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Classes d’instruments	


•  Instruments mono-télescopes :	

•  sol	

•  espace	

	
	


•  Interféromètres longues bases	

	


•  Potentielles futures très longues bases	

	




Optique adaptative - VLT	


VLA 7mm continuum 
NRAO/AUI / J. Lim, C. Carilli et al. 1998 

CN 

(Kervella et al. 2009) 

100 mas 
NACO (2009) 
1,0 – 2,2 µm 



NACO L2 Puppis	


L2 Pup PSF 

Kervella et al. 2014, A&A, submitted 

Technique d’imagerie chanceuse assistée + déconvolution 





Interférométrie des tavelures	


TABLE 2. New elements of the visual orbit AB and perturbation orbit Bb-P of ADS 15971
(Paper VIII.

Orbit �2000 � i e T P n a
(⇥) (⇥) (⇥) (yr) (yr) (⇥/yr) (")

AB 133.2 273.0 141.7 0.343 1982.733 486.70 0.7397 3.380
±3.4 ±9.4 ±1.0 ±0.029 ±4.2 ±40 ±0.061 ±0.023

Bb-P 20.9 330.3 22.3 0.125 2003.404 25.822 13.942 0.062
±26 ±29 ±10 ±0.018 ±0.652 ±0.139 ±0.0751 ±0.012

FIGURE 15. New orbit of ADS 15971 AB (a) with enlarged part in (b), corresponding to the dotted
square in (a). Plotted as a solid line, it is actually the orbit of the center of mass of the Bb couple relative
to the component A marked as a big cross. The observations of PISCO are printed as circles.
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FIGURE 16. New orbit of ADS 15971: combination of the AB and Bb-P orbits (solid line) compared
to all the photographic and speckle measurements (crosses): (a) position angle vs epoch, (b) angular
separation vs epoch, and (c) orbit in the plane of the sky.

•  Système triple ADS 15971  

•  PISCO (IRAP) installé à l’observatoire de Merate en Italie (1 m)	


•  Sensibilité : V = 10-12	

•  Dynamique : ∆m = 4	

•  Résolution angulaire : 140 mas (R)	


•  ≥ 70 orbits  dont (32 à Merate) [2010]	

•  Précision sur les masses : 10% (Scardia 2013)	




Interférométrie des tavelures	


•  SPID (CRAL) installé au Zelentchuk (6 m)	


•  400 nm ≤ l ≤ 800 nm	

•  Résolution angulaire : 14 mas à 27 mas 	

•  R  = 50 à 3000	

•  Sensibilité : V = 10 à 18	

•  2 campagnes 09/2012 et 11/2013	

•  Cibles : physique des atmosphères stellaires, CSE,	

     objets multiples serrés, etc …	


• SPID dans la cage primaire du 6m 

•  1er pic speckle «brut», en temps réel 



Masquage de pupille���
Exemple : expérience Keck (Tuthill et al. 1999)	


Masque pupillaire	




Tuthill, Monnier & Danchi (1999) 

160 u.a. = 100 mas 

Étoile Wolf-Rayet WR 104���
Masquage de pupille avec Keck I @ 2,27 µm	


Dynamique : 200	




Masquage de pupille	




2) Autocalibration des clotures de phase	
 11	
Azur Opto -- Janvier 2013	




SAM mode de NACO sur le VLT	


(Lacour, communication personnelle) 

VY CMa 



T Cha b 
Séparation 0.5λ/D 

5nm 

SAM mode de NACO sur le 
VLT	


Baseline (meter) 

(Huélamo et al. 2011) 



Principe de FIRST	


Masquage de pupille par fibres	


Perrin et al. (2006) 

Système visible couplé à une optique adaptative pour l’infrarouge :   
 

 => imagerie HRA dans le visible sur télescope monolithique. 



1er résultat publié	

Capella               r ~1 

!

!

Spectre du rapport des flux ajusté des 
spectres PHOENIX. 
 
Résultats compatibles avec les paramètres 
stellaires classiques sauf dans les bandes de 
CN => liste de raies incomplète ? 
 
(Huby et al. 2013) 
 
 



FIRST sur Subaru (8 m)	

FIRST monté au foyer de SCExAO. 
1ère lumière en juillet 2013. 
 
Objectifs : 

 - binaires ; 
 - surfaces stellaires (convection) 

 
Résolution angulaire : 16 mas @ 600 nm 
 
 

Module d’injection Recombinateurs 

Separation: 44±4mas 
Median flux ratio: 0.033 
Predictions: sep = 50mas 
flux ratio at 800nm: 0.036 

h Peg 



Optique adaptative – E-ELT	
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VLT : 8m  ELT:  39 m 

MICADO / ELT-CAM 

Résolution : 9 mas en H Résolution : 43 mas en H 



JWST	


•  Domaine de longueurs d’onde :	

•  NIRCAM : 0,6-5 µm 	

•  MIRI : 5-28 µm	


•  Résolution angulaire : 19 – 158 mas	

      (pour NIRCAM)	

•  Lancement : 2018	




1,4 mas de résolution angulaire en bande K 
0,3 mas en V 

Interféromètre CHARA	




CHARA	


Instruments (potentiellement) imageurs :	

•  MIRC : 6T, bandes H et K, R = 42, 150, 450, résolution angulaire : 1,5 

mas	


•  VEGA : 	

•  Actuel : 3-4T – 0,45-0,85 µm – sensibilité V=7-8 – R = 6000, 30000 – 

résolution angulaire : 0,3 mas	

•  Futur de VEGA : couplage avec OA -> FRIEND (2016-2017) : V=10-11 + 

clôtures de phase	

•  Diamètres angulaires à 1%,  précision sur les rayons linéaires = parallaxe	

•  Contrainte des paramètres fondamentaux, en complément à CoRoT, PLATO, 

également pour la contrainte des paramètres exoplanétaires (transits)	




(quelques) Images MIRC	


(Zhao et al. 2008)	
(Zhao et al. 2009)	


(Kloppenborg et al. 2010)	
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Figure 2. Kloppenborg10 et al (2010) used MIRC to the transiting disk in the epsilon Aurigae system. Each image was
made based one data from typically two consecutive observing nights using MACIM11 algorithm.

• spectral range 1.45-2.5 microns (H or K bands)

• Low-resolution spectroscopy, R∼42, 150 or 450

• Spatial filtering using single-mode fibers

• Integration with a separate fringe tracker (CHAMP, see Berger et al.6).

2.2 Imaging Successes
We want to point to the diversity of imaging results using MIRC at CHARA as a validation of the design
philosophy:

1. Rapid Rotators. We have made ground-breaking images of main sequence stars besides the Sun. We have
focusing on rapid rotators because they have non-trivial and interesting morphologies, and our results
impact the important field of massive star evolution. We have created aperture synthesis images of Altair,7
Alderamin and Rasahague,8 Regulus and β Cas (Che et al, in preparation).

2. Interacting Binaries. We have made the first images of interating binary stars, so far a published “movie”
of β Lyrae,9 and new work on the triple system Algol (Baron et al. in preparation).

3. ϵ Aurigae. This fascinating system gave us the once-in-a-generation opportunity to image its large opaque
transiting disk10 as shown in Figure 2. These rather complex images required a novel two-configuration
observing strategy designed by Gail Schaefer (CHARA, GSU) whereby we used all 6 telescopes each night,
starting with S1-E1-W1-W2 and then switching S2-E2-W1-W2, with no need to do major realignments
during the night. This method gave us 8 of the possible 20 closur ephases and 11 of the 15 possible baselines
in a single night with the existing 4-beam MIRC.

4. Disks around Be stars. We are monitoring the time-variable disk around Be stars – these objects are hard
to image due to their relatively high visibilities (e.g., Schaefer et al., submitted).

5. Spotted Stars. We are currently working on two projects to image the rotating spots on magnetically active
RS CVN stars (Pedretti et al., Parks et al.; both in preparation). We have found the great complexity of
the spot patterns observed to be difficult to unambiguously reconstruct with only 4 telescopes – another
motivation to move to 6 telescopes to increase the uv coverage.

!"#$%&#'&(!)*&+#,%&--./&&--./012.
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0,3 mas de résolution angulaire en bande K 
0,1 mas en V 

CHARA + télescopes  mobiles ISI + 
transport par fibres	


(Monnier et al.) 



NPOI	


État actuel	

	

NPOI + Keck outriggers	




VLTI	


Instruments 2ème génération (tous 4T) :	

•  PIONIER : H et K – sensibilité : H = 8,5 (AT)/10 (UT) ; K = 5,5 (AT) – 

R = 40	

•  GRAVITY : K – sensibilité : 10 et K ≥ 15 en mode double champ –        

R = 22, 500, 4000	

•  MATISSE : L, M, N – sensibilité : 0,6 Jy en N et 0,1 Jy en L –                  

R = 30 (LMN) – 200 (N) – 500 (LM) – 1000 (L)	


•  Résolutions angulaires AT et UT :	

	
 	
 	
 	
 	
 	
AT 	
 	
UT	

	
 	
 	
 	
H 	
 	
1,7 	
 	
2,4	

	
 	
 	
 	
K 	
 	
2,3 	
 	
3,2	

	
 	
 	
 	
L 	
 	
3,5 	
 	
5,0	

	
 	
 	
 	
M 	
 	
5,2 	
 	
7,4	

	
 	
 	
 	
N 	
 	
10,5 	
 	
15,0	


~ 2,4	

~ 3,2	

~ 5,0	

~ 7,4	

~ 15,0	




Exemple de résultat avec PIONIER	

VLTIAperture synthesis at VLTI is now 

operational

16

VLTIAperture synthesis at VLTI is now 
operational

16

VLTI
Image reconstructions

35

(Berger et al. 2014) 
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GRAVITY	

Instrument dimensionné pour l’observation du trou noir au 

centre de la Galaxie (Sgr A*)	

Et	


instrument généraliste imageur pour la bande K avec 
dispersion spectrale (R jusqu’à 4000)	




Interféro-spectro-polarimétrie	


Détection du champ magnétique intégré à la 
surface de Bételgeuse avec NARVAL (TBL) 

(Aurière et al., 2010) 	


Données résolues spatialement ? 
. 

(Haubois et al., 2009) 	




Hyper-télescopes	


	

	


(Le Coroller et al. 2009) 

Démonstrateur CARLINA (OHP) 

!
!

 
!

Major mountain ranges, in the Himalaya and the Andes, have a choice of valleys oriented East-West 
and having a suitably curved profile, which may be usable for observing sources near the time of 
their meridian transit, a tolerable restriction. With Google Earth, a quick preliminary selection of 
such valleys has been possible:  just tilting the view toward the East or West horizon evidences those 
valleys which are oriented East-West and gives a coarse indication of their topographic merit.   
Among the candidate sites thus found in the Andean and Himalayan ranges, several have promising 
features. One example (see Figure 2) is the Spiti valley, at 4000-6000m altitudes in the indian 
Himayala Pradesh region, which is somewhat protected from monsoon precipitations and has road 
access.  

 
Figure 2: Representation of a possible implementation of a 1200m hypertelescope in the Indian Spiti 
Valley. 
 

4 CONCLUSION 
Extremely Large HyperTelescope can achieve a large gain in spatial resolution, direct-imaging 
performance and in interferometric limiting magnitude with Laser Guide Star. This will open broad 
science niches, including possibly deep fields and cosmology.   Embryonic version can rapidly grow 
to full size but the design is highly site-dependent and thus an early selection will be needed  
 
We have started a concept study to identify the main aspects requiring a detailed analysis. Based on 
the experience gain with "Ubaye Hypertelescope", we identify the possible trade-off between 
spherical and paraboloïdal design and thus the optical design of the combining optics, the possibility 
of accommodating a larger field of view, either a large one or a certain number of discrete ones and 

(Labeyrie et al. 2012) 

Projet dans une vallée indienne (1200 m) 

pupille densifiée!

fonction d’étalement!
 de point compacte!



Interférométrie d’intensité avec CTA	


of telescopes [13], the complexity (and the dilution of light be-
tween different baselines) rapidly increases if any greater number
of telescopes would be engaged.

4. The Cherenkov Telescope Array

CTA is envisioned to have on the order of 50–100 telescopes
with various apertures between about 5 and 25 m, with currently
favored configurations reaching an edge-to-edge distance of some

2 km. A number of candidate array layouts for the CTA were
considered within its design study [1,6,14,44]: Fig. 2, of which
examples representing qualitatively different types of layouts are
in Table 1. For interferometry, large telescope separations (long

baselines) measure high-frequency Fourier components, corre-
sponding to small structures on the target, while short baselines
sample the low frequencies. For an Earth-bound interferometer
(in a plane perpendicular to the line of observation) with a baseline
B ¼ ðBNorth;BEastÞ the associated coordinates in the Fourier ðu;vÞ-
plane are ðu;vÞ ¼ 1

k ðBNorth;BEastÞ.
For stationary telescopes, the projected baselines, Bp, will

change while the target of observation moves across the sky, with
each telescope pair tracing out an ellipse in the Fourier plane
according to the following expression [105]:

where l is the latitude of the telescope array, and d and h are the
declination and hour angles of the star. The w component corre-
sponds to the time delay in the wavefront arrival time between
the two telescopes (dependent on also the elevation difference of

u
v
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1
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Fig. 2. Different telescope array layouts evaluated within the CTA design study, and also considered for their suitability to intensity interferometry. Each of the configurations
labeled A through K is a subset of the all-encompassing hypothetical large array shown at bottom right. In this work, configurations B, D and I were selected as representative
for three different classes of array geometry.
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Taille du réseau : 1 à 3 km	

	

Sensibilité : V ≥ 6	

	

Imagerie avec une résolution	

de 0, 1 mas 	


contrast, the information recovered in the ðu;vÞ-plane is indepen-
dent of such algorithm performance.

6.2. Limiting stellar magnitudes

The question of how faint sources that can be usefully observed
has been examined [28,71], with the conclusion that a conservative
practical limit for two-dimensional imaging with a large array of the
CTA type is around mV = 6. However, if only some one-dimensional
measure would be sought (e.g., a stellar diameter or limb darken-
ing), the data can be averaged over all position angles, and the lim-
iting magnitude will become somewhat fainter. In any case, there
are thousands of stars bright enough to be observable.

7. Imaging with intensity interferometry

An intensity interferometer directly measures only the absolute
magnitudes of the respective Fourier transform components of the
source image that cover the ðu;vÞ-plane, while the phases are not
directly obtained. Such Fourier magnitudes can well be used by
themselves to fit model parameters such as stellar diameters, stel-
lar limb darkening, binary separations, circumstellar disk thick-
nesses, etc., but two-dimensional images cannot be directly
computed from the van Cittert–Zernicke theorem, Eq. (6). How-
ever, a multi-component interferometer offers numerous base-
lines, and gives an extensive coverage of the ðu;vÞ-plane, and it
is already intuitively clear that the information contained there
must place rather stringent constraints on the source image.

7.1. Phase reconstruction

A number of techniques have been developed for recovering the
phase of a complex function when only its magnitude is known.
Methods specifically intended for intensity interferometryhavebeen
worked out for one [49] or two dimensions [50]. Once a sufficient
coverage of the Fourier plane is available, and phase recovery has
been performed, image reconstruction becomes straightforward.

7.2. Image reconstruction

Various mathematical methods (of different numerical sophisti-
cation and sensitivity to various types of noise) can be applied for

the reconstruction of images, and the development of optimum
algorithms is a research topic of its own like, perhaps, was the case
in early radio interferometry, before today’s standard procedures
(such as CLEAN) were developed. Nuñez et al. [88–90] applied Cau-
chy–Riemann based phase recovery to reconstruct images from
simulated observations of oblate rotating stars, binary stars, and
stars with brighter or darker regions, demonstrating that also
rather complex images can be reconstructed on submilliarcsecond
scales. A limitation that remains is the non-uniqueness between
the image and its mirrored reflection.

Fig. 5 shows the results from such simulations of three binary
stars, where the radius of one of them is varied. Already a change
of the diameter of the secondary component by only a few tens
of microarcseconds shows up clearly in the Fourier magnitude,
and also the reconstructed images reproduce the stellar diameters
and separations with quite satisfactory accuracy.

The fidelity of the reconstructed image depends not only on
‘obvious’ factors such as the brightness of the target and the effi-
ciency of the detectors but also on the position of the source in
the sky, the geometric layout of the telescope array, and the lati-
tude of the observatory. Aperture synthesis is achieved by the
Earth’s rotation carrying the star across the sky and – since the
telescopes are fixed on the ground – the effective baselines, i.e.,
the separations between pairs of telescopes as seen along the line
of sight, gradually change, filling in various portions of the ðu;vÞ-
plane. The geometry of the array and the celestial position of the
source determine what projected baselines will be generated dur-
ing the source’s passage across the sky. For example, sources near
the celestial poles do not move, and layout geometries with tele-
scopes in repetitive patterns offer fewer unique baselines.

7.3. Stellar diameters and binary separations

The main purpose of the classical interferometer at Narrabri
was to measure angular diameters of stars, practical already with
only two telescopes. It was also possible to study parameters such
as binary separations by fitting models to the data [35]. With CTA,
one will be able to perform such measurements in a much more
accurate and model-independent manner, since such an array sam-
ples the Fourier plane in thousands of points as compared to the
#5 points for typical past measurements at Narrabri. For such
studies, utilizing some prior knowledge of the source (assuming

Fig. 5. Reconstructed images of binary stars (with varying diameter of the secondary) from simulated CTA observations. These simulations were for the array layout B (Fig. 2),
for sources assumed to have visual magnitude mV = 3, and effective temperature Teff ¼ 7000 K. The assumed pristine images are shown below while the corresponding ðu; vÞ-
plane coverage is in Fig. 6.
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Dravins et al. (2013) 



Perspectives	

Interférométrie longue base :	

•  hémisphère sud :	


•  instruments de 2ème génération du VLTI : infrarouge proche et moyen	

•  après les instruments de 2ème génération du VLTI :	


•  imageur 6T-8T ? Avec 2 AT supplémentaires ? Fixes, mobiles ?	

•  instrument visible ?	

•  polarimétrie résolue spatialement ?	


•  Hémisphère nord : 	

•  extension de CHARA par fibres : bases kilométriques (Monnier et al.) ?	

•  Successeur imageur de VEGA, FRIEND	

•  autres interféromètres : NPOI ? MROI ?	


Techniques mono-télescope :	

•  étude des surfaces stellaires dans le visible (tavelures, masquage)	

•  étude des environnements proches et de l’atmosphère des super-géantes dans l’IR 

avec le VLT	

•  étude des surfaces stellaires dans l’infrarouge avec le l’E-ELT ?	

•  couplage avec la polarimétrie ?	




Perspectives possibles	


Besoins :	

•  Paramètres stellaires des étoiles hôtes de systèmes exoplanétaires 	


•  Étoile type solaire	

•  Étoiles naines rouges, de faible masse (SPIROU)	

•  Diamètres typiques : ?	


•  Surface des étoiles évoluées :	

•  Étude de la convection	

•  Effets gravitationnels	


•  Environnements stellaires :	


•  Champs magnétiques – étoiles actives (publis KP)	

Faire un schéma avec des zones	




Imaging the surface of Betelgeuse with IOTA in 
the H band (Haubois et al. A&A 508, 923, 2009)	


MIRA algorithm WISARD algorithm PSF 

Assuming blackbody emission for spot T1:  
 
T*      = 3600 K 
Tspot = 4125 K 
 
It is compatible in size (~ 10 mas) and temperature 
with a convective cell.  
T2 is unresolved and is close to the pole. 

October 2005 observations 

T1 

T2 

Location of the polar cap from HST imaging 
Uitenbroek et al. (1998) 



Comparison of the Betelgeuse H band data with 
convection models (Chiavassa et al., 2009)	


Hydrodynamical simulations 
of convection (CO5BOLD+OPTIM3D) 

Comparison to V2 



Convective motions at the 
surface of Betelgeuse���

(Ohnaka et al. 2009)	

Patchy 
surface 
model 

Date of observation: January 2008 
 
Large upwelling spot (≤ hemisphere, Θ=60°) 
10-15 km/s velocity 
 
Detected in the blue and red wings of CO lines 
in K band with AMBER. 
 


