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Outline 

•  Technical	
  issue	
  with	
  astrophysical	
  origin	
  
(chromaticity)	
  

•  Method	
  of	
  image	
  reconstruction	
  solving	
  the	
  
problem	
  

•  Application	
  on	
  the	
  VLTi/PIONIER	
  Herbig	
  Ae/Be	
  Large	
  
Program	
  

08/04/2014	
   J.	
  Kluska	
  -­‐	
  IPAG	
  -­‐	
  Imaging	
  of	
  YSO	
   2	
  



Herbig	
  Ae	
  Be	
  Workshop	
  -­‐	
  Santiago	
  

What do we want to image ? 

Dullemond	
  &	
  Monnier	
  2010	
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Chromaticity issue 
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Malfait	
  et	
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  1998	
  

Monochromatic	
  approach	
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  appropriate	
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Current images 
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SPARCO : Semi-Parametric Approach for 
image Reconstruction of Chromatic Objects 
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+	
   =	
  

Stellar	
  model	
   Image	
   YSO	
  

Kluska	
  et	
  al.	
  2014,	
  A&A,	
  in	
  press,	
  arXiv	
  1403,	
  3343.	
  

Fs	
   	
   	
  :	
  stellar-­‐to-­‐total	
  flux	
  ratio	
  at	
  λ0	
  
denv	
   	
  :	
  spectral	
  index	
  of	
  the	
  environment	
  (temperature)	
  

Flux	
  : 	
  Fs	
  (λ	
  /	
  λ0)-­‐4 	
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  (λ	
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Intrisic degeneracy 
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Fig. 5. MiRA image reconstructions as a function of the assumed chromatic parameters : the stellar to total flux ratio f 0
⇤ and the dust spectral

index denv. The star is represented in red at the center of each image. The true values are f 0
⇤ = 40% and denv = 1

ratio to the value of f 0
⇤ = 22% and the temperature of the

environment to 1500K. The image (Fig. 7 center) shows an
unresolved component in the center and 2 patterns in both
sides of the unresolved component. The subtracted flux is
located at the position of the red star. As expected the algo-
rithm sees the unresolved flux which is the inner disk, but has
di�culties to reconstruct the environment correctly. We no-
tice that the position angle is similar to that found in Benisty
et al. (2011).

– Reconstruciton by subtracting the photosphere and the inner
disk : the flux in the unresolved component is now set to 60%
(as showed in the SED). The environment is still set to be at

1500 K. There is no feature at the center of the image (see
Fig. 7). We can see the inner dusty disk rim. The image looks
dug in the center because the fluxes that we are subtracting
are not necessarily unresolved.

– Fit of the chromatic parameters in the reconstruction process
: if we did not have the information on the photometry on
this objects we would try the extended method described at
Sect. 3.3. we converge to subtracted flux f 0

⇤ of 40% and
a relative spectral index denv of -1 (which is translating in
a temperature of 2100 K if we assume that we subtract the
photosphere only). We are subtracting the photosphere and
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Fig. 3. Top: The image of the ring with the star represented in red
(model). From top to bottom: high, intermediate and low photon noise
regimes, left: squared visibilities right: closure phases.

half of the inner disk. The rest of the inner disk is considered
as resolved.

The first conclusion of the application of SPARCO on this
dataset is that we retrieve the inner dust rim if we subtract the
photosphere and the inner disk. We have to be careful to cor-
rect the spectral index of the environment denv which depends on
the temperature of the unresolved flux. If we subtract the photo-
sphere only, SPARCO reconstructs the unresolved flux due to the
inner gaseous disk.

−2  0  2  4
0.2

0.3

0.4

0.5

0.6

1.2

1.3

1.5

1.7

1.9

2.1

2.3

2.4

2.6

2.8

3

χ2map with Total Variation

denv

f s0

Fig. 6. �2 map of the reconstructions in function of the chromatic
parameters for reconstructions with the Total Variation regularization.
The black color represents all �2 sup 3. The blue crosses represent the
location of the images of Fig. 5 in the �2 map. We can clearly see that
this map is degenerated.

Fig. 8. SED of HR5999 from Benisty et al. (2011). We can see that
in the K band (at log(2.2µm) = 0.35), the emission is dominated by the
environment which has two components. The star is weaker but has to
be taken into account for the image reconstruction.

Second, if we let the method fit the chromatic parameters in
the reconstruction process, it find an f 0

⇤ which is bigger than
the photosphere contribution and a spectral index denv which
indicates a temperature of more than 2000 K that is above the
dust sublimation temperature of 1500 K. However Benisty et al.
(2011) suggest that the origin of the emission could be refractory
dust grains or a gaseous disk. That indicates anyway that the hy-
pothesis of the photosphere only as the unresolved component is
not verified.

The method is sensitive to an unresolved flux which is not
composed of the photosphere only. It clearly indicates an inner
component as suggested in Benisty et al. (2011).
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Images from PIONIER 
•  PIONIER survey of Herbig 

Ae/Be stars 
•  31 nights of observation 
•  55 stars observed 
•  ~12 imaging targets 
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Images from PIONIER 
•  PIONIER survey of Herbig 

Ae/Be stars 
•  31 nights of observation 
•  55 stars observed 
•  ~12 imaging targets 
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Images from PIONIER 
•  HD100453 
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Images from PIONIER 
•  HD100453 
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To conlude… 
•  SPARCO	
  method	
  is	
  helping	
  to	
  analyse	
  

interferometric	
  dataset	
  without	
  strong	
  constrains	
  

•  Analysis	
  in	
  the	
  image	
  space	
  

•  Need	
  for	
  simultaneous	
  photometry	
  

•  Unresolved	
  component	
  ?	
  (also	
  seen	
  by	
  e.g.	
  Eisner	
  et	
  al.	
  2007,	
  
Tannirkulam	
  et	
  al.	
  2008,	
  Benisty	
  et	
  al.	
  2011)	
  

–  Inner	
  gazeous	
  disk	
  ?	
  Refractory	
  grains	
  ?	
  

•  Azimuthal	
  variations	
  in	
  the	
  disk	
  à	
  Variability	
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Perspectives 
•  Follow-­‐up	
  observations	
  on	
  some	
  variability	
  

suspected	
  objects	
  

•  Comparing	
  to	
  RT	
  models	
  &	
  adding	
  other	
  
observations	
  (spectroscopy,	
  …)	
  

•  Image	
  reconstruction	
  (SPARCO	
  +	
  3D)	
  +	
  lines	
  

•  Looking	
  for	
  a	
  postdoctoral	
  position	
  to	
  continue	
  my	
  
work.	
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MWC158 (data epoch1, model LP) 
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MWC158 (data LP - model epoch1) 
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Fig. 4. Comparison between the di↵erent image reconstruction methods. On the top left : Model image. On the top center : Monochromatic
image reconstruction done by MiRA (�2 = 9.5). We can see the central star which is polluting the image. On the top right : Parametric image
reconstruction using MiRA (�2 = 9.3). The star is subtracted from the image but the image is still monochromatic. On the bottom left : the
MiRA/SPARCO image reconstruction (�2 = 1.2). The image is well retrieved. On the bottom right : Macim/SPARCO reconstruction on the same
dataset (�2 = 1.1).

solution, including the chromatic parameters, to the data. We can
then implement the chromatic parameters fitting into the image
reconstruction process.

The variation of the chromatic parameters in the image re-
construction influence the morphology of the reconstructed im-
age. As shown in Sect 3.2 artifacts can appear. These images
were also made using the Total Variation regularization with µ =
1500. The results of the variation of both chromatic parameters,
which are the stellar to total flux ratio f 0

⇤ and the spectral index
of the environment denv, are presented Fig. 5. There is a clear
e↵ect of the deviation of the good parameters. If the stellar flux
ratio is too high, the algorithm will make an image with a big
inner hole. In the contrary case, the algorithm will put the flux
at stellar position and create artifacts in the image. The range
of values for the environment spectral index denv was chosen to
cover the temperatures that we expect to see for dust sublima-
tion. To derive the temperature we compare the spectral index
a black body will have in the H band. For instance denv = �1
corresponds to a temperature of 2200K and denv = 3 to 1100K.
In Fig. 5, the dependency of the image reconstruction process in
the considered range of values for denv is weak.

We can see that if the star to total flux ratio ( f 0
⇤ ) is too low the

algorithm will add flux at the star position. But the added flux is
at the dust spectral dependance. To compensate it has to create
artifacts that will make the model visibilities fit the data. On the
opposite way if there is too much stellar flux, the environment
fit the data by subtracting flux from the ring, transforming it into
blobs.

The �2 could be an indicator of the confidence we can have
on the parametric parameters (see Fig. 6) but it is not enough
sensitive in order to have good precision on that parameters. We
need spectrophotometric observations of the object to be sure

to reconstruct the environment. Nevertheless, we propose to fit
the parametric parameters in the image reconstruction process
by a Levenberg-Marquardt method. This method is adapted for
gradient method algorithms3 (like MiRA).

Our method consists into fitting alternatively the image and
the chromatic parameters to the data (see Appendix C).

4. Application on actual datasets : HR5999

In order to see the limits of SPARCO we wanted to reconstruct
images on existing dataset with specific features. We use the
data from Benisty et al. (2011) on HR5999.

It is a Herbig Ae star (Tjin A Djie et al. 1989). It shows an
excess in near and mid infrared spectral energy distribution. It
was first imaged by Benisty et al. (2011) (see Fig. 7). At the ob-
servation wavelengths, the K band, the photosphere contributes
to 22%. Moreover there is a inner disk which is marginally re-
solved (between 0.43 mas and 2.8 mas) that contributes to 38%
of the flux. It could be interpreted as a gaseous disk or as refrac-
tory dust grains. The remaining flux comes from the inner dusty
rim believed to be at the dust sublimation radius.

This object is quite complex because there is a third compo-
nent that contributes to the NIR flux : the inner disk. Our method
is not designed yet to answer this complexity. Nevertheless we
adopted a strategy in 3 steps to apply our method on this complex
case :

– Reconstruction by subtracting the photosphere only from the
image : using the SED (Fig. 8) we set the stellar to total flux

3 In an MCMC algorithm it will compute the di↵erences with random
steps and keep the favorable ones. In that case the modification of the
gradient computing is not required.
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Fig. 4. Comparison between the di↵erent image reconstruction methods. On the top left : Model image. On the top center : Monochromatic
image reconstruction done by MiRA (�2 = 9.5). We can see the central star which is polluting the image. On the top right : Parametric image
reconstruction using MiRA (�2 = 9.3). The star is subtracted from the image but the image is still monochromatic. On the bottom left : the
MiRA/SPARCO image reconstruction (�2 = 1.2). The image is well retrieved. On the bottom right : Macim/SPARCO reconstruction on the same
dataset (�2 = 1.1).

solution, including the chromatic parameters, to the data. We can
then implement the chromatic parameters fitting into the image
reconstruction process.

The variation of the chromatic parameters in the image re-
construction influence the morphology of the reconstructed im-
age. As shown in Sect 3.2 artifacts can appear. These images
were also made using the Total Variation regularization with µ =
1500. The results of the variation of both chromatic parameters,
which are the stellar to total flux ratio f 0

⇤ and the spectral index
of the environment denv, are presented Fig. 5. There is a clear
e↵ect of the deviation of the good parameters. If the stellar flux
ratio is too high, the algorithm will make an image with a big
inner hole. In the contrary case, the algorithm will put the flux
at stellar position and create artifacts in the image. The range
of values for the environment spectral index denv was chosen to
cover the temperatures that we expect to see for dust sublima-
tion. To derive the temperature we compare the spectral index
a black body will have in the H band. For instance denv = �1
corresponds to a temperature of 2200K and denv = 3 to 1100K.
In Fig. 5, the dependency of the image reconstruction process in
the considered range of values for denv is weak.

We can see that if the star to total flux ratio ( f 0
⇤ ) is too low the

algorithm will add flux at the star position. But the added flux is
at the dust spectral dependance. To compensate it has to create
artifacts that will make the model visibilities fit the data. On the
opposite way if there is too much stellar flux, the environment
fit the data by subtracting flux from the ring, transforming it into
blobs.

The �2 could be an indicator of the confidence we can have
on the parametric parameters (see Fig. 6) but it is not enough
sensitive in order to have good precision on that parameters. We
need spectrophotometric observations of the object to be sure

to reconstruct the environment. Nevertheless, we propose to fit
the parametric parameters in the image reconstruction process
by a Levenberg-Marquardt method. This method is adapted for
gradient method algorithms3 (like MiRA).

Our method consists into fitting alternatively the image and
the chromatic parameters to the data (see Appendix C).

4. Application on actual datasets : HR5999

In order to see the limits of SPARCO we wanted to reconstruct
images on existing dataset with specific features. We use the
data from Benisty et al. (2011) on HR5999.

It is a Herbig Ae star (Tjin A Djie et al. 1989). It shows an
excess in near and mid infrared spectral energy distribution. It
was first imaged by Benisty et al. (2011) (see Fig. 7). At the ob-
servation wavelengths, the K band, the photosphere contributes
to 22%. Moreover there is a inner disk which is marginally re-
solved (between 0.43 mas and 2.8 mas) that contributes to 38%
of the flux. It could be interpreted as a gaseous disk or as refrac-
tory dust grains. The remaining flux comes from the inner dusty
rim believed to be at the dust sublimation radius.

This object is quite complex because there is a third compo-
nent that contributes to the NIR flux : the inner disk. Our method
is not designed yet to answer this complexity. Nevertheless we
adopted a strategy in 3 steps to apply our method on this complex
case :

– Reconstruction by subtracting the photosphere only from the
image : using the SED (Fig. 8) we set the stellar to total flux

3 In an MCMC algorithm it will compute the di↵erences with random
steps and keep the favorable ones. In that case the modification of the
gradient computing is not required.
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Fig. 4. Comparison between the di↵erent image reconstruction methods. On the top left : Model image. On the top center : Monochromatic
image reconstruction done by MiRA (�2 = 9.5). We can see the central star which is polluting the image. On the top right : Parametric image
reconstruction using MiRA (�2 = 9.3). The star is subtracted from the image but the image is still monochromatic. On the bottom left : the
MiRA/SPARCO image reconstruction (�2 = 1.2). The image is well retrieved. On the bottom right : Macim/SPARCO reconstruction on the same
dataset (�2 = 1.1).

solution, including the chromatic parameters, to the data. We can
then implement the chromatic parameters fitting into the image
reconstruction process.

The variation of the chromatic parameters in the image re-
construction influence the morphology of the reconstructed im-
age. As shown in Sect 3.2 artifacts can appear. These images
were also made using the Total Variation regularization with µ =
1500. The results of the variation of both chromatic parameters,
which are the stellar to total flux ratio f 0

⇤ and the spectral index
of the environment denv, are presented Fig. 5. There is a clear
e↵ect of the deviation of the good parameters. If the stellar flux
ratio is too high, the algorithm will make an image with a big
inner hole. In the contrary case, the algorithm will put the flux
at stellar position and create artifacts in the image. The range
of values for the environment spectral index denv was chosen to
cover the temperatures that we expect to see for dust sublima-
tion. To derive the temperature we compare the spectral index
a black body will have in the H band. For instance denv = �1
corresponds to a temperature of 2200K and denv = 3 to 1100K.
In Fig. 5, the dependency of the image reconstruction process in
the considered range of values for denv is weak.

We can see that if the star to total flux ratio ( f 0
⇤ ) is too low the

algorithm will add flux at the star position. But the added flux is
at the dust spectral dependance. To compensate it has to create
artifacts that will make the model visibilities fit the data. On the
opposite way if there is too much stellar flux, the environment
fit the data by subtracting flux from the ring, transforming it into
blobs.

The �2 could be an indicator of the confidence we can have
on the parametric parameters (see Fig. 6) but it is not enough
sensitive in order to have good precision on that parameters. We
need spectrophotometric observations of the object to be sure

to reconstruct the environment. Nevertheless, we propose to fit
the parametric parameters in the image reconstruction process
by a Levenberg-Marquardt method. This method is adapted for
gradient method algorithms3 (like MiRA).

Our method consists into fitting alternatively the image and
the chromatic parameters to the data (see Appendix C).

4. Application on actual datasets : HR5999

In order to see the limits of SPARCO we wanted to reconstruct
images on existing dataset with specific features. We use the
data from Benisty et al. (2011) on HR5999.

It is a Herbig Ae star (Tjin A Djie et al. 1989). It shows an
excess in near and mid infrared spectral energy distribution. It
was first imaged by Benisty et al. (2011) (see Fig. 7). At the ob-
servation wavelengths, the K band, the photosphere contributes
to 22%. Moreover there is a inner disk which is marginally re-
solved (between 0.43 mas and 2.8 mas) that contributes to 38%
of the flux. It could be interpreted as a gaseous disk or as refrac-
tory dust grains. The remaining flux comes from the inner dusty
rim believed to be at the dust sublimation radius.

This object is quite complex because there is a third compo-
nent that contributes to the NIR flux : the inner disk. Our method
is not designed yet to answer this complexity. Nevertheless we
adopted a strategy in 3 steps to apply our method on this complex
case :

– Reconstruction by subtracting the photosphere only from the
image : using the SED (Fig. 8) we set the stellar to total flux

3 In an MCMC algorithm it will compute the di↵erences with random
steps and keep the favorable ones. In that case the modification of the
gradient computing is not required.
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Fig. 4. Comparison between the di↵erent image reconstruction methods. On the top left : Model image. On the top center : Monochromatic
image reconstruction done by MiRA (�2 = 9.5). We can see the central star which is polluting the image. On the top right : Parametric image
reconstruction using MiRA (�2 = 9.3). The star is subtracted from the image but the image is still monochromatic. On the bottom left : the
MiRA/SPARCO image reconstruction (�2 = 1.2). The image is well retrieved. On the bottom right : Macim/SPARCO reconstruction on the same
dataset (�2 = 1.1).

solution, including the chromatic parameters, to the data. We can
then implement the chromatic parameters fitting into the image
reconstruction process.

The variation of the chromatic parameters in the image re-
construction influence the morphology of the reconstructed im-
age. As shown in Sect 3.2 artifacts can appear. These images
were also made using the Total Variation regularization with µ =
1500. The results of the variation of both chromatic parameters,
which are the stellar to total flux ratio f 0

⇤ and the spectral index
of the environment denv, are presented Fig. 5. There is a clear
e↵ect of the deviation of the good parameters. If the stellar flux
ratio is too high, the algorithm will make an image with a big
inner hole. In the contrary case, the algorithm will put the flux
at stellar position and create artifacts in the image. The range
of values for the environment spectral index denv was chosen to
cover the temperatures that we expect to see for dust sublima-
tion. To derive the temperature we compare the spectral index
a black body will have in the H band. For instance denv = �1
corresponds to a temperature of 2200K and denv = 3 to 1100K.
In Fig. 5, the dependency of the image reconstruction process in
the considered range of values for denv is weak.

We can see that if the star to total flux ratio ( f 0
⇤ ) is too low the

algorithm will add flux at the star position. But the added flux is
at the dust spectral dependance. To compensate it has to create
artifacts that will make the model visibilities fit the data. On the
opposite way if there is too much stellar flux, the environment
fit the data by subtracting flux from the ring, transforming it into
blobs.

The �2 could be an indicator of the confidence we can have
on the parametric parameters (see Fig. 6) but it is not enough
sensitive in order to have good precision on that parameters. We
need spectrophotometric observations of the object to be sure

to reconstruct the environment. Nevertheless, we propose to fit
the parametric parameters in the image reconstruction process
by a Levenberg-Marquardt method. This method is adapted for
gradient method algorithms3 (like MiRA).

Our method consists into fitting alternatively the image and
the chromatic parameters to the data (see Appendix C).

4. Application on actual datasets : HR5999

In order to see the limits of SPARCO we wanted to reconstruct
images on existing dataset with specific features. We use the
data from Benisty et al. (2011) on HR5999.

It is a Herbig Ae star (Tjin A Djie et al. 1989). It shows an
excess in near and mid infrared spectral energy distribution. It
was first imaged by Benisty et al. (2011) (see Fig. 7). At the ob-
servation wavelengths, the K band, the photosphere contributes
to 22%. Moreover there is a inner disk which is marginally re-
solved (between 0.43 mas and 2.8 mas) that contributes to 38%
of the flux. It could be interpreted as a gaseous disk or as refrac-
tory dust grains. The remaining flux comes from the inner dusty
rim believed to be at the dust sublimation radius.

This object is quite complex because there is a third compo-
nent that contributes to the NIR flux : the inner disk. Our method
is not designed yet to answer this complexity. Nevertheless we
adopted a strategy in 3 steps to apply our method on this complex
case :

– Reconstruction by subtracting the photosphere only from the
image : using the SED (Fig. 8) we set the stellar to total flux

3 In an MCMC algorithm it will compute the di↵erences with random
steps and keep the favorable ones. In that case the modification of the
gradient computing is not required.
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Fig. 4. Comparison between the di↵erent image reconstruction methods. On the top left : Model image. On the top center : Monochromatic
image reconstruction done by MiRA (�2 = 9.5). We can see the central star which is polluting the image. On the top right : Parametric image
reconstruction using MiRA (�2 = 9.3). The star is subtracted from the image but the image is still monochromatic. On the bottom left : the
MiRA/SPARCO image reconstruction (�2 = 1.2). The image is well retrieved. On the bottom right : Macim/SPARCO reconstruction on the same
dataset (�2 = 1.1).

solution, including the chromatic parameters, to the data. We can
then implement the chromatic parameters fitting into the image
reconstruction process.

The variation of the chromatic parameters in the image re-
construction influence the morphology of the reconstructed im-
age. As shown in Sect 3.2 artifacts can appear. These images
were also made using the Total Variation regularization with µ =
1500. The results of the variation of both chromatic parameters,
which are the stellar to total flux ratio f 0

⇤ and the spectral index
of the environment denv, are presented Fig. 5. There is a clear
e↵ect of the deviation of the good parameters. If the stellar flux
ratio is too high, the algorithm will make an image with a big
inner hole. In the contrary case, the algorithm will put the flux
at stellar position and create artifacts in the image. The range
of values for the environment spectral index denv was chosen to
cover the temperatures that we expect to see for dust sublima-
tion. To derive the temperature we compare the spectral index
a black body will have in the H band. For instance denv = �1
corresponds to a temperature of 2200K and denv = 3 to 1100K.
In Fig. 5, the dependency of the image reconstruction process in
the considered range of values for denv is weak.

We can see that if the star to total flux ratio ( f 0
⇤ ) is too low the

algorithm will add flux at the star position. But the added flux is
at the dust spectral dependance. To compensate it has to create
artifacts that will make the model visibilities fit the data. On the
opposite way if there is too much stellar flux, the environment
fit the data by subtracting flux from the ring, transforming it into
blobs.

The �2 could be an indicator of the confidence we can have
on the parametric parameters (see Fig. 6) but it is not enough
sensitive in order to have good precision on that parameters. We
need spectrophotometric observations of the object to be sure

to reconstruct the environment. Nevertheless, we propose to fit
the parametric parameters in the image reconstruction process
by a Levenberg-Marquardt method. This method is adapted for
gradient method algorithms3 (like MiRA).

Our method consists into fitting alternatively the image and
the chromatic parameters to the data (see Appendix C).

4. Application on actual datasets : HR5999

In order to see the limits of SPARCO we wanted to reconstruct
images on existing dataset with specific features. We use the
data from Benisty et al. (2011) on HR5999.

It is a Herbig Ae star (Tjin A Djie et al. 1989). It shows an
excess in near and mid infrared spectral energy distribution. It
was first imaged by Benisty et al. (2011) (see Fig. 7). At the ob-
servation wavelengths, the K band, the photosphere contributes
to 22%. Moreover there is a inner disk which is marginally re-
solved (between 0.43 mas and 2.8 mas) that contributes to 38%
of the flux. It could be interpreted as a gaseous disk or as refrac-
tory dust grains. The remaining flux comes from the inner dusty
rim believed to be at the dust sublimation radius.

This object is quite complex because there is a third compo-
nent that contributes to the NIR flux : the inner disk. Our method
is not designed yet to answer this complexity. Nevertheless we
adopted a strategy in 3 steps to apply our method on this complex
case :

– Reconstruction by subtracting the photosphere only from the
image : using the SED (Fig. 8) we set the stellar to total flux

3 In an MCMC algorithm it will compute the di↵erences with random
steps and keep the favorable ones. In that case the modification of the
gradient computing is not required.
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Table 1. Model parameters

Parameter Value Unit Comments
f 0
⇤ 0.4

denv 1.0
xs 0.0 mas Star R.A. shift
ys 3.0 mas Star Dec shift
R 6.0 mas Ring Radius
i 60 deg Inclination
✓ 0 deg P.A. of the major axis
w 2.4 mas gaussian width of the ring
c1 0.0 azim. mod. through major axis
s1 -0.4 azim. mod. through minor axis

Table 2. Model noise estimated from Le Bouquin et al. (2011).

Noise Hmag = 3 Hmag = 5 Hmag = 7
�V2 0.05 V2 + 0.001 0.05 V2 + 0.003 0.1 V2 + 0.003
�CP 2deg 5deg 10deg

It is a geometrical model with power laws in flux between
the star and the environment to recreate the chromaticity. The
star has its flux is proportional to f⇤ / ��4.

The environment is described as a gaussian ring having a
radius of 6 mas and inclined by 60 degrees. It has a strong az-
imuthal modulation, which will reproduce the asymmetry possi-
bly generated by radiative transfer e↵ects. This azimuthal mod-
ulation is setting the ring flux to vary as the cosine of the az-
imuthal angle. This modelisation was also used in Monnier et al.
(2006). The azimuthal modulation will also show us the ability
of the method and the algorithms to reconstruct a ring with flux
variations.

The gaussian thickness of the ring (the F.W.H.M. of the gaus-
sian with which we convolve the ring) is of 2.4 mas. The star is
shifted of 3 mas to the North with respect to the center of the
ring. This shift can reproduce a perturbation induced by a com-
panion or an inclination e↵ect. Its spectral index is fenv / �,
which is the logarithmic black body curve derivative at �0 and
at a temperature of ⇡ 1410 K. Then, the chromatism is strong
enough to see the variations in the data. At 1.5µm the star carry
⇠ 55% of the flux and ⇠ 38% at 1.8µm. All the parameters of
this model are summarized in Table 1.

To generate the interferometric data, we used analytical mod-
els of the Fourier transform. We used an existing, voluntarily
not optimal, {u, v}-plane made with PIONIER (see Fig. 2). The
{u, v}-plane was made with 14 pointings of 4 telescopes on 3 dif-
ferent configurations available at the VLTi (2 pointings on small
configuration, 9 on the medium one and 3 on the large one).
One pointing represents 40 minutes of observation (calibrators
included). Each point on each baseline is spectrally dispersed
onto 7 channels across the H band. Once computed we add
noise to the data based on PIONIER experience (Le Bouquin
et al. 2011). In order to explore the sensitivity e↵ect we defined
three regimes : high, intermediate and low flux as can be seen in
Table 2.

The dataset is composed of squared amplitudes (V2) and clo-
sure phases (C.P.) (see Fig. 3).

3.2. Image reconstructions

Once the model dataset is created, we perform image reconstruc-
tions on it. We have made use of two di↵erent types of algo-

−5.0.5.
10+7

−5.

0.

5.

10+7

UV PLAN (same that on MWC158)

U

V

Fig. 2. {u, v}-plane used to create the model dataset. This {u, v}-plane
is taken from a real dataset made by PIONIER on a stellar object.

rithms currently used in optical interferometry : MiRA (Thiébaut
2008) which is an algorithm computing the image following a
gradient method, and Macim (Ireland et al. 2006) and Squeeze
(Baron et al. in prep.) which are Monte Carlo Markov Chain
(MCMC) algorithms. We compare the SPARCO method with the
classical "gray" ones and check the validity in di↵erent signal-to-
noise regimes. In the following we suppose a perfect knowledge
of the object’s chromatic parameters. The first thing to do is to
find the good regularization.

The regularization used was "Total Variation" which was
described in Renard et al. (2011) as one of the most reliable
regularization for astrophysical objects. A hyper-parameter
µ set the weight of the regularization (see Eq. 5). It is impor-
tant to carefully tune it to obtain the best quality image. The
tuning process is described in Appendix A.

We have reconstructed images with 256⇥256 pixels of 0.2
mas each. For the MiRA reconstructions we have used the Total
Variation regularization with µ = 1500.

We have reconstructed four images :

1. A completely gray image : The algorithm is able to fit the
data if the field of view is big (�2 = 9.3) but it is not satisfac-
tory. To obtain a better �2, we need increase the field of view
and the number pixels because it gives the algorithm more
freedom to fit the data. It is able to reproduce the chromatic
e↵ect by deforming the Fourier Space and adding artifacts
in the image (Fig.4). It replaces chromatic e↵ects by spatial
ones.

2. An image subtracting the star but without the chromatic-
ity : We retrieve the environment but with many artifacts.

3. An image using MiRA/SPARCO : The ring features and the
ring/star asymmetry are well retrieved.

4. An image using Macim/SPARCO : The ring features are also
well retrieve. We have used an implemented regularization
based on the Laplacian on the image.

3.3. Determination of chromatic properties

The reconstructions described in Sect. 3 were made by setting
the chromatic parameters to the good ones.

We want to confront the method to the case were the chro-
matic dependance is unknown (when we do not have spectropho-
tometric informations). The �2 will tell us the reliability of the
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Fig. 3. Top: The image of the ring with the star represented in red
(model). From top to bottom: high, intermediate and low photon noise
regimes, left: squared visibilities right: closure phases.

half of the inner disk. The rest of the inner disk is considered
as resolved.

The first conclusion of the application of SPARCO on this
dataset is that we retrieve the inner dust rim if we subtract the
photosphere and the inner disk. We have to be careful to cor-
rect the spectral index of the environment denv which depends on
the temperature of the unresolved flux. If we subtract the photo-
sphere only, SPARCO reconstructs the unresolved flux due to the
inner gaseous disk.

−2  0  2  4
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χ2map with Total Variation

denv

f s0

Fig. 6. �2 map of the reconstructions in function of the chromatic
parameters for reconstructions with the Total Variation regularization.
The black color represents all �2 sup 3. The blue crosses represent the
location of the images of Fig. 5 in the �2 map. We can clearly see that
this map is degenerated.

Fig. 8. SED of HR5999 from Benisty et al. (2011). We can see that
in the K band (at log(2.2µm) = 0.35), the emission is dominated by the
environment which has two components. The star is weaker but has to
be taken into account for the image reconstruction.

Second, if we let the method fit the chromatic parameters in
the reconstruction process, it find an f 0

⇤ which is bigger than
the photosphere contribution and a spectral index denv which
indicates a temperature of more than 2000 K that is above the
dust sublimation temperature of 1500 K. However Benisty et al.
(2011) suggest that the origin of the emission could be refractory
dust grains or a gaseous disk. That indicates anyway that the hy-
pothesis of the photosphere only as the unresolved component is
not verified.

The method is sensitive to an unresolved flux which is not
composed of the photosphere only. It clearly indicates an inner
component as suggested in Benisty et al. (2011).
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What are we imaging ? 
•  YSO : 

–  Complex environment 
–  Model independent 
–  H > 6 

•  PIONER :  
–  4 Telescopes / 3 config. 
–  Sensitive enough.. 
–  Spectral dispersion 
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What are we imaging ? 
•  YSO 
•  Near infrared 
•  Two components  

(at 1st order) 
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What are we imaging ? 
•  YSO 
•  Near infrared 
•  At least 2 components 

–  The star 
–  Its environment (~1500K) 

10−6 25 5
10+12

10+13

2

2

5

λ (m)

F λ
 (a

rb
itr

ar
y 

un
its

)

stellar photosphere

environment
at 1500K

10−6 1.5 2.0
0.0

0.5

1.0

λ (m)

R
el

at
iv

e 
flu

xe
s

08/04/2014	
   J.	
  Kluska	
  -­‐	
  IPAG	
  -­‐	
  Imaging	
  of	
  YSO	
   37	
  



Herbig	
  Ae	
  Be	
  Workshop	
  -­‐	
  Santiago	
  

Chromatic image 
reconstruction 

•  3D-­‐approach	
  (x,y,λ)	
  :	
  

–  MiRA-­‐3D	
  :	
  Thiébaut	
  &	
  Soulez	
  (2013)	
  

–  Squeeze	
  :	
  Baron	
  et	
  al.	
  (in	
  prep.)	
  

Model	
  independent	
  spectra	
  

2	
  hyper	
  parameters	
  to	
  tune	
  

Sampling	
  of	
  the	
  wavelengths	
  :	
  

-­‐  A	
  lot	
  of	
  pixels	
  

-­‐  Interpolation	
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Chromatic image 
reconstruction approaches 

•  3D-­‐approach	
  (x,y,λ)	
  :	
  

–  MiRA-­‐3D	
  :	
  Thiébaut	
  &	
  Soulez	
  (2013)	
  

–  Squeeze	
  :	
  Baron	
  et	
  al.	
  (in	
  prep.)	
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Chromatic image 
reconstruction 

•  SPARCO	
  :	
  Semi-­‐Parametric	
  Approach	
  for	
  imarge	
  

Reconstruction	
  of	
  Chromatic	
  Objects	
  (Kluska	
  et	
  al.,	
  subm.)	
  
•  Adapted	
  on	
  MiRA,	
  MACIM	
  and	
  Squeeze.	
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Chromatic image 
reconstruction method 
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Fig. 5. MiRA image reconstructions as a function of the assumed chromatic parameters : the stellar to total flux ratio f 0
⇤ and the dust spectral

index denv. The star is represented in red at the center of each image. The true values are f 0
⇤ = 40% and denv = 1

ratio to the value of f 0
⇤ = 22% and the temperature of the

environment to 1500K. The image (Fig. 7 center) shows an
unresolved component in the center and 2 patterns in both
sides of the unresolved component. The subtracted flux is
located at the position of the red star. As expected the algo-
rithm sees the unresolved flux which is the inner disk, but has
di�culties to reconstruct the environment correctly. We no-
tice that the position angle is similar to that found in Benisty
et al. (2011).

– Reconstruciton by subtracting the photosphere and the inner
disk : the flux in the unresolved component is now set to 60%
(as showed in the SED). The environment is still set to be at

1500 K. There is no feature at the center of the image (see
Fig. 7). We can see the inner dusty disk rim. The image looks
dug in the center because the fluxes that we are subtracting
are not necessarily unresolved.

– Fit of the chromatic parameters in the reconstruction process
: if we did not have the information on the photometry on
this objects we would try the extended method described at
Sect. 3.3. we converge to subtracted flux f 0

⇤ of 40% and
a relative spectral index denv of -1 (which is translating in
a temperature of 2100 K if we assume that we subtract the
photosphere only). We are subtracting the photosphere and
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Fig. 3. Top: The image of the ring with the star represented in red
(model). From top to bottom: high, intermediate and low photon noise
regimes, left: squared visibilities right: closure phases.

half of the inner disk. The rest of the inner disk is considered
as resolved.

The first conclusion of the application of SPARCO on this
dataset is that we retrieve the inner dust rim if we subtract the
photosphere and the inner disk. We have to be careful to cor-
rect the spectral index of the environment denv which depends on
the temperature of the unresolved flux. If we subtract the photo-
sphere only, SPARCO reconstructs the unresolved flux due to the
inner gaseous disk.
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Fig. 6. �2 map of the reconstructions in function of the chromatic
parameters for reconstructions with the Total Variation regularization.
The black color represents all �2 sup 3. The blue crosses represent the
location of the images of Fig. 5 in the �2 map. We can clearly see that
this map is degenerated.

Fig. 8. SED of HR5999 from Benisty et al. (2011). We can see that
in the K band (at log(2.2µm) = 0.35), the emission is dominated by the
environment which has two components. The star is weaker but has to
be taken into account for the image reconstruction.

Second, if we let the method fit the chromatic parameters in
the reconstruction process, it find an f 0

⇤ which is bigger than
the photosphere contribution and a spectral index denv which
indicates a temperature of more than 2000 K that is above the
dust sublimation temperature of 1500 K. However Benisty et al.
(2011) suggest that the origin of the emission could be refractory
dust grains or a gaseous disk. That indicates anyway that the hy-
pothesis of the photosphere only as the unresolved component is
not verified.

The method is sensitive to an unresolved flux which is not
composed of the photosphere only. It clearly indicates an inner
component as suggested in Benisty et al. (2011).
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