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

• Imaging (parametric, true)
• Narrow Angle Astrometry
ESO in the 2020s

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

Second generation instruments
GRAVITY

MATISSE

4 telescopes (UT-AT), K band,
Rspec up to 4000: Imaging & NA.
Astrometry
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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 developing 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 observatory, 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 demonstrated in three technical runs at the VLTI.
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answer with GRAVITY: What is the nature
of a BH? How can we resolve the “Paradox 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

presence of jets in active galactic nuclei.
draw statistically sound conclusions.
The
orbiting hot-spot model would be a
natural explanation for the observed
quasi-periodicity in the light curves of

beginning with the broad range of science opportunities that have opened up
at the Galactic Centre of the Milky Way.
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have “no hair”?

The Galactic Centre BH is surprisingly
faint — its average luminosity is only
about 10 –8 of the Eddington luminosity,
emitted predominantly at radio to submm wavelengths. On top of this quasisteady component there is variable emission in the X-ray and IR bands. Some

Radio
contiuum

about one to two hours, and reaching the

suggests a geometrically thick torus. Ob serving at NIR wavelengths, GRAVITY will
image the inner edge of
the absorber, putting
strong constraints on
the absorber geometry.

responsible for the observed variability.
Time-resolved astrometric measurements
with GRAVITY will settle the debate
(Eckart et al., 2010). Even without pushing GRAVITY to its ultimate performance,
tions and its periodic variation will distinguish between these models.

Measuring spin and inclination of the
Galactic Centre black hole

Gravity

Angular resolution: ~ 10 mas @ N
21
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VLTI as a phased array

ESO in the 2020s
typically a few times per day, lasting for

Figure 7. A sketch of
the prototypical active
galactic nucleus of
NGC 1068 (from Raban
et al., 2009). The gaseous structures and
dust emission on the
scale of the putative
torus appear disc-like,

The Messenger 143 – March 2011

polarisation. However, the long-term light
curves are well described by a pure, red
power-law noise, indicating that statistical
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In the following sections the science

a = 0.5
M = 4 × 10 6 M!

six baselines simultaneously, GRAVITY
will image the inner edge of the torus with
unprecedented quality, where the dust
0
is close
to the sublimation limit. GRAVITY
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will thus put strong constraints
on the
Time (min)
absorber models. These models are very
Mid-infrared
much inspired by the observations of
continuum
NGC 1068, but the few active galactic
nuclei with interferometric observations
show
a
puzzling
variance.
GRAVITY
will
The jet model seems natural from the

Angular resolution: ~ 2 mas @ K

Science cases for GRAVITY
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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 milliarcseconds (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 relativistic 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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from the observer’s view or not. The
direct proof that this absorber is really a
torus,
15 rather than another structure, is
still pending. Indeed most resolved gaseous structures on the putative scale
of the torus appear more disc-like, for
10
example
the maser disc, the radio continuum emission and the mid-IR emission
of the prototypical active galactic nuclei
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photo-centre orbit is dominated by general relativis–5
tic effects (lower left, from Paumard et al. 2008), and
GRAVITY will thus directly probe spacetime close to
the–10
event horizon. The combination of time-resolved
astrometry (lower middle) and photometry (lower
right, from Hamaus et al., 2008) will also allow the
10 of the5BH to be
0 measured.
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–10
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Figure
4.
10
(upper three panels); probing spacetime close to the
black hole event horizon (lower left); and measuring
its spin
5 and inclination (two lower right panels).
GRAVITY will easily distinguish between the three

4

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

VLTI in the 2020s
" Wide variety of stellar physics/AGN pending questions
" Connecting astrophysical scales ( Instrumental synergies)
" Developing surveys
" Expand User base
0
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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) chemistry, 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 unresolved central ellipse, dominated by emission from dust, (e.g.
Lipscy et al. 2005; Kamiński et al. 2013). Strong OH, SiO, and
22 GHz H2 O 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 H2 O masers are located 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 H2 O maser lines
can emanate from conditions found at both sides of the dust formation 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 condiESO
in the
2020s
tions similar
to SiO
masers
(Hunter et al. 2007). More details
of these transitions are given in Table A.1. We present ALMA
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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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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 (?)

ESO in the 2020s

Keywords from previous days
Bizarro, Alibert, Longmore, Chabrier, Humphreys, Eisenhauer,Hoenig,
Richards
Star/planet formation
Evolved stars:
" High mass star formation
" Dust production
" Low-mass star formation
" Pulsation/Convection/Shocks
" Disk
" Winds
" Exoplanet
" Chemistry
" Mass loss (outflows wind, jets)
Milky way:
" Dust processing
" Black hole
" Accretion-ejection
" Accretion disk
Stellar physics:
" Star formation
" Fundamental parameters
Extragalactic
" Rotation/Convection/Pulsation
" 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?
ESO in the 2020s

" Unveil the nature of

exoplanets
" Understand SMBH

interaction with host
galaxy?
" How do progenitors of

supernovae work?
" Understand Gravity

Fundamental stellar parameters

erature

Bull. Astr. Soc. India (2012) 00, 1–??
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Gaia FGK Benchmark Stars and their reference parameters

ature is determined from the Stefan-Boltzmann relation
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Abstract. In this article we summarise on-going work on the so-called Gaia FGK
The key aspect of the
GaiaStars.Benchmark
is that
stellar
Benchmark
This work consists of Stars
the determination
of theirthe
atmospheric
parameters and of the construction of a high-resolution spectral library. The definition of
parameters T andsuch
logg
are
determined
using
fundamental
a set of reference stars has become crucial in the current era of large spectroLDscopicindependently
surveys. Only with homogeneous
and the
well documented
stellar parameters can
relations, thateff
means,
from
spectra…
one exploit these surveys consistently and understand the structure and history of the

Homogeneous FGK
benchmarks
GRAVITY: Brown dwarf
GRAVITY: Metal poor giants in
neighbouring glob clusters
GRAVITY/Matisse binaries:
Evolutionary tracks calibration

(1)

lometric flux, θ is the angular diameter of the star,
and σ is the Stefan•
About 70% of the stars have a direct measurement of their radius via inAbout 70% of the stars have a direct measurement of their radius
he rest
has
radii using
such as such
infrared spectrophotometry and
via interferometry,
while the calibrations,
rest has radii using calibrations,
as infrared spectrophotometry and photometric surface-brightness
brightness
relations. relations. The bolometric flux is also determined only for half of
Going forward:
m the integration of the flux over the whole spectrum.
For
the rest, photo• G. Chabrier’s talk
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 population 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.

Sana++ 2014

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 (Gtype) 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:
† email:

pjofre@ast.cam.ac.uk
ulrike.heiter@physics.uu.se

ESO inFig.the
7.—2020s
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.

•
•
•
•

Synergy with asteroseismology
CHEOPS/PLATO
Age determination
Instrumentation performance
probably too limited for real
breakthrough

Star/planet
formation
Inner rim- Dust sublimation
Disk structure
Dust processing

Leinert ++ 2004
Van Boekel ++ 2003

VLTI in the 2020s:
Generalizing the studies of disks with
AU resolution (morphology,
kinematics constraints)
• GRAVITY: resolving the structure of
wind, jets;
• MATISSE:
• dust distribution, processing
• Solid: Silicate, PAHs, H2O(ice)
Fig. 6. Spectroscopic, spectro-interferometric, and photometric data for MWC 297 (similar to Fig. 3).
• hot disk gas kinematics (CO,
Bralpha,Pfd,Pfg, H20)
• planet formation signposts
• MATISSE + GRAVITY: structure of
the dusty disk – wind disk connection
– Multiplicity – Massive star formation
Malbet ++ 2007
Kraus++ 2008
Tatulli++2008
Benisty++ 2010

•

Planet formation signposts

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

•

•
Fig. 7. ++
Shape 2014
of the disk wall as function of planet mass and
Mulders
disk viscosity. Solid contours and colors denote fitting param-

mass planet in a viswith and without acay line, respectively).
sing equation 1 with
= 0.36). The dashed
face density starts to

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

ESO in the 2020s

Kraus++ 200
Boley++ 2013

Winds/Accretion

Going forward:
VLTI imaging power interesting but
limited to the 2020s (angular
resolution)
Resolving planets forming in disks:
PLANET FORMATION IMAGER

Normalized flux
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R Cnc
VLTI/AMBER

M11n
C50/378680

2.29 µm and 2.48 µm 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 predict visibility and UD curves that are consistent with the observations. 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 atmosphere 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 bolometric 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 distance from Whitelock et al. (2008, cf. Table 3) within 1–3 σ.
The closure phase functions of our targets exhibit significant
wavelength-dependent non-zero values at all wavelengths. Nonzero 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 consistency 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 symmetry originates from sub-structure at a relatively low flux level
of an overall spherical intensity distribution. The strongest closure phase signal is obtained for the most clearly resolved target
R Cnc. It diﬀers strongly from point-symmetry in the H2 O band
at 2.0 µm with a value of 110◦ ± 4◦ . At the continuum bandpass
at 2.25 µm, the closure phase value is closer to 0 with a value
of 45◦ ± 5◦ . Towards longer wavelengths (CO band), the average value is 153◦ ± 4◦ , with values up to 165◦ in the bandheads,
and thus close to a 180◦ symmetric value. As an illustration, the
!the H2 O band can be caused by
R Cnc closure phase value in
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. corresponding to the level of the visibility departures between data
and spherical models, at a separation of ∼ 4 mas.

1.0

O. Chesneau et al.: AMBER/VLTI observations of the outburst of RS Oph
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Fig. 6. Sketch of the near-IR ellipses extensions compared with the radio 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 corresponding 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 |v exp | of the radio ring was determined
precisely to 1730 km s −1 from North-South flux slices (O’Brien
et al. 2006, Fig. 2). This value is within the range of radial velocities of our “slow” velocity field |v rad |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).

4. Discussion

−5

Fig. 1. R Cnc flux, squared
10 visibility amplitude, closure phase,
and UD diameter (from top to bottom) as a function of wavelength. Data of the remaining three targets are shown in Fig.
2 of the electronic version. The wavelength range is 1.92–
2.47 µm (MR21 mode: 1.92–2.26
µm, MR23 mode: range 2.12–
5
2.47 µm). The modes overlap in the region 2.12–2.26 µm, where
the two lines appear as one thicker line. The thick vertical lines
denote the errors averaged over three wavelength intervals. The
0 to the best fitting model of the P/M
blue lines show a comparison
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
−5
fitted to the 2.25 µm near-continuum
bandpass.

The four Mira variables of our sample exhibit consistent characteristic wavelength dependences of the visibility and consequently−10
the corresponding uniform disk diameter that are consistent 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 wavelengthdependent angular diameter is caused by the atmospheric molecular layers, here most importantly H2 O and CO, as they are
naturally included in the dynamic model atmosphere series.
Concurrent JHKL photometry obtained at the SAAO was used
to derive T eﬀ based on the integrated bolometric flux and the fitted Rosseland-mean angular diameter. Parameters of the best-fit −10
10
model atmospheres, such as visual phase, eﬀective temperature,

Freytag 2014
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Paladini in prep

We have reported the early near-IR AMBER interferometric observation of the outburst of RS Oph, a spectrally impressive but
spatially limited dataset from the point of view of image reconstruction. These observations performed 5.5 days after the outburst 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 physical process at their origin, is a non-spherical fireball at highvelocity 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, supernovae, 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 diﬃcult 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

•
•
•
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7. Conclusion

Groh in prep
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Main application of image
reconstruction
Disentangling molecular lines,
continuum (high spectral
resolution)
Temporal evolution: kinematic
processes
Novae monitoring fireball
expansion – shocks – dust
formation
Dust/photosphere connexion
(mid-IR => visible)
Connecting spatial scales
Challenging 3D hydrodynamics
modelling
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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 tentatively 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 potential eﬀects, especially in the near-IR. The WD-RG separation
is typically 1 mas (assuming D = 1.6 kpc), and the red giant diameter 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 direction of the fast Brγ emitting regions seen with our diﬀerential
phase coincides with the direction of the jet-like structure developing 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.

VLTI in the 2020s:

R

Normalized UD diameter

Closure phase (deg)

200

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.
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Figure 1
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the disk.
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