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+	  CRISTAL	  and	  FOST	  teams	  from	  IPAG



PIONIER	  in	  a	  nutshell

ELTVLT-‐I

• Combines	  four	  telescopes	  of	  VLTI  
(4	  UTs	  or	  4	  ATs)	  

• Near-‐infrared	  1.6μm	  H-‐band	  with	  small	  
spectral	  resolu1on	  ≈20	  

• Based	  on	  integrated	  op1cs	  technology	  

• Provides	  sensi1ve	  imaging	  capabili1es	  at	  
high	  spa1al	  resolu1on	  ≈2mas

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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PIONIER	  in	  a	  nutshell

• Proposi1on	  made	  in	  2009	  by	  IPAG	  to	  ESO	  

• First	  Light	  and	  Science	  in	  Oct.	  2010	  

• Exploited	  as	  a	  visitor-‐instrument	  2010-‐2014

• Total	  consolidated	  cost	  is	  approximately 
1	  million	  euros	  

• Project	  ini1ated	  by	  local	  funding	  (UJF)	  

• Na1onal	  funding	  (ANR,	  INSU)	  support	  the	  
project	  and	  the	  opera1ons

ANR	  2006	  (R&D	  IO) 240	  k€

Univ.	  JF	  -‐	  Grenoble 115	  k€

ANR	  2010	  (Exozodi) 37	  k€

PNPS 40	  k€

PNP 23	  k€

Labex	  OSUG 8	  k€

Labex	  FOCUS 20	  k€

Salaries	  (2009-‐2014) ≈500	  k€

Total	  consolidated ≈1	  100	  k€



PIONIER	  and	  stellar	  forma1on

Mul1plicity	  of	  O	  stars

Proto-‐planetary	  disks	  of	  
Herbig	  AeBe	  stars

Hot	  debris	  disks	  around	  
AFGK	  stars

Low-‐mass	  pre-‐main	  
sequence



1.	  	  Mul1plicity	  of	  Massive	  Stars

• 107	  O-‐type	  stars	  observed	  with	  PIONIER	  

• 45	  companions	  detected	  <	  100mas  
(only	  5	  were	  known)	  

• Overlap	  between	  RV	  and	  Visual	  Binaries	  

• 9	  O+O	  systems	  are	  followed	  to	  measure	  
accurate	  dynamical	  masses	  and	  distances

Jan 13 2014 PIONIER meeting -- Grenoble 20

Previous high angular resolution survey 

● Mason+ 1998

•Massive	  stars	  are	  key	  component	  of	  stellar	  
feedback	  on	  the	  Univers.	  

• The	  1-‐50	  AUs	  is	  an	  uncharted	  territory	  for	  
mul1plicity.

Mason+	  1998

– 39 –

Fig. 8.— Cumulative number distributions of the companion separations in log (top left

panel) and linear (top right panel) scales. Dash-dotted, dashed and solid curves indicate the

considered samples: companions known before smash+, new companions detected in the

course of smash+ and the combination of both, respectively. Thick lines have no contrast

selection while thin lines restrict companions to �mag < 5.

0

50

100

0.1 1.0 10 100 1000
Angular	  separa1on	  (mas)

Cu
m
ul
a1

ve
	  n
um

be
r

kno
wn

new

tota
l

Sana+	  2014,	  submiLed



1.	  	  Mul1plicity	  of	  Massive	  Stars

•Global	  mul1plicity	  is	  0.87	  before	  un-‐biasing.	  	  

• 100%	  of	  luminosity	  classe	  V	  are	  close	  binaries	  
(versus	  80%	  and	  60%	  and	  for	  class	  III	  and	  I).

Jan 13 2014 PIONIER meeting -- Grenoble 12

A high fraction of close binaries

Most massive stars are born 
as part of a 

close binary system

● Sana+ 2012

Fundamental aspect of formation

Almost all massive stars 
interact with a companion

Fundamental aspect of evolution

Jan 13 2014 PIONIER meeting -- Grenoble 12

A high fraction of close binaries

Most massive stars are born 
as part of a 

close binary system

● Sana+ 2012

Fundamental aspect of formation

Almost all massive stars 
interact with a companion

Fundamental aspect of evolution

Most	  massive	  stars	  are	  born	  as	  part	  of	  a	  close	  binary	  
system.	  

➜	  Early	  trends	  are	  compa1ble	  with	  disk	  
fragmenta1on	  through	  gravita1onal	  instabili1es. 32

SMaSH+: early results
Kratter et al. 2010

Early trends 

compatible with

disk fragmentation

through gravitational 

instabilities

BUT ...

KraLer+	  2010	  

Given	  the	  mul1plicity	  property,	  almost	  all	  massive	  
stars	  will	  interact	  with	  a	  companion.	  

➜	  Fundamental	  aspect	  of	  the	  stellar	  feedback.

Sana+	  2014,	  submiLed



2.	  	  Circum-‐stellar	  disks	  of	  Herbig	  stars

• So	  far,	  spa1ally	  resolved	  observa1ons	  mostly	  probed	  
size/luminosity	  rela1on,	  but	  not	  the	  morphology.	  

• Driver	  for	  modern	  op1cal	  interferometry	  (VLTI),	  but	  not	  
achieved	  because	  of	  sensi1vity	  issue.	  

• The	  main	  goal	  of	  the	  PIONIER	  consor1um.

What are we imaging ? 
•  YSO : 

–  Complex environment 
–  Model independent 
–  H > 6 

•  PIONER :  
–  4 Telescopes / 3 config. 
–  Sensitive enough.. 
  

13/01/2014' J.'Kluska'6'IPAG'6'Imaging'of'YSO' 2'

Crédit':'NASA'

VLTI
Disk structure
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Dullemond & Monnier 2010

AA48CH07-Dullemond ARI 16 July 2010 20:8

1. INTRODUCTION
The dust- and gas-rich disks surrounding many pre-main-sequence stars are of great interest for
gaining a better understanding of how planetary systems, like our own, are formed. Since the first
direct Hubble Space Telescope images of such objects in silhouette against the background light in
the Orion Nebula (McCaughrean & O’Dell 1996), the observational and theoretical study of these
planetary birthplaces has experienced an enormous thrust, leading to a much better understanding
of what they are, what they look like, how they evolve, how they are formed, and how they are
eventually dissipated. Although none of these aspects has yet been firmly understood in detail,
there is a consensus on the big picture. It is clear that protoplanetary disks are the remnants of
the star-formation process. Excess angular momentum of the original parent cloud has to be shed
before most matter can assemble into a “tiny” object such as a star. Protostellar accretion disks (see
e.g., Hartmann 2009, for a review) are the most natural medium by which this angular momentum
can be extracted from the infalling material. When the star is mostly “finished” and makes its way
toward the main sequence, the remainder of this protostellar accretion disk is what constitutes a
protoplanetary disk: the cradle of a future planetary system.

Protoplanetary disks have a rich structure, with very different physics playing a role in different
regions of the disk. A pictographic representation is shown in Figure 1. One can see the strikingly
large dynamic range that is involved: the outer radius of a protoplanetary disk can be anywhere
from a few tens of astronomical units up to 1,000 AU or more, whereas the inner disk radius is
typically just a few stellar radii, i.e., of the order of 0.02 AU. This spans a factor of 104–105 in
spatial scale. For each orbit of the outer disk, we have up to ten million orbits of the inner edge

0.03 AU 0.1 .. 1 AU

100 AU

Pure gas disk
Outer disk
(mass reservoir)

Magnetospheric
accretion

Near-IR interferometry

Mid-IR interferometry

Direct imaging (HST or 8-meter ground-based)

ALMA

UV continuum,
H-recombination lines

Near-IR continuum
(origin unclear so far)
+ atomic lines (Br–γ)

 + occasional molecular 
lines (H2O, CO, OH)

Near-IR dust
continuum

Mid-IR:
dust continuum

+ molecular lines
(H2O, CO2, ... )

(Sub)millimeter:
dust continuum

+ molecular rot-lines

Dust inner rim Planet-forming
region

10 AU

Figure 1
Pictogram of the structure and spatial scales of a protoplanetary disk. Note that the radial scale on the x-axis is not linear. Above the
pictogram shows which techniques can spatially resolve which scales. Below shows which kind of emission arises from which parts of
the disk.
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2.	  	  Circum-‐stellar	  disks	  of	  Herbig	  stars

•Unexpected	  extended	  emission	  in	  some	  
stars	  (scaLering	  on	  outer	  disk	  ?)	  

• Comparison	  with	  detailed	  modelling	  for	  
the	  most	  resolved	  targets

Images from PIONIER 
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Radia1ve	  Transfer	  
modelling	  (PRODIMO)

Interferometric	  imaging	  
(PIONIER)

• 50	  Herbig	  stars	  observed	  with	  all	  VLTI	  
configura1ons	  

• 12	  targets	  with	  intensive	  imaging	  
campaign	  

• Sta1s1cal	  analysis	  on-‐going

Kluska+	  2013
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3.	  	  Hot	  debris	  disks	  around	  AFGK	  stars

• Cold,	  outer	  debris	  disks	  are	  observed	  at	  all	  
wavelengths.	  

• EXOZODI	  refers	  to	  the	  hot	  and	  warm	  dust	  in	  
the	  inner	  regions	  of	  planetary	  systems	  	  

• In	  the	  solar	  system,	  the	  zodiacal	  dust	  has	  a	  1ny	  
mass	  but	  dominates	  the	  luminosity.

Concluding 
remarks

• PIONIER + FLUOR : Hot, exozodiacal dust is found 
around 15-20% of solar-type stars. They appear 
randomly (e.g. no correlation with age or presence of 
cold dust) !

• Grains seen in the near-IR are small, carbonaceous, 
and close to the sublimation distance !

• Spectrally dispersed interferometric data are essential 
in the near-IR to mid-IR !

• Their origin is still quite mysterious. Our preferred 
scenario involves a link with the outer planetary system

!32

Publications by the  
EXOZODI team: 
• Absil et al. 2006 
• Di Folco et al. 2007 
• Absil et al. 2008 
• Absil et al. 2009 
• Defrère et al. 2011 
• Bonsor et al. 2012 
• Defrère et al. 2012 
• Olofsson et al. 2013 
• Mennesson et al. 2013 
• Lebreton et al. 2013 
• Absil et al. 2013 
• Bonsor et al. 2013 
• Bonsor et al. 2014 
• Ertel et al. 2014 !
+  

• Thébault 2012 
• Thébault et al. 2013 
• Kral et al. 2013 
• Beust et al. 2013

What is an exozodi?
• Planetary systems have 
planets, comets, asteroids, 
and dust 
!

• Cold, outer debris disks are 
observed at all wavelengths, 
and are rather well 
understood (but still a lot to learn) 
!

• EXOZODI refers to the hot 
and warm dust in the inner 
regions of planetary 
systems

!2

Star Fomalhaut : composite HST+ALMA image 
Kalas et al. 2005, Boley et al. 2012

• FLUOR,	  K-‐band,	  42	  stars,	  8	  year	  survey	  

• PIONIER,	  H-‐band,	  88	  stars,	  1	  year	  survey	  

• Unveil	  any	  near-‐IR	  excess	  >0.75%

Kalas+	  2005,	  Boley+	  2012

Exozodi 
detection

• Beta Pictoris with PIONIER 
• 1.37% excess in the H-band 

within 4 AU (200mas)

!9

Defrère et al. 2012

A&A 546, L9 (2012)

Table 1. Overview of the data obtained with VLTI/PIONIER on β Pic.

ID Date Config. Seeing OBa Calib.b

A 2010/12/04 E0-G0-H0-I1 0.9′′ 2 3, 4, 5
B 2010/12/20 A0-G1-I1-K0 1.0′′ 5 1, 2, 3
C 2011/11/02 D0-G1-H0-I1 0.9′′ 14 2, 3, 4

Notes. (a) An observing block consists in a single observation (see more
details in Le Bouquin et al. 2011). (b) Calibrator stars correspond to
(1) HD 34642 (K1IV); (2) HD 35765 (K1III); (3) HD 39640 (G8III);
(4) HD 46365 (K3III); and (5) HD 223825 (G9III).

Fig. 1. Sampling of the Fourier (u,v) plane obtained for the complete
data set (one colour per spectral channel). The orientation of the outer
disc midplane (i.e., 29.◦5 Boccaletti et al. 2009) is represented by the
black dashed line.

from the catalogue of Mérand et al. (2005). The total u-v plane
covered by the observations is shown in Fig. 1.

Data were reduced and calibrated with the pndrs package
(Le Bouquin et al. 2011). We focus here on the squared visibili-
ties (V2) to measure both the stellar angular diameter and search
for circumstellar material. The final calibrated data set (V2) is
shown in Fig. 2. The search for faint companions by means of
a closure-phase analysis will be presented elsewhere (Lagrange
et al., in prep.).

3. Data analysis

The calibratedV2 were fitted to a range of models consisting of
an oblate limb-darkened photosphere surrounded by a uniform
emission (“disc”) filling the entire field-of-view of PIONIER
on the auxiliary telescopes. Under typical seeing conditions,
this field-of-view can be approximated by a Gaussian profile
with a full width at half maximum of 400 mas (Absil et al.
2011), equivalent to 4 AU in radius at the distance of β Pic.
Our model is based on two free parameters, namely the limb-
darkened angular diameter of the star and the disc/star contrast.
The distortion of the photosphere produced by the rapid rota-
tion (v sin i = 130 km s−1, Royer et al. 2007) was considered to
produce a realistic model of the star. Following the parametric
approach of Absil et al. (2008), the distorted photosphere was
modeled by an ellipse with an oblateness of 1.038 and a rota-
tion axis perpendicular to the outer disc midplane (which has a
position angle of 29.◦5, Boccaletti et al. 2009). TheV2 expected

Fig. 2. Expected squared visibility of the limb darkened photosphere
(blue solid line) as a function of the spatial frequency, along with the
measured squared visibilities and related 1-σ error bars (one colour per
wavelength). The thickness of the blue solid line corresponds to the
3-σ error related to the uncertainty on the stellar diameter. The best-fit
model is represented by the dotted blue line with the residuals of the
fit given in the middle panel. It corresponds to a limb-darkened pho-
tosphere of 0.736 ± 0.015 ± 0.012 mas in diameter surrounded by a
uniform circumstellar emission of 1.37 ± 0.10 ± 0.13% in the H band.
The bottom panel gives the residuals obtained by fitting only the stellar
diameter (no circumstellar emission).

from the limb-darkened photosphere was then estimated accord-
ing to Hanbury Brown et al. (1974) considering a linear limb-
darkening H-band coefficient of 0.24 (Claret et al. 1995).

To search for circumstellar material, we compared the
measurements to the expected V2 of the stellar photosphere.
The circumstellar emission then appears as aV2 deficit at short
baseline lengths as detailed in Absil et al. (2006). In this first
approach, we assume that the disc/star contrast does not de-
pend on the wavelength and fit all measurements simultaneously
with this single parameter. We used the bootstrapping method
to compute the statistical error bars on the stellar angular di-
ameter and the disc/star contrast. Considering correlation be-
tween the baselines, the spectral channels, and the successive
measurements of the same baseline, we found that correlations
mostly occur between all spectral channels of the same mea-
surement. Hence, we performed the bootstrapping by drawing
all spectral channels together, which corresponds to 126 inde-
pendent data sets out of our 6 × 6 × 21 = 726 visibility mea-
surements. We randomly produced 100 data sets from the orig-
inal data and fitted them separately to our model. The standard
deviation on the derived best-fit parameters then gave us reli-
able error bars. Finally, we considered an additional error to take
the chromatic behaviour of the beam combiner and the differ-
ent colours between β Pic (A6V) and its calibrators (G8III to
K4III) into account. Based on the spectral shape of the transfer
function across the H band (maximum variation of 40% over
the entire band), we derived a maximum systematic error on
the V2 of ±0.2% in a single spectral channel (see more details
in Defrère et al. 2011). This value must be considered as very
conservative since all other sources of systematic error are ex-
pected to be much smaller thanks to our optimised observing
strategy, i.e. spectrally-dispersed observations obtained at vari-
ous epochs on various configurations with different calibrators

L9, page 2 of 4
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covered by the observations is shown in Fig. 1.

Data were reduced and calibrated with the pndrs package
(Le Bouquin et al. 2011). We focus here on the squared visibili-
ties (V2) to measure both the stellar angular diameter and search
for circumstellar material. The final calibrated data set (V2) is
shown in Fig. 2. The search for faint companions by means of
a closure-phase analysis will be presented elsewhere (Lagrange
et al., in prep.).

3. Data analysis

The calibratedV2 were fitted to a range of models consisting of
an oblate limb-darkened photosphere surrounded by a uniform
emission (“disc”) filling the entire field-of-view of PIONIER
on the auxiliary telescopes. Under typical seeing conditions,
this field-of-view can be approximated by a Gaussian profile
with a full width at half maximum of 400 mas (Absil et al.
2011), equivalent to 4 AU in radius at the distance of β Pic.
Our model is based on two free parameters, namely the limb-
darkened angular diameter of the star and the disc/star contrast.
The distortion of the photosphere produced by the rapid rota-
tion (v sin i = 130 km s−1, Royer et al. 2007) was considered to
produce a realistic model of the star. Following the parametric
approach of Absil et al. (2008), the distorted photosphere was
modeled by an ellipse with an oblateness of 1.038 and a rota-
tion axis perpendicular to the outer disc midplane (which has a
position angle of 29.◦5, Boccaletti et al. 2009). TheV2 expected

Fig. 2. Expected squared visibility of the limb darkened photosphere
(blue solid line) as a function of the spatial frequency, along with the
measured squared visibilities and related 1-σ error bars (one colour per
wavelength). The thickness of the blue solid line corresponds to the
3-σ error related to the uncertainty on the stellar diameter. The best-fit
model is represented by the dotted blue line with the residuals of the
fit given in the middle panel. It corresponds to a limb-darkened pho-
tosphere of 0.736 ± 0.015 ± 0.012 mas in diameter surrounded by a
uniform circumstellar emission of 1.37 ± 0.10 ± 0.13% in the H band.
The bottom panel gives the residuals obtained by fitting only the stellar
diameter (no circumstellar emission).

from the limb-darkened photosphere was then estimated accord-
ing to Hanbury Brown et al. (1974) considering a linear limb-
darkening H-band coefficient of 0.24 (Claret et al. 1995).

To search for circumstellar material, we compared the
measurements to the expected V2 of the stellar photosphere.
The circumstellar emission then appears as aV2 deficit at short
baseline lengths as detailed in Absil et al. (2006). In this first
approach, we assume that the disc/star contrast does not de-
pend on the wavelength and fit all measurements simultaneously
with this single parameter. We used the bootstrapping method
to compute the statistical error bars on the stellar angular di-
ameter and the disc/star contrast. Considering correlation be-
tween the baselines, the spectral channels, and the successive
measurements of the same baseline, we found that correlations
mostly occur between all spectral channels of the same mea-
surement. Hence, we performed the bootstrapping by drawing
all spectral channels together, which corresponds to 126 inde-
pendent data sets out of our 6 × 6 × 21 = 726 visibility mea-
surements. We randomly produced 100 data sets from the orig-
inal data and fitted them separately to our model. The standard
deviation on the derived best-fit parameters then gave us reli-
able error bars. Finally, we considered an additional error to take
the chromatic behaviour of the beam combiner and the differ-
ent colours between β Pic (A6V) and its calibrators (G8III to
K4III) into account. Based on the spectral shape of the transfer
function across the H band (maximum variation of 40% over
the entire band), we derived a maximum systematic error on
the V2 of ±0.2% in a single spectral channel (see more details
in Defrère et al. 2011). This value must be considered as very
conservative since all other sources of systematic error are ex-
pected to be much smaller thanks to our optimised observing
strategy, i.e. spectrally-dispersed observations obtained at vari-
ous epochs on various configurations with different calibrators
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3.	  	  Hot	  debris	  disks	  around	  AFGK	  stars

•Hot	  and	  cold	  dust	  not	  correlated	  

• No	  clear	  age	  dependence	  

• Flat	  color	  of	  the	  excess	  suggests	  important	  
contribu1on	  from	  scaLering

0%

10%

20%

30%

40%

A	  type F	  type GK-‐type Total

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	  without	  cold	  excess
stars	  with	  cold	  excess

• Radia1ve	  transfer	  modelling	  favours	  very	  
small	  grains	  accumulated	  to	  the	  sublima1on	  
radius	  (0.5AU)…	  

• …	  hard	  to	  replenish	  efficiently	  such	  a	  
popula1on	  over	  the	  stellar	  life-‐1me.	  

• A	  possible	  scenario	  involves	  a	  link	  with	  the	  
outer	  planetary	  system.

Ertel+	  2014	  in	  prep.

Surveys for 
exozodiacal 
disks

• No clear age dependence seen 
• possible increasing detection rate 
with increasing age

!21

• CHARA/FLUOR + 
VLTI/PIONIER  
data 

• 130 stars in total

Ertel et al. in prep.
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4.	  	  Pre-‐main	  sequence	  of	  low-‐mass	  stars

•Model-‐independent	  masses	  and	  
distance	  0.90	  ±0.05	  M⊙	  and  
0.30	  ±0.01	  M⊙	  

• Flux	  ra1o	  in	  near-‐IR	  bands 
f	  =	  0.239	  ±0.004

• Comparison	  with	  models	  is	  limited	  by	  the	  
accuracy	  on	  Teff	  	  

• GAIA	  will	  provide	  the	  flux	  ra1o	  in	  visible…	  
allowing	  to	  compute	  the	  V-‐H	  and	  V-‐K	  colors	  
of	  each	  component.

Le	  Bouquin+	  2014
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Figure 8. Top row: evolutionary tracks computed by SDF. The tracks (dashed lines) cover the mass range from 0.1 to 1.6 M⊙, plotted at 0.1 M⊙ intervals. The
isochrones (solid lines) are plotted at ages of 1, 3, and 10 Myr. The three panels show the SDF tracks computed at subsolar (Z = 0.01; left), solar (Z = 0.02; middle),
and supersolar (Z = 0.03; right) metallicities. Bottom row: evolutionary tracks computed by BCAH. The tracks (dashed lines) cover the mass range from 0.1 to
1.4 M⊙, plotted at steps of 0.1 M⊙ out to 1.0 M⊙ and steps of 0.2 M⊙ out to 1.4 M⊙. The isochrones (solid lines) are plotted at ages of 1, 3, and 10 Myr. The two panels
show the BCAH tracks for subsolar ([m/H ] = −0.5; left) and solar (right) metallicities. In each of the panels for the BCAH and SDF tracks, the solid and dotted red
lines indicate the interpolated tracks at our estimated dynamical masses of the primary and secondary of Haro 1-14c and their 1σ uncertainties, M1 = 0.96+0.27

−0.08 M⊙
and M2 = 0.33+0.09

−0.02 M⊙. The red circles show the location of the effective temperatures and absolute K-band magnitudes. The error bars in effective temperature
represent ±1 spectral subclass and those in absolute magnitude represent only the photometric uncertainties. The uncertainties in the distance modulus and AK are
displayed by the vertical blue and purple error bars, respectively.

The apparent magnitudes of the Haro 1-14c binary available
in the 2MASS Catalog at J , H , and K are 8.86 ± 0.03,8.00 ±
0.05, and 7.78 ± 0.03 mag, respectively. With the measured bi-
nary flux ratio at K (Table 4), the apparent magnitudes of the pri-
mary and secondary are mK1 = 8.04 ± 0.04 and mK2 = 9.47 ±
0.14 mag. Using the 2MASS values (which apply to the light
of both components) in Equation (9), we obtain a preliminary
estimate of AV ∼ 2.64 ± 0.96 mag. We used the PMS models
calculated by Siess et al. (2000) to estimate the effect of the
two components and derive a corrected visual extinction of
AV ∼ 2.9 ± 1.0 mag. Using the relation AK = 0.10 AV , we
find AK = 0.29 ± 0.10 mag. The absolute magnitudes of the
primary and secondary are, therefore, MK1 = 2.52 ± 0.04 and
MK2 = 3.95 ± 0.14 mag. The uncertainties include only the
errors in the measured K-band flux ratio and the 2MASS pho-
tometry but not the uncertainties in either the distance modulus
or extinction because their values apply equally to both com-
ponents. We will display the effects of the uncertainties in the
distance modulus and extinction on the H–R diagrams presented
in Section 4.3.

Based on the observed spectral templates, the best fitting
spectral types for the primary and secondary of Haro 1-14c are

K5 and M1.5, respectively. To estimate the effective tempera-
tures of the primary and secondary, we used the temperature
scale adopted by Hillenbrand & White (2004) and derive val-
ues of 4395 ± 20 K for the primary and 3548 ± 245 K for the
secondary. We assume uncertainties of ±1 spectral subclass.

4.3. Comparisons with the Evolutionary Tracks

The dynamical masses of M1 = 0.96+0.27
−0.08 M⊙ and M2 =

0.33+0.09
−0.02 M⊙ are in the range where precise values will make a

significant contribution to testing the theoretical tracks of PMS
stellar evolution. This is particularly the case for the low mass
secondary. Moreover, the large difference in the mass of the
primary and secondary will facilitate applying the coevality test
to the tracks and estimating the age of the system. Based on
our statistical analysis of possible orbits, the precision of the
present values of the primary and secondary masses is about
28% and the precision in the distance is 17%. In the following
sections we compare our mass estimates with the evolutionary
tracks of Baraffe et al. (1998, 2002; BCAH) and Siess et al.
(2000; SDF). The evolutionary tracks are plotted in Figure 8,
where we highlight the tracks interpolated to our dynamical
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More	  about	  PIONIER	  results
• 21	  ar1cles	  published/submiLed,	  all	  
in	  stellar	  physics	  

• 12	  ar1cles	  from	  peoples	  outside	  
the	  ini1al	  science	  team.	  

• The	  most	  important	  studies	  are	  
s1ll	  in	  prepara1on

•Workshop	  in	  Grenoble	  in	  January	  2014	  

• hLp://vl1-‐pionier.sciencesconf.org	  

• hLp://ipag.osug.fr/pionier
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Imaging	  eta	  Car

Jose Groh - New insights into Eta Car with PIONIER
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- no changes in Mdot over last 15 years;
- rapidly-rotating primary star (~80% critical speed) 
  seem at i~70-90deg (misaligned with Homunculus);
- no strong binary effects (WWC) around apastron.

Jose Groh - New insights into Eta Car with PIONIER

(van Boekel+ 03; Kervella 07; Weigelt+07; Groh+10)
Rotation: elongation of the K-band photosphere

Homunculus
i=41o ; PA=131o

Eta Car A
rapid rotator: rot. axis aligned 

with the Homunculus polar axis
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Geometric model
PA~134o ; b/a=1.25
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“No	  change	  of	  mass-‐loss	  over	  the	  last	  15	  years	  and	  
no	  strong	  binary	  effect	  at	  apastron”.	  
(J.	  Groh,	  Geneva	  Obs.)

“To	  understand	  the	  complex	  
environment	  of	  AGB	  stars,	  imaging	  large	  
samples	  of	  stars	  and/or	  Ime	  series	  are	  

needed”	  (C.	  Paladini,	  Belgium)

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 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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“PIONIER	  has	  provided	  a	  
new	  view	  on	  symbioIc	  stars”	  
(H.	  Boffin,	  ESO)

Imaging	  the	  symbio1c	  binary	  SS	  Lep
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“PIONIER/VLTI	  does	  not	  have	  enough	  
spaIal	  resoluIon	  to	  probe	  the	  gravity	  
darkening”	  (A.	  Merand,	  ESO)

V2 closures

Observa1ons	  of	  the	  fast-‐rotator	  Altair


