scienti�c pillars is
the study of the early Universe making use
of GRB afterglows as beacons (Amati et al. ,
2017). The selected M5 mission will be �own
as early as 2029. TheTHESEUSpayload is
composed by three instruments: a set of three
coded mask telescopes, called XGIS for X and
Gamma-ray Imaging Spectrometer, a set of
four wide �eld X-ray telescopes (Soft X-ray
Imager, SXI) making use of “Lobster Eye” op-
tics, and an Infra-Red Telescope, the IRT (see
Fig. 1). The IRT is the key enabling instrument
for the Cosmological goals of theTHESEUS
mission: in fact the SXI (the most sensitive of
the two triggering telescopes for distant GRBs)
will provide up to 1000 triggers per year, and,
thanks to the agility of theTHESEUSplatform
(once a trigger is declared on board, a slew
request will be issued in order to put the er-
ror box in the �eld of view of the IRT), the
IRT will be able to observe them systemati-
cally within a few minutes providing a sub-arc
second position and a spectroscopic redshift.
The same combination of sensitivity, �exibility
and availability would not be possible on Earth,
unless one would provide a dedicated network
of more than ten robotic infra-red telescopes of
the 2 m-class, which is a very complex task.

In the following sections the IRT and its
performances will be described, as well as the
preliminary observation strategy.

2. The Infra-Red Telescope

The scienti�c goals ofTHESEUS(see Amati et
al. 2017) require the following on-board capa-
bilities for a near-infrared telescope to follow-
up GRB triggers after a demanded spacecraft
slew:

1. Identify and localize the GRBs found by
the SXI and XGIS to arc second accuracy
in the visible and near IR domain (0.7–2.0
� m);
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Fig. 1. The THESEUSsatellite. The IRT is at the
centre, and the four SXI telescopes are represented
in red, while the three XGIS are represented in
green.

2. Autonomously determine the photometric
redshift of GRBs at redshift z>4 and pro-
vide redshift upper limits for those at lower
redshift;

3. Provide spectra to precisely measure the
redshift, quantify the intrinsic absorption
(NH), and possibly the metallicity for the
majority of GRBs, and in particular those
at redshift>4;

The IRT will be provided by a con-
sortium led by France (CEA–Irfu, LAM,
IRAP, GEPI, CNES) in collaboration with
Switzerland (Université de Gen�eve), Germany
(IAAT) and Poland (SRC). The IRT will be
composed by a primary mirror of 0.7 m of di-
ameter (made of SiC) and a secondary mir-
ror of 0.23 m in a Cassegrain con�guration.
It's total mass will be of about 110 kg for a
power consumption of about 115 W. The tele-
scope (provided by ESA) will be coupled to
a camera (provided by the consortium) based
on a 2048� 2048 pixels HgCdTe detector (18
� m/pixels, resulting in a� 0.3 arcsec/pix plate
scale). The detector will be optimised to be
sensitive in the 0.7-1.8 (goal 2.0)� m wave-
length range. This choice is based on the fact

that, in order to measure the redshift, z, of
GRB afterglows, the Lyman alpha break (at
0.126� m at z=0) needs to be clearly identi-
�ed. The selected wavelength range is hence
adapted to measure redshifts between 4 and 10.
Nowadays the bulk of GRBs are detected be-
tween redshift 2 and 3, hence this population
is already well characterized, while the num-
ber of GRBs with measured redshift rapidly
decreases above z=4–5.

In this con�guration the expected sensitiv-
ity of the IRT will allow for a � 5 � detection
of a 20.6 magnitude (H, AB) point like source
in a 300 s integration, see Table 1. The tele-
scope sensitivity is partially limited by the plat-
form jitter. Taking the latter into account (1 arc
sec jitter over 10 s, at 3� level), we foresee
to limit the image integration time to a maxi-
mum of 10 seconds per frame in order to cor-
rect for the jitter, and hence such short integra-
tion times will induce a high Read-out Noise
(RoN) degrading in turn the IRT sensitivity.
In addition, due to the absolute pointing error
(APE) capability of the platform (2 arc min-
utes), the high resolution spectroscopy mode
cannot make use of a �ne slit, and a slit-less
mode over a 5� 5 arc min area of the detec-
tor will be implemented (similarly to what is
done for the WFC3 on board the Hubble Space
Telescope), with the idea of making use of the
rest of the image to locate bright sources in
order to correct the frames astrometry a pos-
teriori for the telescope jitter. This is possi-
ble thanks to the selectable number of outputs
(up to 32) of the Teledyne Hawaii 2RG detec-
tor1, which is the current detector baseline. The
same goal could also be obtained by making
use of the information provided by the high
precision star trackers mounted on the IRT. As
a consequence the the maximum limiting res-
olution that can be achieved by such a system
for spectroscopy is limited to R� 500 for a sen-
sitivity limit of about 17.5 (H, AB) considering
a total integration time of 1800 s. The IRT ex-
pected performances are summarized in Table

1 Similar performances could be reached by a
European 2k� 2k detector, currently under develop-
ment jointly by CEA-LETI and Sofradir and partly
funded by ESA, which is expected to reach TRL 6
by 2021.
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1, and explained in more detail in Section 3,
where we show that they are well adapted to
the detection of the vast majority of GRB af-
terglows in the NIR band.

In order to keep the camera design as sim-
ple as possible (i.e. avoiding to implement
too many mechanisms, like tip-tilting mirrors,
moving slits, etc.), we proposed to implement
a design with an intermediate focal plane mak-
ing the interface between the telescope pro-
vided by ESA/industry and the IRT instrument
provided by the consortium, as shown in the
block diagram in Fig. 2. The focal plane in-
strument is composed by a spectral wheel and a
�lter wheel in which the ZYJH �lters, a prism
and a volume phase holographic (VPH) grat-
ing will be mounted, in order to provide the
expected scienti�c product (imaging, low and
high-resolution spectra of GRB afterglows and
other transients).

In order to achieve the performances de-
scribed above (i.e. in conditions such that ther-
mal background represents less than 20% of
sky background) the telescope needs to be
cooled at 240 (� 3) K , and this could be
achieved by passive means. Concerning the
IRT camera, the optics box needs to be cooled
to 190 (� 5) K and the IR detector itself to 95
(� 10) K: this allows the detector dark current
to be kept at an acceptable level. Preliminary
thermal studies making use of the Earth �uxes
computed for theSVOM mission (Cordier et
al. , 2018), which will have a similar orbit in
terms of altitude but with a higher inclination
(30� ), indicate that use of a Miniature Pulse
Tube Cooler (MPTC) coupled to a 0.3 m2 radi-
ator, which periodically faces the Earth atmo-
sphere, would allow to reach the desired tem-
peratures for the camera detector.

2.1. Observing Sequence

The currently proposed IRT observing se-
quence for an alert resulting in a platform slew
can be summarized as follows:

1. The IRT will observe the GRB error box
in imaging mode as soon as the satellite is
stabilized within a few arc sec. Three initial
frames in the ZJH-bands will be taken (10 s

each, goal 19 AB 5� sensitivity limit in H)
to establish the astrometry and determine
the detected sources colours.

2. The IRT will enter the spectroscopy mode
(Low Resolution Spectra, LRS) for a total
integration time of 5 minutes (expected 5�
sensitivity limit in H 18.5 (AB)), see Fig. 3.

3. Sources with peculiar colours and/or vari-
ability (such as GRB afterglows) should
have been pinpointed while the low-
resolution spectra were obtained and IRT
will take a deeper (20 mag sensitiv-
ity limit (AB)) H-band image for a to-
tal of 60 s. These images will be then
added/subtracted on board in order to iden-
tify bright variable sources with one of
them possibly matching one of the pecu-
liar colour ones. NIR catalogues will also
be used in order to exclude known sources
from the GRB candidates.
(a) In case a peculiar colour source or/and

bright (< 17.5 H (AB)) variable source
is found in the imaging step, the
IRT computes its redshift (a numeri-
cal value if 4<z<10 or an upper limit
z<4–5) from the low resolution spec-
tra obtained at point 1) and determines
its position. Both the position and red-
shift estimate will be sent to ground
for follow-up observations. The de-
rived position will then be used in or-
der to ask the satellite to slew to it so
that the source is placed in the high
resolution part of the detector plane
(see Fig. 2) where the slit-less high
resolution mode spectra are acquired.
Following the slew, the IRT enters the
High Resolution Spectra (HRS) mode
where it shall acquire at least three
spectra of the source (for a total expo-
sure time of 1800 s) covering the 0.7-
1.8 � m range, see Fig. 3. Then it goes
back to imaging mode (H-band) for at
least another 1800 s (TBC). Note that
while acquiring the spectra, continu-
ous imaging is performed on the rest
of the detector, see Fig 2. This will al-
low the on board software to correct the
astrometry of the individual frames for
satellite drift and jitter, leading to a �-



D. Götz et al.: The IRT on board THESEUS 5

Table 1. IRT speci�cations and performances.

Telescope type Cassegrain
Primary & Secondary Size 0.7 m & 0.23 m
Detector Type HgCdTe 2048 x 2048 pixels (18� m each)
Wavelength range 0.7-1.8� m
Imaging plate scale 0.3 arc sec/pixel
Field of view 100� 100 (imaging mode) — 100� 100 (low resolution mode) — 50� 50 (high resolution mode)
Spectral resolution (� � /� ) 2-3 (imaging mode) — 20 (low resolution mode) — 200-500 (highresolution mode)
Sensitivity (AB mag, 5� ) H=20.6 (300 s) (imaging) — H=18.5 (300 s) (low resolution) — H=17.5 (1800 s) (high resolution)
Filters ZYJH (imaging) — Prism (low resolution) — VPH grating (high resolution)

Fig. 2.Left: The IRT camera functional scheme. Right: The IRT focalplane: a 10� 10 arc min �eld of view
is available for imaging and low resolution spectroscopy, while only a 5� 5 arc min �eld of view is used for
slit-less high resolution spectroscopy to limit source confusion.

nal correct reconstruction of the spectra
by limiting the blurring e� ects.

(b) In case that a faint (> 17.5 H (AB))
variable source is found, IRT com-
putes its redshift from the low resolu-
tion spectra, determines its position and
sends both information to the ground
(as for 3a). In this case IRT does not
ask for a slew to the platform and stays
in imaging mode for a 3600 s time in-
terval to establish the GRB photometric
light curve (covering any possible �ar-
ing) and leading the light curve to be
known with an accuracy of<5%.

3. Scienti�c Performances

The number of expected GRBs triggers per
year from the SXI and/or XGIS can reach up
to 1000 (Amati et al. , 2017). So one can ex-
pect up to three triggers per day. The IRT will
follow-up systematically all the triggers pro-
viding the associated redshift estimate and pos-
sibly high resolution spectra. This will allow to
ful�l the mission requirements, by detecting a
large enough number of high-redshift GRBs,
see Fig. 4.

IRT will be capable of detecting all after-
glows known to date (see Rossi et al. , 2018,
for more details) and measure a photometric
redshift for � 90% of the cases (H>19.5, AB
system), starting observing in LRS mode even
20 min after the trigger. For more distant GRBs
(assuming that z>6 afterglows have NIR prop-
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Fig. 3. Left: a simulated IRT high resolution (R=500) spectrum for a GRB at z=6.3 observed at 1 hour
post trigger assuming a GRB similar to GRB 050904. Right: simulated IRT low resolution (R=20) spectra
as a function of redshift for a GRB at the limiting magnitude AB mag 20.8 at z=10, and by assuming a 20
minute exposure. For more details about those simulations,see Amati et al. (2017).

Fig. 4.The yearly cumulative distribution of GRBs
with redshift determination as a function of the red-
shift for Swift andTHESEUS. Details are provided
in Amati et al. (2017)

erties similar to those observed up to date)
more than 50% GRB will have H(AB)<19.5 5
min after the trigger, allowing for rapid photo-
metric and LRS redshift determination.

There are chances thatTHESEUScould �y
at the same time of the next generation X-ray
observatory of ESA,ATHENA2. ATHENAwill
carry a high performance X-ray spectrometer








