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First idea of “PIONIER” …

Then the idea get lost for about 6 years…
… so let’s jump directly to 2009.

From 2002 and 2003, ESO and IPAG collaborated for the 2-telescope 
test-instrument VINCI.   Further discussions lead to this proposition:



Context in 2009
General
• OLBIN enters the era of imaging instrument
• The game is mainly in the US with CHARA/MIRC.
• Current sensitivity cannot reach YSO
At VLTI
• Successful ESO / IPAG collaboration on VINCI
• Working better and better !!
• 4 telescopes already available since 2007
• Next-generation projects planned for 2014  

(GRAVITY and MATISSE)
At IPAG
• Expertise and interest in imaging interferometry
• Difficulties to run some projects with AMBER/MIDI 

(T-Tauri, exozodial disks, faint companions)
• 4 telescopes IONIC beam combiner available on-

the-shelve: a result from several years of R&D
Need for a fast project to catch-up competition!!

ELTVLT-I

CHARA

VLTI



The proposition to ESO

Proposition made in 2009 by IPAG to ESO
• Build an instrument to combine the light of 4 telescopes of  VLTI, 

using the visitor-instrument framework.
• On sky by end of 2010, with few days of commissioning.
• Exploit this instrument with few weeks per semester over the 

2011-2013 period.

Initial funding and collaboration
• First: Local funding (University), bring most of the money ~150k€
• And then national support (CNRS, ANR) for operations ~50k€
• IPAG + W. Traub / R. Millan-Gabet (IOTA infrared detector)
• Critical ESO contribution: administration, shipping, travels, 

technology sharing, fluids…



Science case : YSO

AA48CH07-Dullemond ARI 16 July 2010 20:8
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Figure 3
Pictographic representation of the inner disk region out to a few astronomical units. Shown are the
magnetospheric accretion depicted near the star, the dust-free gas disk in the middle, and the dust rim on the
right.

Goldreich model and thus obtained a complete description of the SEDs of Herbig Ae/Be stars in
terms of a simple irradiated disk model.

So if this simple model of the NIR bump is basically correct, then one may wonder why mainly
Herbig Ae/Be stars show such a huge bump while T Tauri stars are not known for displaying
such a conspicuous feature. Dullemond, Dominik & Natta (2001) argue that because the stellar
luminosity is at much longer wavelengths for T Tauri stars, a bump of this kind would be partly
“swamped” by the flux from the star, though a close look at the spectrum should still reveal such a
bump. On first sight, T Tauri star SEDs do not show such a strong bump. But through a careful
subtraction of the stellar spectrum, Muzerolle et al. (2003) show that T Tauri stars consistently
have such a NIR bump, though perhaps weaker in a relative sense than the Herbig stars. So in
that sense, T Tauri stars are no different from Herbig stars.

In spite of the early success of these models, there was no easy way of telling with just NIR
photometric data whether it was indeed the true nature of these objects. Indeed, much sim-
pler spherically symmetric envelope models, in which the dust was also removed inward of the
dust evaporation radius, could also fit the NIR bump and even in a number of cases the en-
tire SED (Pezzuto, Strafella & Lorenzetti 1997; Malfait, Bogaert & Waelkens 1998; Mirosh-
nichenko et al. 1999; Bouwman et al. 2000; Vinković et al. 2006). In fact, such models appear
to be more consistent with the lack of clear observed correlation between the NIR flux and
the disk inclination. For a simple perfectly vertical wall model of the rim such a correlation
is clearly expected, with little NIR flux observed at near face-on inclinations as illustrated in
Figure 4a,b, and discussed in more detail in Section 3.1. Perhaps the most clear counter-example
is AB Aurigae, which has a huge NIR bump (see Figure 2) but is known not to be very far from
face-on (e.g., Eisner et al. 2003; Corder, Eisner & Sargent 2005). Note, however, that AB Auri-
gae is an object that is still surrounded by a substantial amount of non-disk-related circumstellar
material, which may contribute to the NIR flux.

The key to distinguishing these models from each other is to spatially resolve the NIR disk
emission. Because the spatial scale we are talking about here is about 1 AU in diameter, which
means 7 mas at typical distances of Herbig Ae stars, no NIR telescope is even remotely able to
make spatially resolved images of these structures to tell which model is correct.
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Fig. 2. Best-fit model in dashed lines. The locations of the planets are
indicated by white diamonds. The dotted ellipse is a projected circle
with radius 0.2500. The color scale is arbitrary.

a �2 function assuming that the uncertainty on each location is
the FWHM of the point spread function (PSF). The best-fit pa-
rameters are for the SE arm: (hc, rc, �c) = (0.20, 0.25300, 72�),
and for the NW arm: (hc, rc, �c) = (0.20, 0.19600, 266�). This
corresponds to planets located at ⇠55 and 71 au for the NW and
SE arms, respectively. The spiral shapes with these parameters
are plotted in the polarized intensity image in Fig. 2. As noted
by Muto et al. (2012), the degeneracy of the model is signifi-
cant. Figure B.1 shows the 2D probability distributions for each
pair of free parameters. The Bayesian probabilities were derived
as exp(��2/2) and normalized such that their integral over the
whole parameter domain is unity. We obtained a lower limit of
the disk aspect ratio hc = 0.2. A high value of hc is needed to ac-
count for the large pitch angle, and while higher values may be
favored by the spiral fit, they would produce too much infrared
flux to account for the SED. In addition, we note that hc and rc
are not independent. The lower hc, the closer to the spiral the
planet must be, as the spiral pitch angle is only large very close
to the planet.

Although we restricted the planets to be inside the submil-
limeter cavity, we note that the only way to fit the northern tip of
the SE spiral (up to PA ⇠ 45�) is to consider a planet outside of
the submillimeter continuum emission as in Grady et al. (2013).
However, extending the range in rc to 200 strongly increases the
degeneracy of the model. We do not favor this solution because
companions are likely to be located inside the submillimeter cav-
ity since other clearing mechanisms, such as photo evaporation,
can be ruled out by near-IR interferometric observations of the
inner disk (Isella et al. 2008).

5. Discussion and conclusions

We presented Y-band polarized intensity images of the scattered
light from the protoplanetary disk around the Herbig Ae star
MWC 758 and studied the morphology of non-axisymmetric
features. The image shows six distinct features, including arc-
like features and two spiral arms with a large winding angle.
Fitting the shape of the spirals, with a model based on the spi-
ral density wave theory, showed that only a warm disk with
a high aspect ratio (⇠0.2) at the locations of the planets can
lead to such large pitch angle spirals (Rafikov 2002). Assuming
that the disk is in hydrostatic equilibrium, this corresponds to

midplane temperatures of ⇠315 K and ⇠250 K at 55 and 71 au,
respectively, slightly higher than the predictions from SED and
submillimeter continuum modeling (⇠200 K at these locations;
Andrews et al. 2011), but significantly di↵erent from the tem-
perature measured with CO (⇠53 K at 50 AU; Isella et al. 2010).
Such a high disk aspect ratio also reduces the contrast and the
observability of the spirals in scattered light (Juhasz et al. 2014).
This suggests that the vertically isothermal assumption implied
in the spiral model may not hold (e.g. Richert et al. 2015).
Alternatively, a planet on an eccentric orbit, an inclined planet
or a planet massive enough to exert disk eccentricity may a↵ect
the shape of the spirals and induce a di↵erent pitch angle than in
the case of a circular orbit.

The two spiral arms were interpreted in the context of planet-
disk interaction, but other mechanisms, such as self-gravity, can
trigger spiral features with lower winding numbers (Rice et al.
2006b), while keeping enough contrast to detect them in scat-
tered light (Pohl et al., in prep.) and at longer wavelengths
(Dipierro et al. 2014). The disk mass has been estimated to
be ⇠0.01 M� from submillimeter observations (Andrews et al.
2011), which is probably too low to trigger gravitational insta-
bilities, although these estimates are very uncertain and strongly
depend on the assumed dust opacities and gas-to-dust ratio. If
a significant part of the solid mass is in planets or particles
larger than 1 cm, the gas mass can be much higher than currently
estimated.

Assuming that the observed spirals are trailing, the SE spi-
ral arm is located on the far side of the disk and interestingly,
does not appear darker than the near side (unlike SAO206462,
Garufi et al. 2013). This may indicate an isotropic scattering
phase function of the dust grains, which would imply submicron
sized grains, or a high polarization e�ciency. We note that the
detected scattered light is quite symmetric and the western side
of the image does not show the extended emission seen in the
HiCIAO image (Grady et al. 2013), which was interpreted as be-
ing due to an asymmetric irradiation of the disk. Considering that
the observations were obtained only three years apart, it is un-
likely that this would result from variable shadowing and should
be investigated further.

We found no indication of a fully depleted cavity in micron-
size dust grains beyond the coronagraph radius (consistent with
12CO peaking at the star position; Isella et al. 2010) while a cav-
ity in millimeter grains has been marginally resolved at a much
larger radius (Isella et al. 2010; Andrews et al. 2011). Such spa-
tial segregation of small and large grains can be a natural out-
come of particle trapping at the edge of a cavity carved by a
planet (Pinilla et al. 2012, 2015). The requirement of a contin-
uous replenishment of small particles through the cavity trans-
lates into a maximum planet mass, above which any companion
would filter all dust particles (Rice et al. 2006a; Zhu et al. 2012).
With typical disk viscosities, a companion with a planet-to-star
mass ratio above 10�2 (i.e., a 5.5 MJup planet around MWC 758)
would filter all dust grains (Pinilla et al. 2012).

Features (2) and (3) have a very distinct dependence on the
PA, with a sharp transition at PA ⇠ 240�, therefore no spiral
model can fit the full NW structure (features (2) and (3) to-
gether). A projected circle of 0.2500 radius is shown in Fig. 2 and
can only partly account for the region between PA ⇠ 190�270�.
The circular region between features (2) and (3) may trace the
edge of a cavity, although high-resolution submillimeter ob-
servations are required to determine whether this is the case.
Alternatively, a slightly eccentric ellipse (e ⇠ 0.1) oriented with
PA = �30�, that would trace an eccentric gap, can fit part of fea-
ture (3) in addition to feature (2). In addition to the two spiral
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Figure 7
The size-luminosity diagram obtained from near-IR (NIR) interferometric measurements of T Tauri and
Herbig Ae stars. The observed NIR sizes can be compared against different disk models, including disks with
optically thin cavities and those that are optically thick but geometrically thin. The most realistic disk models
that include backwarming suggest dust evaporation temperatures are between 1,500 and 2,000 K. Adapted
from Millan-Gabet et al. 2007.

whereas (the very few measured) T Tauri disks seemed broadly comparable to the Herbig Ae
disks.

Following the first generation of measurements, larger samples of high-quality measurements
were collected using the longest baseline interferometers, especially the PTI and Keck Interfer-
ometers (Eisner et al. 2004, 2005; Akeson et al. 2005a,b; Monnier et al. 2005). A summary of these
data are reproduced in Figure 7 and allow a detailed examination of disk properties as a function
of luminosity beyond the earlier work. We see here that with reasonable assumptions about disk
backwarming (see Section 3.3), the inferred dust evaporation temperatures are typically between
1,500–2,000 K even when assuming gray dust; as we discuss in more detail below, these high
temperatures are somewhat problematic based on laboratory data of real grains. Note that most
of these measurements were only done along one position angle of the disk; due to projection
effects, the true inner radius might be somewhat larger.

Another key result from the size-luminosity diagram is a definite departure from the Rrim ∝ L1/2
∗

scaling law for some (but not all!) of the brightest sources in the sample, the Herbig B0–B3 stars:
For these sources, the measured radii are smaller than the trend of the rest of the sample (see
Figure 7). In other words, they are undersized. Apparently, the nature of the dust inner rim and/or
the gas inward of the dust rim changes for these very luminous sources. Monnier & Millan-Gabet
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SPHERE: Benisty et al. 2015

Dullemond and Monnier 2010

What is the structure of protoplanetary 
disks inner astronomical units?



Communication
PARANAL: System Engineering 

• Is there interest on Paranal side (2nd gen)? 
• Is the timeline (fast track) and workload acceptable by director 
• What are the interfaces?

French Community: 
• IPAG directorate 
• Head of INSU: OK but don’t ask for money 
• ASHRA (french high angular resolution scientific council): de-mining 
• University of Grenoble funding + science programs

ESO Garching: 
• Presentation of scientific project to VLTI team 
• Meeting with Director of programs ➔ DG ➔ Greenlight to go to LSP with proposal 
• Meeting with Y. Mellier (STC chair) 
• Submission of science/technical proposal to LSP april 2009: green light 
• Submission of  “pre” science proposals to OPC P84 (in agreement with ESO 

directorate of science

Community 
Search for collaborations within Europe (detector): did not work



Project size overview
Simple hardware / software:
• Single scientific mode
• IR Camera on loan from JPL (USA). 
• About 80% is VLT-standard.
• Limited number of motorised functions.
• One internal real-time 500Hz loop

PIONIER installed at the focus of 
VLTI as of 2010

108 December 2010    Physics Today www.physicstoday.org

A PIONIERing interferometer
In a grand display of astrophotonics, the light from four telescopes
at the Very Large Telescope Interferometer (VLTI) in Chile was com-
bined in late October for the first time, by the Precision Integrated-
Optics Near-infrared Imaging ExpeRiment (PIONIER). The visiting
instrument, developed at the Laboratoire d’Astrophysique de
Grenoble (LAOG) in France, complements the two existing VLTI
instruments that combine light from two and three telescopes.

Before even reaching PIONIER, the light paths from the four 
1.8-meter auxiliary telescopes at the VLTI had to be controlled to
less than a micron. Each of PIONIER’s four alignment units, seen
above in the foreground, focuses one of the incoming VLTI beams
into an optical fiber. The fibers channel the light into the heart of
the instrument: an integrated optics beam combiner, developed at
LETI, a French Atomic Energy Commission laboratory, in collabora-

tion with LAOG. Housed under the folded metal cover to the left of the alignment units, the combiner, smaller than a credit card,
interferes each beam with all the others (see the inset). The 24 combiner outputs are then focused onto a detector in the brass
cryostat.

The interference output of PIONIER will have the resolving power of a virtual telescope some 100 meters across. The first images
are anticipated in early 2011. Among the topics that PIONIER will study are protoplanetary and debris disks, hot Jupiters, and stellar
surfaces. (Photo courtesy of Bernard Lazareff/LAOG/OSUG/UJF/CNRS and the European Southern Observatory; inset courtesy of
LAOG/UJF and CEA/LETI, photo © CNRS Photothèque/Emmanuel Perrin.)

To submit candidate images for Back Scatter, visit http://www.physicstoday.org/backscatter.html.
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Physics Today

Project-management by G. Zins (great !)

Project management:
• Single site manufacturing / integration, 

few interfaces except ESO
• Project duration ~2 years
• Hardware cost : 200 k€
• About 6 FTE involved at IPAG
• Total consolidated cost : 700 k€



Project size overview

Project management:
• Single site manufacturing / integration, 

few interfaces except ESO
• Project duration ~2 years
• Hardware cost : 200 k€
• About 6 FTE involved at IPAG
• Total consolidated cost : 700 k€

Simple hardware / software:
• Single scientific mode
• Limited number of motorised functions.
• IR Camera on loan from JPL (USA). 
• About 80% is VLT-standard.
• One internal real-time 500Hz loop (x4)

Project-management by G. Zins (great !)



A short but realistic schedule

Date of “first light” was firmly known 
when the integration started.
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PIONIER became the most 
requested instrument of VLTI, 
thus ESO opened it gradually

~2 years to reach ultimate 
performances thanks to simple but 
frequent updates in operations.

Such short schedule allows:
• Full availability of people.
• Fast (but conservative) decisions, 

focus on solving problems.



A balance between heritage and innovation

VLTI 2010

IOTA 2002 Heritage from 10 years of research:
• Mature technology: 4-telescope 

integrated optics component from 
research in instrumentation (CNRS, 
ANR) at IPAG.

• Instrumental concept (scanned fringes) 
experienced by the team in FLUOR, 
VINCI, IONIC-3.

• DRS concepts well established.

Innovations:
• First 4-telescope combination of VLTI.
• Novel polarisation control.
• First use of cheap industrial PLC 

BECKHOFF in ESO instrument (instead 
of costly LCU)



The RAPID camera
FIRST APD IR camera on sky (SOFRADIR)



Is PIONIER really a “visitor” instrument ?
IPAGES

O
• First PI at IPAG move to ESO/VLTI at 

the beginning of the project.

• Second PI move from ESO/VLTI to 
IPAG at the beginning of the project.

• Project Manager at IPAG is an expert 
in VLT Software.

• Project Manager at IPAG move to 
ESO/Paranal at the end of the project.

• PIONIER postdoc move to ESO/VLTI 
fellowship at the middle of the project.

• VLTI fellow at ESO move to IPAG to 
lead the PIONIER detector upgrade.



Interaction Consortium-ESO

• SoW defining relationships between ESO and the Consortium
• No real consortium: project managed and achieved by IPAG
• No formal review: continuously and closely monitored in relation with ESO
• ESO included in project as partner
• Documentation limited to critical points; ICD, safety and operations.

• Mutual trust from Paranal to the Consortium, allowing non-standard solution 
(ex: install the electronic cabinet inside the VLTI lab).

• Even if the rules and standard procedures were always tried to be fulfilled, all 
partners keep a pragmatic approach.



• Support for software development (PLCs)
• Support for shipping and integrations
• Great reactivity to problems
• Not hiding any possible issues/limitations of VLTI.

• Minimal interfaces and load on VLTI
• Demonstrator for PLC BECKHOFF hardware 

(will be used in EXPRESSO)
• Prepare the VLTI for the 4-telescope operation.
• Novel polarisation control now used in AMBER
• Explore the polarisation behaviour/issue of VLTI

PIO
N

IERES
O

Interaction Consortium-ESO



Fast-track success-oriented project
• Hardware was already existing for critical sub-systems.
• Simultaneous request for funding, request to ESO, order first items, 

OPC proposals, build science team…
• Focus on a small number of science cases, thus a single instrument 

mode that drive all choices between preliminary → final design → 
implementation.

• Favour solutions with operational experience, because developing an 
operational experience is costly in time and manpower.

• Gather a “system view” of both the visitor instrument and the host 
VLTI, to make strategic trade-off considering the global picture.

PIONIER is the most sensitive instrument of VLTI while it is the 
cheapest, the quickest, and the less optimised in many aspects.



Data reduction/delivery
• DRS is non-standard (python like)
• DRS evolved during about 2 years to reach 

best performances (+1mag in sensitivity).
• Fairly easy (1 man-week) to interface it with 

the ESO pipeline system, because DRS 
follows the ESO/recipe logic as well.

• Support from the consortium may be needed 
if major upgrade of the instrument.

• PIONIER is the first VLTI instrument to 
produce immediate science-ready 
products, with absolute calibration.

• Available to the PI in a global archive, and to 
the whole community after 1 year.
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Observing modes and GTO

• No GTO, open-time proposals only.
• Instrument access restricted to the consortium (visitor instrument).
• Huge load on the consortium (>12 travels / year)
• Question: how to assess the feasibility of proposals by ESO ?
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• Instrument now open to the community. Consortium compensated 
by ~3n/semester of technical time to try new ideas and push the 
instrument.



Lesson learnt from Science
• PIONIER / VLTI reached the expected 

performances when proposing the instrument.
• 45 A&A and ApJ papers.
• Science productivity largely enhanced by PIs 

outside the initial core-team.
• Simple, reactive instrument makes best use 

of good atmospheric conditions slots.
• 95% of the science done with the ATs

Large program approach :
• Survey >40 YSO to study the structure of the 

proto-planetary disks. 
• Survey >100 O type stars for multiplicity.
• Survey >200 main-sequence to search for 

exozodiacal dust.
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Surveys for 
exozodiacal 
disks

• Hot and cold dust not 
correlated

!20

• CHARA/FLUOR + 
VLTI/PIONIER  
data 

• 130 stars in total

Ertel et al. in prep.

stars w. cold excess
stars wt. cold excess

The Astrophysical Journal Supplement Series, 215:15 (35pp), 2014 November Sana et al.

Figure 13. Cumulative fraction of multiple systems for a minimum number of
companions of 1–4. The top panel includes the unresolved spectroscopic and
eclipsing companions whereas the bottom panel does not.
(A color version of this figure is available in the online journal.)

After statistical correction for spurious detections due to
chance alignment, the averaged fraction of resolved companions
is f R

c = 1.5. Including the unresolved E/SB companions, the
fraction becomes f RES

c = 2.1 (Table 7). This value is larger than
the value of 1.5 obtained by Preibisch et al. (1999) for a sample
of 14 stars in the Orion Nebula cluster. Both values, however,
agree within errors when restricting Preibisch et al. results to
the only four O-type objects in their sample. Furthermore, our
fraction of companion is larger than the bias-corrected value of
1.35 obtained for B-type stars in the Sco-Cen OB association
(Rizzuto et al. 2013), suggesting again that the fraction of
companion increases with spectral type, hence with stellar mass.

4.4. Luminosity Classes

Figure 14 and Table 7 present the fraction of resolved systems
for the different luminosity classes (LCs). As for the overall
sample, the overall multiplicity fractions f RES

m of the individual
luminosity classes reach their maximum value before 200 mas
(Figure 15). These multiplicity fractions are thus dominated by
close companions and are unaffected by spurious detections.

While the statistical accuracy is more limited due to the
smaller sample sizes (Figure 1), the fraction of resolved sys-
tems with companions within 200 mas seems smaller among
supergiants than among dwarfs. We hardly identify any trends
with spectral type. Inspection of the cumulative distribution of
the angular separations for different LCs (Figure 16) confirms
the larger fraction and the smaller separations of the companions
observed for dwarfs: half of our dwarf sample has a resolved
companion within 20 mas and 76% within 100 mas. Equivalent

Figure 14. Fraction of multiple systems as a function of their H-band magnitude
(top panel), of their spectral sub-type (middle panel), and of their luminosity
class (bottom panel).
(A color version of this figure is available in the online journal.)

fractions for giants and supergiants are about 33% and 17% and
about 43% and 41%, respectively, suggesting a smooth tran-
sition from LCs V to I. This conclusion is left unaffected by
the inclusion of the spectroscopic companions. A similar trend
is observed in the averaged fraction of companions which de-
creases from f RES

c = 2.3 ± 0.3 to 1.9 ± 0.3 for LCs V to I.
The decreasing multiplicity and companion fractions from

LCs V to I may indicate that companions are lost over time,

21

Images from PIONIER 

13/01/2014' J.'Kluska'6'IPAG'6'Imaging'of'YSO' 9'

−5 0 5

−5

 0

 5

0.0e+00

2.7e−04

5.4e−04

8.1e−04

1.1e−03

1.4e−03

1.6e−03

1.9e−03

2.2e−03

2.4e−03

2.7e−03

Δα (mas)

Δ
δ 

(m
as

)

HD142527 − f 0.45 − d 1.0

HD142527'
−10 0 10

−10

 0

 10

0.0e+00

6.0e−05

1.2e−04

1.8e−04

2.4e−04

3.0e−04

3.6e−04

4.2e−04

4.8e−04

5.4e−04

6.0e−04

Δα (mas)

Δ
δ 

(m
as

)

HD98922'

−10 0 10

−10

 0

 10

0.0e+00

6.0e−05

1.2e−04

1.8e−04

2.4e−04

3.0e−04

3.6e−04

4.2e−04

4.8e−04

5.4e−04

6.0e−04

Δα (mas)

Δ
δ 

(m
as

)

HD100546'

−10 0 10

−10

 0

 10

0.0e+00

7.5e−05

1.5e−04

2.2e−04

3.0e−04

3.7e−04

4.5e−04

5.2e−04

6.0e−04

6.7e−04

7.5e−04

Δα (mas)

Δ
δ 

(m
as

)

−5 0 5

−5

 0

 5

0.0e+00

2.2e−04

4.4e−04

6.6e−04

8.8e−04

1.1e−03

1.3e−03

1.5e−03

1.8e−03

2.0e−03

2.2e−03

Δα (mas)

Δ
δ 

(m
as

)

HD37806 − f 0.21 − d 1.0HD37806 − f 0.28 − d 1.0

HD37806'

Bpshe'

A9Ve'

B9Ve'

A2Vpe'

B9e'

F0IIIe' F6IIIe'

B0' B9Vne'

−5 0 5

−5

 0

 5

0.0e+00

2.8e−04

5.5e−04

8.3e−04

1.1e−03

1.4e−03

1.7e−03

1.9e−03

2.2e−03

2.5e−03

2.8e−03

Δα (mas)

Δ
δ 

(m
as

)

HD158643 − f 0.9 − d 1.0

HD158643'

A0V'

−10 0 10

−10

 0

 10

0.0e+00

6.5e−05

1.3e−04

2.0e−04

2.6e−04

3.3e−04

3.9e−04

4.6e−04

5.2e−04

5.9e−04

6.5e−04

Δα (mas)

Δ
δ 

(m
as

)

HD50138'

−20 0 20

−20

 0

 20

0.0e+00

6.0e−05

1.2e−04

1.8e−04

2.4e−04

3.0e−04

3.6e−04

4.2e−04

4.8e−04

5.4e−04

6.0e−04

Δα (mas)

Δ
δ 

(m
as

)

HD45677'

−10 0 10

−10

 0

 10

0.0e+00

1.0e−04

2.0e−04

3.0e−04

4.0e−04

5.0e−04

6.0e−04

7.0e−04

8.0e−04

9.0e−04

1.0e−03

Δα (mas)

Δ
δ 

(m
as

)

MWC297'

−5 0 5

−5

 0

 5

0.0e+00

3.3e−04

6.6e−04

9.9e−04

1.3e−03

1.7e−03

2.0e−03

2.3e−03

2.7e−03

3.0e−03

3.3e−03

Δα (mas)

Δ
δ 

(m
as

)

HD144432 − f 0.4 − d 1.0

HD144432'

−10 0 10

−10

 0

 10

0.0e+00

1.0e−04

2.0e−04

3.0e−04

4.0e−04

5.0e−04

6.0e−04

7.0e−04

8.0e−04

9.0e−04

1.0e−03

Δα (mas)

Δ
δ 

(m
as

)

HD100453'

Link'with'spectral'type'?'With'age'?'Distance'?'

Images from PIONIER 

13/01/2014' J.'Kluska'6'IPAG'6'Imaging'of'YSO' 9'

−5 0 5

−5

 0

 5

0.0e+00

2.7e−04

5.4e−04

8.1e−04

1.1e−03

1.4e−03

1.6e−03

1.9e−03

2.2e−03

2.4e−03

2.7e−03

Δα (mas)

Δ
δ 

(m
as

)

HD142527 − f 0.45 − d 1.0

HD142527'
−10 0 10

−10

 0

 10

0.0e+00

6.0e−05

1.2e−04

1.8e−04

2.4e−04

3.0e−04

3.6e−04

4.2e−04

4.8e−04

5.4e−04

6.0e−04

Δα (mas)

Δ
δ 

(m
as

)

HD98922'

−10 0 10

−10

 0

 10

0.0e+00

6.0e−05

1.2e−04

1.8e−04

2.4e−04

3.0e−04

3.6e−04

4.2e−04

4.8e−04

5.4e−04

6.0e−04

Δα (mas)

Δ
δ 

(m
as

)

HD100546'

−10 0 10

−10

 0

 10

0.0e+00

7.5e−05

1.5e−04

2.2e−04

3.0e−04

3.7e−04

4.5e−04

5.2e−04

6.0e−04

6.7e−04

7.5e−04

Δα (mas)

Δ
δ 

(m
as

)

−5 0 5

−5

 0

 5

0.0e+00

2.2e−04

4.4e−04

6.6e−04

8.8e−04

1.1e−03

1.3e−03

1.5e−03

1.8e−03

2.0e−03

2.2e−03

Δα (mas)

Δ
δ 

(m
as

)

HD37806 − f 0.21 − d 1.0HD37806 − f 0.28 − d 1.0

HD37806'

Bpshe'

A9Ve'

B9Ve'

A2Vpe'

B9e'

F0IIIe' F6IIIe'

B0' B9Vne'

−5 0 5

−5

 0

 5

0.0e+00

2.8e−04

5.5e−04

8.3e−04

1.1e−03

1.4e−03

1.7e−03

1.9e−03

2.2e−03

2.5e−03

2.8e−03

Δα (mas)

Δ
δ 

(m
as

)

HD158643 − f 0.9 − d 1.0

HD158643'

A0V'

−10 0 10

−10

 0

 10

0.0e+00

6.5e−05

1.3e−04

2.0e−04

2.6e−04

3.3e−04

3.9e−04

4.6e−04

5.2e−04

5.9e−04

6.5e−04

Δα (mas)

Δ
δ 

(m
as

)

HD50138'

−20 0 20

−20

 0

 20

0.0e+00

6.0e−05

1.2e−04

1.8e−04

2.4e−04

3.0e−04

3.6e−04

4.2e−04

4.8e−04

5.4e−04

6.0e−04

Δα (mas)

Δ
δ 

(m
as

)

HD45677'

−10 0 10

−10

 0

 10

0.0e+00

1.0e−04

2.0e−04

3.0e−04

4.0e−04

5.0e−04

6.0e−04

7.0e−04

8.0e−04

9.0e−04

1.0e−03

Δα (mas)

Δ
δ 

(m
as

)

MWC297'

−5 0 5

−5

 0

 5

0.0e+00

3.3e−04

6.6e−04

9.9e−04

1.3e−03

1.7e−03

2.0e−03

2.3e−03

2.7e−03

3.0e−03

3.3e−03

Δα (mas)

Δ
δ 

(m
as

)

HD144432 − f 0.4 − d 1.0

HD144432'

−10 0 10

−10

 0

 10

0.0e+00

1.0e−04

2.0e−04

3.0e−04

4.0e−04

5.0e−04

6.0e−04

7.0e−04

8.0e−04

9.0e−04

1.0e−03

Δα (mas)

Δ
δ 

(m
as

)

HD100453'

Link'with'spectral'type'?'With'age'?'Distance'?'

Images from PIONIER 

13/01/2014' J.'Kluska'6'IPAG'6'Imaging'of'YSO' 9'

−5 0 5

−5

 0

 5

0.0e+00

2.7e−04

5.4e−04

8.1e−04

1.1e−03

1.4e−03

1.6e−03

1.9e−03

2.2e−03

2.4e−03

2.7e−03

Δα (mas)

Δ
δ 

(m
as

)

HD142527 − f 0.45 − d 1.0

HD142527'
−10 0 10

−10

 0

 10

0.0e+00

6.0e−05

1.2e−04

1.8e−04

2.4e−04

3.0e−04

3.6e−04

4.2e−04

4.8e−04

5.4e−04

6.0e−04

Δα (mas)

Δ
δ 

(m
as

)

HD98922'

−10 0 10

−10

 0

 10

0.0e+00

6.0e−05

1.2e−04

1.8e−04

2.4e−04

3.0e−04

3.6e−04

4.2e−04

4.8e−04

5.4e−04

6.0e−04

Δα (mas)

Δ
δ 

(m
as

)

HD100546'

−10 0 10

−10

 0

 10

0.0e+00

7.5e−05

1.5e−04

2.2e−04

3.0e−04

3.7e−04

4.5e−04

5.2e−04

6.0e−04

6.7e−04

7.5e−04

Δα (mas)

Δ
δ 

(m
as

)

−5 0 5

−5

 0

 5

0.0e+00

2.2e−04

4.4e−04

6.6e−04

8.8e−04

1.1e−03

1.3e−03

1.5e−03

1.8e−03

2.0e−03

2.2e−03

Δα (mas)

Δ
δ 

(m
as

)
HD37806 − f 0.21 − d 1.0HD37806 − f 0.28 − d 1.0

HD37806'

Bpshe'

A9Ve'

B9Ve'

A2Vpe'

B9e'

F0IIIe' F6IIIe'

B0' B9Vne'

−5 0 5

−5

 0

 5

0.0e+00

2.8e−04

5.5e−04

8.3e−04

1.1e−03

1.4e−03

1.7e−03

1.9e−03

2.2e−03

2.5e−03

2.8e−03

Δα (mas)

Δ
δ 

(m
as

)

HD158643 − f 0.9 − d 1.0

HD158643'

A0V'

−10 0 10

−10

 0

 10

0.0e+00

6.5e−05

1.3e−04

2.0e−04

2.6e−04

3.3e−04

3.9e−04

4.6e−04

5.2e−04

5.9e−04

6.5e−04

Δα (mas)

Δ
δ 

(m
as

)

HD50138'

−20 0 20

−20

 0

 20

0.0e+00

6.0e−05

1.2e−04

1.8e−04

2.4e−04

3.0e−04

3.6e−04

4.2e−04

4.8e−04

5.4e−04

6.0e−04

Δα (mas)

Δ
δ 

(m
as

)

HD45677'

−10 0 10

−10

 0

 10

0.0e+00

1.0e−04

2.0e−04

3.0e−04

4.0e−04

5.0e−04

6.0e−04

7.0e−04

8.0e−04

9.0e−04

1.0e−03

Δα (mas)

Δ
δ 

(m
as

)

MWC297'

−5 0 5

−5

 0

 5

0.0e+00

3.3e−04

6.6e−04

9.9e−04

1.3e−03

1.7e−03

2.0e−03

2.3e−03

2.7e−03

3.0e−03

3.3e−03

Δα (mas)

Δ
δ 

(m
as

)

HD144432 − f 0.4 − d 1.0

HD144432'

−10 0 10

−10

 0

 10

0.0e+00

1.0e−04

2.0e−04

3.0e−04

4.0e−04

5.0e−04

6.0e−04

7.0e−04

8.0e−04

9.0e−04

1.0e−03

Δα (mas)

Δ
δ 

(m
as

)

HD100453'

Link'with'spectral'type'?'With'age'?'Distance'?'



Imaging at mas resolution…
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C. Paladini et al.: R For observed with PIONIER

a regularization term which imposes priors on the image. The
relative weight between these two terms is controlled by a mul-
tiplicative factor called “hyperparameter” (µ). We use the so-
called L-curve approach to estimate the optimal value of µ (see
Fig. 15 in Renard et al. 2011). That is we use the maximum pos-
sible weight for the regularization which is still compatible with
the data.

We perform the following tests to explore the reliability and
unicity of the images.

– We use di↵erent starting points (Dirac, Gaussian). This has
no impact on the final images.

– We test two di↵erent regularizations: “total variation” (with
µ = 104) and “smoothness” (with µ = 106). As expected the
final images are di↵erent. The image with “total variation”
is shown in Fig 4. The image with “smoothness” is rather
similar to the one built with BSMEM (see Sec. 3.2).

– We reconstruct images of the star T Lep with the data set pre-
sented in Le Bouquin et al. (2009). The images are roundish.
This is a strong test that the reconstructed asymmetries in
R For are not artifacts from the uv-plane.

3.2. Reconstrution with BSMEM

We use BSMEM (Baron et al. 2012) with the same parameters as
MiRA. The regularization approach in BSMEM is a minimiza-
tion of the total entropy of the image. The final images are shown
in Fig 4.

3.3. Discussion

The MiRA algorithm with the “total variation” regularization
tend to favor the sharp edges in the images. It is probably the
most reliable for the central object. This is why the double
star reconstructed by BSMEM is not considered as significant.
Moreover this structure fall just at the resolution limit of the ob-
servations. However the “total variation” regularization creates
obvious artefacts in the extended environment, expected to be
smooth. Consequently the following structures are trustable in
the image:

– The image is composed of a double structure, with a compact
core and a more extended environment.

– The compact core is elongated in the NS direction (FWHM
of 2 mas and 4 mas). It is “gray”.

– The extended environment reassembles an arc in the South
and at ⇡ 3 mas of the central core. It is brighter in the first
spectral channel (1.59 µm).

– Possibly, the stars is plunged into a di↵use environment at
larger scale (the bluish region in the image). This is at the
limit of the dynamic in the data.

Previous images of evolved giant at very high angular res-
olution are R Aqr from Ragland et al. (2008) ; T Lep from
Le Bouquin et al. (2009). Our image is the first true model-
independent image reconstruction.

4. Discussion

C-rich Miras, including R For, show obscuration events that
cannot be reconciled with spherically symmetric dust ejection
(Whitelock et al. 1997, Feast et al. 2003, Whitelock et al. 2006).
The alternative scenarios involve ejection around an equatorial
disk or as pu↵s in random directions.
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Fig. 1. Time sequence of five snapshots for model S (st28gm06n02). The model age in years is indicated on top of each frame. The axes are in solar
radii. Shown from left to right are log density (color range from 10�13 to 2 � 10�7 g/cm3), log temperature (color range from 800 K to 50 000 K),
velocity field (pseudo-streamlines of the velocity components within the image plane integrated over 5 � 106 s) and grey intensity.

Fig. 5. Comparison between the reconstructed image in the first
spectral channel and a model image extracted from Freytag & Höfner
(2008), at scale. The units of the figure are AU.

4.1. Classical explanation

Freytag & Höfner (2008) attempt to plug the convection into the
modeling of the mass loss and dynamical atmosphere. Their
model images are rather compatible with ours, including the size
of the central object (see Fig. 5). The asymmetry and the small
size of the central objet come from a combination of tempera-
ture gradient between convection cells and dust obscuration. The
shape of the molecular layer is directly linked to the structure of
convection, which are very large in the models.

4.1.1. Atmospheric modelling

Although the reconstructed image present strong asymmetries,
they appear mostly at high spatial frequencies (V2 below 0.3?!),
therefore we made an attempt to compare the observations with
dynamic model atmosphere (Höfneret al. 2003; Mattsson et al.
2010). Although the models are spherically symmetric, they are
the most advanced tools so far available for interpreting the ob-
servations of strongly variable AGB stars. The models solved
the coupled system of equations for: hydrodynamics, frequency-
dependent radiative transfer, and time-dependent treatment of
dust formation (Gail & Sedlmayr 1988; Gauger et al. 1990). For
the comparison we selected from the initial grid a subsample of
models covering the parameter space of the star (Table ??).

Two e↵ective temperature estimates can be found in the lit-
erature for this object, but they were not used for the preselec-
tion of the parameters for the following reasons. According to
Bergeat & Chevallier (2005) R For has an Te↵ of 2 000 K, while
according to Lobel et al. (1999) the temperature is 3 200 K. The
first temperature is too low, and out of the range covered by
the grid of model atmospheres. The second temperature is too
high and in the grid there are no models with such a temperature
developing stellar winds. Lobel et al. (1999) justified this sur-
prisingly high temperature with the fact that lower temperatures
could not reproduce the observations of visual, near-IR photom-
etry plus the corresponding mid-IR IRAS spectrum. The authors
compared hydrostatic Phoenix model atmospheres (models by
Allard et al. 1995) with a visual spectrum, in particular with
the region where the Na D lines are located, showing that only
the model atmosphere with such a high temperature have the
gas pressure reduced enough in order not to saturate the lines.
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A few words on high dynamical range 
• PIONIER was never meant to be a high 

contrast instrument however …
• Technically (read noise + photon noise) 

cp detection of hot jupiters (including 
spectra in some cases) was possible 
(UTS)

• All detector reads were recorded for 
later fine data extraction (correlation)

• Closure phase precision (~0.5 degrees on 
bright targets) not sufficient to reach 
planetary levels.

• The “degree” (0.1-1deg) barrier in absolute 
CP difficult to overcome. Need a much 
better understanding of systematics 
(polarisation, piston).

• Differential quantities not fully exploited yet
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Table 6
(Continued)

Target Pair Obser. Epoch θ ρ ∆H ∆Ks Pspur
(b.y.) (◦) (′′)

HD 92206 AB Aa–Ac 2011.1846 133.42 ± 1.24 0.85 ± 0.02 5.10 ± 0.09 4.91 ± 0.12 0.002
. . . A–B 2011.185 89.86 ± 1.12 5.35 ± 0.02 . . . 0.81 ± 0.07 0.004

HD 93128 A–C 2011.1875 185.52 ± 2.01 3.70 ± 0.11 . . . 5.37 ± 0.17 0.175
. . . A–B 2011.1875 239.54 ± 1.26 6.55 ± 0.09 . . . 2.11 ± 0.14 0.051

HD 93190 A–Bb 2013.0850 208.31 ± 1.05 4.23 ± 0.02 5.45 ± 0.14 5.72 ± 0.15 0.032
. . . A–Ba 2013.0850 206.01 ± 1.11 4.23 ± 0.04 5.31 ± 0.20 5.43 ± 0.11 0.030

HD 100099 A–B 2012.4628 123.54 ± 4.29 0.87 ± 0.06 . . . 4.19 ± 0.38 0.001

HD 100444 A–B 2012.4629 221.09 ± 1.49 3.91 ± 0.08 . . . 3.55 ± 0.23 0.005

HD 101413 A–D 2011.1849 80.53 ± 1.68 1.77 ± 0.04 4.57 ± 0.16 4.39 ± 0.27 0.006

Figure 7. Plot of the magnitude difference (∆ mag) vs. angular separations (ρ) 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 different separation ranges. The Ks
sensitivity curves are similar. Different colors indicate observations with different instrumental configurations (PIONIER: blue, NACO/SAM: green, NACO FOV:
red), while different symbols indicate different observational bands (H: filled, Ks: open). Large circles indicate objects detected by both SAM and PIONIER.
(A color version of this figure is available in the online journal.)

a lack of fainter companions (∆H > 3) in the range 10–30 mas
and 50–150 mas even though our first estimate of the detection
limit extends down to ∆H = 4 and 5 mag, respectively. Further
investigations on the accuracy of our detection limit estimates
will allow to verify this result.

4. CONSTRAINTS ON THE MULTIPLICITY PROPERTIES

In this section, we present the statistical constraints on the
multiplicity properties of massive stars. Section 4.1 investigates
spurious associations. Section 4.2 compares our new detections
with previous knowledge in the regime of separations investi-
gated by the smash+ survey. The observed multiplicity fraction
and average number of companions per star are described in

Section 4.3. Finally, Section 4.4 investigates how the multiplic-
ity properties change with the luminosity class.

4.1. Spurious Associations

Given the detection limits adopted in the previous section,
all the companions that we report are, to a very large degree
of confidence, real objects. The components of some of the
detected pairs may, however, not have any physical relation
with one another. In this section, we estimate the probability
Pspur of spurious association that would result from background
or foreground objects or from line-of-sight alignment in a
cluster environment. For each central object, we queried the
Two Micron All Sky Survey (2MASS) catalog to look for
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Table 4. Results of the orbital fit for the 6 selected exoplanets in H band

τ Boo b HD 179949 b HD 189733 b HD 73256 b 51 Peg b HD 209458 b
inclination 30 45 85.76 30 75 86.929

best fit 30.47 28.60 98.67 43.22 45.93 80.05
error bar 0.56 11.31 25.61 21.61 8.72 14.17

position angle 120 60 90 120 150 0
best fit 119.62 59.33 87.21 122 156.27 331.07

error bar 0.43 2.15 11.28 7.38 6.50 9.96
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Figure 7. Fit to the planet/star contrast from the simulated closure phase data in K band (from left to right and top
to bottom : τ Boo, HD 179949 b, HD 189733 b, HD 73256 b, 51 Peg b and HD 209458 b). Red curves are used for
the best-fit model when the input synthetic spectrum assumes heat redistribution around the whole planet, while green
curves are used when the input spectrum assumes heat redistribution on the day side only.
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Fig. 2. Left. Map of the 3σ upper limit on the flux ratio of companions around Fomalhaut (top), tau Cet (middle) and Regulus (bottom). The
uppermost 1% values have been clipped to reduce the colour scale range. Right. Associated sensitivity as a function of angular distance, for two
completeness levels (50% or 90%). The 50% completeness level corresponds to the median 3σ sensitivity.

All other positions have probabilities below 10−3. The best-fit
flux ratio, which amounts to 2.05 × 10−2 ± 0.16 × 10−2, is com-
patible within 1σ for the three possible positions. The closure
phases associated to the three best-fit solutions are displayed in
Fig. 3.

In the case of Regulus, three successive OBs have been ob-
tained (see Table 1). This is representative of the quantity of
data one would get in a large survey for companions around

main sequence stars, although the number of files per OB (3 to
5) was rather low in the present case. The analysis of this data
set with the χ2 method results in the absence of significant de-
tection: once the χ2

r cube has been renormalised as discussed
in Sect. 3.2, the single-star model has χ2

r = 1.14, which cor-
responds to a probability of 7.6% (equivalent to 1.8σ) to re-
produce the data set, taking the 230 degrees of freedom into
account. The single-star model can therefore not be rejected.
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All the data is reduced and available



General lesson learnt ?
• “Perfect match” in timing, motivation and expertise.
• Mutual trust and knowledge ESO / consortium based on 

previous collaboration and staff exchange.
• Consortium truly science driven, not “technical demonstrator” 

driven.
• The consortium interest was pushing in the nominal direction 

for ESO (no conflict of interest).
• Software/control experts motivated by the flexibility that allows 

to test new technologies in collaboration with ESO experts.

• Pragmatic approach on both ESO and consortium side.
• A balance between experience and innovation, with strong 

emphasis on robustness.
• Operational expertise was very beneficial in all steps 

(hardware, software, DRS).
• Attracting and getting help from super-experts was critical.


