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Three facilities in operation
VLTI CHARA NPOI

4 x 8 m UT 
4 x 1.m AT 
Bmax = 160m 
!
Instruments: 
!
PIONIER: 4T (H, R~40) 
AMBER: 3T (H,K, R ~12000) 
MIDI: 2T (N R~ 300) 
!
Midi decommissioned 
Closed for P95

6 x 1 m Telescopes 
!
Bmax = 330m 
!
Instruments: 
!
CLIMB: 3T (H, K, R~5) 
MIRC: 4-6T (H,K, R ~40) 
PAVO: 3T (R R~ 100) 
VEGA: 3T (B,V,R ~1500 - 
30000) !
!

6 x 0.12 Siderostats 
(+ 4 1x1.8 Keck O?) 
Bmax = 79m (437m) 
!
Instruments: 
!
V,R: 4-6T, R ~ 80 
!
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Exquisite constraints on stellar surfaces

A&A 555, A24 (2013)

Fig. 3. K-band continuum visibilities of Antares observed in 2009 (red dots) and 2010 (blue dots). The fit with the power-law-type limb-darkened
disk for the 2009 and 2010 data is shown by the red and blue solid lines, respectively. The limb-darkened disk has angular diameters of 37.38 and
37.31 mas and limb-darkening parameters of 0.087 and 0.15 for the 2009 and 2010 data, respectively. The insets show the enlarged views of the
individual visibility lobes.

36.50 ± 0.05 mas (reduced χ2 = 5.4), respectively. Fitting with
a power-law-type limb-darkened disk (Hestroffer et al. 1997) re-
sults in a limb-darkened disk diameter of 37.38±0.06 mas and a
limb-darkening parameter of (8.7± 1.6)× 10−2 for the 2009 data
and 37.31 ± 0.09 mas and (1.5 ± 0.2) × 10−1 for the 2010 data
(the errors were estimated by the bootstrapping technique as
described in Efron & Tibshirani 1993).

The reduced χ2 values for the fit to the 2009 and 2010 data
are 3.9 and 3.3, respectively. These values are better than those
with the uniform-disk fit but are still higher than 1. This is be-
cause of the deviation from the limb-darkened disks in the data
points at visibility nulls at spatial frequencies of ∼87 arcsec−1

(2009 data) and ∼115 arcsec−1 (2010 data), as well as those at
95–100 arcsec−1 in the 2009 data. These last data points were
obtained at position angles differing by 20–25◦, which suggests
the presence of inhomogeneities on a spatial scale of ∼10 mas in
2009. However, as discussed in Sect. 3.3, the reconstructed im-
ages in the continuum show only a very slight deviation from the
limb-darkened disk: less than 2% (see Fig. 5i). The 2010 data in-
clude u! points taken at position angles differing by roughly 90◦,
which are located at spatial frequencies of 130–138 arcsec−1.
Still, Fig. 3 shows that the measured visibilities closely follow
the limb-darkened disk. In summary, the overall deviation from
the limb-darkened disks is small, indicating that the star shows

only a weak signature of inhomogeneities in the continuum.
Comparison between the 2009 and 2010 data suggests that a
time variation with an interval of one year is only marginal. The
same finding in Betelgeuse is reported in Paper II. Therefore,
RSGs may show only a small deviation and time variation in the
surface structure seen in the continuum.

This observed time variation (or absence of it) is much
smaller than the maximum visibility variation of ±40% pre-
dicted by the current 3D convection simulations in the third lobe
for 2.2 µm, which approximately samples the continuum (see
Fig. 18 of Chiavassa et al. 2009). However, this does not neces-
sarily mean that the observed time variation disagrees with the
3D simulations. It is possible that we observed Antares at two
epochs with small variations by chance, given that the 3D sim-
ulations of Chiavassa et al. (2009) show that large convective
cells have lifetimes of years. Furthermore, the standard devia-
tion of the temporal variation in the visibility predicted by the
3D simulations is smaller than 40%, down to 10%, depending
on the spatial frequency (see Figs. 11, 12, and 14 of Chiavassa
et al. 2009). It is also possible that significant inhomogeneities
remained undetected due to the limited position angle coverage
of our observations. Therefore, long-term monitoring AMBER
observations with better position angle coverage are necessary
to rigorously test the current 3D convection simulations.

A24, page 4 of 18

P. Kervella et al.: The diameters of ↵CenA & B 1093

Fig. 6. Overview of the ↵Cen and ✓Cen squared visibilities and UD
models. From bottom to top: ↵CenA, ↵CenB and ✓Cen (primary
calibrator). The angular diameter of ✓Cen was measured using 58 Hya
as secondary calibrator.

Fig. 7. Detail of ↵CenA squared visibility. The continuous line is the
uniform disk diameter fit (8.314 ± 0.016 mas), and the dotted lines
represent the limits of the±1� error domain. The visibility curve never
goes to zero due to the bandwidth smearing e↵ect.

Fig. 8. Detail of ↵CenB squared visibility. The continuous line is the
uniform disk diameter fit (5.856 ± 0.027 mas), and the dotted lines
represent the limits of the ±1� error domain.

Table 5. ↵Cen A squared visibilities, expressed in percents.

JD B (m) Azim. V2 (%)
� 2 450 000 (N = 0) ± stat. ± syst.
E0-G0

1988.78108 15.9201 64.95 78.99 ± 1.48 ± 2.81
1988.78380 15.9071 65.79 79.61 ± 1.46 ± 2.83
1988.78652 15.8930 66.62 79.82 ± 1.42 ± 2.84
1988.78901 15.8793 67.39 79.80 ± 1.47 ± 2.84
1995.76493 15.9058 65.86 80.15 ± 1.03 ± 0.66
1996.63335 15.7916 24.31 78.66 ± 1.10 ± 0.42
1996.63970 15.8129 26.48 82.19 ± 1.12 ± 0.44
1996.64733 15.8390 29.06 80.33 ± 1.29 ± 0.43
1996.65492 15.8650 31.61 81.49 ± 1.15 ± 0.44
1996.67842 15.9399 39.40 80.87 ± 1.10 ± 0.43
1996.68327 15.9532 40.99 79.40 ± 1.10 ± 0.43
2001.80688 15.3644 83.76 80.71 ± 1.94 ± 0.05
2001.80954 15.3273 84.59 82.77 ± 2.69 ± 0.04
2002.70376 16.0062 52.80 78.76 ± 0.74 ± 0.05
2002.70640 16.0057 53.63 80.01 ± 1.07 ± 0.05
2003.83537 14.8150 94.44 82.49 ± 1.10 ± 0.05
2003.83780 14.7695 95.22 82.01 ± 1.80 ± 0.04
2003.84099 14.7088 96.25 85.30 ± 1.28 ± 0.05
2003.84356 14.6589 97.08 83.64 ± 1.77 ± 0.04

E0-G1
2462.55258 59.2848 150.05 1.132 ± 0.051 ± 0.017
2462.55613 59.4391 150.91 1.139 ± 0.032 ± 0.017
2462.56087 59.6365 152.05 1.099 ± 0.031 ± 0.017
2462.56493 59.7975 153.04 1.054 ± 0.029 ± 0.016
2465.61044 61.2943 166.21 0.626 ± 0.035 ± 0.010
2470.58454 61.0497 163.19 0.758 ± 0.052 ± 0.012
2470.60337 61.4043 167.84 0.624 ± 0.023 ± 0.010
2470.60778 61.4696 168.93 0.637 ± 0.033 ± 0.010

Table 6. ↵Cen B squared visibilities.

JD B (m) Azim. V2 (%)
� 2 450 000 (N = 0) ± stat. ± syst.
E0-G1

2462.58356 60.4413 157.57 17.02 ± 0.36 ± 0.26
2462.58697 60.5443 158.40 17.01 ± 0.23 ± 0.26
2462.59047 60.6453 159.26 16.80 ± 0.77 ± 0.26
2462.59490 60.7665 160.35 16.05 ± 0.68 ± 0.24
2465.62682 61.5409 170.27 16.76 ± 1.05 ± 0.26
2470.62033 61.6208 172.05 14.94 ± 0.44 ± 0.23
2470.62342 61.6500 172.82 15.59 ± 0.42 ± 0.24
2470.62783 61.6866 173.92 16.70 ± 0.44 ± 0.25

Table 7. Uniform disk angular diameters of ↵CenA and B in
the K band derived from the VINCI/VLTI observations.

↵ Cen A ↵ Cen B
✓UD (mas) 8.314 ± 0.016 5.856 ± 0.027

purpose, the PSD of the stellar fringes is computed numer-
ically over the K band using 10 nm spectral bins. We take
here into account the total transmission of the interferometer

VINCI AMBER PIONIER

2003 Kervella ++ 2013 Ohnaka ++ 2015 Montarges ++ (in prep)
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Spectro interferometry was enabled

Molecular layer spatio-temporal structure exposed

…%3D%simulaEon%view%…%

8. Description of the proposed programme and attachments

Fig. 1: A light curve of omicron Ceti during the last four luminosity cycles (provided by the American Association
of Variable Stars Observers, AAVSO). Currently, the luminosity just started to decrease from the last maximum,
which happened to be quite low compared to the previous ones. At those phases, the shock wave is just emerging
from the photosphere and propagating outward in the lower atmosphere of the star.

Fig. 2: Three-dimensional hydrodynamical simulation of photospheric intensity maps of an AGB star at di↵erent
wavelengths of the AMBER filter. The maps have been convolved with 2x2 mas gaussian PSF (Chiavassa et
al. 2010, A&A, 511, id.A5; Freytag & Hoefner 2008, A&A, 483, 571-583)

- 3 -

Betelguese MIRA 

2014 Chiavassa
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Efficiency has enabled surveys!
with N>100 objects

2014 Sana ++

Fig. 7.— Plot of the magnitude di↵erence (� mag) vs. angular separations (⇢) for the detected pairs.
Only one detection per object has been considered, and the H-band has been preferred whenever available.
The solid lines indicate the median H-band sensitivity of our survey across the di↵erent separation ranges.
The Ks sensitivity curves are similar. Di↵erent colors indicate observations with di↵erent instrumental
configurations (PIONIER: blue, NACO/SAM: green, NACO FOV: red) while di↵erent symbols indicate
di↵erent observational bands (H: filled, Ks: open). Large circles indicate objects detected by both SAM
and PIONIER.

19

118 Boyajian & von Braun et al.

Fig. 8.— Stellar temperature versus radius for all stars in Table 3 plus the collection of low-mass star measurements in DT2. The color
and size of the data point reflects the metallicity and linear size of the star, respectively. See Section 2.3 for details.

2013 Boyajian ++

Binarity among massive stars

Exozodiacal dust

Surface brightness relations  
among MS , F, G, K stars

2014 Ertel ++
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Optical interferometry went from snapshot 
to imaging

Users Committee, April 26th 2013

AT configurations

! 3 AT quadruplets are offered for observation:
! A1-B2-C1-D0 (small B~10-35m)
! D0-H0-G1-I1 (medium B~40-80m)
! A1-G1-K0-J3 (large B~60-140m)

Edit footer on master slide, 1 January 2011

Offered configurations
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Optical interferometry went from snapshot 
to imaging

P. Kervella et al.: The diameters of ↵CenA & B 1093

Fig. 6. Overview of the ↵Cen and ✓Cen squared visibilities and UD
models. From bottom to top: ↵CenA, ↵CenB and ✓Cen (primary
calibrator). The angular diameter of ✓Cen was measured using 58 Hya
as secondary calibrator.

Fig. 7. Detail of ↵CenA squared visibility. The continuous line is the
uniform disk diameter fit (8.314 ± 0.016 mas), and the dotted lines
represent the limits of the±1� error domain. The visibility curve never
goes to zero due to the bandwidth smearing e↵ect.

Fig. 8. Detail of ↵CenB squared visibility. The continuous line is the
uniform disk diameter fit (5.856 ± 0.027 mas), and the dotted lines
represent the limits of the ±1� error domain.

Table 5. ↵Cen A squared visibilities, expressed in percents.

JD B (m) Azim. V2 (%)
� 2 450 000 (N = 0) ± stat. ± syst.
E0-G0

1988.78108 15.9201 64.95 78.99 ± 1.48 ± 2.81
1988.78380 15.9071 65.79 79.61 ± 1.46 ± 2.83
1988.78652 15.8930 66.62 79.82 ± 1.42 ± 2.84
1988.78901 15.8793 67.39 79.80 ± 1.47 ± 2.84
1995.76493 15.9058 65.86 80.15 ± 1.03 ± 0.66
1996.63335 15.7916 24.31 78.66 ± 1.10 ± 0.42
1996.63970 15.8129 26.48 82.19 ± 1.12 ± 0.44
1996.64733 15.8390 29.06 80.33 ± 1.29 ± 0.43
1996.65492 15.8650 31.61 81.49 ± 1.15 ± 0.44
1996.67842 15.9399 39.40 80.87 ± 1.10 ± 0.43
1996.68327 15.9532 40.99 79.40 ± 1.10 ± 0.43
2001.80688 15.3644 83.76 80.71 ± 1.94 ± 0.05
2001.80954 15.3273 84.59 82.77 ± 2.69 ± 0.04
2002.70376 16.0062 52.80 78.76 ± 0.74 ± 0.05
2002.70640 16.0057 53.63 80.01 ± 1.07 ± 0.05
2003.83537 14.8150 94.44 82.49 ± 1.10 ± 0.05
2003.83780 14.7695 95.22 82.01 ± 1.80 ± 0.04
2003.84099 14.7088 96.25 85.30 ± 1.28 ± 0.05
2003.84356 14.6589 97.08 83.64 ± 1.77 ± 0.04

E0-G1
2462.55258 59.2848 150.05 1.132 ± 0.051 ± 0.017
2462.55613 59.4391 150.91 1.139 ± 0.032 ± 0.017
2462.56087 59.6365 152.05 1.099 ± 0.031 ± 0.017
2462.56493 59.7975 153.04 1.054 ± 0.029 ± 0.016
2465.61044 61.2943 166.21 0.626 ± 0.035 ± 0.010
2470.58454 61.0497 163.19 0.758 ± 0.052 ± 0.012
2470.60337 61.4043 167.84 0.624 ± 0.023 ± 0.010
2470.60778 61.4696 168.93 0.637 ± 0.033 ± 0.010

Table 6. ↵Cen B squared visibilities.

JD B (m) Azim. V2 (%)
� 2 450 000 (N = 0) ± stat. ± syst.
E0-G1

2462.58356 60.4413 157.57 17.02 ± 0.36 ± 0.26
2462.58697 60.5443 158.40 17.01 ± 0.23 ± 0.26
2462.59047 60.6453 159.26 16.80 ± 0.77 ± 0.26
2462.59490 60.7665 160.35 16.05 ± 0.68 ± 0.24
2465.62682 61.5409 170.27 16.76 ± 1.05 ± 0.26
2470.62033 61.6208 172.05 14.94 ± 0.44 ± 0.23
2470.62342 61.6500 172.82 15.59 ± 0.42 ± 0.24
2470.62783 61.6866 173.92 16.70 ± 0.44 ± 0.25

Table 7. Uniform disk angular diameters of ↵CenA and B in
the K band derived from the VINCI/VLTI observations.

↵ Cen A ↵ Cen B
✓UD (mas) 8.314 ± 0.016 5.856 ± 0.027

purpose, the PSD of the stellar fringes is computed numer-
ically over the K band using 10 nm spectral bins. We take
here into account the total transmission of the interferometer

2015 Hillen++ in prep 2003 Kervella ++

SNAPSHOT IMAGING

BUT … uv coverage still a limitation
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IRAS08544
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2015 Hillen++ in prep 

CAUTION: not the same object

Optical interferometry went from snapshot 
to imaging
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!  Image compatible with 
models from Freytag & 
Hoefner 2008 

 

PRELIMINARY INTERPRETATION 

R! 

2015 Paladini  ++

2014 Schaefer  ++

2007 Monnier  ++ 
2009 Zhao ++ 
20111 Che ++

2010 Kloppenborg ++

2011 Blind ++

2007 Haubois ++

Symbiotics Novae

MIRAs

Supergiants

Rapid rotators

Optical interferometry went from snapshot 
to imaging

2011 Millour ++
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CHALLENGES FOR THE NEXT 
DECADE
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VLTI in the next decade

Jean-Philippe Berger 
VLTI Programme Scientist

VINCI

MIDI

AMBER

GRAVITY

MATISSE

VLTI in the ELT era

PIONIER
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The scientific ambition is multiple

Combination of surveys, detailed imaging & astrometric 
campaigns

Understand the structure of AGN nuclei

S2 Orbit

Understand GRAVITY
Understand how stars 

(single or binary) evolve 
and interact with their 

environment
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GRAVITY: 
pushing the frontiers of our knowledge in black-holes and 

fundamental physics.

Oliver Pfuhl, Turku 2013 

Narrow angle astrometry 

2” 

GC ?
GRAVITY: PI. F. Eisenhauer (MPE)

In operation: 
2017
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A VLT-end-to end metrology allows 
astrometry between two objects

Oliver Pfuhl, Turku 2013 

Narrow angle astrometry 

2” 

GC 

Oliver Pfuhl, Turku 2013 

Narrow angle astrometry 

2” 

GC 

Metrology

21The Messenger 143 – March 2011

from the observer’s view or not. The 
direct proof that this absorber is really a 
torus, rather than another structure, is  
still pending. Indeed most resolved gase-
ous structures on the putative scale  
of the torus appear more disc-like, for 
example the maser disc, the radio contin-
uum emission and the mid-IR emission  
of the prototypical active galactic nuclei 
-&"Ű������RDD�%HFTQD���
�.ARDQUHMF� 
six baselines simultaneously, GRAVITY 
will image the inner edge of the torus with 
unprecedented quality, where the dust  
is close to the sublimation limit. GRAVITY 
will thus put strong constraints on the 
absorber models. These models are very 
much inspired by the observations of 
NGC 1068, but the few active galactic 
nuclei with interferometric observations 
show a puzzling variance.  GRAVITY will 
RHFMHjB@MSKX�DWSDMC�SGD�R@LOKD�SN�jM@KKX�
draw statistically sound conclusions.
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Figure 6. Testing the theory of general 
relativity with stellar orbits. GRAVITY 
will observe the orbits of stars within 
the central light-week of the Galactic 
Centre by means of interferometric 
imaging (upper panels: dirty beam 
with a resolution of four milliarcsec-
onds (left), simulated dirty image  
(middle), cleaned image (right, from 
Paumard et al. 2008)). Stellar orbits 
(illustrated in the lower left panel)  
will be affected by the general relativ-
istic periastron shift (red arrows)  
and the Lense–Thirring precession  
of the orbital angular momentum (blue 
arrows). For small distances to the  
BH, the timescale of these relativistic 
effects are short enough (lower right) 
to be in reach of GRAVITY (blue 
shaded area).

Mid-infrared
continuum

Maser disc

Radio
contiuum

0.5 pc/7 mas

Figure 7. A sketch of  
the prototypical active 
galactic nucleus of 
NGC 1068 (from Raban 
et al., 2009). The gase-
ous structures and  
dust emission on the 
scale of the putative 
torus appear disc-like, 
VGHKD�SGD�TMHjDC�LNCDK�
suggests a geometri-
cally thick torus. Ob -
serving at NIR wave-
lengths, GRAVITY will 
image the inner edge of 
the absorber, putting 
strong constraints on 
the absorber geometry.

Imaging: K, R ~ 4000

What is required to detect GR-effects in the 
orbit of  S2 in 2018/2019 ? 

R.A.  [“] 

S2 by the end of  2019 
 

Note: concentrating on S2 may be a conservative approach, if there are detectable stars with 
shorter P and smaller Rperi inside S2 orbit, or if the SgrA* flares exhibit orbital effects 

Reinhard Genzel for DG Tim de Zeeuw 24.10.2014 

now 

now now 

now 

SgrA* 

peri 
2018.7 

Astrometry

>"60"µas"

RS"~"10"µas"
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than three electrons with their prototype 

detector array (see image in Figure 3). 

Based on this success, ESO and SELEX–

Galileo are currently devel oping a next 

generation detector, which is tuned to 

GRAVITY’s wavefront sensor and fringe 

tracker. Another example of a major 

breakthrough is in GRAVITY’s laser 

metrology. It is based on a novel concept, 

and traces the starlight through the ob -

servatory, to allow the optical path to be 

measured at any desired point of the pupil 

up to the primary mirror. This concept  

and its implementation have been demon-

strated in three technical runs at the VLTI.

Science cases for GRAVITY

In the following sections the science 

B@RDR�ENQ�&1 5(38�@QD�AQHDkX�NTSKHMDC��
beginning with the broad range of sci-

ence opportunities that have opened up 

at the Galactic Centre of the Milky Way. 

The Galactic Centre is by far the closest 

galactic nucleus and the best studied 

SMBH (Genzel et al., 2010). There are still 

a number of fundamental open issues 

and just to name a few that we want to 

answer with GRAVITY: What is the nature 

NE�SGD�k@QDR�HM�2FQ� 	��6G@S�HR�SGD�ROHM� 
of a BH? How can we resolve the “Para-

dox of Youth” of the stars in its vicinity? 

Even tests of fundamental physics may 

come into reach with GRAVITY: Does the 

theory of general relativity hold in the 

RSQNMF�jDKC�@QNTMC�2,!'R��#N�!'R�QD��@KKX�
have “no hair”? 

4MBNUDQHMF�SGD�SQTD�M@STQD�NE�SGD�2FQ 	�
k@QDR

The Galactic Centre BH is surprisingly 

faint — its average luminosity is only 

about 10–8 of the Eddington luminosity, 

emitted predominantly at radio to sub-

mm wavelengths. On top of this quasi-

steady component there is variable emis-

sion in the X-ray and IR bands. Some  

NE�SGHR�U@QH@AKD�DLHRRHNM�BNLDR�@R�k@QDR��
typically a few times per day, lasting for 

about one to two hours, and reaching the 

brightness of massive main-sequence 

stars. The three most plausible explana-

SHNMR�ENQ�SGD�NQHFHM�NE�SGDRD�k@QDR�@QD�� 
a jet with clumps of ejected material; hot 

RONSR�NQAHSHMF�@�!'��NQ�RS@SHRSHB@K�kTB�

ST@SHNMR�HM�SGD�@BBQDSHNM�kNV��%HFTQD���
�
The jet model seems natural from the 

presence of jets in active galactic nuclei. 

The orbiting hot-spot model would be a 

natural explanation for the observed 

quasi-periodicity in the light curves of 

k@QDR�@MC�@RRNBH@SDC�BG@MFDR�NE�SGD�(1�
polarisation. However, the long-term light 

curves are well described by a pure, red 

power-law noise, indicating that statistical 

kTB�ST@SHNMR�HM�SGD�@BBQDSHNM�kNV�@QD�
responsible for the observed variability. 

Time-resolved astrometric measurements 

with GRAVITY will settle the debate 

 (Eckart et al., 2010). Even without push-

ing GRAVITY to its ultimate performance, 

SGD�NARDQUDC�CHRSQHATSHNM�NE�k@QD�ONRH-
tions and its  periodic variation will distin-

guish between these models.

Measuring spin and inclination of the 

Galactic Centre black hole

The mass of the Galactic Centre BH is 

well known from stellar orbits. If the cur-

rently favoured orbiting hot-spot model  

is correct, GRAVITY will take the next 

step and measure its spin and inclination. 

Figure 4.�4MBNUDQHMF�SGD�SQTD�M@STQD�NE�2FQ� 	�k@QDR�
(upper three panels); probing spacetime close to the 

black hole event horizon (lower left); and measuring 

its spin and inclination (two lower right panels). 

GRAVITY will easily distinguish between the three 

LNRS�OK@TRHAKD�k@QD�RBDM@QHNR��@�IDS��KDES���@M�NQAHSHMF�
GNS�RONS��LHCCKD��@MC�RS@SHRSHB@K�kTBST@SHNM�HM�SGD�
@BBQDSHNM�kNV��QHFGS�
�3GD�CDS@HKDC�RG@OD�NE�SGD�
photo-centre orbit is dominated by general relativis-

tic effects (lower left, from Paumard et al. 2008), and 

GRAVITY will thus directly probe spacetime close to 

the event horizon. The combination of time-resolved 

astrometry (lower middle) and photometry (lower 

right, from Hamaus et al., 2008) will also allow the 

spin and inclination of the BH to be measured.
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MATISSE: 

GRAVITY: PI. F. Eisenhauer (MPE)

In operation: 
2018

Visiting Committee | 10-14 February 2014 

MATISSE 

" Fournir une contrepartie à 
ALMA dans le moyen 
infrarouge (3-10 microns) 
!  Evolution poussière 

(minéralogie, cristallo, 
distribution …) 

!  Structures des cavités 
planétaires 

!  Signatures de formation 
planétaires 

! Recherche de compagnons 
jeunes 

" Toutes les étoiles 
entourées de poussière 

" AGN … 

GRAVITY 

•  4T bandes L,M,N 
•  Low,Medium, Large 
•  En opération: 2017 

4 Telescopes: L, M, N 
R ~ 4000

MATISSE: PI. B. Lopez (OCA)

• Observing planet formation 
processes at the astronomical unit 
scale 

• Mapping Active Galactic Nuclei 
central parsecs 

• The formation of massive stars 
• Dust and winds from evolved stars

MATISSE
Multi AperTure Mid-Infrared SpectroScopic Experiment

for the ESO VLTI

MATISSE is a mid-infrared, spectro-interferometric instrument proposed for ESO’s Very Large Telescope Interferometer (VLTI). 
MATISSE will be able to combine up to four UT or AT beams of the VLTI. It will measure closure phase relations and thus offer 

an efficient capability for image reconstruction. In addition to this, MATISSE will open 2 new observing windows at the VLTI: 
the L and M band in addition to the N band. Furthermore, the instrument will offer the possibility to perform simultaneous observations 

in the separate bands. MATISSE will also provide several spectroscopic modes. 
MATISSE can be seen as a successor of MIDI by providing imaging capabilities in the mid-infrared domain.The extension of MATISSE 

down to 3µm as well as its generalisation of the use of closure phases make it also a successor of AMBER. Thus, in many respects MATISSE 
will combine and extend the experience acquired with two first-generation VLTI instruments - MIDI and AMBER.

*MATISSE Science Team:

S. Wolf (Project Scientist, Co-PI)[1], B. Lopez (PI)[2], W. Jaffe (Co-PI)[3] , G. Weigelt (Co-PI)[8], J.-Ch. Augereau[4], N. Berruyer[2], O. Chesneau[2], W.C. Danchi[5], M. Delbo[2], 
K. Demyk[6], A. Domiciano[2,7], Th. Henning[1], K.-H. Hofmann[8], S. Kraus[8], Ch. Leinert[1], H. Linz[1], Ph. Mathias[2], K. Meisenheimer[1], J.-L. Menut[2], F. Millour[8], L. Mosoni[1,9], 

A. Niedzielski[10], R. Petrov[7], Th. Ratzka[11], B. Stecklum[12], E. Thiebaut[13], F. Vakili[7], L.B.F.M. Waters[14]; Science Team Associates: O. Absil[4], J. Hron[15], S. Lagarde[2], 
A. Matter[2], N. Nardetto[8], J. Olofsson[4], B. Valat[7],  M. Vannier[16]

[1] Max Planck Institute for Astronomy, Germany - [2] Observatoire de la Cote d'Azur, France - [3] University Leiden, The Netherlands – [4] Observatoire de Grenoble, France
[5] NASA Goddard, Space Science Center, USA - [6] Université de Lille, France – [7] Laboratoire Universitaire d'Astrophysique de Nice, France - [8] Max Planck Institute for Radio Astronomy, 
Germany - [9] Konkoly Observatory, Hungary  - [10] Nicolaus Copernicus University, Poland - [11] Astrophysical Institute of Potsdam, Germany - [12] Thuringian State Observatory, Germany

[13] Observatoire de Lyon, France - [14] University of Amsterdam, The Netherlands - [15] University Vienna, Austria – [16] El Observatorio (Santiago) Chile

[contact: swolf@mpia.de]

MATISSE Consortium
Observatoire de la Cote d’Azur, Nice, France; MPI for Astronomy, Heidelberg, Germany; Leiden Observatory, The Netherlands; MPI for Radioastronomy, Bonn, Germany; ASTRON Dwingeloo, 

The Netherlands; Astronomical Institute Amsterdam, The Netherlands; UNSA/LUAN, Nice, France; Torun Centre of Astronomy, Poland; Konkoly Observatory, Budapest, Hungary; 
With  individual contributions

Thanks to its capability to allow image reconstruction, MATISSE will address qualitatively new questions                    
for a large variety of astrophysical topics, such as Star and Planet Formation, Evolved Stars,                                  

Solar System minor Bodies, Extrasolar Planets, Active Galactic Nuclei, and the Galactic Center.

In most astrophysical domains which require a multi-wavelength approach, MATISSE will             
be a perfect complement of forthcoming high angular resolution facilities such as the Atacama 

Large Millimeter Array (ALMA). With the extended wavelength coverage from the L to the N 
band, MATISSE will not only allow one to trace different spatial regions of the targeted objects, 

but also different physical processes and thus provide insights into previously unexplored 
areas, such as the investigation of the distribution of volatiles in addition to that of the dust.

Molecular bands; 

Selected atomic lines

750 – 1500L&M

Crystalline dust emission features500/ 250L&M / N

Amorphous dust emission features30 / 30L&M / N

ApplicationSpectral 
Resolution

Bands

Instrument Characteristics

Spectroscopic Resolution

Maximum Spatial Resolution

16 mas10 masN

8 mas5 masM

6 mas3 – 4 masL

Usage of UTsUsage of ATsBand

Correlated Flux Sensitivities (performance goals)

0.2 Jy1.0 JyM

0.1 Jy0.5 JyL

Usage of UTsUsage of ATsBand

[Y.B.]

MATISSE will combine the beams of 2, 3, or 4 telescopes 
(ATs or UTs)

Active Galactic Nuclei

• Is the torus just the inner, AGN-heated part of                    
the central molecular disk in the host galaxy or is it          
a decoupled feature, mainly governed by the (young) 
central star cluster?

• To which extent is the torus structure regulated            
by outflow phenomena (supersonic winds, jets) which 
seem to be connected with most kinds of AGN activity?

• What fraction of the dust emission from within the inner 
few parsecs of an AGN is emitted by the torus and what 
by dust entrained in the outflows?

• Can we find direct evidence that tori are clumpy            
or filamentary structures? 

Evolved Stars: Direct link between shock waves and dust formation?; Spatial structure of molecular layers; Molecular abundances; Origin of 
the anisotropy in Planetary Nebulae; Dust geometry in carbon WR stars (WC) binaries; Conditions of dust formation in B[e] stars; Influence 
of the binary companion on the development of azimuthal asymmetries in binary B[e] systems; Dust core of the massive star Eta Car; Impact 
of the eccentric orbit of the companion on the recurrence of dust formation

Solar System Minor Bodies: Early evolution of the Solar System: Surface structure of Asteroids as tracers of collisional processes as a 
fundamental process in the young Solar System; Binary Asteroids; Direct measurement of sizes and shapes of Asteroids

Extrasolar Planets: Observation of Pegasi planets via color differential interferometry; Constraints on the mass (from orbit) and temperature 
/ radius / atmosphere composition (from spectrum)

Galactic Center: Imaging the jet and lobe structures surronding the central black hole; X-ray / infrared binary flar stars in the vicinity of the 
Galactic Center

Star and Planet Formation

Low-mass Star and Planet Formation

• Connection between complex disk structures on large 
(~100 AU) and small scale (~1 AU); Inner disk clearing?

• Mineralogy of proto-planetary disks;                                       
Evidence for dust grain growth and sedimentation

• Characteristic structures in disks:                            
Evidence for the presence of giant proto-planets

• The binary mode of star formation: Circumbinary and 
circumstellar disks; Disk alignment and early evolution         
of binary systems

• Nature of outbursting YSOs:                                    
Structure of young accretion disks

Late Stage of Planet Formation - Debris Disks:

• The outcome of planetesimal collisions and exo-comets 
evaporation: Dust grain properties and disk geometry

• Complex spatial disk structure - direct indicators                  
for the presence of planets

• Characterization of Darwin/TPF targets

Massive Star Formation

• Spatial distribution of the gas (carbon monoxide and 
hydrogen) and dust (silicates/graphite and CO ice) in  
typically complex and distant high-mass star-forming regions

• Link between low and high-mass star formation?:             
Search and characterization of accretion disks around         
young massive (proto)stars

Science with MATISSE

Original Image

Reconstructed Image

Simulation of MATISSE observations of a clumpy 
AGN torus (4 UTs, λ=3.4µm; 15pc x 15pc).

[FOV: 43mas, 1000 interferograms per snapshot with photon noise and 
background noise; average SNR of squared visibilities: 50]

Simulation of MATISSE L band observations          
of a Betelgeuse-like star.

[Left: Original image (Chiavassa priv.comm.);                   
Middle: Ideal image with a 150m telescope;                      

Right: Reconstructed MATISSE image: 3x4 ATs, B=150m]

Simulation of MATISSE N band observations          
of a circumstellar disk with an embedded planet.

[3 x 4ATs; B~150m; Brightness ratio Star:Planetary Accretion 
Region=200:1; FOV: 104mas; 1000 simulated interferograms per 
snapshot considering photon and 10µm sky background noise;                  

average SNR of visibilities: 20]

Original Image

Reconstructed 
Image

u
v c

o
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e

Location of 
the Planet

High-resolution Imaging Facilities

MATISSE Science Team* contact: Sebastian Wolf 
[swolf@mpia.de]

PI: B. Lopez (OCA) 
2018
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Consolidate image reconstruction
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Figure 6. This panel shows all the images from the contestants for R Car, in each of the three narrow spectral bands. East
is left, North is up and the field-of-view is 25⇥25 milliarcseconds. The images are scaled by the peak surface brightness.
The color table is non-linear and a color bar gives a more quantitative feeling for the surfaces brightness levels for each
entry. The e↵ective angular resolution varied between the entries and no attempt was made to convolve entries to a
common angular resolution (see text for more detail).

2014 Imaging Beauty Contest 
 

SPIE Advances in Interferometry, Montreal, CA, 2014 June 27 

R Car VLTI/PIONIER Dataset 
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Figure 4. (left panel) The VLTI/PIONIER visibility data for R Car are shown here. (right panel) The measured closures
phases are plotted as a function of length of the longest baseline in a given closing triangle. For both panels, the colors
show the 3 di↵erent spectral channels.

lead investigator, the algorithm used, and some details regarding use of priors and/or wavelength regularizers. All
groups were asked to provide text describing their methodology and including a short discussion of their images,
including which image features were likely to be real features and which features were likely to be artifacts. We
have only lightly edited these self-descriptions and thus the subsections below vary in length and detail, with
some entrants providing only a paragraph of description while others providing much greater elaboration. A
more consistent and complete treatment will be contained in a future refereed paper.

Table 1. Overview of Interferometric Imaging Beauty Contest Entries

Submitter Algorithm Prior? � Regularization?

VY CMa R Car VY CMa R Car

Hummel PEARL/CLEAN No No Gray Gray

Hofmann IRBis No No No No

Young BSMEM 2 Gaussians LDD+Gaussian No No

Sanchez BSMEM Extended Gaussian UD+2 Gaussians Gray Gray

Köhler MIRA No No No No

Soulez MIRA3D No No Yes Yes

Kluska MIRA-SPARCO Gray image Gray image via Prior via Prior

Duvert WISARD No No No No

Kraus SQUEEZE/MACIM No No No No

Kloppenborg SQUEEZE-poly� No No Yes Yes

Figure 5 show the reconstructed images of VY CMa for all 3 spectral channels by the 10 groups who partici-
pated in the contest. Likewise, Figure 6 presents the results for R Car. We only show the inner 25 milliarcsecond
field-of-view here. For presentation and comparison purposes we have interpolated each image onto a common
1 milliarcsecond grid, typically 3-5 times more fine than the grid resolution of the submitted entries. The inter-
polation was done in the Fourier plane by introducing extra zero-padding before an inverse Fourier Transform.

Monnier++ 2014 

Beauty contest
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Combine spectral resolution and imaging
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Upgrade the infrastructure!
Make it performant (AO + phasing)

Challenges for the decade

MIDI, VINCI table removed and volume for Gravity and MATISSE implemented

MATISSE
goes there!

GRAVITY
comes here!

VLTI Laboratory Infrastructure

PIONIER 3D: Removal and  Re-integration on FINITO table using a periscope as optical relay with support from IPAG. 
The re-commissioning has been delayed due to weather conditions, it cannot be done before June

VLTI Laboratory Infrastructure

AT service station: I2
It is in service:
• The reference plates are integrated and aligned
• The ATs control axis have been validated
• The M12 tower is implemented and aligned
• The first part of the upgrade of the STS AT3 and 

AT4 has been made in it.

Auxiliary telescopes

VLTI lab infrastructure

MIDI Decommissioning

Cooling, feed-through, false floor, etc..

VLTI Laboratory Infrastructure

progress(in(the(system(characterization,(but(the(main(drawback(is(that(system(
parameters(are(not(logged(by(the(system.(

1.2 Heidelberg'test'bench'and'prototype'
An(alignment(campaign((Heidelberg(+(Eric(Gendron,(Fanny(Chemla,(Françoise(
Delplancke)(took(place(during(Calendar(Week(18.(The(CIAO(warm(optics(were(
aligned(to(the(input(beam((test(bench)(and(output(beam((cryostat)(without(the(
derotator.(
The(following(problems(were(identified:(

1. the(2(flat(mirrors(at(the(exit(of(the(test(bench((which(bring(the(beam(to(
the(height(of(the(AOMS)(are(undersized.((

2. the(AOMS(mirrors,(on(the(off4axis(side(have(the(exact(dimensions(needed(
to(transfer(the(2(arcsec(FOV(when(the(system(is(aligned(to(prescription.(

The(first(one(creates(difficulties(for(the(system(testing(in(Heidelberg.(The(
effective(field(of(view(is(now(roughly(elliptical(with(size(1(x(2(arcsec2(and(makes(
the(testing(conditions(difficult.(Yet,(ray(tracing(simulation(suggest(that(the(
vignetting(at(the(best(alignment(should(not(be(as(large(as(actually(observed(
(Figure(1).(I(recommend(therefore:(

a4(optimizing(the(alignment(with(the(current(mirrors.(With(the(alignment(
campaign(of(CW18,(this(may(now(be(the(case.(Yet,(we(may(loose(this(
condition(after(re4aligning(the(derotator(if,(in(this(process,(some(field(is(
transferred(between(the(parabola(and(the(TTM.(
b4(planning(to(change(these(2(mirrors(with(larger(ones.(

The(second(problem(will(hit(us(in(Paranal.(It(removes(the(flexibility(to(transfer(
field(or(pupil(lateral(errors(between(CIAO(and(the(STS.(This(will(constrain(the(
operations((another(argument(to(stop(the(derotator(and(make(the(internal(
alignment(in(CIAO(static).(

(
Figure&1:&left:&FOV&measured&in&the&sub;apertures&of&CIAO&prototype.&This&is&based&on&data&collected&
with&the&prototype&of&template&#1.&Right:&ray;tracing&simulation&of&FOV&with&test&bench&periscope&
mirror&diameters&of&19cm.&The&black&circles&delimit&the&nominal&FOV.&The&red&regions&indicate&the&
actual&FOV.&

This(week((CW19)(the(Heidelberg(team((Zoltan(Hubert,(Eric(Mueller)(are(
reinstalling(and(aligning(the(derotator(to(restore(the(conditions(for(system(
testing.(

Upgrading the lab 
and infrastructure

PIONIER 3D

Eight star separators

CIAO contribution

MIDI decommissioning

Prepare GRAVITY  
and MATISSE spots

Contribution to CIAO

New AT 
alignment 
station

AT obsolescence and 
adaptation to astrometry

UT 
adaptation 

to 
astrometry
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Zhang et al. 2012). It has had a high and variable mass-loss rate,
0.5−1 × 10−4 M⊙ yr−1 in its recent past (Decin et al. 2006), up
to 3 × 10−3 M⊙ yr−1 (Humphreys et al. 2007). This provides
the richest-known O-rich circumstellar envelope (CSE) chem-
istry, as seen at sub-mm wavelengths by Herschel (Alcolea et al.
2013), for instance, and imaged at ∼1′′ resolution using the
Submillimeter Array (SMA, Kamiński et al. 2013).

VY CMa has a highly asymmetric nebula that extends over
a few arcsec and is shaped like a lopsided heart, irregular and
clumpy on all scales (Humphreys et al. 2007). Very Large Array
(VLA) and SMA observations at 8.4−355 GHz show an unre-
solved central ellipse, dominated by emission from dust, (e.g.
Lipscy et al. 2005; Kamiński et al. 2013). Strong OH, SiO, and
22 GHz H2O masers have been imaged by many authors but,
hitherto, there has been no astrometric confirmation that the star
lies at the centre of expansion. The 22 GHz H2O masers are lo-
cated in a thick shell of radii 75−440 mas, with Doppler and
proper motions dominated by accelerating outflow (Richards
et al. 1998). Their maximum expansion velocity is 35.5 km s−1

relative to the stellar velocity V⋆ of 22 km s−1 (all velocities are
with respect to the local standard of rest, LSR).

Models (Gray 2012 and references therein; Daniel &
Cernicharo 2013) predict that the 321.22564 GHz JKa,Kc 102,9–
93,6, and possibly the 325.15292 GHz 51,5–42,2 H2O maser lines
can emanate from conditions found at both sides of the dust for-
mation zone. Maser emission at 321 GHz needs hotter gas than at
22 GHz, whilst lower temperatures and number densities favour
325 GHz. This has been confirmed by imaging in Cepheus A
(Patel et al. 2007), but only the 22 GHz transition has ever been
resolved in a CSE. The 658.00655 GHz v2 = 1, 11,0−10,1 GHz
maser is expected to occur very close to the star under condi-
tions similar to SiO masers (Hunter et al. 2007). More details
of these transitions are given in Table A.1. We present ALMA
observations that test these predictions and, for the first time, re-
solve sub-mm masers, thermal lines, and continuum.

2. Data acquisition and reduction
We obtained public ALMA Science Verification data for
VY CMa observed on 2013 16–19 August using 16–20 12 m
antennas on baselines from 0.014−2.7 km. Three scheduling
blocks (SB), covering each of the maser lines, are referred to
as the 321 GHz, 325 GHz and 658 GHz SBs. The velocity
resolution after Hanning smoothing is 0.45 km s−1 at 321 and
658 GHz, and 0.9 km s−1 at 325 GHz. More details of obser-
vations and data reduction are given in Appendix B. The fully
calibrated line-free channels were imaged using a synthesized
beam of (0.′′22×0.′′13) at 321 and 325 GHz, and (0.′′11×0.′′06) at
658 GHz. After subtracting the continuum, the masers were im-
aged using beam sizes of (0.′′18 × 0.′′09) and (0.′′088 × 0.′′044) at
321/325 and 658 GHz. We measured the positions of the masers
and continuum peaks by fitting Gaussian components using the
AIPS task SAD, see Appendix B.

3. VY CMa continuum and maser morphology

Before self-calibration, the positions measured by Gaussian fits
to the 321 and 325 GHz peaks wandered by up to 35 mas, but at
658 GHz there were offsets of up to 100 mas, mainly due to dif-
ferences between atmospheric conditions towards VY CMa and
the phase reference source (see Appendix B). The 321 GHz data,
with the best atmospheric transmission and sensitivity, were used
for astrometry and for continuum analysis around this frequency.
The continuum at all frequencies has a similar J shape, with a
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Fig. 1. Continuum emission: 321 GHz colour scale, 658 GHz contours
at (–1, 1, 2, 4, 8, 16) × 10 mJy beam−1. Synthesized beams shown at
lower left for 321 GHz (white), 658 GHz (blue). (0, 0) at RA 07 22
58.33454 Dec –25 46 03.3275 (J2000). C marks the continuum peak.
VY is identified as the star, at the centre of the water maser expansion.
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Fig. 2. Integrated water maser spectra, derived from the interferometric
image cubes, measured in square boxes of width 0.′′75, 1.′′0 and 0.′′4 at
321, 325, and 658 GHz, centred on VY. The 658 GHz spectrum is scaled
by 0.5 and the 22 GHz spectrum by 0.25.

bright extended peak C, a secondary, compact peak VY, and sev-
eral other peaks. Shifts of (–2, 0) and (–87, 27) mas were applied
at 325 and 658 GHz, respectively, to align VY with its 321 GHz
position, which brought the other bright features into good posi-
tional agreement (Fig. 1). The maximum detectable angular ex-
tent in RA and Dec is 1.′′2 × 1.′′6 above the 3σrms contour at
321 GHz. The 321 GHz position of VY is RA 07 22 58.3226
Dec –25 46 03.043 (J2000), with 35 mas uncertainty dominated
by errors in transferring phase corrections from the reference
source. VY is 328 ± 1 mas from C at PA –33◦. Using a match-
ing beam size 160 × 64 mas2, C and VY had peak flux densities
of 133.9 and 71.7 (σrms 0.9) mJy beam−1 at 321 GHz and of 474
and 296 (σrms 4) mJy beam−1 at 658 GHz. The continuum emis-
sion is analysed further by O’Gorman et al. (2014).

The total velocity extents of the H2O lines are (–11.9 to
49.2), (–16.8 to 75.1) and (–3.0 to 67.7) km s−1 at 321, 325, and
658 GHz. Figure 2 shows that the 325 GHz maser spectrum has

L9, page 2 of 7

Expand the user base and join synergies

Develop VLTI expertise centers: Provide VLTI users with support in 
preparing their proposals, reducing their data and reconstructing images 

Ongoing discussion with JMMC

SPHERE ALMA PIONIER

2015 Gorman et al. 
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Couple imaging and spectroscopy and  
use simultaneously the VLTI instruments

GRAVITY

MATISSE PIONIER

iShooter ??

2013 Wittkowski ++ (AMBER)

+
Molecular and dust 
stratification study (I) 

SiC 
C2H2 
+ HCN C2H2 

+ HCN 

Chiavassa 2013

2015 Paladini ++ (MIDI)

…%3D%simulaEon%view%…%

8. Description of the proposed programme and attachments

Fig. 1: A light curve of omicron Ceti during the last four luminosity cycles (provided by the American Association
of Variable Stars Observers, AAVSO). Currently, the luminosity just started to decrease from the last maximum,
which happened to be quite low compared to the previous ones. At those phases, the shock wave is just emerging
from the photosphere and propagating outward in the lower atmosphere of the star.

Fig. 2: Three-dimensional hydrodynamical simulation of photospheric intensity maps of an AGB star at di↵erent
wavelengths of the AMBER filter. The maps have been convolved with 2x2 mas gaussian PSF (Chiavassa et
al. 2010, A&A, 511, id.A5; Freytag & Hoefner 2008, A&A, 483, 571-583)

- 3 -

Betelguese MIRA 

!  Image compatible with 
models from Freytag & 
Hoefner 2008 

 

PRELIMINARY INTERPRETATION 

R! 

Paladini in Prep



STEPS 2015
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Upgrades / new facilities

Planet Formation Imager 
PI: J. Monnier 
PS: S. Kraus 

http://www.planetformationimager.org/

MROI 

VLTI beyond GRAVITY and 
Matisse 

Edit footer on master slide, 1 January 2011

Infrastructure

?
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Key areas of scientific strength for 
VLTI

Preparing the future

Fundamental stellar physics including rotation, pulsation … 
How do stars and planetary systems form? 
How do stars enrich galaxies? 
How do massive stars form and interact with their 
environment? 
How do SN progenitors work? 
Binaries from birth to death. 
Do we understand SMBH interaction with host galaxy 
The galactic center 

Improvement of the cosmological distance scale; 
Ground based astrometric follow-up of exoplanet detections 
(post-GAIA); 
Characterisation of host stars in the context of exoplanet 
and asteroseismology transit missions (e.g PLATO); 
Constraints on strong lensing. 
 Microlensing

AREAS of strength

AREAS to investigate

Global approach 
 vs single object 

approach
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Establish the instrumental roadmap!
in 2016 

VLTI

VISIBLE

High spectral 
resolution (> 30000)

High dynamics Higher angular 
resolution (longer 

baselines)

Increased imaging 
capability (more tel)

Polarimetry

“Wide” field 
astrometry

Sensitivity

Fundamental stellar physics (PLATO) 
Asteroseismology synergy 
Kinematics of accretion/ejection 
Star-Environment interaction

Visitor vs. Facility ?

Planet formation 
Exoplanet & Brown dwarfs in HZ

Strong lensing 
SMBH mass measurements

All science 
Enable time resolved imaging 

(Novae, hydrodynamics, convection)

EXO Planet:GAIA and EXAO 
follow-up

All science - PLATO
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WRAP UP
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WRAP UP
Optical interferometry is now a reliable technique!
… but still needs user support to reach wider 
community!
Image reconstruction has considerably 
progressed but work still remains!
Some performance issues remain to be 
addressed (spectro-interferometry)!
PIONIER, GRAVITY and MATISSE will provide 
unique angular resolution spectro-imaging 
capability: we are OK for the next decade !!
Evolved star community expected to be a strong 
contributor to the VLTI prospective effort
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VLTI SCHOOL!
COLOGNE 6-13 SEPT!
DEADLINE: JULY 15TH


