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The VLTI went from snapshot to imaging

Highlights

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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The VLTI went from snapshot to imaging

Highlights

IRAS08544
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Highlights: science

Sensitivity in the absence of 
phasing 

First AGN, Herbig AeBe & T 
Tauri surveys

Highlights
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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)

Efficiency: First surveys with N > 
100 objects

Ertel et al. 2014, Sana et al. 2014

Burtscher et al. 2014, Anthonioz et al. 
2015, Menu et al. 2015

Grenoble January 2014
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Highlights: the VLTI project

PRIMA was discontinued 

Highlights

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

PIONIER is fully operated by ESO 
+ data reduced by PI (Lebouquin)

VLTI infrastructure project was 
created (F. Gonté PM)

The VLTI Facility Project
• The VLTI-Office meets every month
• Communications tools are in place
• A VLTI change control board is in place to improve the link with Paranal control board
• A risk register is reviewed every month.

Project Manager
F. Gonte

Instrument Scientist:
J. Woillez:  VLTI Performances
M. Schoeller: Instruments Operation
A. Merand:    VLTI Operation Paranal

AT service Station
V. Heinz

STS, VCM & DDL
F. Derie

VLTI lab, coude,  CCL &AT
F. Gonte

Gravity
L. Jochum

System Engineer:
N. Schuhler :Operation Paranal
S. Egner: System
P. Bristow:     Instrument

Program Scientist:
J-P. Berger

LSP Instrument Program Office:
L. Pasquini/N. Hubin/J. Strasser

MATISSE
A. Glindemann

NAOMI
R. Dorn

VLTI Control System
Duc Thanh Phan

PIONIER 3D
N. Schuhler

GRAV4MAT
C. Schmid

Instrument Project
Paranal Project
System project

Project office

LPO Director
A. Kaufer

A new VLTI organization
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CHALLENGES FOR THE 
DECADE
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The scientific ambition is multiple

Combination of surveys, 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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Upgrade the infrastructure

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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Challenges for the infrastructure

PHASING the array: 
GRAVITY for MATISSE phase 

the array 
Phase A june 29th

NAOMI: Adaptive optics 
for the VLTI 

PDR review May 21st

Challenges for the decade
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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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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

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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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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Timeline

 2015-2020: !
Finish the infrastructure upgrade (->2019)!
Make GRAVITY (offered october 2016?) and 
MATISSE (offered october 2017) a success!
Establish expertise center(s)!

2015-2016: A roadmap for VLTI

Preparing the future
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THE ROAD TO A POST 
MATISSE/GRAVITY ROADMAP
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Goal of the roadmap
 Establish the scientific pertinence of VLTI in the 
“ELT era”!

 Identify key scientific areas where VLTI is unique!

 Single area killing case vs. workhorse!

 Identify key scientific areas where VLTI can act in 
synergy with other facilities (e.g PLATO)!

 Define an instrumental/infrastructure roadmap to 
reach this goal (technological readiness)

Preparing the future
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Steps
 Epoch 1:Make GRAVITY & MATISSE a success!

 Epoch 2: Third generation instrument(s) with 
limited infrastructure upgrade!

Epoch 3: Infrastructure upgrade

Preparing the future
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Key areas of scientific strength for 
VLTI

Preparing the future

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

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

AREAS of strength

AREAS to investigate

Global approach 
 vs single object 

approach
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Establish the instrumental roadmap

VLTI

VISIBLE

High spectral 
resolution (> 30000)

High dynamics Higher angular 
resolution (longer 

baselines

Increased imaging 
capability (more tel)

Polarimetry

“Wide” field 
astrometry

Sensitivity

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

Visitor vs. Facility ?

Planet formation 
Exoplanet & Brown dwarfs in HZ

Strong lensing 
SMBH mass measurements

All science 
Enable time resolved imaging 

(Novae, hydrodynamics, convection)

Preparing the future

EXO Planet:GAIA and EXAO 
follow-up

All science - PLATO
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Roadmap work structuration

Preparing the future

WG 2
Joint ESO - EII 

supervising group 
Report

High dynamics 
instrument

Visible + HSR

WG 3

WG 1

Conference summer 2016

Simulation group

Report submitted to DG


