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Prospective(s) of imagingProspective(s) of imaging
with VEGAwith VEGA

Florentin MillourFlorentin Millour
And the VEGA teamAnd the VEGA team
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Imaging with interferometryImaging with interferometry
● Squared visibility (V²)Squared visibility (V²) ● If NIf N

tel tel > 2> 2

Closure phaseClosure phase

● If spectrographIf spectrograph
Spectra,Spectra,
Differential phases,Differential phases,
Differential visibilityDifferential visibility

● If well-sampled UV If well-sampled UV 
planeplane
Image synthesisImage synthesis

Chiavassa et al. 2010

N

δ(
m

a
s)

N

Millour et al. 2009

Monnier et al. 2007Haubois et al. 2009
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Image-reconstruction softwareImage-reconstruction software

N
δ(

m
a
s)

BBM

BS MEM
δ(

m
a
s)

N

MIRA HD87643

δ(
m

a
s)

N

● Many free parameters:Many free parameters:

● Super-parameter,Super-parameter,

● prior,prior,

● Initial imageInitial image

● Convergence?Convergence?

NN
parametersparameters

 >> N >> N
obsobs

=> regularization=> regularization
    priorprior

Millour et al. 2009Millour et al. 2009
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Image-reconstruction limitsImage-reconstruction limits

ProblemsProblems

● NN
pixelspixels

 >> N >> N
observationsobservations

● Weak phasesWeak phases
(1/3 information 3T)(1/3 information 3T)

● Bad UV samplingBad UV sampling
● ConvergenceConvergence

WorkaroundsWorkarounds
● RegularizationRegularization
● PriorPrior
● Field-of-viewField-of-view
● SymmetriesSymmetries
● Spectral Spectral coveragecoverage
● Phase referencingPhase referencing
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Limits: noiseLimits: noise

● Example : disk simulation « observed » with VLTI/AMBERExample : disk simulation « observed » with VLTI/AMBER

ModelModel
Simulations AMBERSimulations AMBER
Reconstruction MIRAReconstruction MIRA

Noise
Noise
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Limits: UV planeLimits: UV plane

UV coverage

UV coverage

● Example : disk simulation « observed » with VLTI/AMBERExample : disk simulation « observed » with VLTI/AMBER

ModelModel
Simulations AMBERSimulations AMBER
Reconstruction MIRAReconstruction MIRA
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Hyperspectral imagingHyperspectral imaging
3 Pup : supergiant A[e] star3 Pup : supergiant A[e] star
●  Dust (Inner sublimation rim)Dust (Inner sublimation rim)

●  Gas (circumstellar disk)Gas (circumstellar disk)

Gas and dust disks Gas and dust disks 
detecteddetected

Millour et al. 2011Millour et al. 2011
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Hyperspectral imagingHyperspectral imaging

self-calibration : diferential phases in self-calibration : diferential phases in 
the image-reconstruction process!the image-reconstruction process!

Gas and dust disks Gas and dust disks 
characterizedcharacterized

3 Pup : supergiant A[e] star3 Pup : supergiant A[e] star

Millour et al. 2011Millour et al. 2011
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How does it work?How does it work?

● To be refined:To be refined:
● Performances,Performances,
● Error estimates,Error estimates,
● Initial guess,Initial guess,
● Convergence,Convergence,

Millour et al. 2011Millour et al. 2011
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Imaging with VEGA ?Imaging with VEGA ?
● VEGA can produce images (3/4T)VEGA can produce images (3/4T)
● 11stst step: imaging tests on theta ori C step: imaging tests on theta ori C
● 22ndnd step: propose dedicated imaging  step: propose dedicated imaging 

programsprograms
● Imaging the disk of a Be starImaging the disk of a Be star
● Imaging spotty stellar surfacesImaging spotty stellar surfaces
● Not yet feasible: Imaging a « Pinwheel » nebula in Not yet feasible: Imaging a « Pinwheel » nebula in 

the visiblethe visible
● Other ideas?Other ideas?
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0.01’’

VLTI/AMBER, Kraus et al. 2009

Resolving the magnetically confined
wind-shock region of theta1 Orionis C

1 University of Michigan, Ann Arbor
2 Laboratoire Fizeau, Nice

Stefan Kraus1

Florentin Millour2

Denis Mourard2

Philippe Stee2

Olivier Chesneau2

Philippe Berio2

Omar Delaa2

Alain Spang2

VEGA team
CHARA team
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e 
cr

ed
its

: E
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re

an

Unique characteristics:Unique characteristics:

• Periodicity of 15.422±0.002 d Periodicity of 15.422±0.002 d 
(Stahl et al. 2003)(Stahl et al. 2003)

• Zeeman-SignaturesZeeman-Signatures
(1.1±0.1 kG, Donati et al. 2002) (1.1±0.1 kG, Donati et al. 2002) 
in phase with spectroscopic in phase with spectroscopic 
periodicityperiodicity
(one of only two O-stars with (one of only two O-stars with 
detected magnetic field)detected magnetic field)

• X-ray variability in phase with X-ray variability in phase with 
the magnetic fieldthe magnetic field

• M1 + M2 = 47M1 + M2 = 47±4 M±4 M
sunsun

d = 410±20 pcd = 410±20 pc
(Kraus et al. 2009)(Kraus et al. 2009)

Transparent courtesy: S. Kraus
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VEGA 2008 observationsVEGA 2008 observations

=> UV coverage not enough to get=> UV coverage not enough to get
relevant astrometryrelevant astrometry

=> SNR not enough to get relevant=> SNR not enough to get relevant
spectral variationsspectral variations

Data reduction: Kraus
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Imaging Theta Ori CImaging Theta Ori C

2010-10-122010-10-12 2010-10-132010-10-13 2010-10-142010-10-14

MIRC + VEGA UV coverageMIRC + VEGA UV coverage
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Imaging Theta Ori C with VEGAImaging Theta Ori C with VEGA

See S. Kraus 8See S. Kraus 8thth year CHARA review in 2012 year CHARA review in 2012
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Imaging with VEGA ?Imaging with VEGA ?
● VEGA can produce images (3/4T)VEGA can produce images (3/4T)
● 11stst step: imaging tests on theta ori C step: imaging tests on theta ori C
● 22ndnd step: propose dedicated imaging  step: propose dedicated imaging 

programsprograms
● Imaging the disk of a Be starImaging the disk of a Be star
● Not yet feasible: Imaging a « Pinwheel » nebula in Not yet feasible: Imaging a « Pinwheel » nebula in 
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Be stars studies with VEGABe stars studies with VEGA

● Delaa et al. Various Be stars (PhD thesis)Delaa et al. Various Be stars (PhD thesis)
● Meilland et al. Delta ScoMeilland et al. Delta Sco

combined AMBER + VEGAcombined AMBER + VEGA

AMBER resolves both the binary
and the line emission!

New orbit solution: Change the period,
all other parameters remain the same

      Periastron passage close to 14th of July ;-)

Meilland et al. submittedMeilland et al. submitted
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Delta Sco diskDelta Sco disk
H H αα He IHe IBr Br γγ

● Keplerian rotationKeplerian rotation

● Size H Size H αα > Br  > Br γγ > He I > He I

● Tidal effects?Tidal effects?
Induced disk oscillations?Induced disk oscillations?

AsymmetriesAsymmetries

Meilland et al.Meilland et al.
submittedsubmitted
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Imaging the disk of Be starsImaging the disk of Be stars
a self-cal-friendly imaging programa self-cal-friendly imaging program

 

CHARA/VEGA looks above
These spatial frequencies

Jones et al. 2008 Possible UV coverage
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Model of a 
Be star disk

Courtesy
A. Meilland

Imaging the disk of Be starsImaging the disk of Be stars

Used stations UV coverage

Convolved
Reconstruction

Convolved
Model

● CHARA/VEGACHARA/VEGA
● V2 noise 0.05V2 noise 0.05
● CP noise 0.01CP noise 0.01

● 1 point every hour1 point every hour
● Good knowledge of Good knowledge of 

errorserrors
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Imaging the disk of Be starsImaging the disk of Be stars

1 mas 2 mas 3 mas

Ex: K Dra

4 mas 6 mas

Ex: A Arae

10 mas

Ex: MWC297

Convolved modelConvolved model

Under-resolutionUnder-resolution AliasingAliasingConvolved reconstructed imageConvolved reconstructed image

=> range of feasibility with CHARA/VEGA:=> range of feasibility with CHARA/VEGA:
from 1 to 4 mas disk size... OK for Kappa Dra!from 1 to 4 mas disk size... OK for Kappa Dra!
BUT lots of asymmetries induced by BUT lots of asymmetries induced by 
large noise on closure phase (to be verifed)large noise on closure phase (to be verifed)
How self-cal improves the situation has to be checkedHow self-cal improves the situation has to be checked
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Imaging the spotty surface of Imaging the spotty surface of 
[supergiant] stars[supergiant] stars

● Case-study proposed by A. Chiavassa, O. DelaaCase-study proposed by A. Chiavassa, O. Delaa

Model of Betelgeuse
V-band

Courtesy A. Chiavassa

UV planeStations

Convolved
model

Reconstruted
Image (MIRA)

H-band model
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Imaging the spotty surface of Imaging the spotty surface of 
[supergiant] stars[supergiant] stars

● Case-study proposed by A. Chiavassa, O. DelaaCase-study proposed by A. Chiavassa, O. Delaa

Model of Betelgeuse
V-band

Courtesy A. Chiavassa

UV planeStations

Convolved
model

Reconstruted
Image (MIRA)
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Influence of the star sizeInfluence of the star size

0.5 mas 1 mas 1.5 mas 2 mas 3 mas 4 mas

Under-resolutionUnder-resolution AliasingAliasing

Convolved modelConvolved model

Convolved reconstructed imageConvolved reconstructed image

=> range of feasibility of stellar surfaces imaging=> range of feasibility of stellar surfaces imaging
with CHARA/VEGA: from 1 to 3 mas, but then magnitude limit problemwith CHARA/VEGA: from 1 to 3 mas, but then magnitude limit problem
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ConclusionsConclusions

● VEGA is able to produce images of stellar VEGA is able to produce images of stellar 
objectsobjects
● typically 1 mas < size < 3 mastypically 1 mas < size < 3 mas

=> need for shorter(!) baselines=> need for shorter(!) baselines
(i.e. Theta Ori C will be difficult)(i.e. Theta Ori C will be difficult)

● Challenges to tackle:Challenges to tackle:
● Measure low-contrastsMeasure low-contrasts => use NIR coherencing=> use NIR coherencing
● Good estimates of errorsGood estimates of errors
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