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Interface	  web	  uBlisateur	  de	  AMHRA	  
hcp://azurvo3.oca.eu:8080/AMHRA	  	  

(simulaCon	  temps-‐réel	  ou	  grilles	  de	  modèles)	  

L’uClisateur	  défini	  les	  valeurs	  des	  paramètres	  
physiques	  du	  modèle	  dans	  un	  formulaire	  web	  

Cartes	  d’intensité	  polycromaCques	  	  
(cube	  d’images)	  

Input	  pour	  d’autres	  ouCls	  JMMC	  
ü  ASPRO (préparation des observations) 
ü  LITPro (ajustement de modèles) 
ü  WISARD, OIMAGING, MIRA, etc (image 

de départ pour reconstruction d’images) 
ü  SUV (support aux utilisateurs du VLTI) 
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Fig. 6. Residual plot for our best model for ψ Per (up) and 48 Per (down)
in the continuum.

Table 8. Parameters obtained for the circumstellar gaussian disks of
ψ Per and 48 Per contributing to the continuum spectrum

ψ Per 48 Per
θUD⋆ (in mas) 0.37 ± 0.04 0.25 ± 0.05
F⋆cont/Ftot_cont 0.88 ± 0.16 0.9
Fenv_cont/Ftot_cont 0.12 ± 0.03 0.1
θm_cont (in mas) 2.00 ± 0.28 2.69 ± 0.28
Flattening ratio rc 2.9 ( Hα model) 1.3 (Hα model)
PA of major axis 96 ◦ (Hα model) 110 ◦ (Hα model)

Reduced χ2 0.76 0.37
θM_cont (in mas) 5.8 ± 1.6 3.5 ± 0.4
RM_cont (in R⋆) 15 ± 4 14 ± 1.6

having an apparent elliptical shape. This model has five free
parameters: the stellar angular diameter θUD⋆; the angular di-
ameter of the minor axis of the Gaussian disk contributing to
the continuum flux θm_cont, the normalized stellar continuum
flux F⋆cont/Ftot_cont, the ratio of the major to the minor axis of
the elliptical disk emitting in the continuum (flattening ratio)
rc = RM_cont/Rm_cont, and the position angle of the major axis
of the elliptical disk position angle measured eastward from the
north. The free parameters were calculated as before using the
LITpro software. In this analysis we made two assumptions: that
the elongation of the continuum emitting zone is the same as for
the Hα line emission and that the position angle derived previ-
ously with the Hα emission line is also the same for the contin-
uum. Because there is not enough data for 48 Per at our disposal,
we also preferred to fit the flux ratio F⋆cont/Ftot_cont in this star
and adopt the value that produces the best χ2. The quantities that
characterize the circumstellar region contributing to the emitted

continuum spectrum in the program stars obtained are summa-
rized in Table 8, and residual visibilities are plotted in Fig. 6.

Taking the roughly 20% uncertainties affecting the Barnes-
Evans method into account, we note that our results concerning
the stellar angular diameters derived from the continuum spec-
trum are in good agreement with those reported by Quirrenbach
et al. (1997), i.e. 0.33 mas for ψ Per and 0.34 mas for 48 Per.
Regarding the angular diameters of the circumstellar continuum
emitting regions, our estimate for ψ Per is twice as large as in
Quirrenbach et al. (1997), while for 48 Per it is very close to
the value obtained by these authors (2.77± 0.56 mas). However,
these comparisons can be misleading, since the emission in Be
stars is known to be fairly variable.

Finally, we stress that our W1W2 projected baseline of
108.8 m enabled us to resolve the central star of 48 Per, while
Quirrenbach et al. (1997) probably could not resolve it with the
31.5 m baseline of the MkIII.

5. Modeling the circumstellar envelope

5.1. Data in the differential analysis mode

Data for 48 Per and ψ Per using the cross-spectral density anal-
ysis mode are presented in Fig. 7. For each star, we have plotted
the visibility and the differential phase as a function of wave-
length around the Hα line. The visibility curves clearly indicate
that the Hα region is partially resolved; that is, the visibility is
less than 1.0, with the shortest baselines and fully resolved with
the longest baselines. We also notice the large broadening in the
wings of the visibility curves. Two hypothesis will be discussed
in Sect. 5.3 to explain this effect. We see that the differential
phase plots exhibit “S” shapes, which are clear signatures for
rotating disks (Meilland et al. 2007b). The absence of this “S”
shape for the B2 baseline observation of 48 Per perhaps comes
from the B2 baseline being oriented close to the direction of
the stellar rotational axis so that no photocenter displacement,
which produces a fringe phase shift, is expected in this direction.
Finally, let us note the complex behavior of the differential phase
for the largest baselines. This is most probably because the disk
is fully resolved. There is a direct relation between photocenter
displacements and fringe phase shifts, but this is only a first-
order effect when the object is unresolved or barely resolved.
Observations on the larger baselines are sensitive to small-scale
features on the disk itself, which are neither considered nor re-
produced by our simple kinematic disk model presented in the
next section.

5.2. The kinematic disk model

To constrain the kinematics in the circumstellar environment of
both stars, we have used a simple model that was developed in
order to allow fast fitting of observations concerning rotating
and/or expanding geometrically thin disks around stars. For the
rotation velocity the model adopts a simple power law:

Vφ = Vrot

(
r

R⋆

)β
(7)

where Vrot is the stellar rotational velocity and r the distance to
the center of the star. In this model β = −0.5 corresponds to
Keplerian rotation, and Vrot can be considered proportional or
equal to the stellar critical velocity Vc =

√
2GM⋆/3Rp, where

M⋆ is the stellar mass and Rp its polar radius. The expansion
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Fig. 7. Calibrated measurements for 48 Per & ψ Per: visibility (upper line) and differential phase (lower line) for different baseline lengths and the
projected angles indicated for each plot. The visibility and phase from our best-fit models for 48 Per and ψ Per are overplotted in red (plain line).

velocity is assumed to be given by a CAK wind model (Castor
et al. 1975):

Vr = V0 + (V∞ − V0)
(
1 − R⋆

r

)γ
(8)

where V0 is the expansion velocity at the photosphere and V∞,
the terminal expansion velocity. For typical wind models of hot
stars γ = 0.86. Both velocity fields (7) and (8) are then com-
bined and projected along the line of sight, taking into account
the inclination angle i of the star-disk system resulting in

Vproj(x, y) =
(
Vφ sin φ − Vr cosφ

)
× sin i (9)

where x and y are the spatial Cartesian coordinates on the sky
plane. To compute two-dimensional iso-velocity maps within
an emission line projected onto the sky-plane, we compute for
each spectral channel δλ the map of pixels that correspond to the

iso-velocity region defined by δλ according to:

R(x, y, λ, δλ) =
1

σ
√

2π
exp

⎡
⎢⎢⎢⎢⎢⎣−

(
Vproj(x, y) − V(λ)

√
2σ

)2⎤⎥⎥⎥⎥⎥⎦

σ =
δV

2
√

2 ln(2)
=

δλ c

2λ
√

2 ln(2)
(10)

where V(λ) is the Doppler displacement corresponding to λ in
the line profile.

We model the intensity distribution of the spectral line pro-
jected onto the sky plane as a normalized flattened Gaussian dis-
tribution Iline(x, y). The flattening is due to the projection on
the sky plane of the geometrically thin disk; i.e., f = 1/cos(i).
To build the intensity map at each wavelength (λ) and within
narrow spectral bands (δλ), we multiply each iso-velocity map
R(x, y, λ, δλ) by Iline(x, y). The spectrally-resolved intenisity
maps are finally normalized by the total line equivalent width
(EW).

We model the central star as a uniform disk with a con-
stant brightness I⋆(x, y) while the continuum emitted by the
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projected angles indicated for each plot. The visibility and phase from our best-fit models for 48 Per and ψ Per are overplotted in red (plain line).
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where V0 is the expansion velocity at the photosphere and V∞,
the terminal expansion velocity. For typical wind models of hot
stars γ = 0.86. Both velocity fields (7) and (8) are then com-
bined and projected along the line of sight, taking into account
the inclination angle i of the star-disk system resulting in

Vproj(x, y) =
(
Vφ sin φ − Vr cosφ

)
× sin i (9)

where x and y are the spatial Cartesian coordinates on the sky
plane. To compute two-dimensional iso-velocity maps within
an emission line projected onto the sky-plane, we compute for
each spectral channel δλ the map of pixels that correspond to the

iso-velocity region defined by δλ according to:
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where V(λ) is the Doppler displacement corresponding to λ in
the line profile.

We model the intensity distribution of the spectral line pro-
jected onto the sky plane as a normalized flattened Gaussian dis-
tribution Iline(x, y). The flattening is due to the projection on
the sky plane of the geometrically thin disk; i.e., f = 1/cos(i).
To build the intensity map at each wavelength (λ) and within
narrow spectral bands (δλ), we multiply each iso-velocity map
R(x, y, λ, δλ) by Iline(x, y). The spectrally-resolved intenisity
maps are finally normalized by the total line equivalent width
(EW).

We model the central star as a uniform disk with a con-
stant brightness I⋆(x, y) while the continuum emitted by the
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Fig. 7. Calibrated measurements for 48 Per & ψ Per: visibility (upper line) and differential phase (lower line) for different baseline lengths and the
projected angles indicated for each plot. The visibility and phase from our best-fit models for 48 Per and ψ Per are overplotted in red (plain line).
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where V0 is the expansion velocity at the photosphere and V∞,
the terminal expansion velocity. For typical wind models of hot
stars γ = 0.86. Both velocity fields (7) and (8) are then com-
bined and projected along the line of sight, taking into account
the inclination angle i of the star-disk system resulting in
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where x and y are the spatial Cartesian coordinates on the sky
plane. To compute two-dimensional iso-velocity maps within
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where V(λ) is the Doppler displacement corresponding to λ in
the line profile.

We model the intensity distribution of the spectral line pro-
jected onto the sky plane as a normalized flattened Gaussian dis-
tribution Iline(x, y). The flattening is due to the projection on
the sky plane of the geometrically thin disk; i.e., f = 1/cos(i).
To build the intensity map at each wavelength (λ) and within
narrow spectral bands (δλ), we multiply each iso-velocity map
R(x, y, λ, δλ) by Iline(x, y). The spectrally-resolved intenisity
maps are finally normalized by the total line equivalent width
(EW).

We model the central star as a uniform disk with a con-
stant brightness I⋆(x, y) while the continuum emitted by the
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circumstellar disk Ienv(x, y) is modeled by a flattened Gaussian
distribution with the same flattening as Iline(x, y). As for
Iline(x, y), I⋆(x, y) and Ienv(x, y) are normalized by their respec-
tive total flux. The envelope flux in the continuum Fenv is con-
stant, while the relative flux of the central star F⋆ to the total flux
is a function of wavelength to be able to consider photospheric
line and/or strong absorption features such as shell lines.

Finally, we obtain the total emission maps for each spec-
tral channel by adding the three contributions with their relative
fluxes:

Itot(x, y, λ, δλ) = I⋆(x, y) × F⋆(λ) + Ienv(x, y) × Fenv (11)
+Iline(x, y) × R(x, y, λ, δλ) × EW.

This simple model enables us to calculate a 256×256×100 data
cube corresponding to 256 × 256 pixels of the map and 100 dif-
ferent wavelengths in the line and nearby continuum. This calcu-
lation takes less than one second on a “standard” computer. The
computed maps can then be rotated to fit the observational posi-
tion angle and/or scaled using the stellar radius R⋆ and distance
d. The wavelength dependent visibilities and phases for several
baselines can then be calculated using standard Fourier trans-
form methods. The total computing time for one simulated inter-
ferometric dataset is a few seconds to allow us to perform auto-
matic model fitting as for instance with the Levenberg-Marquart
method. However, this procedure involves calculation of some
10 free parameters, whose determination may in some cases be
somewhat longze.

5.3. Line wing broadening

After having computed hundreds of models we were not able to
reproduce all of the observed data. It was not possible to simul-
taneously fit the large wings in the visibility, the intensity profile
that would correspond to more than 1000 km s−1 of Doppler
displacement, and the narrower differential phase variations of
a few hundred km s−1. Despite the poor fits of the line wings,
we did manage to simultaneously fit the central part of the line
intensity, both the visibility and the differential phase, with a
pure rotating disk model having a smaller stellar radii, where the
major-axis is oriented perpendicularly to the polarization angle
in ψ Per and parallel to it for 48 Per. In what follows we ex-
plore some hypotheses that could in principle explain the origin
of these wide spread wings.

The polar wind hypothesis: In this hypothesis we consider
a quickly expanding spherical stellar wind. Since the polar ter-
minal wind velocities in Be stars determined from fra-UV lines
are in the range 1000–2000 km s−1, they are compatible with the
Doppler displacements of the emission line wings. Nevertheless,
it is unlikely that polar winds contribute significantly to the emis-
sion in the Hα line, as the density in the polar wind is by some
orders of magnitude lower than in the equatorial plane. Kervella
& Domiciano de Souza (2007) and Meilland et al. (2007b) mea-
sured polar wind contributions and found that they are only a few
percent of the total near-infrared flux in the Be stars Achernar
and α Arae. However, these winds were not spherical and they
would create a differential phase signal in the line. Moreover,
this hypothesis cannot explain the line broadening in ψ Per,
which is a Be-shell star likely seen edge-on. Consequently, the
projected polar wind velocity cannot produce components in the
line of sight large enough to account for the measured broaden-
ing up to some 103 km s−1.

Keplerian shear hypothesis: the Keplerian shear provides
significant Doppler gradients thereby enabling the photons

trapped in optically thick layers to escape easily from the cir-
cumstellar envelopes and produce significantly enlarged wings
in emission lines (Horne & Marsh 1986). The Doppler width of
an intrinsic Gaussian line profile can be enlarged by a “turbulent-
like” term due to the differential rotation in the disk projected
towards the observer. For circumstellar media optically thick
enough wide P Cyg line profiles can be produced, but also bottle-
like line shapes with line wings that are broader for the higher the
inclination angles. The same shear can also produce extremely
large absorption wings. These effects were studied by Arias et al.
(2007).

The incoherent scattering hypothesis: a non-coherent scat-
tering redistribution is one where the frequency of radiation
re-emitted within the lines does not depend only on the radi-
ation absorbed in the same frequency. Discussions of the con-
sequences of this incoherent redistribution in the formation of
absorption line wings date back to Spitzer (1944) and Münch
(1949). More systematic accounts on this process can be found
in Mihalas (1978). The influence of the incoherent electron scat-
tering on the emission line formation in Wolf-Rayet stars was
studied by Castor et al. (1970). The combination of kinematics,
incoherent scattering and non-LTE effects on the source func-
tion of Balmer lines in circumstellar envelopes, can produce
broadened wine-bottle-like line profiles with extended wings
(Hummel & Dachs 1992).

In this work we decided to explore only this last effect as
explained in the next section.

5.4. Emission line broadening by incoherent scattering

The line broadening by incoherent scattering in the Hα emis-
sion line is estimated here by introducing two parameters to our
kinematic-model: the global ratio of the scattered photons and
the spectral width of the scattering. This ad-hoc treatment of the
phenomenon is certainly a major caveat in our approach. Better
calculations of this effect can be performed by using recent mod-
els, such as the non-LTE radiative transfer BEDIS K code devel-
oped by Sigut & Jones (2007).

For both objects we have taken the Hα photospheric line
underlying the circumstellar emission line into account. For
this, we used the photospheric line profiles obtained using a
SYNSPEC model (Hubeny 1988; Hubeny & Lanz 1995), broad-
ened by the corresponding rotational velocity. In the case of ob-
jects seen at high inclination angles one has to also consider the
absorption of the stellar radiation by the circumstellar disk it-
self. Whenever the disk opacity in the lines is high enough, a
deep-narrow absorption appears at the center of emission lines.
The resulting double-peaked emission lines with a narrow ab-
sorption at its center are called “Be-shell” line profiles. ψ Per
exhibits such line profiles, and is therefore expected to have a
high inclination angle. To include this phenomena in our model,
we modified the relative stellar flux F⋆(λ), by adding a strong
and narrow absorption at the center of the Hα line.

Previous spectrally resolved interferometric observations
(Meilland et al. 2007a,b) and spectroscopic follow-ups
(Miroshnichenko et al. 2003; Vinicius et al. 2006) showed ev-
idence that the kinematics in the equatorial plan was dominated
by rotation. Thus, because of the lack of available measure-
ments for our targets and the introduction of additional parame-
ters needed to take into account the incoherent scattering effect,
we decided to neglect the expansion in the equatorial disk (i.e.,
V0 = V∞ = 0 km s−1).
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Vue	  schémaCque	  d’une	  étoile	  Be	  (étoile	  +	  disque)	  
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A. Meilland et al.: The binary Be star δ Sco at high spectral and spatial resolution. I.

Fig. 5. Visibility and phase variations in the Hα, Brγ, and He I emission lines obtained from the high-spectral-resolution CHARA/VEGA and
VLTI/AMBER observations obtained in 2010 (blue line and circles). The best-fit kinematic-model for this dataset is over-plotted as a red line. The
black dotted line (upper right figure) corresponds to an Hα profile taken from the BeSS database and used to determine the real line EW.
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3. The pseudo-photosphere model

In order to describe the brightness profile of the disk at a given wavelength, we assume the
effective radius to be the position in the disk where the optical depth in the vertical direction is
equal to one. Mathematically, we have

τλ(R) ≡ 1. (4)

To solve this equation for R, we have first to derive τλ as a function of radius. For that
purpose, we adopt the opacity expression given by Lamers & Waters (1984) in the Rayleigh-
Jeans regime

κλ = 0.018 T−3/2
d
γ z2

(

ρ

µmH

)2

(λ/c)2 [g(λ,Td) + b(λ,Td)], (5)

where Td is the disk temperature, γ is the ionization fraction, z2 is the squared atomic charge, µ
the mean molecular density, g and b are respectively the free-free and bound-free gaunt factors.
Furthermore, we adopt a parametric prescription for the disk density physically motivaded by
the VDD model (e.g., Carciofi 2011)

ρ(ϖ, z) = ρ0

(

ϖ

R⋆

)−n

exp

(

z2

2 H2

)

, (6)

where

H(ϖ) = H0

(

ϖ

R⋆

)β

, (7)

and

H0 =
cs

vφ
R⋆ ≃

√

k Td(ϖ)

µmH

R3
⋆

GM⋆
. (8)

At this point, it is worth noticing that H0 itself is also a function of the position in the disk,
since it depends on the thermal structure Td. The optical depth in the vertical direction can be
written as

τλ =

∫ ∞

−∞

κλdz = τ0
T⋆

Td(ϖ)

(

ϖ

R⋆

)−2n+β

. (9)

where we define

τ0 =
0.018

T⋆
γ z2

(

ρ0

µmH

)2 (

π k

µmH

R3
⋆

GM⋆

)1/2

(λ/c)2 [g(λ,Td) + b(λ,Td)]. (10)

The solution of Eq. 4 depends on the previous knowledge of the disk thermal structure.
Such structure can be estimated from the radiative equilibrium at each position of the disk. Ex-
cept for some idealized situations, performing these calculations represents a very complicated
task, that usually requires the implementation of realistic radiative transfer codes.

Nevertheless, the study of simplified situations can still provide useful informations about
the disk properties. For example, if we adopt the simplification of a power-law temperature
radial profile of the form

Td(ϖ) = f T⋆

(

ϖ

R⋆

)−s

(11)

where 0 < f < 1, the solution for Eq. 4 is then given by:

138 Vieira, Carciofi, and Bjorkman

3. The pseudo-photosphere model

In order to describe the brightness profile of the disk at a given wavelength, we assume the
effective radius to be the position in the disk where the optical depth in the vertical direction is
equal to one. Mathematically, we have

τλ(R) ≡ 1. (4)

To solve this equation for R, we have first to derive τλ as a function of radius. For that
purpose, we adopt the opacity expression given by Lamers & Waters (1984) in the Rayleigh-
Jeans regime

κλ = 0.018 T−3/2
d
γ z2

(

ρ

µmH

)2

(λ/c)2 [g(λ,Td) + b(λ,Td)], (5)

where Td is the disk temperature, γ is the ionization fraction, z2 is the squared atomic charge, µ
the mean molecular density, g and b are respectively the free-free and bound-free gaunt factors.
Furthermore, we adopt a parametric prescription for the disk density physically motivaded by
the VDD model (e.g., Carciofi 2011)

ρ(ϖ, z) = ρ0

(

ϖ

R⋆

)−n

exp

(

z2

2 H2

)

, (6)

where

H(ϖ) = H0

(

ϖ

R⋆

)β

, (7)

and

H0 =
cs

vφ
R⋆ ≃

√

k Td(ϖ)

µmH

R3
⋆

GM⋆
. (8)

At this point, it is worth noticing that H0 itself is also a function of the position in the disk,
since it depends on the thermal structure Td. The optical depth in the vertical direction can be
written as

τλ =

∫ ∞

−∞

κλdz = τ0
T⋆

Td(ϖ)

(

ϖ

R⋆

)−2n+β

. (9)

where we define

τ0 =
0.018

T⋆
γ z2

(

ρ0

µmH

)2 (

π k

µmH

R3
⋆

GM⋆

)1/2

(λ/c)2 [g(λ,Td) + b(λ,Td)]. (10)

The solution of Eq. 4 depends on the previous knowledge of the disk thermal structure.
Such structure can be estimated from the radiative equilibrium at each position of the disk. Ex-
cept for some idealized situations, performing these calculations represents a very complicated
task, that usually requires the implementation of realistic radiative transfer codes.

Nevertheless, the study of simplified situations can still provide useful informations about
the disk properties. For example, if we adopt the simplification of a power-law temperature
radial profile of the form

Td(ϖ) = f T⋆

(

ϖ

R⋆

)−s

(11)

where 0 < f < 1, the solution for Eq. 4 is then given by:

Viscous	  DecreCon	  Disc	  (VDD)	  model	  for	  a	  geometrically	  thin	  disc	  



DISCO	  –	  DIsc	  and	  Stellar	  COnCnuum	  
(A.	  Domiciano	  de	  Souza)	  

18	  Vieira	  et	  al.	  2015	  and	  2016	  

The pseudo-photosphere model 2111

Figure 6. Schematic representation of disc components, for the three pos-
sible cases: (a) both emission regimes are present, where R⋆ < R < Rd; (b)
optically thin case, where R ≤ R⋆; and (c) truncated pseudo-photosphere,
where R ≤ Rd.

where τ is a free parameter of the order of unity, we have that

R

R⋆

=
(

sec i
τ0

τ

)1/(2n−β)
. (8)

R is a function of wavelength, the stellar/disc physical parame-
ters (via τ 0), and the direction i through which it is observed. In
particular, the wavelength dependence is very strong, and goes as

R ∝ λ(2+u)/(2n−β), (9)

where

u = d ln(g + b)
d ln λ

. (10)

3.2 Disc emission

The specific intensity of the star plus an isothermal disc can be
written as

Iλ(ϖ ′) =

⎧
⎪⎨

⎪⎩

Bλ(Teff ) (A1/2
⋆ )

Bλ(Teff ) e−τi + Bλ(Td) [1 − e−τi ] (A−1/2
⋆ )

Bλ(Td) [1 − e−τi ] (Adisc),

(11)

where A1/2
⋆ and A−1/2

⋆ represent the areas of the stellar upper and
lower (hidden by the disc) hemispheres, respectively, and Adisc rep-
resents the visible disc surface (see Fig. 6). For simplicity, we de-
scribe the photospheric emission by a blackbody. The effects of
limb-darkening, stellar rotation and circumstellar extinction are ne-
glected. The disc source function was assumed to be constant along
the line of sight, which is a good approximation for a non-edge-on
geometrically thin disc. In the following, we consider the general
case (Section 3.2.1), followed by the special cases of a tenuous disc
(Section 3.2.2) and a truncated pseudo-photosphere (Section 3.2.3).

3.2.1 General case

Following Section 2.1, the disc emission is here approximated by
an optically thick inner region (τ i > 1) and an optically thin outer

part (τ i < 1), separated by the effective radius (Fig. 6a). Under this
assumption, equation (11) can be rewritten as

Iλ(ϖ ′) = Bλ(Teff )

⎧
⎪⎨

⎪⎩

1 (A1/2
⋆ )

F (Apphot)

τF (ϖ ′/R)−2n+β (Athin),

(12)

where Apphot and Athin represent, respectively, the pseudo-
photosphere and optically thin region visible surfaces, and we use
the convenient notation

F ≡ Bλ(Td)
Bλ(Teff )

. (13)

These simplifications allow us to derive an analytical expression for
the integrated flux

Fλ = F ⋆
λ

⎧
⎨

⎩ cos i

[(
2n − β + δ

2n − β − 2

) (
R

R⋆

)2

F + 1
2

(1 − F )

]

+ 1
2

(1 − F )

⎫
⎬

⎭, (14)

where the stellar flux is given by

F ⋆
λ = πBλ(Teff )

(
R⋆

d

)2

, (15)

d is the distance to the star, and

δ = 2τ
[
1 − (R/Rd)2n−β−2] − 2. (16)

Note that δ → 0 if R ≪ Rd and τ = 1. Finally, it is easy to rewrite
the equations in the Rayleigh–Jeans regime, by making use of the
relation

lim
λ→∞

F = f . (17)

We can also interpret the SED (spectral energy distribution) slope
(or, equivalently, broad-band colours) based on the derived flux
expressions. First, we define the spectral slope as

αIR ≡ −d ln Fλ

d ln λ
. (18)

Although straightforward, the logarithmic differentiation of
equation (14) leads to very complicated expressions. In order to
derive simpler analytical formulae for αIR, we assume the Rayleigh–
Jeans limit for Bλ(Teff). For the case where R⋆ < R < Rd, we have

αIR = 4 − 2 f cos i (2 + u)
Zλ (2n − β)

(
R

R⋆

)2
(2n − β − 2 + 2τ )

(2n − β − 2)

×
[
1 −

(
R/Rd

)2n−β−2
]
, (19)

where Zλ ≡ Fλ/F
⋆
λ . In particular, if we assume that R ≪ Rd and

consider the limit for large R, the previous equation is simplified
to

lim
R→∞

αIR = 4 − 4 + 2u

2n − β
, (20)

where we also assumed that τ = 1. As we shall verify in
Section 5, the dependence of the spectral slope on disc inclina-
tion and base density is very weak, and the large R limit is usually
valid at the mid/far-IR.
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Table 1. Stellar and wind parameters of HDUST grid of B[e] models

Parameter Value

Stellar parameters
R 10R⊙

Teff 15 000, 20 000, 25 000K
L (⇒ log(L/L⊙)) 12 000 L⊙ (⇒ 4.08)

Wind parameters

dṀ(0◦)/dΩ 50, 100 × 10−9 M⊙ yr
−1 sr−1

v0 10 km s−1

v∞(0
◦) 600 km s−1

β, A1, A2 2, 49, −0.7
m (⇒ ∆θdust) 182, 92, 20 (⇒ 5◦, 7◦, 15◦)

IR) and MIDI (mid-IR) have provided many important results in the study of B[e] stars
in the past decade (e.g., Borges Fernandes et al. 2009; Domiciano de Souza et al. 2008,
2011). Based on the experience acquired from these and other works, it became clear
the is very important to use realistic physical models to interpret modern HASR ob-
servations. Such physical models are quite demanding in terms of computing time,
generally requiring high performance parallel computing.

In order to facilitate future HASR studies of sgB[e] and FS CMa stars we have
pre-calculated a grid of models using the Monte Carlo radiative transfer code HDUST
(Carciofi & Bjorkman 2006). HDUST is a 3-DMonte Carlo code that combines the full
NLTE treatment of the radiative transfer in gaseous media with a very general treatment
for CSE dust grains. The HDUST grid models were pre-calculated using the parallel
computing facility Mésocentre SIGAMM, located at OCA, France.

2. B[e] Model Adopted

The physical properties of the grid models are identical to those described by Carciofi
et al. (2010), but we give here a succinct description of the main equations. The models
are axi-symmetric with coordinates r and θ (colatitude). The central star is described
by its radius R, effective temperature Teff , and luminosity L. The density and velocity
structure of the bimodal CSE are derived from a mass-loss enhanced at the equator

dṀ(θ)

dΩ
=
dṀ(0)

dΩ

[

1 + A1 sin
m(θ)

]

(mass-loss rate per unit solid angle), (1)

and from a standard β-law velocity for radiatively driven winds

vr(r, θ) = v0 + [v∞(θ) − v0](1 − R/r)
β (wind radial velocity), (2)

with

v∞(θ) = v∞(0)
[

1 + A2 sin
m(θ)

]

(wind terminal velocity). (3)

A1 and A2(< 0) control the ratio between the values of each quantity at the equator and
at the pole. Dust is allowed to exist around the equator, between the latitudes ±∆θdust,
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HDUST (Carcio� & Bjorkman 2006, 2008)

• 3D NLTE Monte Carlo radia�ve transfer code
– Solves the transfer of the stellar radia4on through the circumstellar 

environment with arbitrary structure

– Monte Carlo simula4on

● Probabilis4c methods are used to simulate the random propaga4on of 

individual photon packets (PPs) through the medium

– Temperature, ioniza�on (and density) structure of the 

circumstellar environment is obtained

– Synthe�c observables - polarized spectra and intensity maps
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Chiavassa	  et	  al.	  2009,	  A&A,	  506,	  1351	  
Chiavassa	  et	  al.	  2011,	  A&A,	  535,	  A22	  	  
Freytag	  et	  al.	  2012,	  JCoPh,	  231,	  919	  
	  
	  
	  



	  	  	  	  	  	  	  	  We	  use	  the	  stellar	  convecBon	  simulaBon	  computed	  with	  CO5BOLD	  code	  
(Freytag	  et	  al.	  2012)	  

	  
•  Hydrodynamics	  3D	  (Grid:	  200³	  -‐	  300³	  -‐	  400³),	  Cme	  dependent	  
•  SoluCon	  to	  the	  equaCons	  for	  the	  compressible	  hydrodynamics	  (conservaCon	  of	  

mass,	  energy,	  and	  momentum)	  coupled	  with	  non-‐local	  transport	  of	  radiaCon	  with	  
detailed	  opaciCes	  

 

3D	  hydrodynamical	  simulaCons	  of	  stellar	  atmosphere	  

•  Detailed	  (billions	  of	  atomic	  and	  spectral	  lines)	  and	  fast	  (computaConal	  Cme	  
slightly	  larger	  than	  1D	  computaCon)	  post	  processing	  of	  3D	  simulaCons	  with	  
OPTIM3D	  (Chiavassa,	  Plez,	  Josselin,	  Freytag	  2009,	  A&A,	  506,	  1351)	  

Global	  simulaBons	  
	  

Red	  supergiants	  and	  
AGBs	  



Typical	  values	  of	  a	  3D	  simulaCon	  for:	  

Teff	  =	  3500	  K	  
Numerical	  resoluCon	  =	  4013	  

Log(g)	  =	  -‐0.33	  
Radius	  =	  840	  R¤	  

Luminosity	  =	  90000	  L¤	  
Mass	  enveloppe	  =	  3	  M¤	  
Total	  Mass	  =	  12	  M¤	  	  	  

Teff	  =	  2500	  K	  
Numerical	  resoluCon	  =	  4013	  

Log(g)	  =	  -‐0.83	  
Radius	  =	  429	  R¤	  

Luminosity	  =	  7000	  L¤	  
Mass	  enveloppe	  =	  0.186	  M¤	  

Total	  Mass	  =	  1	  M¤	  	  	  

Chiavassa,	  Freytag,	  Masseron,	  Plez	  2011,	  A&A,	  535,	  
A22	  

Freytag	  et	  al.	  2017,	  A&A,	  600,	  A137	  

Red	  Supergiant	  star:	   AGB	  star:	  	  

Bolometric	  Intensity	  	  

Red	  Supergiant	  Star	   AGB  star	

Bolometric	  intensity	  

3D	  hydrodynamical	  simulaCons	  of	  stellar	  atmosphere	  



	  
RealisBc	  3D	  modelisaBon	  

OPTIM3D	  

Detailed	  3D	  radiaCve	  transfert	  code	  

ObservaBons	  	  
(Interferometry,	  spectrophotometry,	  

astrometry,	  images)	  

Wavelenght	  (micron)	   20	  0.1	  

Ab
so
lu
te
	  F
lu
x	  



Resconstructed	  
image	  with	  VLTI	   Convolved	  image	   Simulated	  image	  in	  

the	  H	  band	  

IncerCtude	  on	  radius	  
determinaCon.	  
Clear	  deviaCons	  
from	  spherical	  

symmetry!	  Signature	  
of	  convecCon	  

Interferometric visibility curves 

First	  image	  of	  a	  
massive	  evolved	  star	  
with	  VLTI	  Amber	  

SpaCal	  frequencies	  

Vi
sib

ili
Ce

s	  

Grey	  curves:	  3D	  model	  
Black	  curves:	  parametric	  
models	  

Chiavassa,	  Lacour,	  Millour	  et	  al.	  2010,	  A&A,	  511,	  A51	  	  
	  

Chiavassa,	  Plez,	  Josselin,	  Freytag	  2009,	  A&A,	  506,	  1351	  	  	  
	  

Some	  Results	  



Cartes	  d’intensité	  
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Chiavassa	  et	  al.	  2009,	  A&A	  506,	  1351	  

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
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Ø PrésentaCon	  de	  AMHRA	  

Ø Modèles	  astrophysiques	  

Ø ProspecCve	  

Ø Démo	  AMHRAàASPRO2	  


