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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
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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

AMBER, Wittkowski 2011++

!  Image compatible with 
models from Freytag & 
Hoefner 2008 
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Spectro interferometry was enabled

Discovering the engine at the hear of the Eta Carina nebula

Weigelt et al. 2007
G. Weigelt et al.: AMBER/VLTI observations of η Carinae 89

Fig. 1. Spectrally dispersed AMBER/VLTI Michelson interferograms
of η Car. The two panels show the spectrally dispersed fringe signal
(IF) as well as the photometric calibration signals from the three tele-
scopes (P1–P3) in high (HR, upper panel) and medium spectral reso-
lution mode (MR, lower panel). In both panels, the bright regions are
associated with the Doppler-broadened Brγ emission line.

Figure 1 shows two AMBER raw interferograms taken in the
wavelength range around the Brγ line in HR (top) and MR (bot-
tom) mode. In the MR data sets, the Doppler-broadened Brγ line
covers ∼8 spectral channels, whereas in HR mode, the line is re-
solved by ∼50 spectral channels.
η Car was observed with AMBER on 2004 December 26,

2005 February 25, and 2005 February 26 with the three 8.2 m
Unit Telescopes UT2, UT3, and UT4. With projected base-
line lengths up to 89 m, an angular resolution of ∼5 mas was
achieved in the K band. As listed in Table 1, the MR-K obser-
vations were performed in the wavelength range around both the
He I 2.059µm and the Brγ 2.166µm emission lines. The HR-K
observations were only performed in a wavelength range around
the Brγ line. The widths of the wavelength windows of the ob-
tained MR-K and HR-K observations are approximately 0.05µm
and 0.02µm, respectively.

For the reduction of the AMBER data, we used version 2.4
of the amdlib1 software package. This software uses the P2VM
(pixel-to-visibilities matrix) algorithm (Tatulli et al. 2007) in or-
der to extract complex visibilities for each baseline and each
spectral channel of an AMBER interferogram. From these three
complex visibilities, the amplitude and the closure phase are

1 This software package is available from
http://amber.obs.ujf-grenoble.fr

derived. While the closure phase is self-calibrating, the visibil-
ities have to be corrected for atmospheric and instrumental ef-
fects. This is done by dividing the η Car visibility through the
visibility of a calibrator star measured on the same night. In order
to take the finite size of the calibrator star into account, the cali-
brator visibility is corrected beforehand through division by the
expected calibrator star visibility (see Table 1). In the case of the
MR measurement performed on 2005-02-25, the interferograms
recorded on the calibrator contain only fringes corresponding to
the shortest baseline (UT2-UT3). Thus, the η Car visibility for
this night could only be calibrated for this shortest baseline.

Besides the calibrated visibility and the closure phase, the
spectral dispersion of AMBER also allows us to compute dif-
ferential observables; namely the differential visibility and the
differential phase (Millour et al. 2006; Petrov et al. 2005; Tatulli
et al. 2007). These quantities are particularly valuable, as they
provide a measure of the spatial extent and spatial offset of
the line-emitting region with respect to the continuum emis-
sion. Since the measured complex visibilities are affected by
wavelength-dependent atmospheric piston (optical path differ-
ence), the piston has to be estimated and subtracted. This was
done using the ammyorick1 tool (version 0.56).

Since a large fraction of the interferograms is of low con-
trast (probably due to vibration; see Malbet et al. 2007), we re-
moved a measurement from the data sets if (a) the intensity ra-
tio of two of the photometric channel signals is larger than 4 (a
large ratio means that the interferograms are very noisy since
the signal is very weak in one channel) or (b) it belongs to the
70 percent of the interferograms with the lowest fringe contrast
SNR (with the SNR defined as in Tatulli et al. 2007). In order to
optimize the selection for each baseline of the telescope triplet,
both of these criteria are applied for each telescope pair individ-
ually. Furthermore, the first 10 frames in each new sequence of
recorded interferograms are removed since they are degraded by
electronic noise.

Figures 2 and 4 show the spectra as well as the wavelength
dependence of the visibilities, differential visibilities, differen-
tial phases, and closure phases derived from the AMBER inter-
ferograms for the observations around the Brγ and He I emis-
sion lines. The uv coverage of the observations is displayed in
Fig. 3.

The η Car spectra were corrected for instrumental effects and
atmospheric absorption through division by the calibrator spec-
trum. For the HR 2005-02-26 measurement, we found that the
calibrator itself (L Car) shows prominent Brγ line absorption
(see Fig. A.1). Therefore, we had to remove this stellar line by
linear interpolation before the spectrum could be used for the
calibration. The wavelength calibration was done using atmo-
spheric features, as described in more detail in Appendix A.

In order to test the reliability of our results, we split each
of the raw data sets into 5 subsets, each containing the same
number of interferograms. The results obtained with these in-
dividual subsets allowed us to test that the major features de-
tected in the visibility, differential visibility, differential phase,
and closure phase are stable, even without any frame selection
applied. As an exception, we found that for a small wavelength
range of the HR 2005-02-26 data set (hatched areas in the two
lower right panels of Fig. 2), the differential phase correspond-
ing to the middle and longest baselines and the closure phase
vary strongly within the subsets and are, therefore, unreliable.
This is likely due to the very low visibility value on these two
baselines, resulting in a low fringe SNR within this wavelength
range. Furthermore, with this method we found that the differ-
ential visibility, differential phase, and closure phase extracted

G. Weigelt et al.: AMBER/VLTI observations of η Carinae 91
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Fig. 2. AMBER observables derived from our η Car data around the Brγ line for three independent measurements (Left: MR, 2004 December 26,
Middle: MR, 2005 February 25, Right: HR, 2005 February 26). The first row shows the continuum-normalized spectra as extracted from the
interferometric channels, followed by the derived calibrated visibilities and the differential visibilities. In the fourth and fifth row, the differential
phase and the closure phase are presented. In the spectra we mark the wavelength regimes, which we defined as continuum for our analysis
(shaded regions). The vertical grey line marks the rest-wavelength of Brγ (λvac = 2.1661 µm; the small correction due to the system velocity of
–8 km s−1 (Smith 2004) has been neglected). We show different error bars within each panel: the left error bars correspond to the total (including
statistical and systematic) error estimated for the continuum wavelength range, and the error bar towards the right visualizes the total error for the
wavelength range within the line. For the HR 2005-02-26 measurement, data splitting showed that for a small wavelength range (hatched areas
in the two lower right panels), the differential phase for the longest and middle baseline as well as the closure phase become very noisy and are
therefore not reliable. Furthermore, the HR differential phase of the longest baseline is noisy at all wavelengths. See Sect. 2 for further details.

In other words, in the case of CLVs with multiple or very ex-
tended components, a FWHM diameter can be quite mislead-
ing. In such a case, it seems to be more appropriate to use, for
instance, the diameter measured at 10% of the peak intensity

(d10%) or the 50% encircled-energy diameter (d50% EED). For ex-
ample, at λ = 2.1661 µm we obtain d10% = 9.39 mas and
d50% EED = 9.58 mas, while for the continuum at 2.174 µm we
find d10% = 5.15 mas and d50% EED = 4.23 mas. Thus, based
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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

2013 Burtscher++

Binarity among massive stars

Exozodiacal dust

Mid-IR sublimation front  
in AGN’s core

2014 Ertel ++
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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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CAUTION: not the same object

Optical interferometry went from snapshot 
to imaging
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!  Image compatible with 
models from Freytag & 
Hoefner 2008 
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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 ++
2009 Lebouquin et al.
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GRAVITY
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The spooky action of a black hole

Warner Bros: “Interstellar”

Kip Thorne
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Studying a black hole from close is the 
ultimate way to validate Einstein’s GR 
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A black hole at the galactic center?



Words at the bottom
20

The closest we get the stronger the 
influence: need high angular resolution

Words at the bottom
4

A black hole in the galactic center?
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ESO telescopes & instruments and the 
galactic center: a success story

20 The Messenger 143 – March 2011

Telescopes and Instrumentation

RHFMHjB@MSKX�DMK@QFD�SGD�MTLADQ�NE�RS@QR�
with known eccentricities, and will dis-
tinguish between the formation scenarios 
unambiguously (see Figure 5). 

3DRSHMF�FDMDQ@K�QDK@SHUHSX�HM�SGD�RSQNMF�jDKC�
regime

The unprecedented astrometric accuracy 
of GRAVITY may even allow the theory  
of general relativity to be tested in the (so 
E@Q��TMDWOKNQDC�RSQNMF�jDKC�@QNTMC�
SMBHs. The observed orbit of a hot spot 
on the last stable orbit will be domi- 
nated by strong gravitational effects like 
gravitational lensing and redshift (Fig- 
TQD���
�&1 5(38�NARDQU@SHNMR�NE�SGD�k@Q-
ing BH will thus directly probe spacetime 
in the imme diate vicinity of the event 
 horizon of the BH. The stellar orbits will 
be notably affected by higher order gen-
eral relativistic effects, for example the 
relativistic periastron shift and the Lense–
Thirring precession of the orbital angular 
momentum around the BH spin axis 
 (Figure 6). These effects will be strongest 
for stars within the central light-week, 
which will be observed with  GRAVITY in 
its interferometric imaging mode. In the 
most optimistic case, GRAVITY may even 
be able to test the so-called “no-hair” 
theorem (Will, 2008), which states that a 
BH is fully characterised by its mass  
and spin. In particular the BH spin and its 
quadrupole moment should be strictly 
related. Since spin and quadrupole 
moment couple  differently to the inclina-
tion of stellar orbits, they can be meas-
TQDC�HMCDODMCDMSKX��RDD�%HFTQDŰ��


Active galactic nuclei

3GD�RS@MC@QC�TMHjDC�LNCDK�ENQ�@BSHUD�
galactic nuclei postulates that an ac -
creting SMBH is surrounded by an ob -
scuring torus, whose orientation deter-
mines if the central engine is hidden  

3GDRD�LD@RTQDLDMSR�@QD�LNQD�CHEjBTKS�
because the astrometric signature from 
the spin is a factor few less than the or -
bital motion and lensing effects. However, 
the combined signal from the periodic 
light curves and astrometry is much 
stronger. Already the simple correlation 
between the observed position variation 
@MC�kTW�U@QH@AHKHSX�HR�FHUHMF�SGD�jQRS�HM��
sights into the source geometry. The next 
RSDO�HR�@�RHLTKS@MDNTR�jS�SN�SGD�NARDQUDC�
motion and light curve to quantify the 
underlying model parameters (Figure 4). 
%HM@KKX��SGD�ODQHNCHB�kTW�B@M�AD�TRDC� 
to trace the orbital phase to coherently 
co-add measurements from multiple 
k@QDR��RTBG�SG@S�GHFGDQ�NQCDQ�RHFM@STQDR�
B@M�AD�CHQDBSKX�HCDMSHjDC
�

Resolving the Paradox of Youth of the 
Galactic Centre stars

Most stars in the central light-month of 
the Galactic Centre are young, massive 

early-type main sequence stars. It is 
 currently not understood how these stars 
have formed or moved so close to the 
SMBH, because the tidal forces should 
have prevented in situ formation, and 
 because these stars are too young to 
have migrated so far within the timescale 
of classical relaxation. Precise orbit 
measurements with GRAVITY offer a 
route to resolving this Paradox of Youth. 
In particular measurements of the orbital 
eccentricities can distinguish between 
the various scenarios. The currently 
favoured Hills scenario, in which massive 
binaries are scattered down to the BH 
and one component is ejected in a three-
body interaction with the BH, will lead  
to predominantly high eccentricities. In 
contrast, the competing migration sce-
nario, in which the stars migrate from cir-
cumnuclear stellar discs, will result mainly 
in low initial eccentricities. First results 
from adaptive optics observations slightly 
favour the Hills scenario, but the sig-
MHjB@MBD�HR�RSHKK�L@QFHM@K
�&1 5(38�VHKK�
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Figure 5. Solving the Paradox of Youth of the Galac-
tic Centre stars. GRAVITY will be able to measure 
accelerations, i.e. individual orbits, out to about  
10 arcseconds distance from the SMBH (upper left) 
@MC�VHKK�RHFMHjB@MSKX�DMK@QFD�SGD�MTLADQ�NE�2�RS@QR�
(upper right) with precise eccentricities (from 
Gillessen et al., 2009). The improved eccentricity 
distribution (lower) can distinguish between the vari-
ous formation scenarios proposed for stars in the 
central light-month.

Eisenhauer F. et al., GRAVITY: Observing the Universe in Motion

S2 Orbit
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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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GRAVITY:  pushing the frontiers of our knowledge 
in black-holes and fundamental physics.

Oliver Pfuhl, Turku 2013 

Narrow angle astrometry 
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GRAVITY: PI. F. Eisenhauer (MPE)
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Gravity observes two objects at the 
same time

Oliver Pfuhl, Turku 2013 
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A VLT-end-to end metrology allows 
astrometry between two objects

Oliver Pfuhl, Turku 2013 
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GRAVITY-Imaging
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Explaining the young stars paradox

Oliver Pfuhl, Turku 2013 
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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.
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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 
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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 
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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).
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NGC 1068 (from Raban 
et al., 2009). The gase-
ous structures and  
dust emission on the 
scale of the putative 
torus appear disc-like, 
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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.
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The black-hole should leave its signature 
in the orbits of the stars passing close-byDifferences between GR and Kepler orbit  

- radial velocity : GR gravitational redshift and SR Doppler  

• Deviations are only visible during 
2018, but then are well within the 
range of SINFONI (25km/s) with 
multi-cadence measurements in 
2018-2019, with simultaneous 
NACO coverage 

SINFONI 
meas. error 

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 
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Differences between 
GR and Kepler orbit  

• Deviations before pericenter  
are very small: < 100µas 
Îwould only be detectable  
   with very dense sampling  
   with GRAVITY 

 
• After pericenter, the  

precession has flipped the  
orbit; the star now moves in  
a different direction.  
Îdetection is a matter of  
   time and precision 

- spatial coordinates : GR 
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Unveiling the nature of the flare

Oliver Pfuhl, Turku 2013 
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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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The possibility of mosaicing

Oliver Pfuhl, Turku 2013 
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GRAVITY: a profound impact on the 
infrastructure
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BHs (SMBHs) in many active galac- 
tic nuclei, and probe the physics of their 
L@RR�@BBQDSHNM��NTSkNV�@MC�IDSR�VHSG�
unprecedented resolution. Furthermore, 
GRAVITY will explore young stellar obj -
ects, their circumstellar discs and jets, 
and measure the properties of binary 
stars and exoplanet systems. In short, 
 GRAVITY will enable dynamical measure-
ments in an unexplored regime, and it  
will increase the range and number of 
astronomical objects that can be studied 
with the Very Large Telescope Interfer-
ometer (VLTI) substantially. An overview 
of the key experiments that will become 
possible with GRAVITY is illustrated on  
the Telescopes and Instrumentation sec-
tion page (p. 6, lower panel).

A unique combination with the VLTI

The VLTI is the largest array of 8-metre-
class telescopes that explicitly included 
interferometry in its design and imple-
mentation. No other array is equipped 
with a comparable infrastructure. The 
VLTI, with its four 8-metre Unit Tele-
scopes (UTs) and a total collecting area 
of 200 m2, is the only interferometer  
to allow direct imaging at high sensitivity 
and high image quality. The VLTI is also 
the only array of its class offering a  
K@QFD����@QBRDBNMC��jDKC�NE�UHDV�@MC�SGHR�
TMHPTD�B@O@AHKHSX�VHKK��ENQ�SGD�jQRS�SHLD�� 
be utilised, providing simultaneous inter-
ferometry of two objects. This capability 
allows narrow-angle astrometry with  
a precision of order 10 microarcseconds. 
A second new and unique element of 
GRAVITY is the use of IR wavefront sen-
sors to observe highly obscured objects 
suffering high extinction. GRAVITY is  
also the only instrument providing phase-
referenced complex visibilities, which is  
a major advantage for the model inde-
ODMCDMBD�@MC�jCTBH@K�PT@KHSX�NE�HMSDQEDQN-
metric maps. The combination of VLTI 
and GRAVITY will be the world-leading 
facility for many years to come.

Adaptive optics assisted interferometric 
imaging and astrometry

GRAVITY provides high precision narrow-
angle astrometry and phase-referenced 
interferometric imaging in the astronomi-
cal K-band (2.2 µm). It combines the light 

Figure 1. (Upper) GRAVITY at the VLT Interferometer. 
GRAVITY combines the light from four UT or AT tele-
scopes, measuring the interferograms for six base-
lines simultaneously, with a maximum baseline of  
200 metres. The insets depict the GRAVITY beam-
combiner instrument (middle), which is located in  
the VLTI laboratory, and one of the four GRAVITY IR 
wavefront sensors (left) for each of the UTs.

Figure 2. (Lower) Working principle of GRAVITY.  
The beam-combiner instrument (bottom right) is 
located in the VLTI laboratory. The IR wavefront sen-
sors (bottom left) are mounted on each of the four 
UTs. The laser metrology is launched from the beam 
combiner and is detected at each UT/AT (top mid-
dle). 
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GRAVITY a photonics tech based 
experiment
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GRAVITY Consortium 

The following figure shows an overview of the beam combiner instrument cryostat and inside sub-
systems. 

 

 
Figure 4: Overview of the beam combiner instrument cryostat and its subsystems in it. 

  

3.3 Major concept changes compared to the final design 
While the overall concept is still that from Phase-C / FDR, there are a number of substantial modi-
fications: 

Spectrometer: 

x In order to suppress unwanted broadband asynchronous spontaneous emission (ASE) of 
the metrology laser and to properly define the polarisation of the laser beams 2 spectral fil-
ters and 1 polarisation filter were added to the metrology collimators of both spectrometers. 

x Based on dedicated measurements of the blocking capabilities of the individual filters it was 
decided to use two metrology blocking filters in each of the two spectrometers to achieve 
the required blocking power. 
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GRAVITY Consortium 

The following figure shows a functional sketch of the integrated optics beam combiner as well as 
pictures of the final assembly.  

 

 
Figure 14: Integrated optics beam combiner of the SC and FT spectrometer (top left); One IO 

chip (top right) and one V-groove assembly and mount (bottom). 
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GRAVITY in the NIH

• In the VLTI lab: october 2015 
• First on-sky light: november 2015
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MATISSE
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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
ve

ra
g

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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Planet formation at AU scale
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Spectroscopy in mid-IR
 
 

 
 

hydrogen) and dust (silicates/graphite, CO ice) in the typically complex and distant high-mass star-forming regions, the 
link between low and high-mass star formation and the search and characterization of accretion disks around young 
massive (proto)stars. Table 1 gives a series of components owning a spectral signature in the wavelength domain of 
MATISSE. 
 

Table 1.  Components and corresponding wavelengths of excepted spectral signature. 

Components Wavelengths 
H2O (ice) 
H2O (gas) 
H recombination lines 
Polycyclic Aromatic Hydrocarbons 
Nano-diamonds 
CO fundamental transition series 
CO (ice) 

3.14µm 
2.8 – 4.0µm 
4.05µm (BrD), 4.65µm (PfE) 
3.3 – 3.4 µm 
3.52 µm 
4.6 – 4.78 µm 
4.6 – 4.7 µm 

Amorphous silicates, Crystalline silicates (olivines and 
pyroxenes), PAHs, fine structure lines (e.g. [NeII]) 

8 – 13 µm 

 
The other major topic concerns the study of Active Galactic Nuclei. The wavelength and baseline configurations provided 
by the VLTI allow to investigate gas and dust in the temperature range 300-1500 K in the 0.1-5 parsecs core region of the 
nearest AGNs.  The astrophysical problems that can be addressed with observations in the mid-infrared spectral domain 
concern the morphology, chemistry and physical state of the circumnuclear dusty structures. Where does this dust come 
from? How does it lose its angular momentum? What portion is accreted inwards, what portion sublimates and what portion 
is blown out by winds?  What supports the thickness of the dust torus?  What determines its inner edge?  How does it affect 
the energy balance of the accreting material and the AGN as a whole? How does the jet interact with dust clouds? How 
does its optical extinction affect our perception of the inner regions of the AGN? Does the Type I/TypeII dichotomy arise 
from an inclination effect, or are there fundamental morphological differences? How do the dusty regions relate to the 
inner ionized Broad Line Regions?  
The results achieved within a) individual, many uv-point studies of nearby bright AGNs with MIDI, AMBER and the Keck 
interferometer, and b) a homogeneous Large Program Survey of 25 Seyfert galaxies with MIDI have shown that warm 
(300-1500 K) nuclear dust disks indeed exist, but that they are physically smaller than expected (~1 pc) in the N band, 
sometimes misaligned relative to the jets, and show indications of clumpiness.  The spectrum of the silicate absorption 
does not resemble that in star-forming regions. These results are interpreted as showing that the disks are comprised of 
dense clumps, optically thick even in the mid-infrared. The radio galaxy Centaurus A show a complicated mixture of 
thermal and synchrotron emission. MATISSE will allow one, for the first time, to reconstruct infrared aperture synthesis 
images of NGC 1068, Circinus, and Cen A. Their mid-IR dust emission in the circumnuclear region was too complex for 
MIDI to disentangle.  The structural relations between the components could not be established unambiguously and true 
mapping with closure phases is needed. MATISSE will allow us to probe the relative astrometry of features over its broad 
wavelength range (3-13µm), and may allow, if plans for a dual beam second Generation Fringe Tracker (2GFT) are 
realized, absolute astrometry related to a reference star in the field. 
However, to make full use of the potential of MATISSE and thus to fully achieve the above goals, improvements on the 
VLTI infrastructure are mandatory. In particular, these concern the decrease of the vibration level of the UTs, adaptive 
optics on the ATs, and, most importantly, the availability of a second-generation fringe tracker (2GFT) for MATISSE. The 
2GFT will improve sensitivity, accuracy and spectroscopic capability of MATISSE and will thus have a direct strong 
impact on the scientific potential of the instrument:  

x The Sensitivity achieved with a 2GFT is mandatory for the study of AGNs and the disks around young low-mass 
stars. Furthermore, longer baselines can be used to establish the connections between the high surface brightness 
inner disks and the asymmetric larger components in the protoplanetary disks or in the AGN tori. This will also 
be helpful for image synthesis.  

x The higher Accuracy, on the other hand, is important for L/M band observations of disks around young stars, 
providing constraint for the radial and vertical temperature gradient and opacity structure in the disk.  

x Finally, medium and high resolution spectroscopy will become feasible for a statistically large sample of 
circumstellar disks. 

3URF��RI�63,(�9RO�������������0��
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Active galactic nuclei
2013 Burtscher++
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mid−IR interferometry (type 1 AGNs)
mid−IR interferometry (type 2 AGNs)

near−IR interferometry (Swain, Kishimoto, Pott, Weigelt)

near−IR reverberation mapping data + fit (Suganuma)

Lopez-Gonzaga et al. 2014

!
Understand the complexity of the inner 

parsecs (e.g near-nucleus/nucleus 
symetries) 

MATISSE + (GRAVITY): 
• Test unified model  
• Confirm  S2 (MIDI) have strong bipolar 

dust emission. 
• Why S1 diverse (MIDI) 
• How UV/X flux are intercepted (energy 

balance)? 
• Exploit L bands lines (C0, Br alpha): 

turbulence/shocks – ionisation 
radiation 

• Connecting the 100 pc – 10 pc scales 
(inflows/outflows) 

• Structure of BLR (Br alpha, Br gamma) 
• Mineralogy (dust processing) - 

Polarimetry 
!
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The challenge of mid-IR observations
Resolving AGN tori Observing faint targets

• Different observing 
mode: cal track – 
sci track – cal track 
– ...; now also 
offered by ESO in 
SM: „correlated 
flux mode“

• New data 
reduction (EWS 2.0 
– soon to be 
released, see http://
www.strw.leidenuni
v.nl/~jaffe/ews/)

6
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2. Mid-infrared interferometry
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Figure 2.16.: Top panel: Groupdelay determined for a bright calibrator star. At the
beginning of each fringe track, the delay line is deliberately moved to a
position far o⇥ the fringe (d ⇥ �coh) to determine the noise level. During
this time (first� 600 frames), the groupdelay cannot be determined. Bottom
panel: Groupdelay determined for a very weak science target. Apart from
noise, a delay line jump (a so called “glitch”) is seen shortly before frame
number 4000. Both cases show a smoothing �gsmooth = 4 · 18ms.

46

2. Mid-infrared interferometry

frame number

frame number

D
el

ay
 [µ

m
]

D
el

ay
 [µ

m
]

Figure 2.16.: Top panel: Groupdelay determined for a bright calibrator star. At the
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position far o⇥ the fringe (d ⇥ �coh) to determine the noise level. During
this time (first� 600 frames), the groupdelay cannot be determined. Bottom
panel: Groupdelay determined for a very weak science target. Apart from
noise, a delay line jump (a so called “glitch”) is seen shortly before frame
number 4000. Both cases show a smoothing �gsmooth = 4 · 18ms.
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The challenge of combining four mid-infrared 
beams

8 The Messenger 157 – September 2014

two-telescope MIDI recombination 
scheme, a pairwise co-axial concept  
was considered. The advantage of this 
scheme is the simultaneous delivery of 
two interferometric signals per baseline, 
phase shifted by /
�3GD�BNQQDK@SDC�kTW� 
is then obtained by subtracting the two 
signals. In this way, the thermal back-
ground level and its associated temporal 
kTBST@SHNMR�@QD�CHQDBSKX�DKHLHM@SDC��ATS�
not the related thermal photon noise. 
'NVDUDQ��HM�ROHSD�NE�FNNC�DWODBSDC�DEj-
ciency in terms of signal-to-noise ratio 
(SNR), this scheme displays a number of 
issues when extended from two to four 
telescopes: a possible weakness in the 
stability of the closure-phase measure-
ments and a high instrumental complexity 
due to numerous opto-mechanical ele-
ments required in the cold environment. 
These issues led us to consider multi-
axial global combination as the more 
robust and simpler scheme. 

The multi-axial global beam combination 
scheme (see Figure 2) means that the 
four beams are combined simultaneously 
on the detector. The interferometric fringe 
pattern and the four individual photo-
metric signals receive respectively 67% 
@MC�����NE�SGD�HMBNLHMF�kTW
�, 3(22$�
will observe in three bands simultane-
ously: L, M and N. The signals are spec-
trally dispersed using grisms: spectral 
resolutions of 30 and 220 are provided in 
the N-band and four resolutions in the  
L- and M-bands of 30, 500, 1000 and 
3500–5000. The spatial extent of the 
interferometric pattern is larger than the 
photometric signals in order to optimise 
the sampling of the six different spatial 
fringe periods. The beams are combined 
by the camera optics. At this plane, the 
AD@L�BNMjFTQ@SHNM�HR�MNM�QDCTMC@MS� 
in order to produce different spatial fringe 
periods, and thus to avoid crosstalk 
between the fringe peaks in Fourier space. 
The separation Bij between beams i  
and j in the output pupil is respectively 
equal to 3D, 9D and 6D, where D is the 
beam diameter.

regions. These results are interpreted as 
showing that the discs are comprised  
of dense clumps, optically thick even in 
the mid-infrared. Additional puzzling 
observations include the radio galaxy 
Centaurus A, which features a compli-
cated mixture of thermal and synchrotron 
radiation and the quasar 3C273 (Petrov  
et al., 2012) with a BLR that extends 
beyond the inner edge of its dust torus.

, 3(22$�VHKK�@KKNV�TR��ENQ�SGD�jQRS�SHLD��
to reconstruct infrared aperture-synthesis 
images of the nearest AGN — NGC 1068, 
Circinus, and Centaurus A. Their mid-
infrared dust emission in the circum-
nuclear region was too complex for MIDI 
to disentangle and true mapping with 
 closure phases is needed. MATISSE will 
allow the relative astrometry of features  
in these AGN to be probed over its broad 
wavelength range (3–13 µm).

However, to make full use of the potential 
of MATISSE and thus to fully achieve the 
above goals, improvements in the VLTI 
infrastructure are mandatory. In particu-
lar, these concern the decrease of the 
vibration level of the UTs, adaptive optics 
on the ATs, and, most important, the 
availability of a second generation fringe 
tracker (2GFT) for MATISSE. A 2GFT will 

improve the sensitivity, accuracy and 
spectroscopic capability of MATISSE and 
will thus have a direct impact on the sci-
DMSHjB�ONSDMSH@K�NE�SGD�HMRSQTLDMS��HM�SGD�
following ways:
–  The sensitivity achievable with a 2GFT 

is required for the study of AGNs and 
the discs around young stars. For 
example, with a 2GFT, longer baselines 
can be used to establish the connec-
tions between the high surface bright-
ness inner discs and the asymmetric 
larger components.

–  Higher accuracy is important for clo-
sure-phase imaging in the L-, M- and 
N-bands, which provides constraints  
on the radial and  vertical temperature 
gradient and opacity structure in discs 
of young stars.

–  Medium and high spectral resolution 
interferometry will become feasible.

MATISSE concept

MATISSE uses an all-in-one multi-axial 
beam combination scheme. We con-
cluded that this type of combination is 
the most suitable for an interferometric 
instrument with more than two aper- 
tures and operating in the mid-infrared. 
(MHSH@KKX��A@RDC�NM�SGD�DEjBHDMBX�NE�SGD�

Telescopes and Instrumentation

MATISSE

• • • • • • • •
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L–band

N–band

Beam 
commuting
device

VLTI

Photometric
cylindrical optics

Photo-interferometric
splitter

Spectal filtering 
and polarising 
wheels

Dispersive optics

Spectral separator

Co-alignment unit

Cryostat 
entrance

Co-phasing
 unit

Spatial filtering Pupil mask

OPD 
modulator

Beam shaper
Detector Camera 

optics

Interferometric 
cylindrical optics

Figure 2. The schematic layout of the MATISSE 
instrument concept is shown. The red parts repre-
sent optical elements located on the warm optics 
table at ambient temperature. The blue parts repre-
sent optical elements of the cold optics bench 
located in the cryostats. Only one COB with its ele-
ments and detector is shown.

Lopez B. et al., An Overview of the MATISSE Instrument
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als, and lateral pupil motion monitoring or 
even active correction. 

Instrument design

MATISSE is composed of the Warm 
OPtics (WOP) and two Cold Optics 
Benches (COB). There are two mid-infra-
red detectors, each housed, with a COB, 
in its own cryostat; see Figure 2 where 
only a single COB is sketched. The loca-
tions of the different parts of the instru-
ment inside the VLTI laboratory are illus-
trated in Figure 4.

The WOP rests on a 2 by 1.5 metre opti-
cal table and receives four beams — 
designated IP7/5/3/1 — through the feed-
ing optics, coming from either the UTs  
NQ� 3R
�3GDRD�ENTQ�AD@LR�DMSDQ�jQRS�HMSN�
the beam commuting devices, which 
allow the commutation of beams IP7 and 
IP5 and beams IP3 and IP1. The beams 
are then individually anamorphosed with 
a ratio of 1:4 by the cylindrical optics.  
The beams are spectrally separated with 
individual dichroics in order to form the  
L- and M-band and the N-band beams. 
Before entering into the cryostats, each 
beam passes through two modules. The 
jQRS�NMD�HR�@�ODQHRBNOD�SG@S�HR�TRDC�ENQ�
the co-alignment of image and pupil. The 
second module is a delay line that deliv-
ers the pupil plane at the correct position 
into the COB and equalises the optical 
path differences between the beams and 
the differential optical path between the 
L- and M- and the N-bands. 

The WOP also contains the OPD modula-
tion function, which is part of the spectral 
separator. In addition, the WOP accom-
modates two internal optical sources in a 
tower, one visible light source for align-
LDMS�OTQONRDR��@�jAQDC�K@RDQ�CHNCD��@MC�
one infrared source for calibration pur-
poses (a ceramic with thermal insulation 
housing). These internal optical sources 
deliver four identical beams and are 
injected into the instrument through the 
SOurce Selector module (SOS). 

The cold optics benches consist of several 
modules. The beam selector cartridge 
holds four shutters. The re-imager box 
supports the cold stop in the pupil plane, 
BTQUDC�NOSHBR�@MC�SGD�RO@SH@K�jKSDQR�HM� 

Telescopes and Instrumentation

Table 3. L- and N-band 
RODBHjB@SHNMR��@MC�
goals) for a 20 Jy unre-
solved source observed 
at low spectral resolu-
tion.
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Figure 4. The future location of MATISSE in the VLTI 
laboratory is sketched. The warm optics table and 
the two cryostats are viewed from above. This loca-
SHNM�HR�BTQQDMSKX�TRDC�AX�,(#(
�2TA�jFTQD�(a) shows 
the MATISSE warm optics bench with its optical 

components; (b) one of the two MATISSE cryostats, 
which holds the cold optics bench and the detector; 
and (c) shows one of the MATISSE cold optics 
benches. 
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the image plane with its pinhole and slit 
slider. The beam-shaper box contains the 
beam splitters with a slider, several fold-
ing mirrors, the anamorphic optics and 
the photometric re-injection mirrors. The 
VGDDK�ANW�HMBKTCDR�SGD�jKSDQ�VGDDK��SGD�
polarising wheel and the dispersive wheel 
and the camera box carries the two 
 camera lenses, a folding mirror and the 
detector mount (see Figure 2).

Light enters the entrance windows of  
the cryostats with an anamorphic factor 
of 4, passing the cold stops and the 
�NEE�@WHR�NOSHBR�@MC�RO@SH@K�jKSDQHMF�LNCTKD�
of the re-imager unit, until it reaches the 
beam splitter. The light is split into the 
interferometric channel and the photo-
metric channels. The anamorphism of  
the interferometric channel is further 
increased by a factor of 6, to a total of 24 
by the anamorphic optics. Finally, after 
O@RRHMF�SGD�jKSDQ��ONK@QHRDQ�@MC�CHODQRHNM�
wheels, the light will reach the detector 
via the camera (Figure 2). 

MATISSE uses two different detectors. 
The MATISSE L- and M-band detector is 
a Teledyne HAWAII-2RG of 2048 × 2048 
pixels, grouped in 32 blocks of 64 × 2048 
pixels. The MATISSE N-band detector  
is a Raytheon AQUARIUS, which has a 
format of 1024 × 1024 pixels, grouped in 
2 × 32 blocks of 32 × 512 pixels.

Genesis and future of the project

In 2002 the two-telescope VLTI instru-
LDMS�,(#(�G@C�jQRS�KHFGS
� KQD@CX�@S�SG@S�
time, the idea of an upgrade to an inter-
EDQNLDSQHB�HL@FDQ�V@R�ANQM
� �jQRS�OQNSN-
type was studied and built, leading to a 
jQRS�BNMBDOS��B@KKDC� /QD2�,(#(�� ODQ-
ture SynthesiS with MIDI), which was pre-
sented at the ESO VLTI conference in 
2005 (Richichi et al., 2008).

Following a recommendation by ESO,  
the MATISSE Consortium initiated a 
 conceptual design study for a second 
generation VLTI instrument. The MATISSE 
 Preliminary Design Review was held in 
December 2010 in Garching, and the 
Final Design Reviews occurred in Sep-
tember 2011 for cryogenics and optics 
and April 2012 for the whole instrument. 
Currently, we are building the instrument; 

Figure 5. Some views from the laboratories:  
5a: A view of some of the components of the cold 
optics bench, including the beam-shaper box pre-
sented in front of the COB backbone; 5b: A discus-
sion concerning the cool-down procedure; 5c: Two  
of the three electronics cabinets; 5d: Both cryostats 

at MPIA; 5e: The N-band cryostat and cold optics 
delivered to Nice in July 2014 and now installed  
in front of the warm optics bench. This moment 
marks the beginning of the global integration of all 
the MATISSE subsystems.
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First 4T fringes
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The lab is ready
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CHALLENGES FOR THE NEXT 
DECADE
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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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Improve performance

PHASING the array: 
GRAVITY for MATISSE phase 

the array 

 

NAOMI 
Preliminary Design Overview 

Doc: 
Issue: 
Date: 
Page: 

VLT-DER-ESO-15190-6231  
1 
31.03.2015 
13 of 50 

 

 

 

Figure 1. Layout of the AT telescope (transporter not included). 
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Figure 10. Top: synthetic off-axis K-band fringe packet intensity (gray scale) reconstructed over an optical path difference range of −30 µm to + 30 µm (vertical axis)
for an integration period of 0.5 s, displayed vs. time (horizontal axis). At time zero, the previously open fringe tracking loop is closed: the fringe position is stabilized
and the contrast increases. This illustrative simulation is based on the same data set used in Figure 9. Middle: corresponding instantaneous fringe contrast. Bottom:
corresponding instantaneous fringe phase.
(A color version of this figure is available in the online journal.)

becomes harder than detecting faint fringes themselves. The
origin of this decorrelation can only be guessed. Based on the
similitude with the impact of the AO tip/tilt-induced piston,
also shown in Figure 9, its partial correction seems like the most
probable culprit. Note that these decorrelations would have had
a drastic impact on an eventual astrometric application.

3.2.2. Secondary Residuals

We then looked at the residuals measured by the off-axis
fringe tracker when receiving the feed-forward correction. This
configuration gives a more accurate estimation of what to ex-
pect when this fringe tracker is slowed down on fainter ob-
jects. As shown in Figure 9, the main difference is a drop in
square contrast to 0.9 around the 16 Hz fast fringe tracker con-
trol bandwidth. This corresponds to the previously mentioned
∼117 nmRMS at 10 Hz of secondary residual disturbance shown
in Figure 8.

The ASTRA longitudinal metrology follows the same control
pattern as the cloudé metrology, presented in Colavita et al.
(2013), where the piston measurements are high-pass filtered
before correction by the FDLs. This implementation makes the
system more tolerant to metrology breaks, but the internal OPD
fluctuations on time scales longer than the filter time constant
of τ = 2 s are not corrected. This effect is responsible for
the coherence losses at sub-hertz integration frequencies in
Figure 9, “without metrology low frequencies.” However, this is
the configuration used for the fringe contrast measurements with
integration frequencies in the 1–10 Hz presented in the following
section. Ideally, but considered too late, this filter time constant
should have been increased as soon as the integration frequency
fell below 10 Hz.

Finally, Figure 10, based on the same data set as Figure 9,
provides a direct illustration of the benefits and performance

of off-axis fringe tracking: closing the fringe tracking loop
improves the fringe contrast of long integrations and stabilizes
the fringe position. This illustration is an optical interferometry
equivalent of the open-loop versus closed-loop illustrations
shown with AO (Rousset et al. 1990).

3.2.3. Atmospheric Contribution

The contribution of the atmosphere to the differential piston
has been studied by Daigne & Lestrade (2003) for the range of
integration frequencies (102 Hz to 10−2 Hz) in which we are in-
terested. Although focused on the Very Large Telescope Interfer-
ometer on the Unit Telescopes, their models are for an observing
configuration and atmospheric conditions (0.65 arcsec seeing)
similar to what we had for our bright pair study (0.55 arcsec
seeing per the Mauna Kea Weather Center seeing monitor14).
We therefore used their estimations as an order of magnitude
assessment.

For the separation of 7.4 arcsec considered in Figure 9, the
atmospheric contribution µ2

atm is negligible compared to the in-
strument contribution even for the lowest exposure frequencies
(µ2

atm = 0.8–0.9 down to 10−2 Hz). The atmospheric contribu-
tion would only become comparable to the instrument contri-
bution for separations on the order of 20 arcsec and only for
integration frequencies beyond 1 Hz. In practice, and as illus-
trated in the following section, the instrument was never pushed
beyond this 20 arcsec separation and 1 Hz integration frequency
limit.

3.3. First Faint Contrast Measurements

Ultimately, the goal of off-axis fringe tracking was to observe
intrinsically fainter objects, measuring visibilities similar to,

14 http://mkwc.ifa.hawaii.edu/current/seeing/

10

Woillez et al. 2014, KeckI
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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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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 
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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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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
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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. 



VLTI SCHOOL COLOGNE 2015

Dust%%
forma+on%
~%5%R#%

%

Molecule%%
forma+on%
~%2%R#%

%

!
!

C#O!core,!He#!H#burning!shell!

Convec4ve!layer!!

Dynamical!atmosphere!

Dust#forma4on!zone!

Oxygen#rich!dust:!silicates,!Mg#Al,!oxides!
Carbon#rich!dust:!amorphous!carbon,!SiC!

Oxygen#rich!molecules:!H2O,!TiO,!SiO,!…!
Carbon#rich!molecules:!CN,!HCN,!C2H2,!…!

Thermal!pulse!

Dredge#up!

Circumstellar!envelope!+!wind!
H2O,!OH!masers;!interac4on!with!ISM!

ISM!

near5IR%

mid5IR%

far5IR,%mm%

Courtesy!of!D.!Klotz!

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)
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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 
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TAKE AWAY MESSAGE
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WRAP UP
VLTI is a robust facility open to all astronomers!
Important infrastructure effort ongoing!
Overall performance is a major challenge!
Survey, spectro-imaging and astrometry programs 
will have to live together: an operational challenge!
GRAVITY and MATISSE offer a considerable 
increase in scientific capability but they will be a 
challenge!
Imaging capability enhanced but still requires !
We are busy for the next decade !


