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The VLTI went from snapshot to imaging

What we have learned

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
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2015 Hillen++ in prep 2003 Kervella ++

SNAPSHOT IMAGING

Both have their scientific interests: scheduling and operations heavily affected 
Temporal monitoring not so easy at VLTI 
Not many surveys until PIONIER.
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Spectro interferometry was enabled

What we have learned

But was severely limited because the VLTI lacked robust 
phasing

…%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 

2013 Wittkowski ++
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CHALLENGES FOR THE 
DECADE
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The scientific ambition is multiple

Combination of surveys, monitoring and detailed 
imaging & astrometric campaigns

Challenges for the decade

Understand the structure of AGN nuclei

S2 Orbit

Understand GRAVITY
Understand how stars 

evolve and interact with 
their environment
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Couple imaging and spectroscopy and  
use simultaneously the VLTI instruments

Challenges for the decade

GRAVITY

MATISSE

Leinert ++ 2004 
Van Boekel ++ 2003

Malbet ++ 2007 
Kraus++ 2008 
Tatulli++2008 
Benisty++ 2010

PIONIER

iShooter ??
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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 
Schwarzschild precession term GRAVITY 

(first years) 

Keck AO 

VLT NACO 
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Enable astrometry

Challenges for the decadeOliver Pfuhl, Turku 2013 

Narrow angle astrometry 

2” 

GC 

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 

GRAVITY  
(goal)

Goal: 10 µas / 5mn
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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.

 0

 100

 200

 300

 400

 500

 600

 700

 800

-20 -10  0  10  20  30  40  50  60

F
lu

x 
D

en
si

ty
 (

Jy
)

LSR velocity (km/s)

658 GHz /2 

321 GHz

325 GHz

22 GHz /4

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

Challenges for the decade

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

SPHERE ALMA PIONIER
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Technical and operational challenges

Challenges for the decade
13The Messenger 156 – June 2014
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All telescopes with star separators 
AO for the Auxiliary Telescopes (NAOMI) 
IR wavefront sensors for UT telescopes 
Baseline monitoring (astrometry)

Accomodate all scientific requests: 
snapshot, imaging, temporal 
monitoring. Service mode

Transforming the lab

Improve UT perf: vibes + AO
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PREPARING FOR THE FUTURE
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An ongoing ESO-community prospective 
effort

VLTI community days (EWASS June 2015) 
Interferometry white book

How VLTI can remain relevant in the ELT era ?

Preparing the future

European Interferometry Initiative

VLTI community days Grenoble 2014
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There are several possible directions

VLTI

VISIBLE

High spectral 
resolution (> 30000)

High dynamics Higher angular 
resolution ???

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)

Preparing the future

EXO Planet:GAIA and EXAO 
follow-up
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IN SUMMARY
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The VLTI should reach its full potential in 
the next decade

IRAS08544
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ESO in the 2020s 

VLTI in the 2020s 

" Wide variety of stellar physics/AGN pending questions 

" Connecting astrophysical scales ( Instrumental synergies) 

" Developing surveys 

" Expand User base 

SPHERE ALMA VLTI - PIONIER A&A 572, L9 (2014)

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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Figure 8. Following the procedure outlined in text, we have constructed a “median” image for each star at each wave-
length channel. From the features in these images, we hope to correctly discriminate between “real” image features and
reconstruction artifacts.

3.9 Gilles Duvert using WISARD

The images of R Car and VY CMa have been reconstructed with WISARD,23,24 as provided on the JMMC
webpages (http://www.mariotti.fr/wisard page.htm). The algorithm is currently written in IDL (GDL, the free
IDL language interpreter, is known to handle WISARD correctly) and has been slightly modified since its first
presentation,25 mainly to facilitate the reading of OI-FITS files,5 and to better support the n-telescope case.

WISARD can be seen as a two-step image reconstruction program. The last step provides a regularized
reconstruction where one minimizes a two-term chi-square expression, one term being the distance to the dataset
(likelihood term) and the other a distance to “some a-priori knowledge” (the prior). The many possible priors
include the positivity of the reconstructed image, its smoothness, or the preservation of unresolved point sources.

The unique feature of WISARD (at least in the point of view of GD) resides in its first step. Indeed,
WISARD uses the simultaneously obtained square visibility and closures to ‘guess’ an intermediate data set of
“myopic” complex visibilities, because this transformation will always leave some phases unknown. However,
as the number of telescope increases, the percentage of unknown phases diminishes rapidly, from 66% with a
3-telescope experiment, to 30% for 6 telescopes. The reconstruction procedure then reconstructs both an image
of the object (using the priors on the object) and a set of perturbation phases (the unknown phases being the
sum of the phase of the reconstructed object plus these perturbation phases).

Observational datasets are rarely made of complete sets (in the WISARD sense, i.e., having all the V2 and
all the closures simultaneously for N telescopes). Thus, only a part of the information in the PIONIER datasets
was useable by WISARD. Similarly, we did not use the additional aperture masking data provided by P. Tuthill
for lack of information about the correspondence of baselines in V2 and closures in their OI-FITS data.

WISARD being at the moment a monochromatic image reconstruction program only, each of the 3 channels
available in the PIONIER data of this Beauty Contest was imaged separately. Both objects were reconstructed
with the default procedure available in WISARD, no guess image, spike-perserving regularization (/WHITE
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