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Exquisite constraints on stellar surfaces
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P. Kervella et al.: The diameters of ↵ Cen A & B

A&A 555, A24 (2013)
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Table 5. ↵ Cen A squared visibilities, expressed in percents.

2003
Kervella
++✓ Cen squared visibilities and UD
Fig. 6. Overview
of the ↵ Cen and
models. From bottom to top: ↵ Cen A, ↵ Cen B and ✓ Cen (primary
calibrator). The angular diameter of ✓ Cen was measured using 58 Hya
as secondary calibrator.

JD
B (m)
Azim.
V 2 (%)
2 450 000
(N = 0)
± stat. ± syst.
E0-G0
1988.78108
15.9201
64.95
78.99 ± 1.48 ± 2.81
1988.78380
15.9071
65.79
79.61 ± 1.46 ± 2.83
1988.78652
15.8930
66.62
79.82 ± 1.42 ± 2.84
1988.78901
15.8793
67.39
79.80 ± 1.47 ± 2.84
1995.76493
15.9058
65.86
80.15 ± 1.03 ± 0.66
1996.63335
15.7916
24.31
78.66 ± 1.10 ± 0.42
1996.63970
15.8129
26.48
82.19 ± 1.12 ± 0.44
1996.64733
15.8390
29.06
80.33 ± 1.29 ± 0.43
1996.65492
15.8650
31.61
81.49 ± 1.15 ± 0.44
1996.67842
15.9399
39.40
80.87 ± 1.10 ± 0.43
1996.68327
15.9532
40.99
79.40 ± 1.10 ± 0.43
2001.80688
15.3644
83.76
80.71
± 1.94
0.05
Fig. 3. K-band continuum
visibilities of Antares observed
in 2009 (red dots)
and 2010 (blue
dots). The±
fit with
the power-law-type limb-darkened
disk for the 2009 and 2010 data is shown by the red and blue solid lines, respectively. The limb-darkened disk has angular diameters of 37.38 and
37.31 mas and limb-darkening
parameters of 0.087
and 0.15 for the 2009 82.77
and 2010 data,
insets show the enlarged views of the
2001.80954
15.3273
84.59
±respectively.
2.69 ±The0.04
individual visibility lobes.
2002.70376
16.0062
52.80
78.76 ± 0.74 ± 0.05
36.50 ± 0.05 mas (reduced χ = 5.4), respectively. Fitting with only a weak signature of inhomogeneities in the continuum.
2002.70640
16.0057disk (Hestroﬀer
53.63
80.01 ±between
1.07the±2009
0.05
a power-law-type limb-darkened
et al. 1997) re- Comparison
and 2010 data suggests that a
sults in a limb-darkened disk diameter of 37.38 ± 0.06 mas and a time variation with an interval of one year is only marginal. The
2003.83537
14.8150
82.49
±in1.10
± 0.05
limb-darkening parameter
of (8.7 ± 1.6) × 1094.44
finding
Betelgeuse
is reported in Paper II. Therefore,
for the 2009 data same
and 37.31 ± 0.09 mas and (1.5 ± 0.2) × 10 for the 2010 data RSGs may show only a small deviation and time variation in the
2003.83780
14.7695
95.22
82.01
± 1.80
0.04
structure
seen in ±
the continuum.
(the errors were estimated
by the bootstrapping
technique as surface
described in Efron & Tibshirani 1993).
This observed time variation (or absence of it) is much
2003.84099
96.25
85.30
±the1.28
± 0.05
than
maximum
visibility variation of ±40% preThe reduced χ 14.7088
values for the fit to the 2009
and 2010 data smaller
are 3.9 and 3.3, respectively. These values are better than those dicted by the current 3D convection simulations in the third lobe
2003.84356
14.6589
97.08
83.64
±
1.77
±
0.04samples the continuum (see
with the uniform-disk fit but are still higher than 1. This is be- for 2.2 µm, which approximately

2013 Ohnaka ++
2

−2

−1

2

cause of the deviation from the limb-darkened disks in the data
points at visibility nulls at spatial frequencies of ∼87 arcsec−1
(2009 data) and ∼115 arcsec−1 (2010 data), as well as those at

Fig. 18 of Chiavassa et al. 2009). However, this does not necessarily mean that the observed time variation disagrees with the
3D simulations. It is possible that we observed Antares at two

E0-G1
95–100 arcsec in the 2009 data. These last data points were epochs with small variations by chance, given that the 3D simobtained at position angles diﬀering by 20–25 , which suggests ulations of Chiavassa et al. (2009) show that large convective
cells have±lifetimes
of years.
Furthermore, the standard deviathe presence of inhomogeneities
scale of ∼10 mas in 1.132
2462.55258
59.2848on a spatial150.05
0.051
± 0.017
2009. However, as discussed in Sect. 3.3, the reconstructed im- tion of the temporal variation in the visibility predicted by the
3D simulations
is smaller
40%, down to 10%, depending
ages in the continuum
show only a very slight
deviation from the 1.139
2462.55613
59.4391
150.91
± 0.032
±than
0.017
limb-darkened disk: less than 2% (see Fig. 5i). The 2010 data in- on the spatial frequency (see Figs. 11, 12, and 14 of Chiavassa
et al. 2009).
is also possible
that significant inhomogeneities
clude u! points taken59.6365
at position angles diﬀering
by roughly 90 , 1.099
2462.56087
152.05
± It0.031
± 0.017
which are located at spatial frequencies of 130–138 arcsec . remained undetected due to the limited position angle coverage
of our observations.
Therefore,
long-term monitoring AMBER
Still, Fig. 3 shows that
the measured visibilities
closely follow 1.054
2462.56493
59.7975
153.04
± 0.029
± 0.016
the limb-darkened disk. In summary, the overall deviation from observations with better position angle coverage are necessary
to rigorously
test the current
3D convection simulations.
the limb-darkened disks
is small, indicating166.21
that the star shows 0.626
2465.61044
61.2943
± 0.035
± 0.010
A24, page 4 of 18
2470.58454
61.0497
163.19
0.758 ± 0.052 ± 0.012
2470.60337
61.4043
167.84
0.624 ± 0.023 ± 0.010
2470.60778
61.4696
168.93
0.637 ± 0.033 ± 0.010
−1

◦

◦

−1

Table 6. ↵ Cen B squared visibilities.
Fig. 7. Detail of ↵ Cen A squared visibility. The continuous line is the
uniform disk diameter fit (8.314 ± 0.016 mas), and the dotted lines
represent the limits of the ±1 error domain. The visibility curve never
goes to zero due to the bandwidth smearing e↵ect.
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JD
2 450 000
E0-G1
2462.58356
2462.58697
2462.59047

B (m)

Azim.
(N = 0)

V 2 (%)
± stat. ± syst.

60.4413
60.5443
60.6453

157.57
158.40
159.26

17.02 ± 0.36 ± 0.26
17.01 ± 0.23 ± 0.26
16.80 ± 0.77 ± 0.26

2015 Montarges ++ (in prep)

Fig. 1: A light curve of omicron Ceti during the last four luminosity cycles (provided b
of Variable Stars Observers, AAVSO). Currently, the luminosity just started to decrea
which happened to be quite low compared to the previous ones. At those phases, the
from the photosphere and propagating outward in the lower atmosphere of the star

Spectro interferometry was enabled
…%3D%simulaEon%view%…%
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2015, Paladini
in prep
Fig. 2: Three-dimensional
hydrodynamical
simulation of photospheric intensityR maps
wavelengths of the AMBER filter. The maps have been convolved with 2x2 mas g
al. 2010, A&A,
511, id.A5;
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Spectro interferometry was enabled

G. Weigelt et al.: AMBER/VLTI observations of η Carinae
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Spectrum

G. Weigelt et al.: AMBER/VLTI observations of η Carinae
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3

derived. While the closure
phase is self-calibrating, the visibil2
ities have to be corrected for atmospheric and instrumental ef1
fects. This is done by
dividing the η Car visibility through the
visibility of a calibrator
star measured on the same night. In order
0
UT2-UT3, PBL 43 m, PA 35
UT2-UT3, PBL 42 m, PA 40
UT2-U
0.9 of the
to take the finite size
calibrator
into account,
the60 m,caliUT3-UT4,
PBL 59 m, PAstar
94
UT3-UT4, PBL
PA 101
UT3-U
UT2-UT4, PBL 89 m, PA 70
UT2-UT4, PBL 89 m, PA 76
UT2-U
0.8
brator visibility is corrected
beforehand
through
division
by
the
0.7
expected calibrator0.6star visibility (see Table 1). In the case of the
MR measurement performed
on 2005-02-25, the interferograms
0.5
0.4
recorded on the calibrator
contain only fringes corresponding to
0.3
the shortest baseline
(UT2-UT3). Thus, the η Car visibility for
0.2
this night could only
0.1 be calibrated for this shortest baseline.
0
Besides the calibrated
visibility and the closure phase, the
spectral dispersion1.8
of AMBER also allows us to compute dif1.6
ferential observables;
namely the diﬀerential visibility and the
1.4
1.2
diﬀerential phase (Millour
et al. 2006; Petrov et al. 2005; Tatulli
et al. 2007). These 1quantities are particularly valuable, as they
0.8
provide a measure0.6of the spatial extent and spatial oﬀset of
the line-emitting region
with respect to the continuum emis0.4
0.2
sion. Since the measured
complex visibilities are aﬀected by
80
0
wavelength-dependent atmospheric piston (optical path diﬀer60
ence), the piston has
to be estimated and subtracted. This was
40
1
done using the ammyorick
tool (version 0.56).
20
Since a large fraction of the interferograms is of low con0
trast (probably due-20to vibration; see Malbet et al. 2007), we removed a measurement
from the data sets if (a) the intensity ra-40
tio of two of the photometric
channel signals is larger than 4 (a
-60
large ratio means -80
that
the interferograms are very noisy since
80
the signal is very weak
in one channel) or (b) it belongs to the
60
70 percent of the interferograms
with the lowest fringe contrast
40
SNR (with the SNR20 defined as in Tatulli et al. 2007). In order to
optimize the selection
for each baseline of the telescope triplet,
0
both of these criteria
-20 are applied for each telescope pair individually. Furthermore,-40the first 10 frames in each new sequence of
recorded interferograms
are removed since they are degraded by
-60
electronic noise. -80
2.15
2.16
2.17
2.18
2.15
2.16
2.17
2.18
2.16
Figures 2 and 4 show the
spectra[µm]
as well as the Wavelength
wavelength
Wavelength
[µm]
W
dependence of the visibilities, diﬀerential visibilities, diﬀerenFig. 2. AMBER observables derived from our η Car data around the Brγ line for three independent me
tial phases,
andFebruary
closure25,phases
derived
the26).
AMBER
interMiddle:
MR, 2005
Right: HR,
2005 from
February
The first row
shows the continuum
ferograms for
the observations
aroundcalibrated
the Brγ
and HeandI the
emisinterferometric
channels,
followed by the derived
visibilities
diﬀerential visibilities
phase
and
the
closure
phase
are
presented.
In
the
spectra
we
mark
the
wavelength
sion lines. The uv coverage of the observations is displayed in regimes, which
(shaded regions). The vertical grey line marks the rest-wavelength of Brγ (λvac = 2.1661 µm; the sm
Fig. 3.
–8 km s−1 (Smith 2004) has been neglected). We show diﬀerent error bars within each panel: the left e
Theand
η Car
spectraerror
were
corrected
instrumental
eﬀects
statistical
systematic)
estimated
for thefor
continuum
wavelength
range,and
and the error bar towar
wavelength
rangeabsorption
within the line.
For the HR
2005-02-26
measurement,
data
splitting showed that fo
atmospheric
through
division
by the
calibrator
specin
the
two
lower
right
panels),
the
diﬀerential
phase
for
the
longest
and
middle
baseline as well as th
trum. For the HR 2005-02-26 measurement, we found that the
therefore not reliable. Furthermore, the HR diﬀerential phase of the longest baseline is noisy at all wav
calibrator itself (L Car) shows prominent Brγ line absorption
(see Fig. A.1). Therefore, we had to remove this stellar line by
o
o
o

Fig. 1. Spectrally dispersed AMBER/VLTI Michelson interferograms
of η Car. The two panels show the spectrally dispersed fringe signal
(IF) as well as the photometric calibration signals from the three telescopes (P1–P3) in high (HR, upper panel) and medium spectral resolution mode (MR, lower panel). In both panels, the bright regions are
associated with the Doppler-broadened Brγ emission line.

Closure Phase [Degree]

Diff. Phase [Degree]

Diff. Visibility

Visibility

o
o
o

Discovering the engine at the hear of the Eta Carina nebula
VLTI SCHOOL COLOGNE 2015

Figure 1 shows two AMBER raw interferograms taken in the
wavelength range around the Brγ line in HR (top) and MR (bottom) mode. In the MR data sets, the Doppler-broadened Brγ line
covers ∼8 spectral channels, whereas in HR mode, the line is resolved by ∼50 spectral channels.
η Car was observed with AMBER on 2004 December 26,

Efficiency has enabled surveys!
with N>100 objects
Mid-IR sublimation front
in AGN’s core

Binarity among massive stars
2014 Ertel ++

Half−light radius [pc]

10.00

1.00

0.10
mid−IR interferometry (type 1 AGNs)
mid−IR interferometry (type 2 AGNs)
near−IR interferometry (Swain, Kishimoto, Pott, Weigelt)
near−IR reverberation mapping data + fit (Suganuma)

0.01
1042
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.

2014 Sana ++
19
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Exozodiacal dust

1043

1044
1045
1046
Bolometric Luminosity [erg/s]

2013 Burtscher++

1047

1048

Optical interferometry went from snapshot
to imaging

IMAGING

SNAPSHOT
P. Kervella et al.: The diameters of ↵ Cen A & B

1093

Table 5. ↵ Cen A squared visibilities, expressed in percents.

2003 Kervella ++

Fig. 6. Overview of the ↵ Cen and ✓ Cen squared visibilities and UD
models. From bottom to top: ↵ Cen A, ↵ Cen B and ✓ Cen (primary
calibrator). The angular diameter of ✓ Cen was measured using 58 Hya
as secondary calibrator.

2015 Hillen++ in prep
JD
2 450 000
E0-G0
1988.78108
1988.78380
1988.78652
1988.78901
1995.76493
1996.63335
1996.63970
1996.64733
1996.65492
1996.67842
1996.68327
2001.80688
2001.80954
2002.70376
2002.70640
2003.83537
2003.83780
2003.84099
2003.84356

B (m)

Azim.
(N = 0)

V 2 (%)
± stat. ± syst.

15.9201
15.9071
15.8930
15.8793
15.9058
15.7916
15.8129
15.8390
15.8650
15.9399
15.9532
15.3644
15.3273
16.0062
16.0057
14.8150
14.7695
14.7088
14.6589

64.95
65.79
66.62
67.39
65.86
24.31
26.48
29.06
31.61
39.40
40.99
83.76
84.59
52.80
53.63
94.44
95.22
96.25
97.08

78.99 ± 1.48 ± 2.81
79.61 ± 1.46 ± 2.83
79.82 ± 1.42 ± 2.84
79.80 ± 1.47 ± 2.84
80.15 ± 1.03 ± 0.66
78.66 ± 1.10 ± 0.42
82.19 ± 1.12 ± 0.44
80.33 ± 1.29 ± 0.43
81.49 ± 1.15 ± 0.44
80.87 ± 1.10 ± 0.43
79.40 ± 1.10 ± 0.43
80.71 ± 1.94 ± 0.05
82.77 ± 2.69 ± 0.04
78.76 ± 0.74 ± 0.05
80.01 ± 1.07 ± 0.05
82.49 ± 1.10 ± 0.05
82.01 ± 1.80 ± 0.04
85.30 ± 1.28 ± 0.05
83.64 ± 1.77 ± 0.04

E0-G1
2462.55258
2462.55613
2462.56087

59.2848
59.4391
59.6365

150.05
150.91
152.05

1.132 ± 0.051 ± 0.017
1.139 ± 0.032 ± 0.017
1.099 ± 0.031 ± 0.017

BUT … uv coverage still a limitation
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Optical interferometry went from snapshot
to imaging

Bootstrap − 1,3,5 σ

∆δ (mas)

10

2015 Hillen++ in prep
IRAS08544

0

−10

10

0

∆α (mas)

CAUTION: not the same object
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−10

Optical interferometry went from snapshot
to imaging

PRELIMINARY INTERPRETATION
! Image compatible with
models from Freytag &
Hoefner 2008

Rapid rotators

2015 Paladini ++
MIRAs
10

5

0

−5

2007 Monnier ++
2009 Zhao ++
20111 Che ++

−10

10

R!
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−10
10

5
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Symbiotics

Novae
2014 Schaefer ++

2010 Kloppenborg ++

Supergiants

2009 Lebouquin et al.
2011 Blind ++
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2007 Haubois ++
2011 Millour ++
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The spooky action of a black hole
Kip Thorne

Warner Bros: “Interstellar”
17

Studying a black hole from close is the
ultimate way to validate Einstein’s GR

VLTI SCHOOL COLOGNE 2015

A black hole at the galactic center?

VLTI SCHOOL COLOGNE 2015

The closest we get the stronger the
influence: need high angular resolution

4
Words at the bottom

20
Words at the bottom

to predominantly high eccentricities. In
contrast, the competing migration scenario, in which the stars migrate from circumnuclear stellar discs, will result mainly
in low initial eccentricities. First results
from adaptive optics observations slightly
favour the Hills scenario, but the sig-

ing BH will thus directly probe spacetime
in the immediate vicinity of the event
horizon of the BH. The stellar orbits will
be notably affected by higher order general 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 inclination of stellar orbits, they can be meas-

ESO telescopes & instruments and the
galactic center: a success story

the

h of
ssive

S31
S27

0.4

S19

S12
S29

S5

0.2

2!
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S6

Dec (!)

1!

S4

0
– 0.2
– 0.4

10

S39
S21

S2 Orbit
S1

S8

10!

S2

S17

0.4

S9

S24

0.2

0
RA (!)

S13

S18
S33

– 0.2

– 0.4

Detection of a
mysterious flare

Active galactic nuclei

Measuring the mass
Thermal
through orbits

galactic nuclei postulates that an accreting SMBH is surrounded by an obscuring torus, whose orientation determines if the central engine is hidden

Fatal cloud disruption

Figure 4.
(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

photo-centre orbit is dominated by general relativistic 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.

Figure 5. Solving the Paradox of Youth of the Galactic Centre stars. GRAVITY will be able to measure
accelerations, i.e. individual orbits, out to about
10 arcseconds distance from the SMBH (upper left)
60

4

Primary
image

Secondary
image
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40
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Hills

0

Newtonian
orbit

Eccentricity

–2

0
R/Rs

2

10

5

–2

– 40

(upper right) with precise eccentricities (from
Gillessen et al., 2009). The improved eccentricity
answer with GRAVITY: What is the nature
three electrons with their prototype
distribution (lower) canthan
distinguish
between
the varidetector
array (see image in Figure
3).
of a BH? How can we resolve the “ParaBased on this success, ESO and SELEX–
dox of Youth”
of the
stars in its21
vicinity?
Galileo are
currently developing a next
ous formation scenarios
proposed
for
stars
in
the
Even tests of fundamental physics may
generation detector, which is tuned to
come into reach with GRAVITY: Does the
wavefront sensor and fringe
central light-month. GRAVITY’s
theory of general relativity hold in the
tracker. Another example of a major
–4
–4

0.6
0.8
VLTI-SCHOOL
COLOGNE
2015 1.0
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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

GRAVITY: pushing the frontiers of our knowledge
in black-holes and fundamental physics.

2”

GC
GRAVITY: PI. F. Eisenhauer (MPE)
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?

rrow angle
astrometry
Gravity observes two objects at the
same time

2”

GC

Oliver Pfuhl, Turku 2013
23
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rrow angle
astrometry
A VLT-end-to end metrology allows
astrometry between two objects
Metrology
2”

GC

Oliver Pfuhl, Turku 2013
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GRAVITY-Imaging
Metrology
2”

GC

3
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GRAVITY-Imaging
Metrology
2”

GC

3
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GRAVITY-Imaging
Metrology
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Explaining the young stars paradox
GRAVITY-Imaging

Metrology
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t orb (yrs)

t prec/t orb

Precession

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

10

5
0
x (milli-arcseconds)

–5

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 gaseous structures on the putative scale
of the torus appear more disc-like, for
example the maser disc, the radio contin28
uum emission and the mid-IR emission
of the prototypical active galactic nuclei
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• Deviations are only visible duri
2018, but then are well within t
range of SINFONI (25km/s) wi
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• After pericenter, the
precession has flipped the
orbit; the star now moves in
a different direction.
detection is a matter of
time and precision
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Unveiling the nature of the flare
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answer with GRAVITY: What is the nature
of30
a BH? How can we resolve the “Paradox of Youth” of the stars in its vicinity?
Even tests of fundamental physics may

The jet model seems natural fro
presence of jets in active galact
The orbiting hot-spot model wo
natural explanation for the obse

rrow angle astrometry

The possibility of mosaicing
Metrology
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e Very Large Telescope Interfer(VLTI) substantially. An overview
key experiments that will become
e with GRAVITY is illustrated on
escopes and Instrumentation secge (p. 6, lower panel).

GRAVITY: a profound impact on the
infrastructure

ue combination with the VLTI

TI is the largest array of 8-metreelescopes that explicitly included
ometry in its design and impleion. No other array is equipped
comparable infrastructure. The
ith its four 8-metre Unit Tele(UTs) and a total collecting area
m2, is the only interferometer
w direct imaging at high sensitivity
gh image quality. The VLTI is also
y array of its class offering a

sed, providing simultaneous intertry of two objects. This capability
narrow-angle astrometry with
sion of order 10 microarcseconds.
nd new and unique element of
TY is the use of IR wavefront senobserve highly obscured objects
g high extinction. GRAVITY is
e only instrument providing phaseced complex visibilities, which is
r advantage for the model indemaps. The combination of VLTI
RAVITY will be the world-leading
for many years to come.

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

Phase reference
Object

TY provides high precision narrowstrometry and phase-referenced
ometric imaging in the astronomiand (2.2 µm). It combines the light

Wavefront reference
2! FoV

Telescope #1

Metrology
sensor

Star
separator

Starlight

MACAO
DM

Metrology receptors and
beacon launchers

Metrology fringes on secondary

Telescope #2

Metrology

Infrared
WFS
IR wavefront

ve optics assisted interferometric
g and astrometry

Figure 2. (Lower) Working principle of GRAVITY.
The beam-combiner instrument (bottom right) is
located in the VLTI laboratory. The IR wavefront sensors (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 middle).

2! FoV

Laser

Delay line

Laser Acquisition
guiding camera

Tip-tilt
pupil

Beam combiner instrument
dOPD
control IO Beam combiner spectrometer
A

sensor

Beam combiner

D
B

Fiber
coupler
Phase
shifter
Polarisation control

C

Metrology
Laser

OPD control

The Messenger 143 – March 2011
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The following figure shows a functional sketch of the integrated optics beam combiner as well as
pictures of the final assembly.

The following figure shows an overview of the beam combiner instrument cryostat and inside subsystems.

Figure 4: Overview of the beam combiner instrument cryostat and its subsystems in it.

3.3 Major concept changes compared to the final design
While the overall concept is still that from Phase-C / FDR, there are a number of substantial modifications:
Spectrometer:
In order to suppress unwanted broadband asynchronous spontaneous emission (ASE) of
the metrology laser and to properly define the polarisation of the laser beams 2 spectral filters and 1 polarisation filter were added to the metrology collimators of both spectrometers.
Based on dedicated measurements of the blocking capabilities of the individual filters it was
decided to use two metrology blocking filters in each of the two spectrometers to achieve
the required blocking power.

VLTI SCHOOL COLOGNE 2015

Figure 14: Integrated optics beam combiner of the SC and FT spectrometer (top left); One IO
chip (top right) and one V-groove assembly and mount (bottom).

GRAVITY Consortium

GRAVITY in the NIH

• In the VLTI lab: october 2015
• First on-sky light: november 2015
VLTI SCHOOL COLOGNE 2015

MATISSE
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osure phases make it also a successor of AMBER. Thus, in many respects MATISSE
uired with two first-generation VLTI instruments - MIDI and AMBER.

MATISSE

qualitatively new questions
4 Telescopes:
L, M, N
mation, Evolved
Stars,
•
4T
bandes L,M,N
nd the Galactic
Center.
R ~ 4000

• Low,Medium, Large
• En opération: 2017

MATISSE
PI: B. Lopez (OCA)
In operation:
2018" Fournir une contrepartie
2018 à

uv coverage

ALMA dans le moyen
MATISSE: PI. B. Lopez (OCA) infrarouge (3-10 microns)

Location of
the Planet

GRAVITY

! Evolution planet
poussière
• Observing
formation
(minéralogie,
cristallo,
processes
at the
astronomical unit
distribution …)
scale
! Structures
des Galactic
cavités Nuclei
• Mapping
Active
planétaires
central
parsecs
! Signatures
deof
formation
• The
formation
massive stars
planétaires
• Dust
and winds from evolved stars
High-resolution
Imaging Facilities
! Recherche
de compagnons
jeunes

" Toutes les étoiles

In most astrophysical domains which require a multi-wavelength approach, MATISSE will
be a perfect complement of forthcoming high angular resolution facilities such as the Atacama
Large Millimeter Array (ALMA). With the extended wavelength coverage from the L to the N
band, MATISSE will not only allow one to trace different spatial regions of the targeted objects,
ATISSE N band observations
but also different physical processes and thus provide insights into previously unexplored
disk with an embedded planet.
Visiting Committee | 10-14 February
areas,2014
such as the investigation of the distribution of volatiles in addition to that of the dust.

ucted
mage

entourées de poussière
GRAVITY: PI. F. Eisenhauer"(MPE)
AGN …

rightness ratio Star:Planetary Accretion
4mas; 1000 simulated interferograms per
photon and 10µ m sky background noise;
ge SNR of visibilities: 20]
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Lopez et al. 2014
(mas)
-00

a

0

100

150

0

-100

0.2

-50`O

0.4

0- E

0.6

50-

100I50

(mas)

a

(mas)
-150

-100

-00

-( 150

a

0

(mas)
.150

155

50

-500

.50

to

0

50

-150

100

150

a

o

50

0.8

L+M

50

500

150

150

Illustration

UTs

Model

ATs

ALMA Partnership 2015

Planet formation at AU scale

Spectroscopy in mid-IR
van Boekel et al. 2004

hydrogen) and dust (silicates/graphite, CO ice) in the typically complex and distant high-mass star-forming regions,
link between low and high-mass star formation and the search and characterization of accretion disks around you
massive (proto)stars. Table 1 gives a series of components owning a spectral signature in the wavelength domain
MATISSE.
Table 1. Components and corresponding wavelengths of excepted spectral signature.

Components
H2O (ice)
H2O (gas)
H recombination lines
Polycyclic Aromatic Hydrocarbons
Nano-diamonds
CO fundamental transition series
CO (ice)
Amorphous silicates, Crystalline silicates (olivines and
pyroxenes), PAHs, fine structure lines (e.g. [NeII])

The other major topic concerns the study of Active Galactic Nuclei. The wavelength and baseline configurations provid
by the VLTI allow to investigate gas and dust in the temperature range 300-1500 K in the 0.1-5 parsecs core region of
nearest AGNs. The astrophysical problems that can be addressed with observations in the mid-infrared spectral dom
concern the morphology, chemistry and physical state of the circumnuclear dusty structures. Where does this dust co
from? How does it lose its angular momentum? What portion is accreted inwards, what portion sublimates and what port
is blown out by winds? What supports the thickness of the dust torus? What determines its inner edge? How does it aff
the energy balance of the accreting material and the AGN as a whole? How does the jet interact with dust clouds? H
does its optical extinction affect our perception of the inner regions of the AGN? Does the Type I/TypeII dichotomy ar
from an inclination effect, or are there fundamental morphological differences? How do the dusty regions relate to
inner ionized Broad Line Regions?
The results achieved within a) individual, many uv-point studies of nearby bright AGNs with MIDI, AMBER and the K
interferometer, and b) a homogeneous Large Program Survey of 25 Seyfert galaxies with MIDI have shown that wa
(300-1500 K) nuclear dust disks indeed exist, but that they are physically smaller than expected (~1 pc) in the N ba
sometimes misaligned relative to the jets, and show indications of clumpiness. The spectrum of the silicate absorpt
does not resemble that in star-forming regions. These results are interpreted as showing that the disks are comprised
dense clumps, optically thick even in the mid-infrared. The radio galaxy Centaurus A show a complicated mixture
thermal and synchrotron emission. MATISSE will allow one, for the first time, to reconstruct infrared aperture synthe
images of NGC 1068, Circinus, and Cen A. Their mid-IR dust emission in the circumnuclear region was too complex

Lopez et al. 2014
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Wavelengths
3.14µm
2.8 – 4.0µm
4.05µm (Br ), 4.65µm (Pf )
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8 – 13 µm

Active galactic nuclei
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Understand the complexity of the inner
parsecs (e.g near-nucleus/nucleus
symetries)
MATISSE + (GRAVITY):
• Test unified model
• Confirm S2 (MIDI) have strong bipolar
dust emission.
• Why S1 diverse (MIDI)
• How UV/X flux are intercepted (energy
balance)?
• Exploit L bands lines (C0, Br alpha):
turbulence/shocks – ionisation
radiation
• Connecting the 100 pc – 10 pc scales
(inflows/outflows)
• Structure of BLR (Br alpha, Br gamma)
• Mineralogy (dust processing) Polarimetry

!
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The challenge of mid-IR observations
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MATISSE uses two different detectors.
The MATISSE L- and M-band detector is
a Teledyne HAWAII-2RG of 2048 × 2048
pixels, grouped in 32 blocks of 64 × 2048
pixels.
The Messenger 157 – September
2014 The MATISSE N-band detector

in order to produce different spatial fringe
periods, and thus to avoid crosstalk
between the fringe peaks in Fourier space.
The separation Bij between beams i
and j in the output pupil is respectively
equal to 3D, 9D and 6D, where D is the
beam diameter.

Figure 2. The schematic layout of the MATISSE
instrument concept is shown. The red parts represent optical elements located on the warm optics
table at ambient temperature. The blue parts represent optical elements of the cold optics bench
located in the cryostats. Only one COB with its elements and detector is shown.
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First 4T fringes
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The lab is ready
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CHALLENGES FOR THE NEXT
DECADE
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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(
VLTI Laboratory Infrastructure
the(testing(conditions(difficult.(Yet,(ray(tracing(simulation(suggest(that(the(
vignetting(at(the(best(alignment(should(not(be(as(large(as(actually(observed( MIDI, VINCI table removed and volume for Gravity and MATISSE implemented
(Figure(1).(I(recommend(therefore:(
a4(optimizing(the(alignment(with(the(current(mirrors.(With(the(alignment(
GRAVITY
campaign(of(CW18,(this(may(now(be(the(case.(Yet,(we(may(loose(this(
comes here!
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(
MATISSE
field(or(pupil(lateral(errors(between(CIAO(and(the(STS.(This(will(constrain(the(
goes there!
operations((another(argument(to(stop(the(derotator(and(make(the(internal(
alignment(in(CIAO(static).(
MIDI Decommissioning

ng a periscope as optical relay with support from IPAG.
ther conditions, it cannot be done before June

Upgrade the infrastructure!
Make it performant (AO + phasing)

CIAO contribution
Prepare GRAVITY
and MATISSE spots

Upgrading the lab
and infrastructure

PIONIER 3D

Auxiliary telescopes

MIDI decommissioning

AT service station: I2

UT
adaptation
to
astrometry

VLTI lab in

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.

Contribution to CIAO

(

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.(

Eight star separators

New AT
alignment
station

AT obsolescence and
adaptation to astrometry
Challenges for the decade
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w angle astrometry

Improve performance
The Astrophysical Journal, 783:104 (13pp), 2014 March 10
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Woillez et al. 2014, KeckI

Figure 10. Top: synthetic off-axis K-band fringe packet intensity (gray scale) reconstructed over an optical path difference range of −30 µm to + 30 µm (vertical a
for an integration period of 0.5 s, displayed vs. time (horizontal axis). At time zero, the previously open fringe tracking loop is closed: the fringe position is stabil
and the contrast increases. This illustrative simulation is based on the same data set used in Figure 9. Middle: corresponding instantaneous fringe contrast. Bot
corresponding instantaneous fringe phase.
(A color version of this figure is available in the online journal.)

Oliver Pfuhl, Turku 2013
M4

M6

becomes harder than detecting faint fringes themselves. The
origin of this decorrelation can only be guessed. Based on the
similitude with the impact of the AO tip/tilt-induced piston,
also shown in Figure 9, its partial correction seems like the most
probable culprit. Note that these decorrelations would have had
a drastic impact on an eventual astrometric application.

of off-axis fringe tracking: closing the fringe tracking l
improves the fringe contrast of long integrations and stabili
the fringe position. This illustration is an optical interferome
equivalent of the open-loop versus closed-loop illustrati
shown with AO (Rousset et al. 1990).

3.2.2. Secondary Residuals

The contribution of the atmosphere to the differential pis
has been studied by Daigne & Lestrade (2003) for the rang
integration frequencies (102 Hz to 10−2 Hz) in which we are
terested. Although focused on the Very Large Telescope Inter
ometer on the Unit Telescopes, their models are for an observ
configuration and atmospheric conditions (0.65 arcsec seei
similar to what we had for our bright pair study (0.55 arc
seeing per the Mauna Kea Weather Center seeing monitor
We therefore used their estimations as an order of magnit
assessment.
For the separation of 7.4 arcsec considered in Figure 9,
atmospheric contribution µ2atm is negligible compared to the
strument contribution even for the lowest exposure frequenc
(µ2atm = 0.8–0.9 down to 10−2 Hz). The atmospheric contri
tion would only become comparable to the instrument con
bution for separations on the order of 20 arcsec and only
integration frequencies beyond 1 Hz. In practice, and as il
trated in the following section, the instrument was never pus
beyond this 20 arcsec separation and 1 Hz integration freque
limit.

Shaft bearing right assembly
(Altitude axis support)

M5

ENABLE Astrometry/ Phase
referencing
Gravity

PHASING the array:
GRAVITY for MATISSE phase
the array

M8

M7

M9

UROS
VLTI tunnel

focus

LROS

Relay Optical Structure (ROS)

Figure 1. Layout of the AT telescope (transporter not included).
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We then looked at the residuals measured by the off-axis
fringe tracker when receiving the feed-forward correction. This
configuration gives a more accurate estimation of what to expect when this fringe tracker is slowed down on fainter objects. As shown in Figure 9, the main difference is a drop in
square contrast to 0.9 around the 16 Hz fast fringe tracker control bandwidth. This corresponds to the previously mentioned
∼117 nmRMS at 10 Hz of secondary residual disturbance shown
in Figure 8.
The ASTRA longitudinal metrology follows the same control
pattern as the cloudé metrology, presented in Colavita et al.
(2013), where the piston measurements are high-pass filtered
before correction by the FDLs. This implementation makes the
system more tolerant to metrology breaks, but the internal OPD
fluctuations on time scales longer than the filter time constant
of τ = 2 s are not corrected. This effect is responsible for
the coherence losses at sub-hertz integration frequencies in
Figure 9, “without metrology low frequencies.” However, this is
the configuration used for the fringe contrast measurements with
integration frequencies in the 1–10 Hz presented in the following
section. Ideally, but considered too late, this filter time constant
should have been increased as soon as the integration frequency
fell below 10 Hz.

3.2.3. Atmospheric Contribution

3.3. First Faint Contrast Measurements

Ultimately, the goal of off-axis fringe tracking was to obse
intrinsically fainter objects, measuring visibilities similar
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(left panel) The VLTI/PIONIER visibility data for R Car are shown here. (right panel) The measured closures
phases are plotted as a function of length of the longest baseline in a given closing triangle. For both panels, the colors
show the 3 di↵erent spectral channels.
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Table 1. Overview of Interferometric Imaging Beauty Contest Entries
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Figure 5 show the reconstructed images of VY CMa for all 3 spectral channels by the 10 groups who participated in the contest. Likewise, Figure 6 presents the results for R Car. We only show the inner 25 milliarcsecond
field-of-view here. For presentation and comparison purposes we have interpolated each image onto a common
1 milliarcsecond grid, typically 3-5 times more fine than the grid resolution of the submitted entries. The interpolation was done in the Fourier plane by introducing extra zero-padding before an inverse Fourier Transform.
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Paladini in prep

Expand the user base and join synergies
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preparing their proposals, reducing their data and reconstructing images
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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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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 conditions 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, resolve sub-mm masers, thermal lines, and continuum.
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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
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is 0.45 km s−1 at 321 and
658 GHz, and 0.9 km s−1 at 325 GHz. More details of obser-
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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.
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Fig. 1: A light curve of omicron Ceti during the last four luminosity cycles (provided by the American Association
of Variable Stars Observers, AAVSO). Currently, the luminosity just started to decrease from the last maximum, Dynamical!atmosphere!
2O,!TiO,!SiO,!…!
which happened to be quite low compared to the previous ones. At those phases, the shock wave is Oxygen#rich!molecules:!H
just emerging
Carbon#rich!molecules:!CN,!HCN,!C2H2,!…!
from the photosphere and propagating outward in the lower
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WRAP UP
VLTI is a robust facility open to all astronomers!
Important infrastructure effort ongoing!
Overall performance is a major challenge!
Survey, spectro-imaging and astrometry programs
will have to live together: an operational challenge!
GRAVITY and MATISSE offer a considerable
increase in scientific capability but they will be a
challenge!
Imaging capability enhanced but still requires !
We are busy for the next decade !
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