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Les très grands télescopes au sol…

… et dans l’espace

LBT Arizona (8m) VLT Chili (8m)

Keck Hawaii (10m) Subaru Hawaii (7.5m)

Gemini Hawaii & 
Chili (8m)

HST (2.4m)
JWST (6.5m) 2021

GranTeCan (10m)
Canaries
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Le besoin en extrêmement grands 
télescopes optiques

ØExtrêmement grands télescopes : ELT 
ØOuvrir de nouvelles fenêtres en astrophysique :

Øobserver des objets plus faiblement lumineux ou 
plus lointains : accroître la surface collectrice

ØRésoudre sur ces objets des structures plus fines 
pour en faire leur spectre et déterminer leur 
mouvement propre : accroître le pouvoir séparateur
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Pouvoir séparateur d’un télescope : 
la résolution angulaire 

Largeur angulaire : l/D (l longueur d’onde, D diamètre du télescope) 
c’est la séparation angulaire ultime pour distinguer deux sources

l/DIn
te
ns
ité

Distance
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Image d’une étoile à la limite de la diffraction



Résolution angulaire
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in the early Universe and simulations that start in the early Universe and predict present day galaxy 
properties. Only by resolving individual stars in a galaxy and carrying out accurate photometry in at 
least two filters is it possible to uniquely determine the star formation history and thus the 
evolutionary pathway of a galaxy (e.g. Cole et al. 2007). The major observational challenge is that 
low mass ancient stars are faint, and they are often severely crowded together. This means that 
their study requires the demanding combination of high spatial resolution, flux sensitivity and also a 
high dynamic range (of order 10 magnitudes), see Figures 4.1a and 4.3. 

HST, with its high spatial resolution, flux sensitivity and uniquely stable PSF, led to a breakthrough 
in the study of resolved stellar populations in nearby galaxies. However, the 2.4m diameter primary 
mirror struggles with both sensitivity and spatial resolution for galaxies beyond ~1Mpc, see Figure 
4.4, and thus we need to expand these capabilities to push our vision beyond the Local Group and 
into different environments. JWST should improve on HST performance for both sensitivity and 
spatial resolution, but MICADO will provide the necessary leap to push this kind of analysis well 
beyond the Local Group and deep into the heart of giant galaxies.  

 

Figure 4.4 SimCADO H-band simulations of 
three resolved stellar fields in an M49-like 
Elliptical galaxy at the distance of Virgo at 
different surface brightness levels (labelled 
at the bottom of the image) for HST, JWST 
and MICADO. Each individual image is 1" 
square, and the exposures times are all 
10hrs. 

 

 

 

 

 

 

Resolved stellar population studies also include a range of related science cases, looking deep into 
star formation regions in a range of environments, searching for particular types of stars that 
indicate specific age populations, like Cepheid and RR Lyr variable stars and infrared luminous 
AGB stars, and looking in detail at the resolved properties of star clusters in galaxies beyond the 
Local Group. In addition, detailed CMDs also allow the careful selection of stellar targets for follow 
up spectroscopy to determine the detailed properties of young massive stars in distant galaxies, 
and older (fainter) stars in less distant systems. It is also possible to carefully determine the Initial 
Mass Function (IMF) in a range of different stellar systems by resolving and carefully measuring 
the magnitudes and colours of all the stars in a system. All these cases depend fundamentally on 
spatial resolution and flux sensitivity to accurately find and measure the properties of individual 
stars over a range of magnitudes in a range of different environments. 

HST : 2,4m
l/D=0,15’’ (sec. d’arc)

JWST : 6,5m
l/D=0,054’’

ELT : >30m
l/D<0,012’’
Un cheveux à 1km

Simulation de champs stellaires (Micado consortium, Tolstoy et al.)

Proche IR : 1,7 µm

Pourquoi construire des télescopes 
optiques de diamètre ~ 30m ?

ØA la diffraction, comparés aux télescopes de 8m 
ØSurface collectrice (D2)  x 16 
ØRésolution angulaire (D) x 4 
ØGain en temps de pose (D4) ~ 256 
ØGain (D3) ~ 64 en contraste dans les images 

ØMaturité de la technologie des très grands 
télescopes optiques à miroirs minces actifs 
complètement contrôlés par ordinateur 
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Pour quelle astrophysique ?

Ø L’accélération de l’expansion de l’univers
Ø La formation des premières étoiles et galaxies 
ØEvolution des galaxies
ØTrous noirs supermassifs, noyaux actifs de galaxie 
Ø Les populations stellaires 
Ø Le Centre Galactique 
Ø Les exoplanètes 
Ø Le système solaire
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Système solaire 
- Petits corps, traces de la formation du système
- Satellites des planètes géantes pour le suivi de leur  
surface et de l’atmosphère de Titan
- Atmosphère des planètes géantes
Résolution : 40km à la surface de Jupiter à 5,2au
(1au distance Terre-Soleil)
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Astéroide double géocroiseur (1999 KW4, image ESO) 
Observation VLT Vue d’artiste

2,6 km



Exoplanètes/disques 
Formation et évolution ; caractérisation des 
exoplanètes, composition de leur atmosphère, de 
leur surface ; caractérisation des disques, interaction 
planètes-disque 
Résolution : 1au à 330 al
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HD141569A au VLT
Perrot et al. 2016

Système de HR 8799 entre 2009 et 2016

Centre Galactique
Lieu unique du test de la relativité générale en 
champ fort autour du trou noir supermassif
Nouvelles étoiles faibles, plus proches du trou noir 
Sursauts infrarouges, accrétion de la matière 
Résolution : demi-journée lumière (100au)
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0.5”

VLT-NACO ELT-MICADO
simulation

0.1”

ELT-MICADO
simulation

25 light days

5 light days



Galaxies distantes
Évolution des galaxies distantes (>8G-al, z>1)
Morphologie des galaxies, région de formation 
d‘étoiles, bulbe, structure des disques
Population des galaxies compactes des amas à z>2
Résolution : 700 al à z=2
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number density drops at z>3 (with only 15% of compact galaxies being passive at these redshifts; 
Marchesini et al. 2014; Williams et al. 2014), indicating that they are quenched between z~2 and 
z~3. These galaxies will likely only be marginally resolved with the JWST. On the contrary, 
MICADO will certainly resolve them, identify signatures of mergers, and obtaining precise radial 
profiles to determine where and how quenching happens. 

 

Figure 5.4 Examples of galaxies in clusters at z~2: combined colour images of the spectroscopically 
determined members of the proto-cluster HUDFJ0332.4-2746.6 at z~1.84, from HST/ACS and WFC3 
images. From Mei et al. (2015).  

Progenitors of massive Early Type Galaxies in the densest environments: The galaxies found 
in clusters out to z~1.5 are very different from the field (e.g. Mei et al. 2009). In galaxy clusters, 
~80% of the galaxies have early-type morphology. This means Elliptical and Lenticular galaxies 
with large bulges and small or no discs, and typically with old stellar populations.  This is in 
contrast to the field, where ~80% of the galaxies have late-type morphology. This means spiral 
galaxies with small bulges and large discs, and irregular galaxies, that are typically still forming 
stars. These fractions change dramatically at z>1.5, where star-forming galaxies significantly 
populate cluster cores (e.g. Brodwin et al. 2013; Mei et al. 2015; Alberts et al. 2016), indicating 
both stellar population and morphological transformations at this epoch. The high resolution 
imaging from MICADO will permit us to study in detail the structure of the galaxies found in young 
clusters and proto-clusters at z>1.5 and discriminate between the physical mechanisms behind 
their transformations (e.g. mergers, disc instabilities, etc.). These objects cannot be resolved with 
HST imaging in which they appear as blurred irregular features (see Figure 5.4). To study detailed 
morphology and identify mergers, we require a resolution of at least 10mas to distinguish low mass 
merger partners and low surface brightness features. This is also beyond HST and JWST 
capabilities. A depth of MAB~28 is necessary to identify galaxies brighter than L* at the higher 
redshifts. Thus, only MICADO will be able to detect such low surface brightness features, identify 
potential mergers, and disturbed morphologies at the needed scale of ~100pc. Spectroscopy will 
be able to separate multiple companions and determine if the structures originate from mergers. 
 
QSO host galaxy properties:  More than 50 years after the discovery of quasars, the origin and 
role of powerful nuclear activity in the centres of massive galaxies is still poorly understood.  Yet, 
the evidence that virtually all massive galaxies host a super-massive black hole at their centre 
indicates that there is an important link between the processes that govern the formation of 
galaxies and super-massive black holes.  To explain this link it is necessary to measure both the 
mass of the black hole and the properties of the host galaxy over a wide range in cosmic time (e.g., 
Decarli et al. 2010).  The black hole mass can be estimated from the width of the broad emission 
lines and the continuum luminosity of the nucleus (e.g., Peterson 2014), while the properties of the 
host galaxy can be derived from deep, high-resolution images in the near-IR dominated by starlight 
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including compact star clusters to KAB~28.5 mag; this limit corresponds to an absolute magnitude 
in the rest-optical at z=2 of RAB~–16, which is comparable to the most luminous “super star 
clusters” in nearby starburst galaxies such as M82 and the Antennae. The smallest and faintest 
galaxies, as well as substructure within galaxies, will become accessible for study on scales of 
~100pc.  Key science drivers for MICADO encompass a broad range of themes addressing 
fundamental aspects of the lifecycle of galaxies from the earliest times, and also the connection 
with the circum-/intergalactic medium and the dark matter. 

Figure 5.2 Illustration of the gain in resolution with MICADO. The panels show the same simulated bright 
and large galaxy (KAB ~21.3mag, half-light radius ~5kpc) at z=2. In addition, a few hundred compact 
(unresolved) clusters were added with a range of magnitudes.  The clumps and clusters contribute roughly 
40% of the total light of this simulated galaxy. Simulations are: (a) deep, seeing-limited ground-based image 
(6 hours with VLT/ISAAC in K); (b) deep diffraction-limited HST/NICMOS image (4 orbits with NIC2 camera 
in H); (c) a similar integration time of 4 hours with MICADO in K, at a resolution of about 10mas or 80pc;          
(d) smoothing MICADO image, with a Gaussian of FWHM equal to the PSF, to enhance the rich structure.   
 
Some Specific Science Cases 

Resolving discs at high redshift: The detailed workings of the physical processes at the origin of 
the early Hubble sequence remain elusive.  The main limitation is spatial resolution (see Figure 
5.2).  Current observations of faint high-redshift galaxies achieve at best 0.1"–0.15" spatial 
resolution (which corresponds to ~1kpc at z>1).  This resolution corresponds to the typical radii of 
log(M

!
/M

!
)~9 star-forming galaxies and log(M

!
/M

!
)~10.5 quiescent galaxies, and to the inferred 

vertical height of star-forming discs at z~2.  High resolution imaging with HST generally gives very 
few resolution elements, of order 10, within an effective radius.  This is equivalent to imaging Virgo 
galaxies with 10" seeing.  Morphological features such as star-forming clumps and putative bulges 
can be viewed only on ~1kpc scales and so the detailed profiles cannot be determined.   
 
One of the most striking feature in the morphologies of z>1 galaxies is the common presence of 
giant kpc-scale, luminous “clumps”, see Figure 5.1. It is now well established that these clumps 
represent star-forming complexes within otherwise fairly regularly rotating discs, scaled up by a 
factor of ~10 in size, mass, and luminosity compared to those in present-day star-forming galaxies. 
High-redshift galaxy discs also differ from z~0 discs in that they have 10–20 times higher global 
star formation rates, are several times more gas rich, and are characterized by a more turbulent 
ISM with up to ~10 times higher intrinsic velocity dispersions, %0.  The ratio of rotation velocity, vrot, 
to dispersion, %, are ~1–10, which implies that high-z discs are also geometrically thicker than local 
spirals, which have vrot/%0~10–20.  These results raise many questions about the nature and 
timescales of internal dynamical processes at the epochs when thick discs, bulges, and metal-rich 
globular clusters were forming. To address these questions, in the necessary detail, images are 
needed with the high spatial resolution that only MICADO can provide. 
 

a b c d

Galaxies d’amas à z=2, HST
Mei et al. 2015 Simulation galaxie à z=2, Micado consortium

Complémentarités

Ø Accroissement significatif des 
performances par rapport au 8-10m

Ø Avec JWST: images profondes versus 
spectroscopie à haute résolution

Ø Avec LSST/Euclid: relevé grand champ 
versus caractérisation détaillée de cibles

Ø Avec ALMA: (sub)millimétrique versus 
visible/IR

Ø Avec SKA: radio, univers froid versus 
univers lumineux 
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ALMA

JWST

VLT



Les trois projets d’ELT

ØDeux projets aux USA et un en Europe
ØEntrée en opération en 2025-30
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Giant Magellan Tel. 
GMT, 25m, Chili
2025

Thirty Meter Tel. 
TMT, 30m, Hawaii
2026

European ELT 
ELT, 39m, Chili
2025

L’ELT (européen)

Ø European Southern Observatory
Ø à Cerro Armazones au Chili
Ø Diamètre : 39m 
Ø Surface collectrice ~ 1000m2

Ø Nasmyth focus F/17.5
Ø Champ de vue 10’x10’
Ø Résolution angulaire : 0,01’’ @ 

2µm
Ø M1 : 798 segments asphériques 

hors-axe hexagonaux de 1,45m à 
cophaser à < 50nm rms
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Train optique de l’ELT à 5 miroirs

Ø M1 : 39m, actif
Ø M2 : 4,2m asphérique, 

convexe, actif
Ø M3 : 3,8m asphérique, 

concave, actif
Ø M4 : 2,4m plan, 

adaptatif 500Hz, 5300 
actionneurs, 6 pétales

Ø M5 : 2,7m plan, 2-axes 
adaptatifs 10Hz
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Cerro Armazones

Cerro Paranal
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Turbulence atmosphérique
Image d’une étoile par un télescope au sol

Théorique (diffraction) Dégradée par la turbulence
(speckles)

l/D

l/roDiffraction : 0,04’’ @ 2µm, D=10m 
Turbulence : 0,8’’ @ 2µm, ro= 50cm
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Turbulence atmosphérique

ØLimitation de la résolution angulaire à ~ 1’’
ØDéformations des surfaces d’onde par les  

fluctuations de l’indice de l’air : differences de 
marche (ddm) 

ØSolution : l’optique adaptative
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Principe de 
l’optique 

adaptative
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Mesure et 
correction des ddm
atmosphériques du 
front d’onde

Miroir déformable

Course mécanique ~10µm, bande passante ≥kHz
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Analyseur de front d’onde

Nombre de points de mesure ~ (D/ro)2 ~5000 sur l’ELT
Autre analyseur « pyramide » : voir poster d’Arielle Bertrou
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Matrice
CCD

(Shack-Hartmann)

Etoile guide Laser
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ØCréer une source 
suffisamment brillante et 
dans la bonne direction

ØDiffusion par les atomes 
de Sodium de la 
mésosphère à 90km

Ø Laser CW de ~10W à 
589nm (raie D2b) 
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Image corrigée par AO
(résidus de ddm de 150nm)

Image brouillée par la turbulence

Centre galactique au VLT
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LE
SIA (C

N
R

S -O
bservatoire de Paris)

Simulation de correction pour l’ELT
Optique adaptative de première lumière de 

l’instrument MICADO 
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Simulations V. Déo, 2019
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Merci de votre attention 


