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Context and motivation



Motivation: imaging with 
interferometers is finally there

MIRC/CHARA and VLTI/AMBER have 
recently produced scientifically 
meaningful images;

MIRC/CHARA work has shown that 
4T operation adds real scientific 
value to the image;

Zhao et al. 2008 ζ Andromeda

Zhao et al. 2008

Rapid rotators

Interacting binaries

10 Kraus et al.: Tracing the high-eccentricity binary θ1Ori C through periastron passage

Fig. 7. Combining AMBER data obtained on three telescope configurations (Left: uv-coverage), we reconstructed an aperture synthesis image
of the θ1Ori C system with an effective resolution of ∼ 2 mas (Right). For a detailed description, we refer to Sect. 4.

Fig. 9. Minimum χ2
r curves as function of the dynamical orbital parameters P, e, T0. These curves were used to determine the best-fit orbit

solution and to evaluate the uncertainties on the individual parameters (see Tab. 4).

the θ1Ori C system with respect to the parental cloud is smaller
than previously assumed (O’Dell 2001; Stahl et al. 2008).

5.3. Dynamical masses and parallaxes

Kepler’s third law (Msystem · π3 = a3/P2) relates a and P with
the product of the system mass Msystem := MC1 + MC2 and the
cube of the parallax π. Therefore, our astrometric measurement
of a3/P2 directly constrains certain areas in the (π, Msystem) pa-
rameter space, as shown by the shaded area in Fig. 13. Since the
elements of the spectroscopic orbit are currently only weakly
constrained, it is not possible to directly separate the system
mass and the dynamical parallax. However, several indepen-
dent methods exist to disentangle these important parameters
using additional information, such as the flux ratio of the com-
ponents, their mass ratio, and/or their stellar parameters.

The stellar parameters of θ1Ori C1 have already been stud-
ied extensively with spectroscopy, placing the effective tem-
perature between 37 000 and 40 000 K (e.g. Rubin et al. 1991;
Baldwin et al. 1991; Simón-Dı́az et al. 2006; Polyakov &
Tsivilev 2007). In particular, Simón-Dı́az et al. (2006) included
non-LTE and line-blanketing effects (Teff,C1 = 39 000±1000 K)

for their detailed spectroscopic modeling, which makes their
results compatible with the O-star stellar parameter calibration
by Martins et al. (2005).

Since each of the above-mentioned stellar or observational
parameters is associated with certain assumptions and uncer-
tainties, it seems advisable to take a number of alternative ap-
proaches for deriving the underlying physical parameters in
order to yield some insight into the associated uncertainties.
Therefore, we follow three alternative approaches:

a) Based on the effective temperature determination of the pri-
mary and the binary flux ratio, one can give a reasonable
mass range for each component and, thus, the system mass
(green-shaded area in Fig. 13).

b) One can estimate the mass of the primary from the stellar
temperature and then derive the companion mass using the
mass ratio constraints obtained from the radial velocities
(Sect. 5.2), yielding the orange curve in Fig. 13.

c) Baize & Romani (1946) presented a method which solves
for the system mass and the dynamical parallax using a
mass-luminosity relation (MLR), the bolometric correc-
tions of the components and their extinction-corrected ap-
parent magnitudes. To evaluate the influence of the MLRs

Binaries

MIRA

X. Haubois et al.: Imaging the spotty surface of Betelgeuse in the H band 929

Fig. 7. Closure phase measurements plotted versus two ranges of the
triplet maximum projected baseline.

All limb darkening models that we used (linear, quadratic
and MARCS model) hint at the presence of additional asym-
metric structures suggested by the excess of contrast at high fre-
quency and are beyond the scope of the limb-darkening models.
In order to investigate this e!ect, we analyzed the closure phase
measurements to determine the nature of asymmetric structures.

5. Image reconstruction and asymmetries

The dataset comprises 131 closure phase measurements. The
first thing to note is that closure phases are not null over the
whole dataset showing departure from point symmetry over
Betelgeuse’s stellar disk. Structures appear in closure phases
when plotted versus triplet maximum projected baseline (Fig. 7).

With the lack of spatial frequency coverage of near-infrared
interferometric observations, parametric modeling with simple
geometrical descriptions turns out to be ine"cient. Even with a
few hundred visibility and closure phase measurements, it is dif-
ficult to distinguish basic models because of the presence of a
great number of local minima. Thus the parametric approach is
not a good way to develop a complex model. In the last decade,
various teams have therefore undertaken the creation of image
reconstruction algorithms adapted to interferometric data in the
near infrared. In this paper we used two of them: MIRA and
WISARD. Both are presented and compared in Le Besnerais
(2008) and in Lacour et al. (2008). The major advantage of such
methods is that they can reveal structures by reconstructing an
image which fits the data and which is also close to an a priori
image of the object. The balance between the regularization of
the reconstructed image to the a priori image and the data fitting
is allowed by setting a hyperparameter µ:

Jtotal = Jdata + µJa priori (6)

where Jdata, Ja priori are the criteria that quantify how the recon-
structed image fits the data and how it is close to the a priori
image. Jtotal is the final quantity to minimize.

In the present work, we chose as an a priori object the best
limb-darkened fit. Our prior is thus a purely symmetric limb
darkened disk of 44.28 mas diameter surrounded by an environ-
ment as found in Sect. 4. In order to compare the two methods
we made sure to use the same field of view, same sampling and
same a priori image. Both use a quadratic regularization mean-
ing that strong intensity gradients between the a priori image and
the reconstructed image are quadratically discriminated against.

5.1. MIRA

MIRA (Multi-aperture Image Reconstruction Algorithm
Thiébaut 2008) is a method that iteratively minimizes a criterion

Fig. 8. Upper window: contour image reconstruction from MIRA.
Middle window: contour image reconstruction from WISARD of
Betelgeuse in a 60 mas field. Both images were reconstructed with the
same a priori object and the same type of regularization. Lower win-
dow: image of the dirty beam, i.e., the interferometer’s response to a
point source, given our uv plane coverage.

to reconstruct the image. To minimize the criterion, MIRA uses
the optimization method VMLMB (Thiébaut 2002), a limited
variable metric algorithm which accounts for parameter bounds.
This last feature is used to enforce positivity of the solution. To
avoid falling in local minima, the iteration starts with a strong
regularization to the a priori image. Then the weight of the
regularization decreases to favor the data fit (i.e. µ decreases).
In terms of reduced !2, the best reconstruction achieved gave
a !2 value of 5.7. The reconstructed image is shown in Fig. 8.

Lebouquin et al. 2009

Haubois et al. 2009

Supergiants

Kloppenborg et al. 2010

Kraus et al. 2009



How to get to an image ?

Armando Dominiciano et al (2003)

Monnier et al. Science 2007



La réduction des données

visibilities µ
phases ϕ

Réduction et 
données et 
étalonnage

Analyse des 
données

Observations



The VLTI
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Le principe d’une observation 
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Observables 
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The case of ALTAIR

Figure 5: This figure shows the squared-visibilities (with errors) observed for Altair along with the calculated
values from the MACIM/MEM image (line with crosses) presented in left panel of Figure 2. Each column is a
different observing time while each row represents a different baseline. Inside each panel, the x-axis shows the
wavelength of the spectrometer channels. Note that the visibility nulls shown above for baselines S2-W1 and
S2-E2 are second nulls while the visibilities in E2-W2 and E2-W1 baselines are slightly before the first null.
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Figure 6: All closure phase measurements are shown for the Altair observations along with results from
MACIM/MEM image (line with crosses). Note that the closure phase has a 360! phase ambiguity, thus a phase of
+180! and -180! are identical in the panels above. The columns are different times and the rows represent different
closure triangles.
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Monnier et al. Science 2007
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Figure 1: This figure shows the Fourier UV coverage for the Altair observations, where each point represents the
projected separation between one pair of CHARA telescopes (S2-E2-W1-W2) (31). The dashed ellipse shows the
equivalent coverage for an elliptical aperture of 265!195 meters oriented along a Position Angle of 135! East of
North.
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•“Good” uv coverage
• O b j e ct c le a r ly 
spatially resolved;
• Sufficient visibility, 
closure phase, triple 
amplitude precision



Image reconstruction
Image reconstruction algorithm proceed with a 
minimization of a function involving the data and 
weighted a priori information.

10 Berger, Malbet et al.

There exists a precise relationship called the Zernicke-van Cittert theorem (Haniff 2007a,
e.g. ) between the measured complex visibility at a given wavelength λ and a given baseline
B, and the brightness spatial distribution of the object. The visibility is exactly the Fourier
transform of the intensity distribution of the object on the sky taken at the spatial frequency
(u, v) = Bproj/λ, where Bproj is the 2-D baseline projected on the plane of the sky (Han-
iff 2007b). Therefore by measuring the complex visibilities at all spatial frequencies up to
a maximum value umax, in principle one could retrieve the synthesized image of the spa-
tial intensity distribution of the object with a spatial resolution 1/umax by inverse Fourier
transforming the 2-D visibility map.

However in all practical cases, the (u, v) plane cannot be fully covered, because the
spatial frequencies sampled by an interferometer are limited by the number of pairs of tele-
scopes. With the Earth rotation these spatial frequencies follows (u, v) tracks in shape of arc
of ellipses (Ségransan 2007). Using measurements at different wavelengths helps to extend
the (u, v) coverage, but only radially.

One of the difficulties of optical interferometry is that, very often, the phase of the visi-
bilities is lost because it has been scrambled by atmospheric blurring effects. Consequently,
measuring direct phase information is impossible. However, the phase of the product of the
3 complex visibilities measured with 3 telescopes, called the closure phase (see e.g Monnier
2000), remains insensitive to perturbations and can be eventually retrieved. This provides
the means to extract partial phase information.

Most of the scientific results obtained with visible and infrared interferometers so far
are based on modeling the source brightness distribution and on finding the best parameters
of the model that fits the visibilities. However, in the last decade, a number of algorithms
have been developed in order to reconstruct an image from its visibilities and closure phases
using the Fourier transform relationship between the measured complex visibilities and the
image. Although direct image reconstruction is now a routine in radio-astronomy and robust
algorithms are widespread (such as CLEAN, Högbom 1974) optical interferometry has some
distinct properties that have required specific developments (Thiébaut & Giovannelli 2009).

3.2 Principle of image reconstruction

Because of the voids in the (u, v) plane coverage and because of the lack of complete phase
information, a given set of data can be fitted by several different brightness distributions.
The image power spectra and bispectra of all these distributions are equal to the measured
data within the error bars in the least squared sense. Hence, additional prior information is
required to discriminate between those images and to constrain further the solutions. The
best image is defined as the most probable image given the data and prior information.
The bias toward the prior is the price to pay to select an image from such sparse data.
Reconstructing an image consists then in minimizing a quantity connected to the data and
to the prior with respect to the pixel values of the image (Thiébaut & Giovannelli 2009):

xbest = arg min
x∈Ω

�
fdata(x; y) + µ fprior(x)

�
(1)

where x are the image parameters (e.g. the pixel values) constrained to belong to the feasible
set Ω of, e.g., non-negative and normalized images, fdata measures the discrepancy between
the image model and the data y, fprior is the regularization term which enforces the priors
and the hyperparameter µ is a weight factor that tunes the balance between these two terms.

Imaging the heart of astrophysical objects with optical long-baseline interferometry 11

Table 1 Comparison of the image synthesis algorithms used in optical interferometry.

Code
name

Data Regularization Optimization Strategy

MiRA any positivity, TV, �2, �2−�1, Gull-Skilling entropy
with floating or given prior image

limited memory quasi-Newton with bound (posi-
tivity) and normalization constraints

BSMEM bispectra, power spectra,
complex visibilities

Gull-Skilling entropy with given prior image,
multi-scale entropy

non-linear conjugate gradients with unsupervised
hyper parameter control

WISARD pseudo-complex visibilities
formed from phase closures
and power spectra

positivity, �2, �2−�1 alternative minimization and self calibration

BBM bispectra positivity, sparseness matching pursuit
MACIM any any global optimization by simulated annealing

The term fdata is usually derived from an analytical model of the data and the statistics of
the noise, although slightly different approximations (e.g., Meimon et al. 2005a) are made
by current image synthesis algorithms. Note that fdata may be itself the sum of different
terms to account for different kind of data such as power spectra and phase closures.

Concerning fprior, the most successful regularizations in the context of aperture synthe-
sis are the Gull-Skilling entropy (Skilling & Bryan 1984) which is the basis of maximum
entropy methods (MEM, Narayan & Nityananda 1986), total-variation (TV, Strong & Chan
2003) or �1−�2 smoothness which smooths the image while preserving some sharp vari-
ations at edges or point-like structures, and sparseness which aims at restoring an image
with the smallest number of components (e.g. CLEAN method in radio-astronomy or BBM
method). It has been recently argued that the strict-positivity constraint plays the role of a
floating-support constraint hence favoring images with a rather smooth Fourier spectrum
(Le Besnerais et al. 2008).

Table 1 summarizes the features of the different algorithms that were specifically de-
signed to cope with optical interferometry data. These algorithms are the main challengers
of the Interferometric Imaging Beauty Contest’s which, every two years since 2004, quan-
titatively compares the results of various image synthesis methods on simulated optical in-
terferometric data (Lawson et al. 2004, 2006; Cotton et al. 2008). Among these algorithms,
BSMEM (Buscher 1994; Baron & Young 2008) and MiRA (Thiébaut 2008) appear to be
the most efficient ones for data sets typical of next generation instruments together, and
thus were used to produce the images from simulated data sets presented in this paper to-
gether with MACIM (for MArkov Chain IMager, Ireland et al. 2006). The other performant
algorithms are: the Building-Block Method (BBM, Hofmann & Weigelt 1993), WISARD
(Meimon et al. 2005b).

3.3 Imaging interferometers

CHARA, VLTI, and MROI are the present and near-future interferometers which can per-
form image synthesis (see Table 2). We used their configurations to produce realistic sim-
ulated reconstructed images for the astrophysical topics described in Sect. 2. We describe
below the main characteristics of these instruments and their latest achieved imaging results.

3.3.1 CHARA

The Center for High-Angular Resolution Astronomy (CHARA) Array is a 6 telescope inter-
ferometer operated by Georgia State University on the Mt. Wilson site outside Los Angeles,

Sridharan Rengaswamy: RPR



What is PIONIER ? 
Why proposing it now ?

PIONIER is a proposition for a simple 
instrument 4 beam combin ing imag ing 
capability (MIRC/CHARA) and Precision (VINCI) 
at VLTI. 

There is a window of opportunity for highly 
r ewa r d i n g s c i e n ce at V LT I t h at i s 
complementary to current instrumentation 
capabilities;

Competition is strong and active NOW. 



History 
First idea: Marseille 2008

Decision to go: December 2008 once 
agreement with W. Traub (JPL) and Rafael 
Millan-Gabet secured

December 2008 first contacts with ESO 
Paranal/Garching

Feb 2010: transfert of PIship: JP Berger -> 
JB Lebouquin

November 2009: ESO STC go-ahead



Pionier Science 
Objectives



The proposing team

Star and planet formation team at LAOG 
(FOST) with support from the Instrument 
development team (CRISTAL) at Grenoble

Rafael Millan-Gabet (Caltech), W. Traub (JPL)

O. Absil (U. Liège)

external collaborators 



Main astrophysical interest:
The study of young stars environments 

at the AU scale
1. Direct imaging of the inner boundaries of disks 

around Herbig AeBe stars;

2.Solving the T Tauri size/luminosity enigma;

3.Studying the interaction of young multiple systems 
with their environment

4.Revealing the structure of debris-disk hot dust 
component

5.Detecting directly one hot Jupiter

6.But also: interacting binaries, stellar surfaces ...



The Herbig AeBe inner disk paradigm
Interferometry pinpoints 
the AU scale emission 
(planet formation): 
important reforms of the 
disk paradigm

however mostly size 
determinations: degenerate 
solutions

AMBER is now a major 
actor in that field (spectral 
resolution)

next major step: imaging

S. Kraus et al.: Origin of hydrogen line emission in Herbig Ae/Be stars 1159

Fig. 1. Illustration of the regions which have been proposed as the origin of the permitted hydrogen recombination line emission observed towards
HAeBe stars (this sketch is not to scale; read Sect. 1 for details about the individual mechanisms).

Table 1. Target stars and adopted stellar parameters.

Star Spectral L! d T! AV R! (a) log L(Br")
L!

(b) log ṀBr"
acc

(c) v sin i H# (d) Ref.
type [L!] [pc] [K] [R!] [M! yr"1] [km s"1] profile

HD 104237 A5 30 116 ( f ) 8000 0.31 2.9 "2.74 "7.45 12 ± 2 (g) D(h) (i)
HD 163296 A3 26 122 ( f ) 8700 0.12 2.2 "2.78 "7.12 120+20

"30
( j) D(h) (k)

HD 98922 B9 890 540 (e) 10 600 0.3 9.1 "1.56 "5.76 – P(h) (l)
MWC 297 B1.5 10 600 250 23 700 8 6.1 >"0.6 – 350 ± 50 (m) S(h) (m)
V921 Sco B0 19950 800 30 900 5.0 5.0 >"0.7 – – D(n) (n)

Notes – (a) The stellar radius R! is computed using the given e!ective temperature and bolometric luminosity; (b) luminosity of the Br" emission
line, as determined by Garcia Lopez et al. (2006) from ISAAC spectra; (c) mass accretion rate, as determined from the L(Br")"Lacc relation
(Garcia Lopez et al. 2006); (d) this column described the H#-line profile shape of the stars in our sample using the classifications: D: double-
peaked profile; P: P-Cygni profile; S: single-peaked profile; (e) for HD 98922, we assume the minimum distance given by Garcia Lopez et al.
(2006).
References: ( f ) van den Ancker et al. (1998); (g) Donati et al. (1997); (h) Acke et al. (2005); (i) Tatulli et al. (2007a); ( j) Finkenzeller (1985);
(k) van den Ancker et al. (2000); (l) Garcia Lopez et al. (2006); (m) Drew et al. (1997); (n) Habart et al. (2003).

which we find in our small sample of HAeBe stars (Sect. 7) in
Sect. 8.

2. Observations and data reduction

2.1. VLT/ISAAC spectroscopy

The profile of the emission lines carries important information
about the kinematics of the emitting gas. Therefore, we com-
plement the spatially resolved AMBER spectro-interferometry
with high-spectral resolution (R # 9000) spectra obtained with
the VLT/ISAAC instrument.

Besides archival ISAAC data (ESO programme
073.C-0184, P.I. Habart), we also obtained new spectroscopic
data (for HD 163296 and V921 Sco, ESO programme 077.C-
0694, P.I. Kraus) in order to measure the line profile as close
in time to the AMBER observations as possible. This new
spectroscopic data covers not only the Br" 2.1661 µm line
(Fig. 2, left), but also the Pa$ 1.2822 µm line (Fig. 2, right).

The raw spectra were extracted using IRAF procedures
and then corrected for atmospheric features using telluric stan-
dard star observations obtained during the same night. For
wavelength-calibration, we aligned the raw spectra to publicly
available high-resolution (R = 40 000) telluric spectra taken at
the NSO/Kitt Peak Observatory. To compare the final ISAAC
spectra (Fig. 2) with the spectra extracted from the AMBER
data, we convolved the ISAAC spectra to the spectral resolution

of AMBER (R = 1500) and found good agreement (see Figs. 3a
to 7a, top panel).

2.2. Archival ISO and Spitzer/IRS spectroscopy

In order to optimally constrain the SED for the stars in our sam-
ple, we obtained near- to mid-infrared spectroscopic data from
the ISO and Spitzer Space Telescope archive. The Spitzer/IRS
spectra were pre-processed by the S13.2.0 pipeline version at
the Spitzer Science Center (SSC) and then extracted with the
SMART software, Version 6.2.5 (Higdon et al. 2004).

2.3. VLTI/AMBER spectro-interferometry

AMBER (Petrov et al. 2007) is the NIR beam-combiner of
the Very Large Telescope Interferometer (VLTI), which is lo-
cated on Cerro Paranal/Chile and operated by the European
Southern Observatory (ESO). Combining the light from up to
three of the four 8.4 m unit telescopes simultaneously, AMBER
measures not only visibility amplitudes, but also the closure
phase (CP) relation. In the course of three ESO open time pro-
grammes (077.C-0694, 078.C-0360, 078.C-0680, P.I. Kraus),
we obtained spectrally dispersed interferograms in AMBER’s
medium resolution (MR) mode (R = 1500) on four HAeBes;
namely, HD 163296, HD 104237, HD 98922, and V921 Sco.
These new data sets were complemented with archival data from
MWC 297 and HD 104237, obtained earlier during AMBER

Monnier & Millan Gabet 2004

Kraus et al 2007



The Herbig AeBe inner disk paradigm
first AMBER image reconstruction 

attemps
GOAL: probing the inner 
astronomical unit of 
protoplanetary disks:

constraining the disk 
structure ?

revealing the nature of the 
putative dust “inner rim”

Probing the link between 
accretion&ejection, 
disk&wind&&jet

?



MWC 275
Inn e r ca v it y mate r i a l 
revealed: what is its nature, 
link with accretion ?
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Fig. 2 – V2 over the spatial frequency (B/!) for all observations. B is the projected baseline. Panels at bottom
are wavelength-averaged. 4

S. Renard et al.: Milli-arcsecond images of the Herbig Ae star HD 163296 5

Fig. 3. Reconstructed images of the B10 model of HD 163296 in the H (left) and K bands (right). The dashed green ellipse cor-

responds to the location of the rim in this model. The models used are presented in the upper left corner. Same conventions as in

Fig. 1.

Fig. 4. Reconstructed images of a geometrical model of HD 163296 with only a star plus a Gaussian ring in the H (left) and K bands

(right). The dashed green ellipse corresponds to the location of the rim in this model. The models are presented in the upper left

corner. Same conventions as in Fig. 1.

4. Discussion

In this section, we discuss the reconstructed images.

4.1. Dynamic range

To compute the theoretical dynamical range of our image, we

use an estimator based on the one proposed by Baldwin & Haniff
(2002) �

n

(δV/V)
2 + (δCP)

2
, (2)

where n is the total number of measurements, δV/V is the relative

error in the visibilities, and δCP is the error in the closure phases

(in radian). This number indicates the maximum contrast that

can be reached in the image given the data, i.e. the ratio of the

maximum of the image to the minimum value that can be trusted.

Applying Eq. (2) to the data, a dynamic range of 780 is found

in the K band. In the H band, for which there is fewer data and

the error bars are slightly larger, a dynamic range of 400 is com-

puted. Minimum cut levels of 1/780 and 1/400, respectively, are

applied to all the K and H figures.

4.2. Use of the spectral information

The decision to present one reconstructed image in the H and

one in the K band results from different tests made on the B10

model. A trade-off has to be made between ensuring that we

have enough data to pave the (u, v) plane and the wavelength

dependency expected from circumstellar disks. Because of the

intrinsic chromaticity of the object, we prefer to reconstruct two

separated images in the H and K bands, otherwise two separated

visibilities, sampling different emitting regions, may correspond

to the same spatial frequency. We show in Fig. 5 the combina-

tion of both reconstructed images that illustrate complementary

features.

For each band, we used all the data points in the different

spectral channels, assuming implicitly the object to be grey in

each separated band. Compared to the model, this method pro-
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Model

Refractory material and/or gas Material free cavity

Benisty et al 2010, Renard et al 2010
4 S. Renard et al.: Milli-arcsecond images of the Herbig Ae star HD 163296

Fig. 1. Reconstructed images of HD 163296 in the H (left) and K bands (right), after a convolution with a Gaussian beam at the

interferometer resolution. The colors are scaled to the squared root of the intensity with a cut corresponding to the maximum

expected dynamic range (see text for details). The blue ellipse traces the location of the main secondary blobs, and the green dot-

dashed ellipse corresponds to the location of the rim in the B10 model, with its width given by the green dashed ellipses. North

is up and east is left. The sub-panel in the right corner of each plot indicates the Gaussian beam at the interferometer resolution,

applicable to Figs. 3, 4, and 6.
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Fig. 2. Contours of the reconstructed images of HD 163296 in the H (left) and K bands (right), after a convolution with a Gaussian

beam at the interferometer resolution. The contours vary linearly between the minimum cut corresponding to the maximum expected

dynamic range and the image maximum, with a step around 0.1.

To demonstrate that the bright inner disk is clearly seen

in the reconstructed images, i.e., that the central spot includes

more energy than that from the star alone, reconstruction of a

simpler model is performed. This model is the same as the B10

model but without the bright inner disk, i.e. a star surrounded

by a Gaussian ring. The star fluxes in the H and K bands remain

the same and the Gaussian ring accounts for 70% of the flux in

the H band and 86% in the K band. Figure 4 clearly indicates

that the star alone does not spread across more than over 4 pix-

els in the K band and 7 in the H band, which is less than in Fig. 3.

This analysis performed on existing models allows us to state

which features in the reconstructed images from Fig. 1 can be

trusted. We argue that the main secondary blobs present around

the main central spot are real. Their spatial distribution along an

ellipse and the intensity present between these peaks and the cen-

tral spot are also real. However, the clumpy structure of the ring

is probably not representative of the reality, but only of the actual

(u, v) plane. More observations at different spatial frequencies

will probably change the actual position of these peaks along

the ellipse, which may be smoothed. However, we conclude that

the inclination and orientation of the observed distribution of

peaks along an ellipse are real. This orientation and inclination

are indeed very close to the ones fitted by B10 and Tannirkulam

et al. (2008), and are consistent with previous estimates at dif-

ferent wavelengths (Isella et al. 2007). The second feature that

we think is representative of the reconstructed image is that the

central spot is extended and not reduced to an unresolved point

as a point-like star would be. The shape of this central spot is

certainly dependent on the filling of the (u, v) plane, although

the position of the centroid is certainly representative of reality.

Model
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Fig. A.3. Squared visibilities in the H (left) and K (right) bands for the VLTI/AMBER data. The different colors and symbols

correspond to different baseline position angle ranges.

Fig. B.1. Reconstructed images of HD 163296 in the K band from simulated data of the B10 model (up) and from the real data

(bottom), for 3 different values of the weight factor µ. conventions as in Fig. 1.
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relation enigma
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stellar reprocessing
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Debris disk

Hot inner dust 
revealed by Fluor/
CHARA (Absil etal. 
2006)

Precision is key (small 
visibility deficit)

Only a Vinci like 
instrument could 
reach those precisions
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Based on a minimum K-band flux ratio of 1.29 ± 0.19% and
a K magnitude of 0.02 for Vega (Mégessier 1995), we deduce
an upper limit of K = 4.74 ± 0.17 for a companion.

4.1.1. Field star

Although Vega is known to be surrounded by a number of faint
objects (V > 9) with low proper motion since the beginning
of the 20th century (Dommanget & Nys 2002), these objects
are far enough from Vega (at least 1!) so that they do not in-
terfere with our measurements. In the infrared, neither adaptive
optics studies (Macintosh et al. 2003; Metchev et al. 2003) nor
the 2MASS survey (Cutri et al. 2003) identified any K < 5 ob-
ject within 1! of Vega. In fact, the local density of such objects
is about 5 " 10#4 per arcmin2 according to the 2MASS survey,
so that the probability to find a K < 5 source within 1!! of Vega
is smaller than 4.3 " 10#7.

4.1.2. Physical companion

At the distance of Vega, the putative companion would have
a maximum absolute magnitude MK = 5.15 ± 0.17. Assuming
this companion to be a star of the same age as Vega itself, com-
prised between 267 and 383 Myr (Song et al. 2001), we use the
evolutionary models developed by Bara!e et al. (1998) to de-
duce the range of e!ective temperature and mass for the com-
panion: Te! = 3890 ± 70 K and M = 0.60 ± 0.025M$. This
roughly corresponds to an M0V star (Delfosse et al. 2000).

With a V # K of 3.65 (Bessel & Brett 1988), the M0V com-
panion would have a V magnitude of 8.41 and would therefore
have remained undetected in high resolution visible spectra of
Vega (M. Gerbaldi, personal communication). Adaptive optics
studies in the near-infrared would not have noticed the compan-
ion either, due to its very small angular distance from the bright
Vega (<1!!). At longer wavelengths, the expected infrared excess
due to an M0V companion is not large enough to be detected by
classical photometry as its does not exceed 2% between 10 and
100 µm. Indirect methods are in fact much more appropriate to
detect this kind of companion.

Astrometric measurements of Vega with Hipparcos did not
detect the presence of any companion, with an astrometric pre-
cision of 0.5 mas (Perryman 1997). With a mass ratio of 4.2
between Vega (2.5 M$) and its putative M0V companion
(0.6 M$), a 3! astrometric stability of 1.5 mas implies that
the orbital semi-major axis of the putative companion cannot
be larger than 6.3 mas2 (=0.05 AU = 4 R") with a 99% con-
fidence assuming a circular orbit, which is anticipated for such
a small separation. Such a close companion, which could also fit
the interferometric data, would have an appreciable signature in
radial velocity measurements, unless the binary system is seen
almost exactly pole-on. Precise measurements recently obtained
with the ELODIE spectrometer have shown a relative stability
of Vega’s radial velocity over several months, with amplitudes
lower than 100 m/s and a precision of order of 30 m/s each
(F. Galland, private communication). Assuming that the orbital
plane of the M0V companion is perpendicular to Vega’s rotation
axis, inclined by 5.1% with respect to the line-of-sight (Gulliver
et al. 1994), the companion should be farther than 80 AU from
Vega to be compatible with the measured radial velocity stabil-
ity. In fact, for an M0V companion at 0.05 AU from Vega not

2 The astrometric signature of a low-mass companion is given by the
ratio between the orbital semi-major axis and the mass ratio (Perryman
2000).

Fig. 4. Fit of a uniform stellar disk + circumstellar disk model to our
full data set, using the model of Kelsall et al. (1998).

to display any radial velocity signature at the 100 m/s level, its
orbital inclination needs to coincide with the plane of the sky to
within ±0.13% (Perryman 2000). Even if such an inclination is
possible, the probability for the system to be so close to pole-
on is very low (it ranges between about 6 " 10#4 and 10#6 de-
pending on the assumptions on the statistical distribution of low-
mass companion orbital planes). In conclusion, even though the
presence of an M0V companion close to Vega could explain the
interferometric data, there is strong evidence that such a com-
panion does not exist.

4.2. Circumstellar material

Circumstellar disks around MS stars are understood to be com-
posed of second-generation dust grains originating from colli-
sions between small bodies (asteroids) or from the evaporation
of comets (Backman & Paresce 1993). They are assumed to be
continuously replenished since dust grains have a limited life-
time (<10 Myr) due to radiation pressure, Poynting-Robertson
(P-R) drag and collisional destruction (Dominik & Decin 2003).
Several studies have shown Vega to harbour a cold circumstel-
lar dust ring &85 AU in radius (Holland et al. 1998; Heinrichsen
et al. 1998; Koerner et al. 2001; Wilner et al. 2002). Su et al.
(2005) interpreted the extended dust emission (up to 600 AU,
i.e., 77!!) detected by Spitzer as the signature of dust grains being
expelled by radiation pressure from the Vega system as a result
of a recent collision in the main planetesimal ring and subse-
quent collisional cascade. Even if the presence of dust in the in-
ner part of the disk has not been detected yet due to instrumental
limitations, an equivalent to the solar zodiacal cloud is expected
to be found around Vega. The thermal and scattered emissions
from warm grains surrounding Vega could thus be a natural ex-
planation to the visibility deficit observed at short baselines, pro-
vided that a su"cient quantity of dust is present within 8 AU
from the star.

In order to assess the adequacy of a circumstellar disk to re-
produce the observations, we have fitted our full data set with
the only known model for an inner debris disk, i.e., the zodia-
cal disk model of Kelsall et al. (1998)3, assuming that the inner
dust distribution around Vega follows the same density and tem-
perature power-laws as for the solar zodiacal cloud. The result
is displayed in Fig. 4 wherein all data points are nicely spread

3 This model was implemented in an IDL package called ZODIPIC
by M. Kuchner (http://www.astro.princeton.edu/&mkuchner/).
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Fig. 6. A possible fit of our debris disk model (Augereau et al. 1999)
to the photometric and interferometric constraints of Table 4: the di-
amonds correspond to references (1) and (2), the filled circle to this
study, the triangle to (3), the square to (4) and the cross to (5). The
model used here has a size distribution dn(a) ! a"3.7da with limit-
ing grain sizes amin = 0.1 µm and amax = 1500 µm, a surface density
power-law !(r) ! r"4 with an inner radius r0 = 0.2 AU, and assumes
a disk composed of 50% amorphous carbon and 50% glassy olivine.
The solid and dotted lines represent the total emission from the disk
on a 8 AU field-of-view, respectively without and with the spatial fil-
tering of interferometric studies, while the dashed line takes only the
thermal emission into account. The photospheric SED, simulated by
a NextGen model atmosphere (see text), is represented as a dashed-
dotted line for comparison.

distribution of Mathis et al. (1977). Both have power-law
exponents of "3.5 or steeper. On the contrary, the size dis-
tribution of Grün et al. (1985) for interplanetary dust parti-
cles does not provide a good reproduction of the disk’s SED,
so that the grain size distribution is most probably di"er-
ent from that of the solar zodiacal cloud described by Reach
et al. (2003).

– Composition: large amounts of highly refractive grains,
such as graphites (Laor & Draine 1993) or amorphous car-
bons (Zubko et al. 1996), are most probably present in the
inner disk. This is required in order to explain the lack of
significant silicate emission features around 10 µm (Gaidos
& Koresko 2004), which are especially prominent for small
grains. Silicate grains can still be present in the disk, but
with a maximum volume ratio of #70%, using the astronom-
ical silicates of Weingartner & Draine (2001) or the glassy
olivines (Mg2yFe2"2ySiO4) of Dorschner et al. (1995) with
y = 0.5. This is another di"erence from the solar zodia-
cal cloud, which is thought to contain about 90% of silicate
grains (Reach et al. 2003). Such a mixing ratio would only
be possible around Vega if the grains were su#ciently big
(amin $ 10 µm), so that the silicate emission feature around
10 µm would not be too prominent.

– Density profile: the inner radius r0 of the dusty disk is esti-
mated to be between 0.17 and 0.3 AU. Assuming a sublima-
tion temperature of 1700 K, dust grains larger than 0.5 µm
would survive at such distances (see dashed curve in Fig. 5)
while smaller grains, which are hotter, sublimate farther
from the star (e.g. at #0.6 AU for a 0.1 µm grain). A steep
power-law for the radial surface density distribution has also
been inferred from our investigations. A power-law expo-
nent of "4 or steeper provides a good fit to the SED, as it
reduces the amount of dust in the regions farther than 1 AU
and thereby explains the non-detection with MMT/BLINC
reported by Liu et al. (2004). In contrast, the zodiacal disk

model of Kelsall et al. (1998) has a flat surface density
power-law with an exponent around "0.34.

Using these most probable parameters for the inner disk and
a mixed composition of 50% amorphous carbons (Zubko et al.
1996) and 50% glassy olivines (MgFeSiO4, Dorschner et al.
1995), we have obtained a relatively good fit to the SED as il-
lustrated in Fig. 6, where we see that the thermal emission from
the hot grains supersedes the contribution from scattered light at
wavelengths longer than 1.3 µm. Based on our model and assum-
ing a size distribution dn(a) ! a"3.7da with amin = 0.1 µm and
amax = 1500 µm, we can deduce estimations for the dust mass
in the inner 10 AU of the disk (Mdust # 8 % 10"8 M&, equiv-
alent to the mass of an asteroid about 70 km in diameter) and
for the bolometric luminosity ratio between the inner disk and
the star (Ldisk/L! # 5 % 10"4). Because of the high temperature
of the grains, the luminosity of the inner disk is more than one
order of magnitude larger than the luminosity of the outer disk
estimated by Heinrichsen et al. (1998), even though it is almost
105 times less massive than the outer disk. These results need
to be confirmed by future studies, as the SED of the inner disk
is still relatively poorly constrained. They have been included in
this paper to demonstrate that the presence of warm circumstel-
lar dust can reproduce the various observations, and to provide
a plausible dust-production scenario as discussed below.

4.2.2. A possible scenario for the presence of hot dust

In fact, three main scenarios may explain the presence of small
dust grains so close to Vega. As in the case of the solar zodi-
acal cloud, they could be produced locally, e.g. by collisions
between larger bodies arranged in a structure similar to the so-
lar asteroidal belt. Another local source of small grains is the
evaporation of comets originating from the reservoir of small
bodies at #85 AU from Vega or from an inner population of
icy bodies as in the case of " Pic (Beust & Morbidelli 2000).
Finally, dust grains produced by collisions in the outer disk could
drift towards the inner region because of P-R drag. However,
this latter scenario cannot be connected to the recent collision(s)
in the outer disk suggested by Su et al. (2005), because of the
long timescale of P-R drag (2 % 107 yr, Dent et al. 2000).
Moreover, due to the much shorter collisional timescale (5 %
105 yr in the outer disk), this process is not very e#cient and
is therefore unlikely to produce the observed amount of dust
in Vega’s inner system. Our observations cannot discriminate
between the two remaining scenarios, even though a cometary
origin is favoured by the steep size distribution of dust grains
(Hanner 1984) and by the small inner disk radius.

Due to radiation pressure, small grains will not survive in
the Vega inner disk more than a few years before being ejected
toward cooler regions (Krivov et al. 2000). Larger grains would
survive somewhat longer, but not more than a few tens of years
due to the high collision rate in the inner disk. A large dust pro-
duction rate (#10"8M&/yr) is thus needed to explain our obser-
vations, suggesting that major dynamical perturbations are cur-
rently ongoing in the Vega system. An attractive scenario would
be an equivalent to the Late Heavy Bombardment that happened
in the solar system in the 700 Myr following the formation of the
planets (Hartmann et al. 2000), i.e., at a period compatible with
the age of Vega (#350 Myr). Such a bombardment, most proba-
bly triggered by the outward migration of giant planets (Gomes
et al. 2005), could explain the presence of small grains around
Vega both in its outer disk, due to an enhanced collision rate
in this part of the disk, and in its inner disk, due to the high



Hot jupiter direct detection ?

•0.01 deg closure phase needed

•MIRC attempt (Zhao et al. 
2008): sig = 0.06 need 6 x SNR 
improvement for 3 sig 
detection;



First image and nir spectrum of a Hot Jupiter 
orbiting its star ?

•0.01 deg closure phase needed

•MIRC attempt (Zhao et al. 
2008): sig = 0.06 need 6 x SNR 
improvement for 3 sig 
detection;

• PIONIER with UT can do it 
(in theory !)
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Figure 5. Graphical representations of the !2 cube between the simulated observations and the model for a whole range of
values for the three free parameters : the radius, the inclination and the position angle (left : " Boo, right : HD 73256).
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Figure 6. Simulated observations of two extrasolar planetary systems (left : " Boo, right : HD 73256) using VSI with 4
UTs. The data points with their associated bars (in blue) are shown separately for the four triplets of baselines. The
underlying black curve represents the noiseless closure phase signal of the extrasolar planet for each triplet, while the red
curve represents the best fit to the simulated data, as described in section 3.1. The simulations are performed in the band
K.
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Figure 5. Graphical representations of the !2 cube between the simulated observations and the model for a whole range of
values for the three free parameters : the radius, the inclination and the position angle (left : " Boo, right : HD 73256).
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Fig. 8. Mass-radius relationship – masses and radii superimposed on 5 Gyr isochrones theoretical models (Bara!e et al. 1998). Our results appear
as filled circles. Other long baseline interferometry measurements come from PTI (Lane et al. 2001), VLTI (Ségransan et al. 2003) and CHARA-
FLUOR: Boyajian et al. (2008), di Folco et al. (2007), Kervella et al. (2008) and Berger et al. (2006) for GJ15A, all as empty circles. Solar
metallicity with Lmix = 1.0HP (solid), Lmix = 1.5HP (dash) and Lmix = 1.9HP (dashdot) are shown as well as a metal deficient, [M/H] = !0.5 model
with Lmix = 1.0HP (dot). Only radii measurements better than 10% are displayed. Solar-neighbourhood eclipsing binary measurements are rep-
resented as empty crosses, while OGLE-T transiting binaries are represented in filled crosses. Only residuals from long-baseline interferometry
results are displayed.

Unfortunately, GJ 663 A does not appear in the tables or in
the graphs because of the lack of K magnitude measurements.
Its measured radius is, however, shown in Table 5 for complete-
ness. It should be noted that some e!orts are needed to ob-
tain accurate near-infrared photometry of nearby K dwarfs to
tighten the mass-luminosity relation and therefore better con-
strain theoretical models in the upper part of the luminosity-
radius relationship.

3.2. Mass-radius relationship

The translation of our direct measurements into a mass-radius
diagram requires the use of an empirical ML relationship. We
used the relation determined by Delfosse et al. (2000) to com-
pute masses for GJ 887 and GJ 551, and a recent one by Xia et al.
(2008) for the 0.7 to 1.0 M" range. This study is based on Henry
& McCarthy (1993). The ML relationship for stars below 0.6 M"
is built on a large number of accurate masses and luminosi-
ties (Ségransan et al. 2000) and exhibits very low dispersion in

near-infrared. In this part of the mass-luminosity relationship,
models reproduce the observations fairly well, indicating that
both atmosphere and interior physics of very low-mass have
been mastered. The empirical ML relationship above 0.6 M"
shows a much larger dispersion than for M dwarfs, which is re-
lated to the modest accuracy of the masses in this mass range.
The derivation of masses from absolute magnitude is there-
fore less accurate than for the lower part of the relation, so we
adopted an arbitrary error of 5% on mass determination. Those
results appear in Table 5. Figure 8 shows our results in a mass-
radius (MR) diagram with results from other studies. Five Gyr
model isochrones from Bara!e et al. (1998) are represented for
di!erent mixing lengths and stellar metallicity.

3.3. Stellar properties

3.3.1. Effective temperature

Angular diameter measurements associated with accurate par-
allax and Johnson photometry allow the star’s e!ective

Demory et al 2009



Conclusion

There is room for an instrument that 
combines imaging capability (4 telescope) and 
precision.

Competition is good, strong and working 
NOW. 

Pionier/VLTI has a unique combination of 
good (u,v) coverage, sensitivity and precision



The project
“Off-the shelf” lightweight instrument

4 way IO ABCD combiner  (H and K)
infrared camera (scanning like Vinci, no FT)

Spectral resolution: H or K broadband or R ~40
VISITOR instrument to avoid to weight on ESO ressources and 
to guarantee two years perennial status;

French side: no weight on financial or technical ressources 
devoted to Gravity/Matisse/VSI

Installed Fall 2010 on VINCI table operated until 2012 (Gravity’s 
arrival) hopefully more ...

JB Lebouquin (PI), JP Berger (PS), G. Zins (PM), B. Lazareff (SI) 



Pionier technical 
description



General description

Located on the VINCI table
Separated units:

Injection and OPD modulation 
unit;
Alignment and calibration
IO combiner
Imaging and detector unit 
(PICNIC (IOTA))
Control unit

Removable
A technical description 
document is available



IO combiner
Pairwise with ABCD 
encoding (Benisty et 
al 2009 A&A)

4 inputs maximum 24 
outputs (4 per 
baseline)

24 (x2 polarization ?) 
pixels to read (fast) 
on the detector

Ambient temperature

4 
in
pu

ts

24
 o

ut
pu

ts



Fringe acquisition
With PIONIER one fringe encoding is 
envisioned

VINCI like: all the fringe envelop is 
scanned (kHz rate);

Added value ABCD recording with 
dispersion;

PIONIER will have its internal group 
delay tracking that will not rely on fast 
delay line operation (long range piezos);



Performances
High precision mode 
(Photon noise regime) 
exposure times up to 20x 
faster than AMBER 

High sensitivity mode 

Precision goals (photon 
noise regime) simulation 

V < 1% (Vinci)

CP = <1 deg

SNR 10 H K

AT 6-8 7-9
Limiting magnitude should be taken 

with caution since they are the result 
of necessary approximative simulations.



Project status



Timeline

Shipped to Paranal: mid-october

October 2010: first commissioning run (VLTI 
4 telescopes)

November 2010: PIONIER commissioning run 
+ first science 

Accepted proposals ~10 nights



Collaborations welcome

Focus on bright “enigmatic” targets (eps 
Aurigae like) requesting imaging;

Science requiring precision measurements 
e.g: cepheids pulsations, low-mass stars 
diameters, many others ...


