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The extra large 
telescopes are coming



ELT: European Extremely Large Telescope 

Project under ESO leadership:
• 39-m segmented M1 (1300 m2 !).
• 4.2-m monolithic & active M2 mirror.
• 2.5-m adaptive M4 & M5 .

• Site: Cerro Armazones, Chile.
• Completion: 2026 (2027?).
• Cost: ~ 1200 M€

Armazones

Paranal

The	telescope



ELT: European Extremely Large Telescope 



The coming of age of Laser guide Star

• Lasers generate artificial 
stars in the upper atmosphere 
through backscattering of the 
laser photons.



A very complete instrumentation

Even if the dates are a 
"little" optimistic, by the 
time of Theseus, ELT 
observations will have 
begun:

• 2027-2028 for MICADO, 
HARMONI & METIS.

• > 2030 for HIRES & MOSAIC
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ELT Instrumentation Ramsay S. et al., Instrumentation for ESO’s Extremely Large Telescope

despite some greatly increased demands 
on the telescope and the observatory. 
MAORY is also on track to meet its 
requirements as the PDR approaches. 
The lessons learnt from these pioneering 
instruments are being applied to the 
development of future instruments.

(M�@CCHSHNM�SN�SGD�jQRS�SGQDD�HMRSQTLDMSR�
and their adaptive optics modules, the 
ELT Construction Programme included 
two Phase A studies, for a multi-object 
spectrograph (named MOSAIC), and  
a high spectral resolving power, high- 
stability spectrograph (named HIRES). 
The original Phase A design studies car-
ried out from 2007 to 2010 included three 
separate concepts for a multi-object spec-
trograph (OPTIMOS-EVE, Hammer, Kaper 
& Dalton, 2010; OPTIMOS- DIORAMAS, 
+DŰ%ĠUQD�DS�@K��������@MC�$ &+$��,NQQHR�
& Cuby, 2010) and two for a high resolv-
ing power spectrograph (CODEX, 
Pasquini et al., 2010 and SIMPLE, Origlia, 
Oliva & Maiolino, 2010). In 2016 ESO 
issued a call for two Phase A studies for 
HIRES and MOSAIC in order to update 
@MC�NOSHLHRD�SGD�RBHDMSHjB�RBNOD�@MC�
RODBHjB@SHNMR�NE�SGDRD�HMRSQTLDMSR��S@J-
ing into account how best to complement 
the observing capabilities offered by the 

jQRS�KHFGS�HMRSQTLDMSR�3GDRD�HMRSQTLDMS�
studies concluded in 2018. 

The next stage of construction of  
HIRES and MOSAIC, and the funding  
of the future ELT Planetary Camera and 
Spectrograph (ELT-PCS), fall outside  
the ELT Construction Programme and 
within the Armazones Instrumentation  
Programme (AIP). The AIP will manage all 
future instrument development during the 
lifetime of the ELT. The agreements for 
the construction phase of MOSAIC and 
'(1$2��HMBKTCHMF�SGD�CDS@HKDC�RBHDMSHjB�
QDPTHQDLDMSR��@QD�ADHMF�jM@KHRDC�MNV�
ESO’s committees support the start of 
the construction of these instruments 
once the resources (funding, effort and 
Guaranteed Time) needed to complete 
SGD�jQRS�HMRSQTLDMSR�@QD�VDKK�TMCDQRSNNC�
and secured. This milestone is expected 
VGDM�SGD�K@RS�NE�SGD�/#1R�ENQ�SGD�jQRS�
instruments is complete. An important 
step towards the launch of the MOSAIC 
and HIRES construction phases was the 
recent approval by the ESO Council for 
the procurement of the second prefocal 
station for the Nasmyth B platform that 
will host MOSAIC and HIRES. Taken 
together, the instruments so far planned 
for the ELT offer excellent coverage of the 

observing parameter space, allowing 
astronomers to tackle a very broad range 
of science cases that will fully exploit the 
collecting power and diffraction limit  
of the ELT. As shown in Figure 2, users 
will have access to imaging and spec-
troscopy, across a wide range of wave-
lengths and spectral resolving powers, in 
a variety of observing modes, and includ-
ing high-contrast, precision astrometry 
and non-sidereal tracking. 

ELT-PCS is the planet hunter that will 
deliver one of the highest priority and 
most challenging science goals of the tel-
escope — the detection and characteri-
sation of exo-Earths. Given the rapidly 
changing understanding of the popula-
tion of exoplanets and the many new 
facilities that are being developed to 
study them, it was decided in 2010 that 
ELT-PCS should start later in the overall 
timeline in order to allow for develop-
ments in the science case. Furthermore, 
achieving the extreme contrast ratios 
required for these observations requires 
QDRD@QBG�@MC�CDUDKNOLDMS�HM�SGD�jDKC�NE�
adaptive optics and coronagraphy. Proto-
typing of components that are needed  
for ELT-PCS is part of ESO’s ongoing 
Technology Development programme. 

Instrument Main specifications Schedule

Field of view/slit length/
pixel scale

Spectral 
resolution

Wavelength 
coverage (µm) Phase A Project 

start
PDR FDR First 

light

MICADO

Imager (with coronagraph)
50.5ಿ × 50.5ಿ at 4 mas/pix

19ಿ × 19ಿ at 1.5 mas/pix

I, Z, Y, J, H, K + 
narrowbands 0.8–2.45

Single slit

Single slit

Single object

Multi object (TBC)

R ~ 20 000

MAORY AO Module
SCAO – MCAO 0.8–2.45

IFU 4 spaxel scales from:
0.8ೀ × 0.6ೀ at 4 mas/pix to

6.1ೀ × 9.1ೀ at 30 × 60 mas/pix
(with coronagraph)

R ~ 3200
R ~ 7100 
R ~ 17 000

R ~ 1400 in L 
R ~ 1900 in M 
R ~ 400 in N 

0.47–2.45

METIS

Imager (with coronagraph)
10.5ೀ × 10.5ೀ at 5 mas/pix in L, M
13.5ೀ × 13.5ೀ at 7 mas/pix in N

L, M, N + 
narrowbands

3–13

L, M bands
R ~100 000

IFU 0.6ೀ × 0.9ೀ at 8 mas/pix 
(with coronagraph)

IFU (SCAO) HIRES
R ~100 000

0.4–1.8 simultaneously

R ~10 000

MOSAIC
~ 7-arcminute FoV

~ 200 objects (TBC)
0.45–1.8 (TBC)

~ 8 IFUs (TBC) 0.8–1.8 (TBC)

PCS Extreme AO camera and
spectrograph TBCTBC

2010 2015 2019

2018

2018

2010 2015

2010 2015 2018HARMONI +
LTAO

R ~ 5000–20 000

R ~ 5000–20 000

2010 2015 2019

1 milliarcsecond (mas) = 0.001ೀ

Figure 1. The ELT 
Instrumentation 
roadmap and timeline.



A very complete instrumentation
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being carried out under the Technology 
Development Programme.

Expertise in adaptive optics is also an 
important input to the instrument consor-
tia. In this regard, ESO engineers and 
physicists work within the instrument con-
sortia, fully integrated into the teams, pro-
viding backup for simulating the telescope 
behaviour and instrument performance, 
developing the calibration strategies for 
the adaptive optics and contributing to the 
engineering design of the adaptive optics 
modules based on their knowledge of the 
ELT and experience from the Adaptive 
Optics Facility upgrade programme. ESO 
is also leading an effort to coordinate the 
expertise of all the groups working on 
SCAO for the ELT, including for the tele-
scope, to explore common solutions for 
the calibration of these systems.

ESO maintains an overview of all of the 
systems on the telescope to ensure a 
fully working system and is responsible 
for the interface from all instruments to 
the observatory and between MAORY 
and its client instruments. One of the 
challenges facing both the instrument 
consortia and ESO is the parallel devel-
opment of the telescope and the instru-
mentation. The agreements that have 
been signed with the instrument consor-
tia include formal documentation describ-
ing the interface to the telescope systems 
and the requirements for the instruments. 
Progress with the construction of the tel-
escope is continuing at our industrial 
partners in Europe and in Chile. With over 

The development of this instrument is 
linked to both the level of technical readi-
ness of these prototypes and the availa-
bility of funding and effort. 

In other articles in this issue details of  
the science case, operational modes and 
instrument concepts are given for each  
of the instruments.

Activities at ESO

The activities at ESO that support the 
development of the instruments for the 
ELT take a number of different forms. To 
ensure that ESO meets its commitments 
for the delivery of the instruments, a dedi-
cated follow-up team of scientists, man-
agers and engineers across all disciplines 
is assigned to work with each instrument 
team. The role of this follow-up team is to 
support the consortia with their expertise 
and also with understanding the interface 
to and performance of the telescope. This 
team also provides each instrument con-
sortium with guidance on the application 
of the ESO standards. Standardisation of 
hardware and software across the obser-
vatories is crucial for cost- and time- 
effective operation and maintenance of 
the telescope(s) and instruments and is a 
RHFMHjB@MS�CDUDKNOLDMS�@BSHUHSX�ENQ�$2.�
The ELT standards include cryogenic 
BNLONMDMSR��BNMSQNK�@MC�C@S@kNV�RNES-
ware, instrument control electronics, real-
time computing and wavefront sensor 
cameras. The standards have been either 
adopted or extended from the Paranal 
Observatory standards, or are new devel-
opments that may also be adopted by 
new instruments for Paranal when that is 
technically feasible. 

Engineers and scientists also work within 
SGD�BNMRNQSH@�SN�CDKHUDQ�RODBHjB�BNLON-
nents or expertise and so ESO is also an 
associate member of each instrument 
consortium. ESO has world-leading 
expertise in detector technology and tra-
ditionally delivers the science detectors 
with standard detector controllers to the 
instruments on the VLT, and the same 
concept has been adopted for the  
ELT instruments. For its optical mode, 

HARMONI will use the Teledyne-e2V 
CCD231-84 deep-depletion silicon  
CCDs already used in the Multi Unit 
Spectroscopic Explorer (MUSE). Both 
MICADO and HARMONI will use the 
Hawaii 4RG detector from Teledyne-e2V 
for their near-infrared modules. METIS 
will use near-infrared detectors from the 
Hawaii “family”, the Hawaii 2RG, for its 
LM-band imager and spectrometer.  
A particularly exciting development for 
METIS is that it will use a new detector 
for the N-band observations. The initial 
plan was to use the Aquarius detector 
that has been used on-sky with the  
VLT Imager and Spectrometer for mid- 
InfraRed (VISIR). However, the technology 
of the new GeoSNAP detector from 
3DKDCXMD��$�5�HR�MNV�RTEjBHDMSKX�QD@CX�
that the decision to switch to this detec-
tor was taken after the METIS PDR. Sim-
OKHjB@SHNMR�SN�SGD�HMRSQTLDMS�CDRHFM�BNLD�
from this change but, most importantly, 
SGD�NARDQUHMF�DEjBHDMBX�HM�SGD�N-band 
imaging mode, where many of the impor-
tant science cases in exoplanets will be 
tackled, is expected to be many orders of 
magnitude higher than with the design 
using the Aquarius detector. ESO leads 
the work package for the GeoSNAP 
detector that will be tested at the METIS 
consortium partners the Max Planck 
Institute for Astronomy and the University 
of Michigan. Finally, an update of the 
standard detector controller, the Next 
Generation Controller (NGC), to a new 
edition (NGCII) with enhanced perfor-
mance and matching the interface 
requirements of the new telescope is 

Figure 2. Parameter space for astronomical observa-
SHNMR�OQNUHCDC�AX�SGD�jQRS�KHFGS�@MC�OK@MMDC�HMRSQT-
ments on the Extremely Large Telescope.
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TMT: Thirty Meters Telescope

Project led by Caltech + Univ. California + 
Canada + China + India + Japan:
•  30-m diameter.
•  Site Hawaii (alternate site: Canary Is. / La 

Palma).
•  Construction halted in 2015.
•  Completion: TBD.
•  Cost: ~ 1500 M$



With also a very complete instrumentation



With also a very complete instrumentation



GMT: Giant Magellan Telescope

Consortium of US universities + foreign 
partners:

• Carnegie, Chicago, Harvard, 
Smithsonian, Texas, Arizona.
• Australia (ANU and AAL), Korea 
(KASI), Brazil, Chile.

• 7 x 8-m mirrors on the same 
structure: 21-m diameter (equivalent).
• Site: Las Campanas, Chile.
• Completion: 2029.
• Cost: ~ 1000 M$



With also an attractive instrumentation



In a nutshell 

Type of Instrument GMT TMT E -ELT

Near -IR, AO- assisted Imager + IFU GMTIFS IRIS HARMONI
Wide -Field, Optical Multi- Object
Spectrometer

GMACS WFOS MOSAIC -
H M M

Near -IR Multislit Spectrometer NIRMOS IRMS MOSAIC -
HMM

Deployable, Multi -IFU Imaging
.SruartrnmPti r

IRMOS MOSAIC -
HMO

Mid -IR, AO- assisted Echelle
Spectrometer

MICHI METIS

High- Contrast Exoplanet Imager TIGER PFI ELT -PCS

Near -IR, AO- assisted Echelle
Spectrometer

GMTNIRS NIRES HIRES

High -Resolution Optical Spectrometer G -CLEF HROS HIRES
`Wide" -Field AO- assisted Imager WIRC MICADO

 

 

fundamentally different telescope design choices made by these projects. It remains an open question whether such 
differences will persist in future instrument generations, but the complexity and cost of ELT-class instruments will 
certainly lead to joint coordination to avoid duplication wherever possible and still benefit all communities involved. 

The next step in the development of future instruments for TMT is expected to be a call for feasibility study proposals in 
early 2017. These feasibility studies would then be completed and externally reviewed in early 2019, and very detailed 
conceptual design studies would be launched in 2020. 

 

 
Table 2. ELT Instrumentation Equivalence Table. First-light instruments are underlined. 
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The transient sky

All these facilities have identified the study of the transient sky in their scientific cases.

Understanding and Using the Gamma-Ray Bursts of course:
•Understanding Progenitors of the GRBs.
•Probing the High-z Universe with the GRBs.
•Measuring the galaxy luminosity function.
•Etc.

But also:
•Studying Tidal Disruption Events.
•Identifying the Gravitational-Wave Sources.
•Etc.
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First, follow-up of the brightest afterglows (H < ~17.5 mag) with the IRT spectroscopic mode (§4.3.5) will 
provide constraints within ~0.2 dex on the hydrogen column density along the GRB line of sight. The 
identification of metal absorption lines will also enable spectroscopic redshift determinations to <1% precision, 
which will help refining the IRT photo-z estimates and distinguishing cleanly between the GRBs at z > 6 and 
contaminants from dusty afterglows at lower redshifts. Further, taking advantage of the availability of 30 m 
class ground-based telescopes in the 2030s, and also of ATHENA to quantify the high ionization gas content, 
superb abundance determinations will be possible through simultaneous measurement of metal absorption lines 

and modelling the red-wing of Ly-α to determine host HI column density, potentially even many days post-
burst (Figure 2-7). Using the sample of GRBs discovered by THESEUS to trace the ISM in galaxies at z>6 
will be the only way to map in detail accurate metallicities and abundance patterns across the whole range of 
star forming galaxies in the early Universe, including those at the very faint end of the LF (Figure 2-8). The 
imprint of the dust in the host can be seen in the (rest-frame UV/optical) broad-band spectral energy 
distributions of GRB afterglows. Such studies have found a variety of dust laws, many reasonably 
approximated by the three canonical local laws (SMC, LMC, MW; e.g. [20], [21]), but along some sight-lines 
the extinction is unusual and harder to explain [22]. Thus, GRBs offer a remarkable route to assessing the dust 
content of even low mass galaxies in the early Universe [23]. At moderate redshifts, H2 molecular absorption 
seen in GRB afterglow spectra, provides direct evidence of the state of the dense ISM in the host [24]. 

 

Figure 2-7 Left: simulated ELT 30-minute spectrum of a z=8.0 GRB afterglow with J(AB)=20 (typical after ~0.5 day). The 
S/N provides exquisite abundance determinations from metal absorption lines (in this example, 1% solar metallicity), 
while fitting the Ly-alpha damping wing simultaneously fixes the IGM neutral fraction and the host HI column density, as 
illustrated by the two overlaid models, a pure 100% neutral IGM (green,) and a log(NHI/cm-2)=21.2 host absorption with 
a fully ionized IGM (orange). A well-fitting combined model is shown in red. Right: the same afterglow with a magnitude 
of 16 in a simulated IRT spectrum with a realistic spectral observing sequence at a total integration time of 1800 s, 
illustrating that the most prominent metal lines are also clearly detected. 

 

Figure 2-8 Absorption-line based metallicities relative to solar, 
corrected for dust depletion as a function of redshift for Quasar 
Damped Lyman-alpha Absorbers (DLAs, grey symbols) and 
GRB-DLAs (blue symbols) [adapted from [25], [26]]. Open 
square symbols show representative expectations for THESEUS, 
assuming continued evolution of the mass-metallicity 
relationship, and a dominant population of low mass galaxies at 
z>6 (green triangles and red squares assume faint-end slopes of 
-1.8 and -1.4 for the galaxy luminosity function, respectively). 
GRBs represent the unique way for probing evolution of ISM 
absorption–based metallicities in the first billion years of cosmic 
history. 

Simulated ELT 30-minute spectrum of a z=8.0 GRB afterglow 

with J(AB)=20 (after ~0.5 day) and R=10 000. 

• Possible  to quantify the ionization 
gas content through simultaneous 
measurement of metal absorption 
lines and modelling the red-wing of 
Ly-α to determine host HI column 
density.

• Potentially possible even several 
days post-burst.



The build-up of metals, molecules and dust  

• An efficient way to map 
metallicities and abundance 
patterns across the whole range of 
star forming galaxies in the early 
Universe, including those at the 
very faint end of the LF 
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Detecting undetectable galaxies

• The faint-end of the galaxy luminosity 
function is a key issue for understanding the 
reionization era. 

• But the faint-end of the LF steepens with 
redshift: α ~ 2 at z > 6 . 

• Expected magnitudes fainter than mAB ~ 30: 
at the limit of what is reachable with the 30-
m class telescopes. 
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galaxy studies ( [14], [16]; Figure 2-5), which rely on counting star-forming galaxies and attempting to account 
for galaxies below the detection threshold. Although this discrepancy has been alleviated by the growing 
realisation of the extremely steep faint-end slope of the galaxy Luminosity Function (LF) at z > 6, it still appears 
that this steep slope must continue to very faint magnitudes (e.g. MAB ≥-11), or the stellar Initial Mass Function 
(IMF) become more top-heavy (GRB progenitors being drawn from populations with birth masses ~25-40 
M), in order to provide consistency with GRB counts and indeed to achieve reionization (something that can 
only be quantified via a full census of the GRB population; see §2.2.5). Evidence for variations in the IMF 
would be particularly intriguing, and suggestive of very low metallicity populations (see §2.2.5).  

2.2.2 The galaxy luminosity function: detecting undetectable galaxies 

The intrinsically very small galaxies, which appear to 
increasingly dominate star formation at z > 6, are very hard 
to detect directly. GRBs circumvent this difficulty, sign-
posting the existence and redshifts of their hosts, no matter 
how faint. 

As discussed in §2.2.1, the faint end of the galaxy luminosity 
function is a key issue for our understanding of reionization 
since, to the depth achieved in the Hubble Ultra-deep Field 
(HUDF), it appears that the faint-end of the LF steepens 
significantly with redshift reaching a power-law of slope α ~ 2 
at z > 6 [17]. Thus, the value of the total luminosity integral 
depends sensitively on the choice of low-luminosity cut-off (and 
indeed the assumption of continued power-law form for the LF). 
By conducting deep searches for the hosts of GRBs at high-z we 
can directly quantify the ratio of star-formation occurring in 
detectable and undetectable galaxies, with the sole assumption 
that GRB-rate is proportional to star-formation rate (Figure 2-6). 
Although currently limited by small-number statistics, early 
application of this technique has confirmed that the majority of 
star formation at z ≥ 6 occurred in galaxies below the effective 
detection limit of HST ( [18], [6]) with expected magnitudes 
fainter than mAB ~ 30, at the limit of what is reachable with 
JWST and the ELTs. Since the exact position and redshift of the 
galaxy is known from the GRB afterglow, follow-up 
observations to measure the host UV continuum are much more 
efficient than equivalent deep field searches for Lyman-break 

galaxies. If the luminosity function is modelled as a Schechter function with a sharp faint-end cut-off, then this 
analysis allows us to constrain that cut-off magnitude, even though the galaxies are too faint to be observed. 
As further discussed in §2.2.5, this technique applied to a sample of ~40 GRBs detected by THESEUS at z ≥ 6 
will yield much tighter constraints on that cut-off magnitude than obtained with GRBs so far (Figure 2-10, 
left). 

2.2.3 The build-up of metals, molecules and dust 

Bright GRB afterglows with their intrinsic power-law spectra provide ideal backlights for measuring 
not only the hydrogen column, but also obtaining exquisite abundances and gas kinematics probing to 
the hearts of their host galaxies [19]. Thus, they can be used to monitor cosmic metal enrichment and 
chemical evolution to early times, and search for evidence of the nucleosynthetic products of even earlier 
generations of stars.  

 

Figure 2-6 Mosaic of deep HST imaging of the 

locations of known GRBs at z ! 6, obtained 

when the afterglows had faded. Only in 2-3 cases 
is the host galaxy detected, confirming that the 
bulk of high-z star formation is occurring in 
galaxies below current limits. This approach 
allows us to quantify the contribution of the faint 
end of the galaxy luminosity function to the star 
formation budget, even in the absence of direct 
detections. 

HST very deep imaging illustrating the difficulty to detect the host galaxies.



In summary

Theseus will be in operation when the largest telescopes, ELT, TMT and GMT, are fully operational:
• The first generation of instruments (imagery&spectroscopy) is well adapted to the Theseus 

scientific motivation.

The unique combination of these observations will allow us to better understand the earliest days 
of the Universe:

• Measuring the galaxy luminosity function.
• Monitoring the cosmic metal enrichment and the chemical evolution to early times.
• Identifying the reionisation cosmic origin.
• Etc.

But beware, we must not forget that many telescopes, even if they are « smaller » (VLT, Keck, etc.), 
will always be in operation and probably easier to access. 


