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than three electrons with their prototype 

detector array (see image in Figure 3). 

Based on this success, ESO and SELEX–

Galileo are currently devel oping a next 

generation detector, which is tuned to 

GRAVITY’s wavefront sensor and fringe 

tracker. Another example of a major 

breakthrough is in GRAVITY’s laser 

metrology. It is based on a novel concept, 

and traces the starlight through the ob -

servatory, to allow the optical path to be 

measured at any desired point of the pupil 

up to the primary mirror. This concept  

and its implementation have been demon-

strated in three technical runs at the VLTI.

Science cases for GRAVITY

In the following sections the science 

B@RDR�ENQ�&1 5(38�@QD�AQHDkX�NTSKHMDC��
beginning with the broad range of sci-

ence opportunities that have opened up 

at the Galactic Centre of the Milky Way. 

The Galactic Centre is by far the closest 

galactic nucleus and the best studied 

SMBH (Genzel et al., 2010). There are still 

a number of fundamental open issues 

and just to name a few that we want to 

answer with GRAVITY: What is the nature 

NE�SGD�k@QDR�HM�2FQ� 	��6G@S�HR�SGD�ROHM� 
of a BH? How can we resolve the “Para-

dox of Youth” of the stars in its vicinity? 

Even tests of fundamental physics may 

come into reach with GRAVITY: Does the 

theory of general relativity hold in the 

RSQNMF�jDKC�@QNTMC�2,!'R��#N�!'R�QD��@KKX�
have “no hair”? 

4MBNUDQHMF�SGD�SQTD�M@STQD�NE�SGD�2FQ 	�
k@QDR

The Galactic Centre BH is surprisingly 

faint — its average luminosity is only 

about 10–8 of the Eddington luminosity, 

emitted predominantly at radio to sub-

mm wavelengths. On top of this quasi-

steady component there is variable emis-

sion in the X-ray and IR bands. Some  

NE�SGHR�U@QH@AKD�DLHRRHNM�BNLDR�@R�k@QDR��
typically a few times per day, lasting for 

about one to two hours, and reaching the 

brightness of massive main-sequence 

stars. The three most plausible explana-

SHNMR�ENQ�SGD�NQHFHM�NE�SGDRD�k@QDR�@QD�� 
a jet with clumps of ejected material; hot 

RONSR�NQAHSHMF�@�!'��NQ�RS@SHRSHB@K�kTB�

ST@SHNMR�HM�SGD�@BBQDSHNM�kNV��%HFTQD����
The jet model seems natural from the 

presence of jets in active galactic nuclei. 

The orbiting hot-spot model would be a 

natural explanation for the observed 

quasi-periodicity in the light curves of 

k@QDR�@MC�@RRNBH@SDC�BG@MFDR�NE�SGD�(1�
polarisation. However, the long-term light 

curves are well described by a pure, red 

power-law noise, indicating that statistical 

kTB�ST@SHNMR�HM�SGD�@BBQDSHNM�kNV�@QD�
responsible for the observed variability. 

Time-resolved astrometric measurements 

with GRAVITY will settle the debate 

 (Eckart et al., 2010). Even without push-

ing GRAVITY to its ultimate performance, 

SGD�NARDQUDC�CHRSQHATSHNM�NE�k@QD�ONRH-
tions and its  periodic variation will distin-

guish between these models.

Measuring spin and inclination of the 

Galactic Centre black hole

The mass of the Galactic Centre BH is 

well known from stellar orbits. If the cur-

rently favoured orbiting hot-spot model  

is correct, GRAVITY will take the next 

step and measure its spin and inclination. 

Figure 4.�4MBNUDQHMF�SGD�SQTD�M@STQD�NE�2FQ� 	�k@QDR�
(upper three panels); probing spacetime close to the 

black hole event horizon (lower left); and measuring 

its spin and inclination (two lower right panels). 

GRAVITY will easily distinguish between the three 

LNRS�OK@TRHAKD�k@QD�RBDM@QHNR��@�IDS��KDES���@M�NQAHSHMF�
GNS�RONS��LHCCKD��@MC�RS@SHRSHB@K�kTBST@SHNM�HM�SGD�
@BBQDSHNM�kNV��QHFGS��3GD�CDS@HKDC�RG@OD�NE�SGD�
photo-centre orbit is dominated by general relativis-

tic effects (lower left, from Paumard et al. 2008), and 

GRAVITY will thus directly probe spacetime close to 

the event horizon. The combination of time-resolved 

astrometry (lower middle) and photometry (lower 

right, from Hamaus et al., 2008) will also allow the 

spin and inclination of the BH to be measured.
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Telescopes and Instrumentation

significantly enlarge the number of stars 
with known eccentricities, and will dis-
tinguish between the formation scenarios 
unambiguously (see Figure 5). 

Testing general relativity in the strong field 
regime

The unprecedented astrometric accuracy 
of GRAVITY may even allow the theory  
of general relativity to be tested in the (so 
far) unexplored strong field around 
SMBHs. The observed orbit of a hot spot 
on the last stable orbit will be domi- 
nated by strong gravitational effects like 
gravitational lensing and redshift (Fig- 
ure 4). GRAVITY observations of the flar-
ing BH will thus directly probe spacetime 
in the imme diate vicinity of the event 
 horizon of the BH. The stellar orbits will 
be notably affected by higher order gen-
eral relativistic effects, for example the 
relativistic periastron shift and the Lense–
Thirring precession of the orbital angular 
momentum around the BH spin axis 
 (Figure 6). These effects will be strongest 
for stars within the central light-week, 
which will be observed with  GRAVITY in 
its interferometric imaging mode. In the 
most optimistic case, GRAVITY may even 
be able to test the so-called “no-hair” 
theorem (Will, 2008), which states that a 
BH is fully characterised by its mass  
and spin. In particular the BH spin and its 
quadrupole moment should be strictly 
related. Since spin and quadrupole 
moment couple  differently to the inclina-
tion of stellar orbits, they can be meas-
ured independently (see Figure 6).

Active galactic nuclei

The standard unified model for active 
galactic nuclei postulates that an ac -
creting SMBH is surrounded by an ob -
scuring torus, whose orientation deter-
mines if the central engine is hidden  

These measurements are more difficult 
because the astrometric signature from 
the spin is a factor few less than the or -
bital motion and lensing effects. However, 
the combined signal from the periodic 
light curves and astrometry is much 
stronger. Already the simple correlation 
between the observed position variation 
and flux variability is giving the first in -
sights into the source geometry. The next 
step is a simultaneous fit to the observed 
motion and light curve to quantify the 
underlying model parameters (Figure 4). 
Finally, the periodic flux can be used  
to trace the orbital phase to coherently 
co-add measurements from multiple 
flares, such that higher order signatures 
can be directly identified. 

Resolving the Paradox of Youth of the 
Galactic Centre stars

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

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

Eisenhauer F. et al., GRAVITY: Observing the Universe in Motion
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The closest we get the stronger the 
influence of the black hole
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Figure 1. Finding chart of the S-star cluster. This figure is based on a natural guide star adaptive optics image obtained as part of this study, using NACO at UT4
(Yepun) of the VLT on 2007 July 20 in the H band. The original image with a FWHM of ≈ 75 mas was deconvolved with the Lucy–Richardson algorithm and
beam restored with a Gaussian beam with FWHM = 2 pixel = 26.5 mas. Stars as faint as mH = 19.2 (corresponding roughly to mK = 17.7) are detected at the 5σ
level. Only stars that are unambiguously identified in several images have designated names, ranging from S1 to S112. Blue labels indicate early-type stars, red labels
late-type stars. Stars with unknown spectral type are labelled in black. At the position of Sgr A* some light is seen, which could be either due to Sgr A* itself or due
to a faint, so far unrecognized star being confused with Sgr A*.

1. Obtain high-quality, astrometrically unbiased maps of the
S-stars. Obtain high-quality spectra for these stars.

2. Extract pixel positions from the maps and radial velocities
from the spectra.

3. Transform the pixel positions to a common astrometric
coordinate system; transform the radial velocities to the
local standard of rest (LSR). For the astrometric data,
several steps are needed.

a. Relate the fainter S-stars positions to those of the
brighter S-stars (Speckle data only).

b. Relate the S-stars positions to a set of selected reference
stars.

c. Relate the reference stars to a set of SiO maser stars, of
which the positions relative to Sgr A* are known with
good accuracy from radio (VLA) observations (Reid
et al. 2007).

4. Fit the data with a model for the potential and gather in
that way orbital parameters as well as information about
the potential.

We organize this paper according to these steps.

2. DATABASE

The present work relies on data obtained over many years
with different instruments. In this section, we briefly describe
the different data sets.

2.1. SHARP

The first high-resolution imaging data of the GC region were
obtained in 1992 with the SHARP camera built at the Max–
Planck-Institut für Extraterrestrische Physik (MPE; Hofmann
et al. 1992; Eckart et al. 1994). SHARP was used by MPE
scientists until 2002 at ESO’s 3.5 m NTT in Chile. The data
led to the detection of high proper motions close to Sgr A*
(Eckart & Genzel 1996). The camera was operating in speckle
mode with exposure times of 0.3 s, 0.5 s and 1.0 s, which
was the optimum compromise between sufficient signal-to-noise
ratio (S/N) and fast sampling of the atmospheric turbulence.
The data are described in Schödel et al. (2003); a summary
is given in Table 1. We used the simple shift-and-add (ssa)
technique (Chistou 1991) in order to obtain deep diffraction
limited images from the raw frames. Compared to our previous
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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
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Maser disc

Radio
contiuum

0.5 pc/7 mas

Figure 7. A sketch of  
the prototypical active 
galactic nucleus of 
NGC 1068 (from Raban 
et al., 2009). The gase-
ous structures and  
dust emission on the 
scale of the putative 
torus appear disc-like, 
VGHKD�SGD�TMHjDC�LNCDK�
suggests a geometri-
cally thick torus. Ob -
serving at NIR wave-
lengths, GRAVITY will 
image the inner edge of 
the absorber, putting 
strong constraints on 
the absorber geometry.
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to be in reach of GRAVITY (blue 
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scale of the putative 
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suggests a geometri-
cally thick torus. Ob -
serving at NIR wave-
lengths, GRAVITY will 
image the inner edge of 
the absorber, putting 
strong constraints on 
the absorber geometry.
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than three electrons with their prototype 

detector array (see image in Figure 3). 

Based on this success, ESO and SELEX–

Galileo are currently devel oping a next 

generation detector, which is tuned to 

GRAVITY’s wavefront sensor and fringe 

tracker. Another example of a major 

breakthrough is in GRAVITY’s laser 

metrology. It is based on a novel concept, 

and traces the starlight through the ob -

servatory, to allow the optical path to be 

measured at any desired point of the pupil 

up to the primary mirror. This concept  

and its implementation have been demon-

strated in three technical runs at the VLTI.

Science cases for GRAVITY

In the following sections the science 

B@RDR�ENQ�&1 5(38�@QD�AQHDkX�NTSKHMDC��
beginning with the broad range of sci-

ence opportunities that have opened up 

at the Galactic Centre of the Milky Way. 

The Galactic Centre is by far the closest 

galactic nucleus and the best studied 

SMBH (Genzel et al., 2010). There are still 

a number of fundamental open issues 

and just to name a few that we want to 

answer with GRAVITY: What is the nature 

NE�SGD�k@QDR�HM�2FQ� 	��6G@S�HR�SGD�ROHM� 
of a BH? How can we resolve the “Para-

dox of Youth” of the stars in its vicinity? 

Even tests of fundamental physics may 

come into reach with GRAVITY: Does the 

theory of general relativity hold in the 

RSQNMF�jDKC�@QNTMC�2,!'R��#N�!'R�QD��@KKX�
have “no hair”? 

4MBNUDQHMF�SGD�SQTD�M@STQD�NE�SGD�2FQ 	�
k@QDR

The Galactic Centre BH is surprisingly 

faint — its average luminosity is only 

about 10–8 of the Eddington luminosity, 

emitted predominantly at radio to sub-

mm wavelengths. On top of this quasi-

steady component there is variable emis-

sion in the X-ray and IR bands. Some  

NE�SGHR�U@QH@AKD�DLHRRHNM�BNLDR�@R�k@QDR��
typically a few times per day, lasting for 

about one to two hours, and reaching the 

brightness of massive main-sequence 

stars. The three most plausible explana-

SHNMR�ENQ�SGD�NQHFHM�NE�SGDRD�k@QDR�@QD�� 
a jet with clumps of ejected material; hot 

RONSR�NQAHSHMF�@�!'��NQ�RS@SHRSHB@K�kTB�

ST@SHNMR�HM�SGD�@BBQDSHNM�kNV��%HFTQD����
The jet model seems natural from the 

presence of jets in active galactic nuclei. 

The orbiting hot-spot model would be a 

natural explanation for the observed 

quasi-periodicity in the light curves of 

k@QDR�@MC�@RRNBH@SDC�BG@MFDR�NE�SGD�(1�
polarisation. However, the long-term light 

curves are well described by a pure, red 

power-law noise, indicating that statistical 

kTB�ST@SHNMR�HM�SGD�@BBQDSHNM�kNV�@QD�
responsible for the observed variability. 

Time-resolved astrometric measurements 

with GRAVITY will settle the debate 

 (Eckart et al., 2010). Even without push-

ing GRAVITY to its ultimate performance, 

SGD�NARDQUDC�CHRSQHATSHNM�NE�k@QD�ONRH-
tions and its  periodic variation will distin-

guish between these models.

Measuring spin and inclination of the 

Galactic Centre black hole

The mass of the Galactic Centre BH is 

well known from stellar orbits. If the cur-

rently favoured orbiting hot-spot model  

is correct, GRAVITY will take the next 

step and measure its spin and inclination. 

Figure 4.�4MBNUDQHMF�SGD�SQTD�M@STQD�NE�2FQ� 	�k@QDR�
(upper three panels); probing spacetime close to the 

black hole event horizon (lower left); and measuring 

its spin and inclination (two lower right panels). 

GRAVITY will easily distinguish between the three 

LNRS�OK@TRHAKD�k@QD�RBDM@QHNR��@�IDS��KDES���@M�NQAHSHMF�
GNS�RONS��LHCCKD��@MC�RS@SHRSHB@K�kTBST@SHNM�HM�SGD�
@BBQDSHNM�kNV��QHFGS��3GD�CDS@HKDC�RG@OD�NE�SGD�
photo-centre orbit is dominated by general relativis-

tic effects (lower left, from Paumard et al. 2008), and 

GRAVITY will thus directly probe spacetime close to 

the event horizon. The combination of time-resolved 

astrometry (lower middle) and photometry (lower 

right, from Hamaus et al., 2008) will also allow the 

spin and inclination of the BH to be measured.
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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 

cases for GRAVITY are briefly outlined, 
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 

of the flares in Sgr A*? What is the spin  
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 

strong field around SMBHs? Do BHs re  ally 
have “no hair”? 

Uncovering the true nature of the SgrA* 
flares

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  

of this variable emission comes as flares, 
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-

tions for the origin of these flares are:  
a jet with clumps of ejected material; hot 

spots orbiting a BH; or statistical fluc-

tuations in the accretion flow (Figure 4). 
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 

flares and associated changes of the IR 
polarisation. However, the long-term light 

curves are well described by a pure, red 

power-law noise, indicating that statistical 

fluc tuations in the accretion flow are 
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, 

the observed distribution of flare posi-
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. Uncovering the true nature of Sgr A* flares 
(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 

most plausible flare scenarios: a jet (left), an orbiting 
hot spot (middle) and statistical fluctuation in the 
accretion flow (right). The detailed shape of the 
photo-centre orbit is dominated by general relativis-

tic effects (lower left, from Paumard et al. 2008), and 

GRAVITY will thus directly probe spacetime close to 

the event horizon. The combination of time-resolved 

astrometry (lower middle) and photometry (lower 

right, from Hamaus et al., 2008) will also allow the 

spin and inclination of the BH to be measured.
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GRAVITY at the VLTI: a challenge for 
the infrastructure
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BHs (SMBHs) in many active galac- 
tic nuclei, and probe the physics of their 
mass accretion, outflow and jets with 
unprecedented resolution. Furthermore, 
GRAVITY will explore young stellar obj -
ects, their circumstellar discs and jets, 
and measure the properties of binary 
stars and exoplanet systems. In short, 
 GRAVITY will enable dynamical measure-
ments in an unexplored regime, and it  
will increase the range and number of 
astronomical objects that can be studied 
with the Very Large Telescope Interfer-
ometer (VLTI) substantially. An overview 
of the key experiments that will become 
possible with GRAVITY is illustrated on  
the Telescopes and Instrumentation sec-
tion page (p. 6, lower panel).

A unique combination with the VLTI

The VLTI is the largest array of 8-metre-
class telescopes that explicitly included 
interferometry in its design and imple-
mentation. No other array is equipped 
with a comparable infrastructure. The 
VLTI, with its four 8-metre Unit Tele-
scopes (UTs) and a total collecting area 
of 200 m2, is the only interferometer  
to allow direct imaging at high sensitivity 
and high image quality. The VLTI is also 
the only array of its class offering a  
large (2-arcsecond) field of view and this 
unique capability will, for the first time,  
be utilised, providing simultaneous inter-
ferometry of two objects. This capability 
allows narrow-angle astrometry with  
a precision of order 10 microarcseconds. 
A second new and unique element of 
GRAVITY is the use of IR wavefront sen-
sors to observe highly obscured objects 
suffering high extinction. GRAVITY is  
also the only instrument providing phase-
referenced complex visibilities, which is  
a major advantage for the model inde-
pendence and fiducial quality of interfero-
metric maps. The combination of VLTI 
and GRAVITY will be the world-leading 
facility for many years to come.

Adaptive optics assisted interferometric 
imaging and astrometry

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

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

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

highlights from the ongoing prototype 
development: the world’s first K-band  
(2.2 µm) integrated optics beam combiner 
for four telescopes, a high-speed photon-
counting IR detector, and a novel laser 
metrology concept. 

GRAVITY’s beam combiner is an inte-
grated optics chip, the optical equiva- 
lent of a microelectronic circuit, which 
combines several functions in a single 
component. It combines the advantages 
of compactness and stability, and pro-
vides outstanding visibility accuracies. 
Integrated optics is widely used in tele-
communications up to 1.6 μm, but does 
not cover the astronomically interesting 
K-band. GRAVITY has thus launched its 
own development programme between 
IPAG, LETI, and CIP to port the technol-
ogy to longer wavelengths. Following a 
series of prototypes implementing indi-
vidual functions, we now have the world’s 
first K-band integrated optics beam com-
biner for four telescopes in hand (shown 
in Figure 3). 

The second major breakthrough for 
GRAVITY is the recent success in the 
development of high-speed IR photon-
counting detector arrays. All current 
astronomical IR fringe trackers and wave-
front sensors suffer from the high read- 
out noise of their detectors, which is ten 
or more electrons per pixel at frame  
rates of a few hundred Hz. The GRAVITY 
detectors overcome this noise barrier  
by avalanche amplification of the photo-
electrons inside the pixels. Last year, 
SELEX-Galileo and ESO demonstrated 
for the first time a readout-noise of less 

from four UTs or Auxiliary Telescopes 
(ATs), measuring the interferograms from 
six baselines simultaneously (see Figure 1). 
The instrument has three main compo-
nents: the IR wavefront sensors (Clénet et 
al., 2010); the beam-combiner instru-
ment; and the laser metrology —system 
(Bartko et al., 2010). Figure 2 gives an 
overview of the GRAVITY instrument. For 
clarity, only two of the four telescopes — 
i.e. one out of six baselines — are shown. 

The GRAVITY IR wavefront sensors will 
be mounted in the Coudé rooms of  
the UTs and will command the existing 
Multiple Application Curvature Adaptive 
Optics (MACAO) deformable mirrors.  
The system can work on either of the two 
beams (on-axis or off-axis) behind the 
PRIMA star separators. Any additional 
tip/tilt from the beam relay down to the 
VLTI laboratory will be corrected by a 
dedicated laser-guiding system. Low fre-
quency drifts of the field and pupil will  
be corrected by GRAVITY’s internal 
acquisition and guiding camera (Amorim 
et al., 2010). The interplay of these sys-
tems will guarantee an unperturbed and 
seeing-corrected beam at the entrance  
of the beam-combiner instrument in  
the VLTI laboratory. The interferometric 
instrument will work on the 2-arcsecond 
(for UTs) or 4-arcsecond (for ATs) VLTI 
field of view. Both the reference star and 
the science object have to lie within this 
field of view. The light of the two objects 
from the four telescopes is coupled (Pfuhl 
et al., 2010) into optical fibres for modal 
filtering, to compensate for the differential 
delay and to adjust the polarisation. The 
fibres feed two integrated optics beam 

combiners (Jocou et al., 2010) and the 
coherently combined light is dispersed in 
two spectrometers (Straubmeier et al., 
2010). A low resolution spectrometer pro-
vides internal phase- and group-delay 
tracking (Choquet et al., 2010) on the ref-
erence star, and thus enables long expo-
sure times on the science target. Three 
spectral resolutions with up to R ~ 4000 
are implemented in the science spec-
trometer, and a Wollaston prism provides 
basic polarimetry. 

GRAVITY will measure the visibility of  
the reference star and the science object 
simultaneously for all spectral channels, 
and the differential phase between the 
two objects. This information will be used 
for interferometric imaging exploring  
the complex visibilities, and for astrome-
try using the differential phase and  
group delay. All functions of the GRAVITY 
beam-combiner instrument are imple-
mented in a single cryostat for optimum 
stability, cleanliness, and thermal back-
ground suppression. The internal path 
lengths of the VLTI and GRAVITY are 
monitored using dedicated laser metrol-
ogy. The laser light is back-propagated 
from the beam combiner and covers  
the full beam up to the telescope spider 
above the primary mirror.

Highlights from the instrument develop-
ment

A detailed description of GRAVITY’s 
 subsystems can be found elsewhere 
(Gillessen et al. [2010] and above 
 references). Instead, we present a few 

Figure 3. A recent 
breakthrough in inte-
grated optics is shown 
(left) and an example 
image from the new 
avalanche photodiode 
detector arrays (right); 
both to be used in 
GRAVITY.

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

Challenges: 
• Astrometry 
• Acceptance of “experimental mode” 
• Sensitivity 
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MATISSE

Visiting Committee | 10-14 February 2014 

MATISSE 

" Fournir une contrepartie à 
ALMA dans le moyen 
infrarouge (3-10 microns) 
!  Evolution poussière 

(minéralogie, cristallo, 
distribution …) 

!  Structures des cavités 
planétaires 

!  Signatures de formation 
planétaires 

! Recherche de compagnons 
jeunes 

" Toutes les étoiles 
entourées de poussière 

" AGN … 

GRAVITY 

•  4T bandes L,M,N 
•  Low,Medium, Large 
•  En opération: 2017 

4T, 
L, M, N: (R 30 - 4000) 
In operation: 2017

Challenges: 
• L band uncharted 
• Concept 
• Pupil control 
• Fringe tracking 
• Imaging (uv coverage)



CHARA Meeting Nice 2016 9

Upgrade the infrastructure: 
The VLTI Facility Project (new structuration) 

MIDI, VINCI table removed and volume for Gravity and MATISSE implemented

MATISSE
goes there!

GRAVITY
comes here!

VLTI Laboratory Infrastructure

Cooling, feed-through, false floor, etc..

VLTI Laboratory Infrastructure

Upgrading the lab 

VLTI lab infrastructure

MIDI Decommissioning

MIDI decommissioning

Prepare GRAVITY  
and MATISSE spots

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.(

Contribution to CIAO

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

New AT alignment 
station

AT obsolescence and 
adaptation to astrometry

UT 
adaptation to 

astrometry

NAOMI

GRA4MAT (FT for 
MATISSE)

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 3D

Eight star separators

AT train recoating
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News from Gravity

• Imaging on-axis is operational on ATs 
• FT-enabled cience integration ~ 10 minutes 
• CfP 98 + Science verification 

• Imaging off axis in good shape (K ~7, delta K ~3) 
• Star separators commissioned 
• Astrometry currently being tested on ATs 
• CIAO1 aligned and ready for sky
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The Imaging vs. Monitoring challenge
Hillen et al. 2016

M. Montargès et al.: VLTI/PIONIER monitoring of Betelgeuse

Fig. 1. Fit of the PIONIER data by the LDD and hotspot model. Only spatial frequencies lower than 51 arcsec≠1 were considered.
Inset in the left column: PA color-coded (u, v) coverage. North is up and East is left. Left column: squared visibilities with matching
colors. Right column: closure phases. The best-fitted model is represented in black. The four rows correpond to the 2012 January
epoch (first row), 2013 February epoch (second row), 2014 January epoch (third row), and 2014 November epoch (fourth row). For
this latter epoch, a two-spots model was used and the whole spatial frequency range was considered.

Article number, page 5 of 11

Montarges et al. 2015
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A crisis to come:  
Scheduling VLTI in the VLT science operations paradigm 

model is a night-mare challenge

13Edit footer on master slide, 1 January 2011



CHARA Meeting Nice 2016

PREPARING THE FUTURE
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Reasons for Optimism

"Perhaps the most important development regarding AGN unification 
is the significant improvements in long baseline interferometry and 
the ability to resolve the central structure on a milli-arcsecond scale.
[...]” Hagai Netzer, ARAA 2014 

Thanks to Hönig et al., we may now have to consider whether some of 
our resources should soon be put into building a next generation of 
optical interferometers. Martin Elvis (CfA) Nature 2014 

VLTI is the future of high angular resolution at ESO. ESO Visiting 
committee 2013 
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The VLTI should reach its full potential in 
the next decade: a success is mandatory
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Zhang et al. 2012). It has had a high and variable mass-loss rate,
0.5−1 × 10−4 M⊙ yr−1 in its recent past (Decin et al. 2006), up
to 3 × 10−3 M⊙ yr−1 (Humphreys et al. 2007). This provides
the richest-known O-rich circumstellar envelope (CSE) chem-
istry, as seen at sub-mm wavelengths by Herschel (Alcolea et al.
2013), for instance, and imaged at ∼1′′ resolution using the
Submillimeter Array (SMA, Kamiński et al. 2013).

VY CMa has a highly asymmetric nebula that extends over
a few arcsec and is shaped like a lopsided heart, irregular and
clumpy on all scales (Humphreys et al. 2007). Very Large Array
(VLA) and SMA observations at 8.4−355 GHz show an unre-
solved central ellipse, dominated by emission from dust, (e.g.
Lipscy et al. 2005; Kamiński et al. 2013). Strong OH, SiO, and
22 GHz H2O masers have been imaged by many authors but,
hitherto, there has been no astrometric confirmation that the star
lies at the centre of expansion. The 22 GHz H2O masers are lo-
cated in a thick shell of radii 75−440 mas, with Doppler and
proper motions dominated by accelerating outflow (Richards
et al. 1998). Their maximum expansion velocity is 35.5 km s−1

relative to the stellar velocity V⋆ of 22 km s−1 (all velocities are
with respect to the local standard of rest, LSR).

Models (Gray 2012 and references therein; Daniel &
Cernicharo 2013) predict that the 321.22564 GHz JKa,Kc 102,9–
93,6, and possibly the 325.15292 GHz 51,5–42,2 H2O maser lines
can emanate from conditions found at both sides of the dust for-
mation zone. Maser emission at 321 GHz needs hotter gas than at
22 GHz, whilst lower temperatures and number densities favour
325 GHz. This has been confirmed by imaging in Cepheus A
(Patel et al. 2007), but only the 22 GHz transition has ever been
resolved in a CSE. The 658.00655 GHz v2 = 1, 11,0−10,1 GHz
maser is expected to occur very close to the star under condi-
tions similar to SiO masers (Hunter et al. 2007). More details
of these transitions are given in Table A.1. We present ALMA
observations that test these predictions and, for the first time, re-
solve sub-mm masers, thermal lines, and continuum.

2. Data acquisition and reduction
We obtained public ALMA Science Verification data for
VY CMa observed on 2013 16–19 August using 16–20 12 m
antennas on baselines from 0.014−2.7 km. Three scheduling
blocks (SB), covering each of the maser lines, are referred to
as the 321 GHz, 325 GHz and 658 GHz SBs. The velocity
resolution after Hanning smoothing is 0.45 km s−1 at 321 and
658 GHz, and 0.9 km s−1 at 325 GHz. More details of obser-
vations and data reduction are given in Appendix B. The fully
calibrated line-free channels were imaged using a synthesized
beam of (0.′′22×0.′′13) at 321 and 325 GHz, and (0.′′11×0.′′06) at
658 GHz. After subtracting the continuum, the masers were im-
aged using beam sizes of (0.′′18 × 0.′′09) and (0.′′088 × 0.′′044) at
321/325 and 658 GHz. We measured the positions of the masers
and continuum peaks by fitting Gaussian components using the
AIPS task SAD, see Appendix B.

3. VY CMa continuum and maser morphology

Before self-calibration, the positions measured by Gaussian fits
to the 321 and 325 GHz peaks wandered by up to 35 mas, but at
658 GHz there were offsets of up to 100 mas, mainly due to dif-
ferences between atmospheric conditions towards VY CMa and
the phase reference source (see Appendix B). The 321 GHz data,
with the best atmospheric transmission and sensitivity, were used
for astrometry and for continuum analysis around this frequency.
The continuum at all frequencies has a similar J shape, with a
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Fig. 1. Continuum emission: 321 GHz colour scale, 658 GHz contours
at (–1, 1, 2, 4, 8, 16) × 10 mJy beam−1. Synthesized beams shown at
lower left for 321 GHz (white), 658 GHz (blue). (0, 0) at RA 07 22
58.33454 Dec –25 46 03.3275 (J2000). C marks the continuum peak.
VY is identified as the star, at the centre of the water maser expansion.
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Fig. 2. Integrated water maser spectra, derived from the interferometric
image cubes, measured in square boxes of width 0.′′75, 1.′′0 and 0.′′4 at
321, 325, and 658 GHz, centred on VY. The 658 GHz spectrum is scaled
by 0.5 and the 22 GHz spectrum by 0.25.

bright extended peak C, a secondary, compact peak VY, and sev-
eral other peaks. Shifts of (–2, 0) and (–87, 27) mas were applied
at 325 and 658 GHz, respectively, to align VY with its 321 GHz
position, which brought the other bright features into good posi-
tional agreement (Fig. 1). The maximum detectable angular ex-
tent in RA and Dec is 1.′′2 × 1.′′6 above the 3σrms contour at
321 GHz. The 321 GHz position of VY is RA 07 22 58.3226
Dec –25 46 03.043 (J2000), with 35 mas uncertainty dominated
by errors in transferring phase corrections from the reference
source. VY is 328 ± 1 mas from C at PA –33◦. Using a match-
ing beam size 160 × 64 mas2, C and VY had peak flux densities
of 133.9 and 71.7 (σrms 0.9) mJy beam−1 at 321 GHz and of 474
and 296 (σrms 4) mJy beam−1 at 658 GHz. The continuum emis-
sion is analysed further by O’Gorman et al. (2014).

The total velocity extents of the H2O lines are (–11.9 to
49.2), (–16.8 to 75.1) and (–3.0 to 67.7) km s−1 at 321, 325, and
658 GHz. Figure 2 shows that the 325 GHz maser spectrum has
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Figure 8. Following the procedure outlined in text, we have constructed a “median” image for each star at each wave-
length channel. From the features in these images, we hope to correctly discriminate between “real” image features and
reconstruction artifacts.

3.9 Gilles Duvert using WISARD

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

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

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

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

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

Develop spectro-imaging capability with robust 
fringe tracking (iShooter: PIONIER-GRAVITY-

MATISSE (J band?))

Expand the user base with VLTI 
expertise centers and develop 

synergies (European Interferometry 
Initiative) JMC



CHARA science meeting (march 2015)

There are several possible directions: all of 
them will require a strong science case

VLTI

VISIBLE

High spectral 
resolution (> 30000)

High dynamics Higher angular 
resolution ???

Increased imaging 
capability (more tel)

Polarimetry

“Wide” field 
astrometry

Sensitivity

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

Visitor vs. Facility ?

Planet formation 
Exoplanet & Brown dwarfs in HZ

Strong lensing 
SMBH mass measurements

All science 
Enable time resolved imaging 

(Novae, hydrodynamics, convection)

Preparing the future

EXO Planet:GAIA and EXAO 
follow-up

A conference in ~ 2020 ??


