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•  The	   atmosphere	   is	   the	   boundary	  
to	  the	  invisible	  stellar	  interior:	  link	  
between	   models	   of	   stars	   and	  
stellar	  evolu4on	  and	  observa4ons.	  
Study	  of	  chemical	  composi4on	  due	  
to	   dredge-‐up	   process	   and	  
fundamental	  stellar	  parameters.	  

•  The	   atmosphere	   is	   the	   inner	  
b o u n d a r y 	   t o 	   t h e 	   o u t e r	  
atmospheric	  region:	  effects	  on	  the	  
interstellar	   medium,	   throughout	  
r a d i a 4 o n	   o r 	   m a s s 	   l o s s .	  
Contribu4on	   to	   the	   chemical	  
evolu4on	  of	  the	  Galaxy.	  

Introduc4on	  
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3D	  hydrodynamical	  simula4ons	  of	  stellar	  atmosphere	  

GLOBAL	  SIMULATIONS	  
for	  red	  supergiant	  and	  AGB	  stars	  
	  (CO5BOLD	  –	  Freytag	  et	  al.	  2002;	  
Chiavassa,	  Freytag,	  Masseron,	  Plez	  

2011,	  arxiv:	  1109.3619)	  

	  
Realis4c	  3D	  simula4ons	  of	  stellar	  convec4on	  
	  
Numerical	  grid	  :	  200³	  -‐	  300³	  -‐	  500³	  
	  
•  Hydrodynamics	  
•  Radia4ve	  Transfer	  (indispensable)	  
•  Opaci4es	  
•  Time	  dependent	  	  
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H	  band	   Op4cal	  band	  

Large	  convec4ve	  cells	  up	  to	  60%	  of	  the	  
radius.	  TIMECALE…	  decades	  

Smaller	  	  convec4ve	  cells	  on	  top	  of	  large	  
sctructures.	  TIMESCALE…	  weeks	  to	  months	  

3D	  hydrodynamical	  simula4ons	  of	  stellar	  atmosphere	  

Chiavassa,  Haubois,  Young  et  al.,  A&A  2010,  515,  id.A12	



LOCAL	  SIMULATIONS	  
used	  to	  compute	  K	  giants,	  main	  
sequence	  stars	  and	  the	  Sun	  
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A&A 524, A93 (2010)

Fig. 3. Left panel: synthetic spectra for different 3D model red giant atmospheres in the wavelength range 4700−5300 Å. The intensity maps
corresponding to this filter have been computed assuming a top-hat filter (dashed line). This wavelength range corresponds to the VEGA instrument
(Mourard et al. 2009) mounted on CHARA with a spectral resolution λ/∆λ = 5000. From the bottom: the black curve refers to the simulation
with log g = 2.2 and [Fe/H] = 0.0 and no offset applied, the red curve to log g = 2.2 and [Fe/H] = −1.0 with an offset of 1, the green curve to
log g = 2.2 and [Fe/H] = −2.0 with an offset of 2, the light blue curve to log g = 2.2 and [Fe/H] = −3.0 with an offset of 3, and the dark blue curve
log g = 1.6 and [Fe/H] = −3.0 with an offset of 4 (see Table 1). Right panel: transmission curve (dashed line) of the FLUOR (2.14 ± 0.26 µm)
filter (Mérand et al. 2006) mounted on CHARA. Colors and offsets are the same as in left panel.

Fig. 4. Synthetic stellar disk images of the simulation with [Fe/H] = −3.0 and log g = 1.6 (Table 1). The intensity range is 5.0 × 103−2.1 ×
106 erg cm−2 s−1 Å−1 for the optical filter and 5.0 × 103−1.1 × 105 erg cm−2 s−1 Å−1 for the FLUOR filter.

We then derived azimuthally averaged intensity profiles for
every synthetic stellar disk image from the simulations, with two
examples shown in Fig. 5. The profiles were constructed using
rings regularly spaced in µ = cos(θ) for µ ≤ 1 (i.e. r/R# ≤ 1),
with θ the angle between the line of sight and the radial direc-
tion. The parameter µ is related to the impact parameter r/R#
through r/R# =

√
1 − µ2, where R# is the stellar radius reported

in Table 1. We ensure a good characterization of the intensity
towards the limb using 285 rings, which is half size in pixels of
the images of Fig. 4. The standard deviation of the average in-
tensity, σI(µ), was computed within each ring. As for the images
in Fig. 4, the center-to-limb variations is steeper in the case of
the optical filter. Moreover, the fluctuations are stronger in the
optical case with values up to 20% with respect to the average
(Fig. 5).

We used these averaged profiles to determine LD laws for the
simulations. For this purpose, we fitted the azimuthally averaged
intensities determined from the simulations with a polynomial
LD law of the form

I(µ)
I(1)
=

N∑

k=0

ak (1 − µ)k (1)

as in Chiavassa et al. (2009), where I(µ) is the intensity, ak the
LD coefficients, and N + 1 their number. We fitted all the az-
imuthally averaged profiles using this law and weighting the fit
by 1/σI(µ). We varied the order N of the polynomial LD laws and
found that N = 2 in practice already gave an optimal fit, with
the N = 3 solution providing only minor and altogether negli-
gible improvements to the χ2 minimization. At the same time,
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Fig. 3. Synthetic stellar disk images of the simulation. The intensity range is [0.3 - 5.0×104], [0.3 - 4.4×104], and [0.3 - 2.7×104] erg cm−2 s−1 Å−1
respectively for Mark 500 nm, Mark 800 nm, and Vinci filters.

Fig. 4. Radially averaged intensity profiles (black line) derived from the synthetic stellar disk images of Fig. 3. The dashed gray areas denote the
one sigma spatial fluctuations with respect to the averaged intensity profile. The intensity is normalized to the mean intensity at disk center and
the radius is normalized to the radius given in Table missing.

Fig. 5. LD fits (red dashed line) obtained using the Eq. 1 with N = 2 for the RHD azimuthally average intensity profile (solid line). The dotted
line is the intensity profile computed with the 1D model having identical stellar parameters, input data, and chemical compositions as the 3D
simulation. A full LD (dash-dotted line), a partial LD (triple dot-dashed line) are also shown.

4

Red	  giant	  stars	  	  

Procyon	  like	  stars	  

Solar	  like	  stars	  

3D	  hydrodynamical	  simula4ons	  of	  stellar	  atmosphere	  
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Fig. 3. Left panel: synthetic spectra for different 3D model red giant atmospheres in the wavelength range 4700−5300 Å. The intensity maps
corresponding to this filter have been computed assuming a top-hat filter (dashed line). This wavelength range corresponds to the VEGA instrument
(Mourard et al. 2009) mounted on CHARA with a spectral resolution λ/∆λ = 5000. From the bottom: the black curve refers to the simulation
with log g = 2.2 and [Fe/H] = 0.0 and no offset applied, the red curve to log g = 2.2 and [Fe/H] = −1.0 with an offset of 1, the green curve to
log g = 2.2 and [Fe/H] = −2.0 with an offset of 2, the light blue curve to log g = 2.2 and [Fe/H] = −3.0 with an offset of 3, and the dark blue curve
log g = 1.6 and [Fe/H] = −3.0 with an offset of 4 (see Table 1). Right panel: transmission curve (dashed line) of the FLUOR (2.14 ± 0.26 µm)
filter (Mérand et al. 2006) mounted on CHARA. Colors and offsets are the same as in left panel.
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imuthally averaged profiles using this law and weighting the fit
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INPUT:	  
Snapshots	  of	  synthe4c	  images	  at	  

different	  wavelength/filters	  
	  

Fourier	  Transform	  Plan  complexe 

A&A 524, A93 (2010)

Fig. 3. Left panel: synthetic spectra for different 3D model red giant atmospheres in the wavelength range 4700−5300 Å. The intensity maps
corresponding to this filter have been computed assuming a top-hat filter (dashed line). This wavelength range corresponds to the VEGA instrument
(Mourard et al. 2009) mounted on CHARA with a spectral resolution λ/∆λ = 5000. From the bottom: the black curve refers to the simulation
with log g = 2.2 and [Fe/H] = 0.0 and no offset applied, the red curve to log g = 2.2 and [Fe/H] = −1.0 with an offset of 1, the green curve to
log g = 2.2 and [Fe/H] = −2.0 with an offset of 2, the light blue curve to log g = 2.2 and [Fe/H] = −3.0 with an offset of 3, and the dark blue curve
log g = 1.6 and [Fe/H] = −3.0 with an offset of 4 (see Table 1). Right panel: transmission curve (dashed line) of the FLUOR (2.14 ± 0.26 µm)
filter (Mérand et al. 2006) mounted on CHARA. Colors and offsets are the same as in left panel.

Fig. 4. Synthetic stellar disk images of the simulation with [Fe/H] = −3.0 and log g = 1.6 (Table 1). The intensity range is 5.0 × 103−2.1 ×
106 erg cm−2 s−1 Å−1 for the optical filter and 5.0 × 103−1.1 × 105 erg cm−2 s−1 Å−1 for the FLUOR filter.
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The	  interferometric	  observables	  

Devia4ons	  from	  symmetric	  
sources!!!	  

Devia4ons	  from	  symmetric	  
sources	  (0-‐180	  degrees)!!!	  

Predicted	  Closure	  Phases	  Predicted	  Visibili4es	  

Spa4al	  frequencies	   Spa4al	  frequencies	  

Grey	  curves:	  3D	  model	  
Doked:	  parametric	  uniform	  disk	  

Chiavassa,  Collet,  Casagrande  and  Asplund,  A&A  2010,  524,  id.A93	
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AGB	  star?	  RSG	  star?	  Or	  super-‐AGB	  star?	  

VLTI-‐AMBER	  image	  of	  massive	  evolved	  star	  VX	  Sgr	  
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Meynet	  &	  Maeder,	  2003	  

VX	  Sgr	  



Observa4ons	  beetwen	  May-‐July	  
2008	  
	  
Low	   resolu4on	   AMBER	   data	  
with	  FINITO	  (H-‐K	  band)	  	  
	  
Configura4ons	   A0-‐D0-‐H0,	   D0-‐
H0-‐G1,	  and	  E0-‐G0-‐H0.	  	  
	  
Absolute	  wavelength	   correc4on	  
done	  using	  the	  telluric	  Kik	  Peak	  
spectra	   (convolved	   to	   AMBER	  
resolu4on)	  
	  

A. Chiavassa et al.: VLTI/AMBER spectro-interferometric imaging of VX Sagittarii’s inhomogenous outer atmosphere

Table 1. Observations log for the AMBER observations of VX Sgr, carried out using FINITO and an integration time of 50 ms.

Date Bp PAp Spectral Calibrators Seeing Coherence
[m] [◦] range [µm] [′′] time [ms]

2008-05-24 H0-D0 (58.76)/D0-A0(29.37)/A0-H0 (88.14) −99.8/−99.8/−99.8 1.8731−2.4766 HD 169916 0.65 4.5
2008-05-26 G1-D0 (71.55)/D0-H0(63.94)/H0-G1 (71.48) −46.0/70.5/7.0 1.4492−2.3398 HD 166295 0.97 6.0
2008-06-06 H0-G0 (30.10)/G0-E0(15.06)/E0-H0 (45.17) −119.0/−119.0/−119.0 1.4492−2.4458 HD 169916, 0.79 4.5

HD 146545
2008-06-07 H0-G0 (28.64)/G0-E0(14.33)/E0-H0 (42.97) −98.8/−98.8/−98.8 1.4655−2.5000 HD 169916 1.16 2.0
2008-06-08 H0-G0 (31.98)/G0-E0(16.00)/E0-H0 (47.99) −108.0/−108.0/−108.0 1.4454−2.3708 HD 169916, 0.60 2.5

HD 146545
2008-07-03 H0-G0 (29.63)/G0-E0(14.82)/E0-H0 (44.46) −100.0/−100.0/−100.0 1.4578−2.2786 HD 169916, 1.29 2.0

HD 146545
2008-07-04 G1-D0 (63.13)/D0-H0(35.39)/H0-G1 (68.78) −4.3/35.4/68.8 1.4454−2.4062 HD 169916 0.41 7.5
2008-07-05 G1-D0 (71.52)/D0-H0(63.92)/H0-G1 (71.46) −46.1/63.9/6.9 1.4511−2.4832 HD 169916 0.65 6.5
2008-07-06 G1-D0 (65.26)/D0-H0(55.29)/H0-G1 (71.48) −55.2/52.6/−7.78 1.4540−2.5211 HD 169916 0.60 3.5

HD146545 VXSGR HD1699160.6
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Fig. 1. Transfer function for the night 2008-07-03. Top panel: squared
visibilities averaged over the region 2.1−2.2 µm for both the calibration
stars (gray with error bars) and the science star (green with error bars).
The computed transfer function is approximated by a linear fit (solid
black line), and dashed lines display the scatter. Bottom panel: closure
phase averaged over the same spectral region for both the science target
(red) and calibrators (black).

3. Image reconstruction

The first step in our analysis is a chromatic image reconstruc-
tion of our data to probe different layers in the photosphere and
above. The image reconstruction process is similar to the one
performed for T Lep in Le Bouquin et al. (2009). For the recon-
struction, we used the MIRA software package (Thiébaut 2008;
Cotton et al. 2008; Le Besnerais et al. 2008). The image was
sought by minimizing a so-called cost function which is the sum
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Fig. 2. UV-coverage for of the AMBER observations of VX Sgr. The
radial extension of the uv tracks reflects the spectral coverage of our
AMBER measurements, covering the H and the K bands.

of a regularization term plus data-related terms. The data terms
enforce agreement of the model image with the measured data
(visibilities). The regularization term is a χ2 minimization be-
tween the reconstructed image and an expected image. The ex-
pected image is issued from a preliminary image reconstruction,
strongly constrained by the assumption of circularity. Each spec-
tral bin has been processed independently (Fig. 3, left column).
The reconstructed images clearly highlight different behaviors
across the wavelength range: in the H band (≈1.45−1.80 µm),
the intensity distribution is inhomogeneous and a bifurcation of
the image core into a few bright “spots” is visible. At ≈2.00 µm
and at the upper K band edge (≈2.35−2.50 µm) the radius ap-
pears extended and much larger than in the H band. Artifacts
may be introduced by the poor UV-plane coverage in one direc-
tion (north-west south-east, see Fig. 2). However, the detection
of inhomogeneities is not in doubt because there are clear signa-
tures in the closure phases (Fig. 1).
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H-‐	  minimum	  	  
opacity	  

Contribu4ng	  
molecules?	  

Contribu4ng	  
molecules?	  

Chiavassa,	  Lacour,	  Millour	  et	  al.,	  A&A	  2010,	  511,	  id.A51	  à	  reconstruc4on	  done	  with	  MIRA	  sooware	  
(Thiébaut	  2008,	  Cokon	  et	  al.	  2008,	  Le	  Besnerais	  et	  al.	  2008)	  

VLTI-‐AMBER	  image	  of	  massive	  evolved	  star	  VX	  Sgr	  



3D	  AGB	  model	  Convolved	  AGB	  model	  

Convolved	  RSG	  model	   3D	  RSG	  model	  VX	  Sgr	  image	  	  

Interferometric	  imaging	  to	  constrain	  3D	  models	  in	  terms	  of:	  
intensity	  surface	  contrast,	  convec4ve	  size,	  temporal	  varia4ons	  
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VX	  Sgr	  DATA	  
1D	  O-‐rich	  Mira	  model	  	  
(Ireland	  et	  al.	  2004	  a,b)	  
3D	  RSG	  model	  	  
(Chiavassa	  et	  al.	  2009)	  
3D	  AGB	  model	  
(Freytag	  &	  Hoefner	  2008)	  

VLTI-‐AMBER	  image	  of	  massive	  evolved	  star	  VX	  Sgr	  

A. Chiavassa et al.: VLTI/AMBER spectro-interferometric imaging of VX Sagittarii’s inhomogenous outer atmosphere

Table 2. Parameters of the best geometrical toy model (χ2 ≈ 25).

λ Gaussian disk Uniform disk Point source Point source Point source
size flux size flux x y flux x y flux x y flux

[µm] [mas] [%] [mas] [%] [mas] [mas] [%] [mas] [mas] [%] [mas] [mas] [%]
1.54 ≤20 26.7 8.3 ± 2.5 67.0 0.6 ± 0.8 2.8 ± 0.5 ≤10 −0.7 ± 0.7 −0.5 ± 0.5 ≤10 10 ± 4 −8.5 ± 3.5 0
1.78 ≤20 32.1 8.1 ± 1.5 59.3 – – ≤10 – – ≤10 – – 0
2.03 ≤20 47.3 8.0 ± 0.6 43.8 – – ≤10 – – ≤10 – – ≤5
2.28 ≤30 46.1 7.7 ± 0.4 47.5 – – ≤10 – – ≤10 – – ≤10
2.52 28.7 ± 26 66.9 12.4 ± 1.9 22.9 – – ≤10 – – ≤10 – – ≤10
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Fig. 4. VX Sgr Gaussian FWHM values as a function of the wavelength
compared to the model M18 predictions. The dashed line indicates the
smallest values. The position of the H2O bands are also indicated (after
Lançon & Wood 2000).

(Fig. 3): the radius gets larger between 1.8 and 2.1 µm, reaching
local maximum at 2.0 µm, then gets smaller again to a minimum
around 2.15 to 2.25 µm, and eventually becomes much larger
toward 2.5 µm. However, Fig. 4 only gives a rough idea of the
apparent diameter of VX Sgr because the intensity profile is not
a Gaussian disk.

To reproduce the wavelength dependence, we used the one-
dimensional dynamic models of Ireland et al. (2004a,b) for
oxygen-rich Mira stars that include the effect of molecular layers
in the outer atmosphere. These are self-excited dynamic mod-
els whose gray atmospheric temperature stratification was re-
computed on the basis of non-gray extinction coefficients that
contain all relevant molecular absorbers (e.g., H2O, CO, TiO;
solar abundances) but do not contain dust. The stellar parame-
ters were assumed to be close to those of the M-type Mira proto-
types o Cet and R Leo. This model series has been successfully
used by Wittkowski et al. (2007, 2008) to explain AMBER ob-
servation of the Mira star S Ori. Because the VX Sgr stellar
parameters are poorly understood, there is no fully consistent
model of this star, and the models we used can only show typi-
cal characteristics of such a star. Figure 5 shows the comparison
for short (left and central panels) and long (right panel) projected
baselines. The wavelength dependence of the visibility is similar
for all the nights.

For the fit, we followed the fitting procedure used by
Wittkowski et al. (2008) and used only the short baseline data
obtained with E0-G0-H0, because we do not expect to match
details of the intensity profile probed at high spatial frequen-
cies with the M series that has not been designed to match a

Fig. 5. Measured VX Sgr visibility data (red crosses with error bars)
compared to the visibilities derived from (i) the 1D Mira atmosphere
model M18 (model with a phase Φ = 0.75), black solid line; (ii) the
best-matching synthetic image of the 3D simulation of an RSG star (top
central and right panel in Fig. 6), light blue triangles; (iii) best-match
synthetic images of the 3D simulation of an AGB star (bottom row in
Fig. 6); blue dots. Left and central panels belong to the night 2008-06-
07, and the right panel is for the night 2008-07-03.

star like VX Sgr. The dynamic models predict large changes
in the monochromatic radius caused by the molecular layers
above the continuum-forming region in the stellar photosphere.
The bandpasses around 1.9 and 2.5 µm are significantly af-
fected by H2O molecules with some contribution of CO in the
H band and in the long-wavelength part K band. The molecular-
band effects change significantly with phase as shown in
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Best	  visibility	  fit	  with	  1D	  Mira	  models:	  
H2O	   molecules	   strongly	   affect	   the	  
visibility	  and	  dominant	  absorber	  
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A. Chiavassa et al.: Radiative hydrodynamics simulations of RSGs and interferometry 1355

Time: 21.976 years Time: 22.594 years Time: 23.228 years

Time: 23.892 years Time: 24.480 years Time: 24.923 years

Time: 24.559 years Time: 24.622 years Time: 24.686 years

Time: 24.733 years Time: 24.796 years Time: 24.860 years

Fig. 4. Top 6 panels: maps of the intensity in the IONIC filter (linear scale with a range of [0;2.5 × 105] erg cm−2 s−1 Å−1). The different panels
correspond to snapshots separated by 230 days (∼3.5 years covered). Bottom 6 panels: successive snapshots separated by 23 days (∼140 days
covered).

Radial intensity profiles within a given snapshot exhibit large
variations with position angle in their radial extension of about
10% (see bottom left panel of Fig. 5). The variation with time in
the intensity profiles are of the same order of magnitude (10%,
see bottom right panel of figure).

4.2. The limb darkening law

Despite the large azimuthal variations in the intensity profiles,
and their temporal variations, it is interesting to derive radially
averaged intensity profiles for each snapshot. These may be be

A. Chiavassa et al.: VLTI/AMBER spectro-interferometric imaging of VX Sagittarii’s inhomogenous outer atmosphere

Fig. 7. Top left panel: synthetic image from the RSG simulation at 1.6 µm, convolved with a 5.9 × 4.6 mas PSF. The intensity is plotted as in Fig. 6.
The simulation has been scaled in size to approximately match the visibility data points. Top right panel: original RSG simulated image, the range
is [0; 300 000] erg cm−2 s−1 Å−1. Bottom panels: synthetic visibilities and closure phases derived from the above image (black solid line and dots)
compared to the observations (red with error bars) at 1.6 µm. The dashed lines indicate the minimum and maximum amplitude of variations in the
visibilities and closure phases issued from different rotations of the image. In bottom right panel, the axisymmetric case is represented by the solid
lines.

Fig. 8. Same as in Fig. 7 for the AGB simulation. Top right panel: original AGB image, the range is [0; 130 000] erg cm−2 s−1 Å−1.
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Fig. 3. Left panel: synthetic spectra for different 3D model red giant atmospheres in the wavelength range 4700−5300 Å. The intensity maps
corresponding to this filter have been computed assuming a top-hat filter (dashed line). This wavelength range corresponds to the VEGA instrument
(Mourard et al. 2009) mounted on CHARA with a spectral resolution λ/∆λ = 5000. From the bottom: the black curve refers to the simulation
with log g = 2.2 and [Fe/H] = 0.0 and no offset applied, the red curve to log g = 2.2 and [Fe/H] = −1.0 with an offset of 1, the green curve to
log g = 2.2 and [Fe/H] = −2.0 with an offset of 2, the light blue curve to log g = 2.2 and [Fe/H] = −3.0 with an offset of 3, and the dark blue curve
log g = 1.6 and [Fe/H] = −3.0 with an offset of 4 (see Table 1). Right panel: transmission curve (dashed line) of the FLUOR (2.14 ± 0.26 µm)
filter (Mérand et al. 2006) mounted on CHARA. Colors and offsets are the same as in left panel.

Fig. 4. Synthetic stellar disk images of the simulation with [Fe/H] = −3.0 and log g = 1.6 (Table 1). The intensity range is 5.0 × 103−2.1 ×
106 erg cm−2 s−1 Å−1 for the optical filter and 5.0 × 103−1.1 × 105 erg cm−2 s−1 Å−1 for the FLUOR filter.

We then derived azimuthally averaged intensity profiles for
every synthetic stellar disk image from the simulations, with two
examples shown in Fig. 5. The profiles were constructed using
rings regularly spaced in µ = cos(θ) for µ ≤ 1 (i.e. r/R# ≤ 1),
with θ the angle between the line of sight and the radial direc-
tion. The parameter µ is related to the impact parameter r/R#
through r/R# =

√
1 − µ2, where R# is the stellar radius reported

in Table 1. We ensure a good characterization of the intensity
towards the limb using 285 rings, which is half size in pixels of
the images of Fig. 4. The standard deviation of the average in-
tensity, σI(µ), was computed within each ring. As for the images
in Fig. 4, the center-to-limb variations is steeper in the case of
the optical filter. Moreover, the fluctuations are stronger in the
optical case with values up to 20% with respect to the average
(Fig. 5).

We used these averaged profiles to determine LD laws for the
simulations. For this purpose, we fitted the azimuthally averaged
intensities determined from the simulations with a polynomial
LD law of the form

I(µ)
I(1)
=

N∑

k=0

ak (1 − µ)k (1)

as in Chiavassa et al. (2009), where I(µ) is the intensity, ak the
LD coefficients, and N + 1 their number. We fitted all the az-
imuthally averaged profiles using this law and weighting the fit
by 1/σI(µ). We varied the order N of the polynomial LD laws and
found that N = 2 in practice already gave an optimal fit, with
the N = 3 solution providing only minor and altogether negli-
gible improvements to the χ2 minimization. At the same time,
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Fig. 3. Synthetic stellar disk images of the simulation. The intensity range is [0.3 - 5.0×104], [0.3 - 4.4×104], and [0.3 - 2.7×104] erg cm−2 s−1 Å−1
respectively for Mark 500 nm, Mark 800 nm, and Vinci filters.

Fig. 4. Radially averaged intensity profiles (black line) derived from the synthetic stellar disk images of Fig. 3. The dashed gray areas denote the
one sigma spatial fluctuations with respect to the averaged intensity profile. The intensity is normalized to the mean intensity at disk center and
the radius is normalized to the radius given in Table missing.

Fig. 5. LD fits (red dashed line) obtained using the Eq. 1 with N = 2 for the RHD azimuthally average intensity profile (solid line). The dotted
line is the intensity profile computed with the 1D model having identical stellar parameters, input data, and chemical compositions as the 3D
simulation. A full LD (dash-dotted line), a partial LD (triple dot-dashed line) are also shown.
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3D	  predic4ons	  
are	  for:	  

Red	  supergiants	  

AGBs	  
K	  Giants	  

Main	  sequence	  

Mul4-‐epoch	  &	  
mul4wavelength	  

Imaging,	  
interferometric,	  

and	  
spectrophotome
tric	  predic4ons	  	  

for	  all	  HR	  
diagram!	  



•  Synergy	   between	   theory	   and	   observa4ons :	   3D	  
hydrodynamical	   simula4ons	   necessary	   for	   a	   quan4ta4ve	  
analysis	  and	  interferometry	  constrain	  models.	  
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Conclusions	  

•  Visible	   region	   gives	   a	   lot	   of	  
spectral	  informa4on!	  

•  Mul4wavelength	   imaging	   is	  
crucial	   for	   understanding	  
physical	  processes	  
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