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ESO in the 2020s 

The VLTI 

•  Imaging (parametric, true) 
•  Narrow Angle Astrometry 
 

AMBER 
MIDI 
PIONIER 

AMBER 
GRAVITY 
MATISSE 
PIONIER 

Fully operational    
•  Tech downtime: 5% 
•  Science time: 75% 
•  Integrated in LSP CfP 
•  First surveys (> 100 objects):2014 
•  Community support   

Difficulties: 
•  2T/3T limitations 
•  Sensitivity (Phasing) 
•  PRIMA-Astrometry 
•  “expert” facility 
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Second generation instruments 
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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 
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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-
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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 
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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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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.

4 telescopes (UT-AT), L-M-N band,  
Rspec up to 5000 (L)  

Gravity 

4 telescopes (UT-AT), K band,  
Rspec up to 4000: Imaging & NA. 

Astrometry 

Angular resolution: ~ 2 mas @ K Angular resolution: ~ 10 mas @ N 

GRAVITY MATISSE 

VLTI as a phased array 

PI: F. Eisenhauer- MPE PI: B. Lopez – Lagrange/OCA 



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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2014 Beauty Contest Median Images
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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

Siebenmorgen ++ SVT 2015 Monnier ++ 2014 



ESO in the 2020s 

VLTI in the 2020s 

" Epoch I (2004-2015): MIDI and AMBER 

"   Epoch II (2017-2030): Exploiting the instruments: 

GRAVITY, MATISSE, PIONIER 

" Epoch III (2025?..) : Third generation instrument 

" Epoch IV: Evolution of the infrastructure (?) 
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Keywords from previous days 
Bizarro, Alibert, Longmore, Chabrier, Humphreys, Eisenhauer,Hoenig, 

Richards  
Star/planet formation 

" High mass star formation 

" Low-mass star formation 

" Disk 

" Exoplanet 

" Mass loss (outflows wind, jets) 

" Dust processing  

" Accretion-ejection 

Stellar physics: 

" Fundamental parameters 

" Rotation/Convection/Pulsation 

Evolved stars: 

" Dust production 

" Pulsation/Convection/Shocks 

" Winds 

" Chemistry 

Milky way: 

" Black hole 

" Accretion disk 

" Star formation 

Extragalactic 

" Distance scale 

" Black hole 

" BLR 

" Outflows 

" Dust (torus) 

 



ESO in the 2020s 

Questions tackled by VLTI/Interferometers 

" Do we understand 
stars? 

" How do planetary 
systems form? 

" How do massive stars 

form and interact with 

their environment? 

" How do stars enrich 
galaxies? 

" Unveil the nature of 

exoplanets 

" Understand SMBH 

interaction with host 

galaxy? 

" How do progenitors of 

supernovae work? 

" Understand Gravity 
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Fundamental stellar parameters 
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Gaia FGK Benchmark Stars and their reference parameters
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Abstract. In this article we summarise on-going work on the so-called Gaia FGK
Benchmark Stars. This work consists of the determination of their atmospheric para-
meters and of the construction of a high-resolution spectral library. The definition of
such a set of reference stars has become crucial in the current era of large spectro-
scopic surveys. Only with homogeneous and well documented stellar parameters can
one exploit these surveys consistently and understand the structure and history of the
Milky Way and therefore other of galaxies in the Universe.

Keywords : Milky Way structure - calibration of stellar parameters - reference libraries

1. Introduction

Stellar spectral libraries are commonly needed for two immediate purposes: (1) to build popu-
lation synthesis models, which help us to understand the structure and evolution of galaxies; (2)
to evaluate methods to determine stellar atmospheric parameters, which help us to understand
the structure and evolution of stars and thus the Milky Way. Spectral libraries can be built from
observations or from theoretical models. Hence, for a thorough comprehension of stellar spectra,
accurate atomic and molecular data as well as atmospheric models are necessary. Additionally
good quality observations are required to validate the modelled spectra.

The Sun has been so far the (benchmark) star most widely used to calibrate and evaluate
analyses of stellar spectra. The Sun represents, however, only a fraction of spectral-types (G-
type) of stars in our Galaxy. To understand how to develop atmospheric models, parametrisation
pipelines of stellar spectroscopic surveys, and therefore proper stellar spectral libraries, we need

∗email: pjofre@ast.cam.ac.uk
†email: ulrike.heiter@physics.uu.se

VLTI in the 2020s: 
 

•  Homogeneous FGK 
benchmarks 

•  GRAVITY: Brown dwarf 
•  GRAVITY: Metal poor giants in 

neighbouring glob clusters 
•  GRAVITY/Matisse binaries: 

Evolutionary tracks calibration 

Going forward: 
•  G. Chabrier’s talk 
•  Synergy with asteroseismology 
•  CHEOPS/PLATO 
•  Age determination 
•  Instrumentation performance 

probably too limited for real 
breakthrough 

2 Jofré et al.

more benchmark stars representing FGK stars of various metallicities which are so important for
galactic studies.

Our aim is to define such a set of benchmark stars and provide homogeneous parameters
for them whose determination is well documented. These stars have been chosen several years
ago to be the pillars of the calibration of the parameters that will be derived for one billion stars
by Gaia. Observations on the NARVAL instrument in France and HARPS instrument in Chile
have been conducted in the past years for that purpose. We encourage to use these stars as part
of any strategy to calibrate, evaluate, and homogenise different methods and databases, such
as the Gaia-ESO Survey (Gilmore et al. 2012) is doing with its current ∼15000 observations.
This work on the Gaia Benchmark Stars will be fully described in three different articles. The
first one (Heiter et al. 2013, Paper I) explains the selection criteria of Benchmark Stars and
the determination of the effective temperature (Teff) and surface gravity (logg). The second one
(Blanco-Cuaresma et al. 2013, Paper II) introduces our spectral librarie of Benchmark Stars. The
third one (Jofré et al. 2013, Paper III) consists of a detailed spectral analysis of this library in
order to define a metallicity scale ([Fe/H]) for these stars.

Here we present a summary of this work, we also discuss the implications of the uncertainties
and finally we give a general comparison of our parameters to previous parameters found in the
literature.

2. Determination of Atmospheric Parameters

The key aspect of the Gaia Benchmark Stars is that the stellar parameters Teff and log g are
determined using fundamental relations, that means, independently from the spectra. For a star
to be one of our benchmarks, we need to know, a priori, its radius, its bolometric flux and its
distance. Additionally, it must be bright enough to obtain very high signal-to-noise and high
resolution spectra. Our first set of stars consists of 34 Hipparcos stars and covers a wide range
of stellar parameters. The list of stars with their basic properties, together with their atmospheric
parameters is in Table 1.

2.1 Effective temperature

The effective temperature is determined from the Stefan-Boltzmann relation

Fbol = σ(0.5θLD)2Teff4 (1)

where Fbol is the bolometric flux, θLD is the angular diameter of the star, and σ is the Stefan-
Bolzmann constant. About 70% of the stars have a direct measurement of their radius via in-
terferometry, while the rest has radii using calibrations, such as infrared spectrophotometry and
photometric surface-brightness relations. The bolometric flux is also determined only for half of
the stars directly from the integration of the flux over the whole spectrum. For the rest, photo-

Jofré++ 2014  

The key aspect of the Gaia Benchmark Stars is that the stellar 
parameters T

eff 
and logg are determined using fundamental 

relations, that means, independently from the spectra… 
 
About 70% of the stars have a direct measurement of their radius 
via in- terferometry, while the rest has radii using calibrations, such 
as infrared spectrophotometry and photometric surface-brightness 
relations.  

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.
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ESO in the 2020s 

Star/planet formation 

Gijs D. Mulders et al.: Planet or Brown Dwarf?

Fig. 6. Surface density around a 60 Jupiter mass planet in a vis-
cous (α = 2 × 10−2) disk after 104 orbits, with and without ac-
cretion onto the planet (dotted and solid gray line, respectively).
The solid black line is the analytical fit using equation 1 with
parameters that also fit the MIDI data (w = 0.36). The dashed
line denotes rexp, the radius where the surface density starts to
deviate from a power law.

edge, to avoid the region where the spiral wake hits this edge and
local boundary effects may be important.

This function fits the surface density profiles to an accuracy
of about 10%. An example is shown in figure 6. The main devi-
ations come from transient features at small spatial scales, while
the overall shape is generally well produced. Note that we do not
use the results of the hydrodynamical simulation inside the plan-
ets orbit, and instead assume this region is empty as indicated by
our radiative transfer model, see Section 5.2 for a discussion on
the gap width.

In addition, we measure the depth of the gap by taking the
minimum value of the density with respect to the unperturbed
density (Σouter r−1). Note that this is only a lower limit to the
real depth of the gap: material that is corotating with the planet
or orbiting around it creates a surface density spike at the lo-
cation of the planet. If planetary accretion is turned on , using
the maximum accretion efficiency following the prescription of
Kley (1999), the spike disappears and the gap becomes deeper,
typically by a factor of 2, though the shape of the disk wall at the
far end of the gap does not change significantly, as shown by the
dotted line in figure 6.

4.4. Results

The results of our parameter study are presented in figure 7,
showing the width over which the surface density in the disk
wall is rounded off (w from equation 1) as a function of planet
mass and disk viscosity. A global trend is visible, where lower
planet masses and disk viscosities produce more vertical walls
(w ∼ 0.2), whereas rounder walls are found at higher values
(w ∼ 0.35). This trend can be understood from a balance be-
tween viscous spreading and planetary torques: a high viscosity
makes material flow inward smoothing the surface density pro-
file, while a heavier planet mass allows the torques to act over
a wider range, allowing for a shallower profile. However, for in-
termediate shapes there is no linear trend (w ∼ 0.25...0.3).

There is an additional observational constraint on the surface
density profile, namely the depth of the gap (Tatulli et al. 2011).

Fig. 7. Shape of the disk wall as function of planet mass and
disk viscosity. Solid contours and colors denote fitting param-
eter w from equation 1, which is w ∼0.33...0.40 for our best-fit
radiative transfer models. The dashed line denotes a gap depth of
10−3. In the region below, the gap is deep enough to be consistent
with the observed visibilities. Blue colors indicate rounder walls,
red colors more vertical walls. The triangles indicate the models
used for iterating on the pressure profile (See section 5.3). The
white regions contain models that neither converged nor finished
105 orbits due to excessive computing time.

If the gap is not deep enough, its emission will fill the gap in
the SED around 8 micron and will over predict all visibilities.
Because the inner disk is already depleted by a factor of a hun-
dred, the gap needs to be depleted by about a factor of about ten
more (See figure 2), depending on the dust opacities. This min-
imum gap depth is shown with the dashed line in figure 7, and
only models below this line have gaps that are deep enough. It
shows that the disk viscosity is a crucial parameter in opening a
disk gap: a Jupiter mass planet may open a deep gap in an invis-
cid disk, but for the most viscous disks it requires a 80 Jupiter
mass planet to keep the gap deep enough. In general, we find
that the planet mass needs to be scaled with the square root of
viscosity to achieve a given gap depth.

There are two regions in this diagram which have a wall
shape consistent with our observations, w ∼ 0.33...0.40. One
region lies at low planetary masses (< 5MJup) and high viscosi-
ties (α > 2 × 10−2). Although consistent with the planet mass
estimate of Tatulli et al. (2011), the higher viscosity acts against
gap opening, and these gaps are nowhere near deep enough to be
consistent with observations, even if the planet would be allowed
to accrete. Another region lies at very high masses (30...80MJup)
and moderately high viscosities (α = 5 × 10−3 ... 5 × 10−2),
which seems consistent with the observed gap depth, and puts
the planet between 8 and 10 AU. Our best fit-model has a planet
of 60 MJup at 10 AU and a viscosity of α = 2 × 10−2, and is
shown in figure 6. The dependence of these results on the as-
sumed temperature profile is discussed in Section 5.3.

These estimates of α are consistent with that of
Mulders et al. (2013), who also find a high turbulent mixing
strength of αturb > 0.01 by looking at the degree of dust settling
in the disk wall.
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Fig. 6. Spectroscopic, spectro-interferometric, and photometric data for MWC297 (similar to Fig. 3).
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2000 2100 2200 2300 2400
Wavelength (nm)

0.0

0.5

1.0

1.5
N

or
m

al
iz

ed
 fl

ux

R Cnc
VLTI/AMBER

M11n
C50/378680

12C16O
2-0

12C16O
3-1

12C16O
4-2

12C16O
5-3

12C16O
6-4

13C16O
5-3

COH2O

2100 2200 2300 2400
Wavelength (nm)

0.0001

0.0010

0.0100

0.1000

1.0000

10.0000

Sq
ua

re
d 

vi
sib

ili
ty

 a
m

pl
itu

de R Cnc
VLTI/AMBER
E0-G0-H0

UD (Θ2.25µm=13.17 mas)
M11n (ΘRoss=12.43 mas)
C50/378680 (ΘRoss=12.24 mas)

2000 2100 2200 2300 2400
Wavelength (nm)

0

50

100

150

200

Cl
os

ur
e 

ph
as

e 
(d

eg
)

R Cnc
VLTI/AMBER
E0-G0-H0

12C16O
2-0

12C16O
3-1

12C16O
4-2

12C16O
5-3

12C16O
6-4

13C16O
5-3

COH2O

2000 2100 2200 2300 2400
Wavelength (nm)

10

12

14

16

18

20

22

U
ni

fo
rm

 d
isk

 d
ia

m
et

er
 (m

as
)

0.8

1.0

1.2

1.4

1.6

N
or

m
al

iz
ed

 U
D

 d
ia

m
et

er

R Cnc
VLTI/AMBER
E0-G0-H0

M11n (ΘRoss=12.43 mas)
C50/378680 (ΘRoss=12.24 mas)

12C16O
2-0

12C16O
3-1

12C16O
4-2

12C16O
5-3

12C16O
6-4

13C16O
5-3

COH2O

Fig. 1. R Cnc flux, squared visibility amplitude, closure phase,
and UD diameter (from top to bottom) as a function of wave-
length. Data of the remaining three targets are shown in Fig.
2 of the electronic version. The wavelength range is 1.92–
2.47µm (MR21 mode: 1.92–2.26µm, MR23 mode: range 2.12–
2.47µm). The modes overlap in the region 2.12–2.26µm, where
the two lines appear as one thicker line. The thick vertical lines
denote the errors averaged over three wavelength intervals. The
blue lines show a comparison to the best fitting model of the P/M
model atmosphere series (Ireland et al. 2004a, 2004b), and the
red lines the best fitting model of the new CODEX series (Ireland
et al. 2008, 2011). The dashed line shows a uniform disk curve
fitted to the 2.25µm near-continuum bandpass.

opacity is large, by up to ∼ 30%. The CO bandheads between
2.29µm and 2.48µm are clearly visible for all targets with an
increase in the UD diameter by up to ∼ 70%.

The best-fit models of the P/M and CODEX model series pre-
dict visibility and UD curves that are consistent with the obser-
vations. Here, the newly available models of the CODEX series
provide a closer agreement with the data than the P/M series, at
both the locations of the CO bandheads, which may be expected
because of the newly introduced opacity sampling method and
their higher spectral resolution, and in terms of the overall shape
of the curve. The latter may be explained by the availability of
more model series with additional parent star parameters and
with an increased phase coverage per series. The AMBER flux
curves are consistent with those of the dynamic model atmo-
sphere series. In addition, the pulsation phases of the best-fit
CODEX models are consistent with the observed visual phases,
and their effective temperature is consistent with that derived
from the fitted angular Rosseland-mean diameter and the bolo-
metric flux. Furthermore, the distances obtained from the fitted
angular diameter and the model radius are consistent with those
derived from the measured apparent bolometric magnitude and
the model luminosity, as well as with the period-luminosity dis-
tance from Whitelock et al. (2008, cf. Table 3) within 1–3σ.

The closure phase functions of our targets exhibit significant
wavelength-dependent non-zero values at all wavelengths. Non-
zero values of the closure phase are indicative of deviations from
point symmetry, here along the projected intensity profile onto
the orientation of the position angle given in Table 1. The consis-
tency of the visibility amplitudes with spherical models and the
closure phase deviation being more significant for targets that
are well-resolved indicates that the deviation from point sym-
metry originates from sub-structure at a relatively low flux level
of an overall spherical intensity distribution. The strongest clo-
sure phase signal is obtained for the most clearly resolved target
R Cnc. It differs strongly from point-symmetry in the H2O band
at 2.0 µm with a value of 110◦ ± 4◦. At the continuum bandpass
at 2.25µm, the closure phase value is closer to 0 with a value
of 45◦ ± 5◦. Towards longer wavelengths (CO band), the aver-
age value is 153◦ ± 4◦, with values up to 165◦ in the bandheads,
and thus close to a 180◦ symmetric value. As an illustration, the
R Cnc closure phase value in the H2O band can be caused by
the addition of an unresolved (up to ∼ 3 mas diameter) spot to a
circular disk, contributing up to ∼ 3% of the total flux, i.e. cor-
responding to the level of the visibility departures between data
and spherical models, at a separation of ∼ 4 mas.

4. Discussion
The four Mira variables of our sample exhibit consistent char-
acteristic wavelength dependences of the visibility and conse-
quently the corresponding uniform disk diameter that are con-
sistent with those of earlier low-resolution AMBER data of the
Mira variable S Ori and the predictions of the P/M and CODEX
dynamic model atmosphere series. Here, the newly available
CODEX series provides a closer agreement with the data than
the earlier P/M series. This result confirms that the wavelength-
dependent angular diameter is caused by the atmospheric molec-
ular layers, here most importantly H2O and CO, as they are
naturally included in the dynamic model atmosphere series.
Concurrent JHKL photometry obtained at the SAAO was used
to derive Teff based on the integrated bolometric flux and the fit-
ted Rosseland-mean angular diameter. Parameters of the best-fit
model atmospheres, such as visual phase, effective temperature,
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Fig. 5. Parametric model of the data involving a uniform ellipse for the continuum (left, the size of the major axis is 4.9 mas, other parameters can
be found in Table 1) and a “skewed ring” that account for both dispersed visibilities and differential phases (other panels, the continuum ellipse
is not shown but taken into account in the calculations). The labels are expressed in km s−1. The images at each velocity channel are normalized
and do not reflect the relative fluxes in the different velocity channels. The number of images shown is limited: there are about 80 visibility
measurements in the Brγ line and 35 independent spectral channels.

Fig. 6. Sketch of the near-IR ellipses extensions compared with the ra-
dio structure observed at t = 13.8 d (thick extended ring, O’Brien et al.
2006). The continuum ellipse is delimited by the solid line, the ellipse
that corresponds to the core of Brγ by the dotted line and the one cor-
responding to the core of HeI by the dashed line. The small dotted line
delimit the Brγ ellipse scaled at t = 13.8 d. North is up, East left.

down to 6.8 mas at t = 5.5 d. This value is close to the Brγ line
extension, and is smaller than the HeI one. On the one hand,
the expansion velocity |vexp| of the radio ring was determined
precisely to 1730 kms−1 from North-South flux slices (O’Brien
et al. 2006, Fig. 2). This value is within the range of radial ve-
locities of our “slow” velocity field |vrad|2. One the other hand,
the radio flux seen at t = 13.8 day is a simple structure located in
the equatorial plane of the system: the fact that we see the “fast”
velocity field in the Brγ line implies that the interferometer sees
a more complex structure projected on the sky not limited by the
equatorial emission. This is probably also true for the continuum
emission (Evans et al. 1988, 2006). In the frame of the ejection
model from O’Brien et al. this means that both the equatorial
waist and the bipolar lobes may contribute to the shape inferred
from AMBER data result. As a consequence, it is not surprising
that the global shape and position angle of the near-IR source
seen by AMBER differ from the radio one.

The radio ring is rather clumpy and dominated by a few
bright structures. In particular, the direction of the brightest
2 Note that if the velocity field was purely in the equatorial

plane, then the maximum radial velocity observable should be around
1400 km s1. This is in agreement with the radial position of the peaks of
the S-shape differential phase ranging from 600 to 1500 km s1 tracing
the bulk of the emission from this structure (cf. Sect. 3).

radio clumps (PA ∼ 110–150◦) coincides with the direction of
our correspondingly more flattened K band continuum, Brγ and
HeI structures. The origin of such an asymmetry could tenta-
tively be questioned as the effect of particular configuration of
the WD and the RG at the moment of outburst. However, based
on the ephemeris of Fekel et al. and assuming a line of nodes at
PA ∼ 177◦ (Taylor et al. 1989; O’Brien et al. 2006), the position
of the red giant should be close to PA ∼ 150–170 at phase 0.97.
It is obvious that at least a strong perturbation of the flow at t =
5.5 d is encountered near the red giant photosphere that has po-
tential effects, especially in the near-IR. The WD-RG separation
is typically 1 mas (assuming D = 1.6 kpc), and the red giant di-
ameter 0.4 mas: seen from the ejection center, the covered angle
is about 15–30◦. At t = 5.5 d, the K band emitting ejecta spanned
about 2 times the WD-RG distance and probably kept a strong
signature of the perturbation by the RG, which should eventually
dilute as the ejecta expand. This signature may also be imprinted
in the earliest high resolution radio images. Finally, the E-W di-
rection of the fast Brγ emitting regions seen with our differential
phase coincides with the direction of the jet-like structure devel-
oping in radio images at day 21.5 and after, but the near-IR radial
velocities are about two times slower than the apparent motion
of the structure in the radio.

7. Conclusion
We have reported the early near-IR AMBER interferometric ob-
servation of the outburst of RS Oph, a spectrally impressive but
spatially limited dataset from the point of view of image recon-
struction. These observations performed 5.5 days after the out-
burst provided an estimation of the extent of the continuum, Brγ
and He I 2.06 µm forming regions and some physical constraints
on the ejection process as seen in the near-IR. The global picture
that emerges in view of the consistency between the shape of
the continuum and line forming regions, despite various phys-
ical process at their origin, is a non-spherical fireball at high-
velocity expansion. Our results represent a good complement of
the extensive radio, infrared and X-ray observations.

In order to study carefully fast evolving events like nova, su-
pernovae, and other kinds of outbursting sources, we have shown
that it is critical that spectral and imaging capabilities must be
available simultaneously. The uv coverage has to be such that
a good picture of the ejection must be recorded in one-two nights
at most and a minimum spectral resolution is mandatory to, at
least, isolate the line signal from the continuum one. This diffi-
cult task can potentially be achieved with the current capabilities
of the AMBER instrument, but it fits more easily the goals of the
second generation NIR and MIR VLTI instruments under study,
able to recombine light from at least 4 telescopes.

The near-IR picture of RS Oph evolves in a complex way:
it is a mix of increasingly extended ejecta emitting a continuum

Chesneau++2007 

Groh in prep 

Wittkowski++2013 

Freytag 2014 
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AGN 

Fig. 7. Image of the No. 1 (Left) and No 2. (Right) best three component models for the mid-infrared emission at 12.0 µm of the nuclear region
of NGC 1068. The image was scaled using the square root of the brightness. Center) Comparison between our first best model and the 12.5 µm
image of Bock et al. (2000), taken with the 10m Keck telescope. The dashed circles represent the FWHM of the field of view for MIDI using the
UTs (blue) or the ATs (orange). The letters indicate the positions of the [OIII] clouds according to Evans et al. (1991)

decreases as r−γ, with r being the distance from the center of the
1st component and γ ≈ 1.

6.2. The Tongue

Single dish mid-infrared images of NGC 1068 display a pri-
marily N-S elongation dominated by a specific feature which
Bock et al. (2000) have named as the ’Tongue’. This coincides
with the regions IR-1/1b seen by Gratadour et al. (2006) in short
wavelength infrared single dish images, and component C in
the VLBA radio maps of Gallimore et al. (2004). This region
extends to the north of the core, bends to the west about 0.2"
above the core and then to the east. It seems to be associated
with part of the [OIII] emission (Evans et al. 1991) and the ra-
dio continuum emission (Gallimore et al. 1996). According to
Galliano et al. (2005), the Tongue region (identified as the NE1)
has a flux of 11.2±2 Jy at 12.8 µm and is thus the second bright-
est mid-infrared region in NGC 1068 after the core region. Be-
cause at least part of this feature lies within the AT/VLTI field
of view, we need to explore its relationship to our measurements
and models. The 1.8 m diameter ATs have a field of view (FOV)
of radius ∼ 1.14 arcsec at 12 µm while the 8m UTs have a FOV
of ∼ 250 mas. From the images in Galliano et al. (2005) and
Poncelet et al. (2007) we estimate the NE1 component to be 400
- 500 mas from the core. The existence of NE1 within our FOV
raises two questions: (1) is component 3 in our model fits in fact
identical with NE1, but incorrectly positioned due to our limited
(u, v) coverage and (2) even if component 3 is distinct fromNE1,
do our observations place useful constraints on the morphology
of NE1?

We have investigated whether positions of component 3 near
NE1 are consistent with our AT data. There are in fact such solu-
tions, but we have discarded them as unphysical because (1) the
3rd component then requires very large temperatures (> 800K)
to fit the short baseline spectra and (2) the total flux of such a 3rd
component exceeds the values reported by Galliano et al. (2005)
and also the ones reported by Poncelet et al. (2008) at the two
closest northern quadrants (3.4 Jy, 4.8 Jy and 7.5 Jy at 9.0 µm,
10.8 µm and 12.8 µm for their 1NO region and 1.2 Jy, 1.8 Jy
and 3.1 Jy at the same wavelengths for the 2NO region). Evi-

dence in favor of the existence of a near-in 3rd component is that
the first two interferometric components do not provide the large
flux (25 Jy) measured by these authors inside the 0.6” diameter
central aperture.

We conclude that a 3rd component < 100 mas from the core
is necessary to fit the spectra at the shortest projected baselines.
We now investigate whether if a new extra component at the po-
sition of the Tongue could improve the fits. To avoid adding an
excessive number of degrees of freedom to our model we have
fixed a priori several of gaussian parameters of the fourth com-
ponent. From the flux values reported by Poncelet et al. (2008)
we think it is reasonable to fix the temperature of this component
to 300 K with a very small optical depth and place it 400 mas to
the north of the hot core. From the mid-infrared images reported
by Bock et al. (2000) we fix the PA of the emission region to ∼
-40◦. We allow the modelling routines to fit the major and mi-
nor axes, and adjust the scale factor of this component to fit the
single dish fluxes. We found that including this 4th component
with these characteristics does not improve the fits. A compo-
nent with a large offset (more than 100 mas) and with similar or
smaller size than our component 3 would produce phase steps in
the 8 - 13 µm region that are not observed in the data. In fact the
existence of this component is consistent with the short baseline
data only if it is so large as to be essentially resolved out by the
interferometer. This places lower limits of ∼ 160 mas and ∼ 200
mas for the minor and major axis respectively.

6.3. Cross-identification of the components

Previous single dish observations (Bock et al. 2000) have clearly
revealed an elongated region of the mid infrared emission which
extends up to 1" to the north but their resolution was not suffi-
cient to resolve the central emission of the core. From our inter-
ferometric observations we inferred that the emission of the core
can be divided into two distinct regions: one consistent of a hot
emission surrounded by warm dust (1st and 2nd components)
and a large warm diffuse region approximately 100 mas (∼ 7 pc)
away from the other. We do not have absolute astrometric infor-
mation about these components and cannot identify one with the
nucleus without further assumptions.
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The case for simultaneous multi-
wavelength coverage (iShooter) 

From photosphere to dust processing: simultaneously 
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Figure 1
Pictogram of the structure and spatial scales of a protoplanetary disk. Note that the radial scale on the x-axis is not linear. Above the
pictogram shows which techniques can spatially resolve which scales. Below shows which kind of emission arises from which parts of
the disk.
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