
Spatially	and	spectrally	resolved	
velocities	in	the	atmosphere	of	

evolved	stars
Andrea	Chiavassa,	Kateryna Kravchenko

In	collaboration	with	:	A.	Jorissen and	S.	Van	Eck	(Bruxelles),
Bernd	Freytag	(Uppsala),	B.	Plez (Montpellier)



NACO
(Kervella et	al.	2011)

P. Kervella et al.: The visible photosphere and close-in dust envelope of Betelgeuse
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Fig. 2. Top row: Intensity images, with a square root grey scale from minimum to maximum intensity (in W m�2 µm�1 sr). The dashed red circle
represents the size of the photosphere in the near-infrared K band (✓LD = 42.3 ± 0.4 mas, Montargès et al. 2014). The beam size of ZIMPOL is
shown as a white disk in the lower left corner of each image. Bottom row: Maps of the degree of linear polarization pL, with a linear color scale
from 0 to 12% (identical for all maps). The yellow dashed circle has a radius of 3 times the K band radius. The field of view of 302⇥ 302 mas, and
all frames have been deconvolved using IRAF’s lucy algorithm (80 steps).

image has a negative intensity as the line is in absorption in front
of the stellar disk. It is also interesting to remark that the line is
seen in absorption in front of the continuum plume extending to
the South-West of Betelgeuse, also resulting in a negative inten-
sity in the subtracted frame. Emission in the H↵ line is detected
around the star up to a radius of 5 times the infrared photosphere
radius (hereafter R?). The H↵ envelope appears inhomogeneous,
and is essentially contained within 3 R?. A large H↵ plume ex-
tends to the South.

3.3. Dust shell properties from polarimetry

The maps of the degree of linear polarization pL (Fig. 2, bot-
tom row) show a curved high-polarization region in the North-
East quadrant of Betelgeuse, at a radius of ⇡ 3 R⇤, as well as a
shell-like structure to the West of the star at a similar radius. We
interpret these high polarization regions as created by 90 degree
scattering of the star light on an incomplete and inhomogeneous
dust shell. Within this framework, the properties of the dust can
be estimated from the dependance of the pL value as a function
of wavelength. The average radial profile of the degree of lin-
ear polarization is presented in Fig. 5 for the four filters. The
overall shape of the profile is very similar for all filters, with a
maximum value at a radius of ⇡ 3 R⇤. The highest degree of lin-
ear polarization is observed in the CntH↵ filter and decreases for
shorter and longer wavelengths. The slightly lower pL value in
the NH↵ filter is likely caused by the presence of the unpolarized
H↵ emission.
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Fig. 4. Map of the H↵ circumstellar emission of Betelgeuse. The color
scale is a function of the square root if the intensity in W m�2 µm�1 sr�1.
The contours delimit the areas from 1 to 100 000 W m�2 µm�1 sr�1 with
a factor ten spacing. The dashed red circle represents the photosphere
in the near-infrared K band, and the dashed yellow circle 3⇥ its radius.
The white disk in the bottom left of the image represents the ZIMPOL
beam size.
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SPHERE
(Kervella et	al.,	2016)

PIONIER,	MIRC,	ALMA,	AMBER,	IOTA… (Montarges et	al.	2014,	
2016,	2018;	Kervella et	al.	2016;	Chiavassa et	al.	2017)

ISM/circumstellar Surface

P. Kervella et al.: The close circumstellar environment of Betelgeuse from 7.76 to 19.50 µm

Fig. 12. Color composite image of the CSE of
Betelgeuse. The NACO observations obtained
in January 2009 (Paper I) are reproduced in the
central disk, with J coded as blue, H as green
and K as red. The apparent angular extension of
the near-infrared photosphere (θLD ≈ 44 mas)
is represented with a red circle at the center of
the image. The field of view is 5.63′′ × 5.63′′ ,
with North up and East to the left. The thermal
infrared VISIR images reported in the present
work are presented with PAH1 coded as yellow,
SIV as orange, and Q1 as red.

the interferometric visibility with baseline length and orienta-
tion, that would result in a deviation from the single star model,
and consequently a bias on the derived angular diameters. Tatebe
et al. (2007) identified an elongation of the disk of Betelgeuse
at 11.15 µm using ISI with 3 telescopes (their Fig. 2), approxi-
mately in the North-South direction. To the North of Betelgeuse,
our VISIR images show a bright, jet-like structure (#1 in Fig. 7).
It is clearly visible in the 11.25 µm VISIR image (Fig. 6), and
its location well within the field of view of ISI may explain the
measured apparent elongation.

An original intermediate approach between long baseline
interferometry and direct imaging was chosen by Hinz et al.
(1998). Using two mirrors of the Multiple Mirror Telescope
separated by a baseline of 5 m and nulling interferometry, these
authors observed the CSE of Betelgeuse at 10 µm after cancel-
lation of the flux from the star itself. They determined a trian-
gular shape for the nebula that we also observe in our images,
with the same orientation and extension. Harper et al. (2009) ob-
served Betelgeuse using the TEXES spectrograph installed on
NASA’s IRTF, and identified narrow iron emission lines at 17.94
and 24.52 µm, that form close to the stellar surface (within a few
stellar radii). Such emission could explain at least part of the un-
resolved emission we observe in the Q1 and Q3 VISIR images
at the star’s location (Fig. 6)

Few direct imaging observations of Betelgeuse in the ther-
mal infrared domain are present in the literature. Skinner et al.
(1997) obtained images of Betelgeuse at 8.2, 9.7 and 12.5 µm us-
ing UKIRT. They resolved the circumstellar nebula, and noticed
a significant evolution over a period of one year. They attribute
this evolution to a change in illumination of the nebula, caused
by the presence of variable spots on the star’s surface. From

a model that includes also radio observations with the VLA
(see also the preceding modeling work by Skinner & Whitmore
1987), they determine an internal radius of the dust shell of 0.5′′,
which is slightly smaller than the shell we observe with VISIR.
Direct imaging of Betelgeuse in the thermal infrared was also
obtained by Rinehart et al. (1998) at 11.7 and 17.9 µm using
the Hale 5 m telescope. From a model fit to their images, they
derive an inner dust shell radius of 1.0 ± 0.1′′, also in excellent
agreement with our observations. A very similar radius for dust
formation (≈33 R∗ = 0.73′′) was also proposed by Harper et al.
(2001) from a model of the extended atmosphere of the star.

At a much larger spatial scale, the interface between the wind
of Betelgeuse and the interstellar medium was recently observed
in the far infrared (65 to 160 µm) by Ueta et al. (2008) using the
AKARI satellite. This bow shock is located at a radius of 4.8′
from the star, corresponding to ≈100 times the extension of the
dusty envelope we observe with VISIR.

4.4. A stellar companion?

Some interesting structures were detected by Smith et al. (2009)
≈1′′ west of the star, which corresponds to the position of
the bright knot A (Fig. 7). Its spectral energy distribution
(Fig. 11) indicates that it contains O-rich dust. Its compact as-
pect and relatively high brightness are however intriguing, and
it is not excluded that it may correspond to a stellar compan-
ion of Betelgeuse. Such a companion would be in a position
to accrete material lost by the supergiant, and therefore present
dust and molecular emission features. Considering the mass of
Betelgeuse (≈10–20 M⊙ ), its a priori probability to be part of
a binary or multiple system is relatively high (≈70%, see e.g.
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Strong	synergy	between	observations	and	simulations	to	
attack	the	mass-loss,	dynamics,	and	stellar	parameters	

determination	of	these	stars
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We	use	the	stellar	convection	simulation	computed	with	CO5BOLD	code	(Freytag	
et	al.	2012)

→ 3D	models		=	Very	realistic!	à deeply	checked	versus	observations

• Hydrodynamics	3D (Grid:	200³	- 300³	- 500³),	time	dependent
• Solution	to	the	equations	for	the	compressible	hydrodynamics	(conservation	of	

mass,	energy,	and	momentum)	coupled	with	non-local	transport	of	radiation	with	
detailed	opacities

FIG. 3.1 – Setup box-in-a-star (à gauche) et star-in-a-box (à droite) des simulations 3D.

rayon perpendiculaire à une face du cube, et/ou le long des plusieurs rayons inclinés (par exemple 4
angles en azimut et 4 en déclinaison). OPTIM3D est écrit en Fortran 90 avec quelques routines en Fortran
77. Il est optimisé pour être rapide également avec les simulations à haute résolution, et il peut être
facilement parallèlisé sur sur une grappe d’ordinateurs. OPTIM3D est déjà installé et optimisé pour tourner
sur le Mesocentre1 de Nice dans le cadre des mes collaborations avec L. Bigot.

3.3 Simulations 3D des supergéantes rouges avec CO5BOLD
Je présente (Chiavassa, Freytag, Masseron, Plez A&A, 535, id.A22) la nouvelle génération de simula-

tions des supergéantes rouges. Je décris en détail les caractéristiques principales du code CO5BOLD : de
la construction des modèles jusqu’à leurs exploitations. J’ai calculé plusieurs simulations grises avec des
paramètres stellaires différents et avec une résolution numérique doublée, ainsi qu’un modèle non-gris.
Ce dernier met en œuvre un traitement du transfert radiatif au moyen d’opacités non-grises divisées en
5 groupes pour décrire la dépendance du champ radiatif en fonction de la longueur d’onde. Le nombre
limité des groupes est lié au temps de calcul, qui augmente à peu près linéairement avec ce nombre. La
figure 3.2 montre que les fluctuations en température sont plus petites dans le cas non-gris car l’échange
de chaleur entre une parcelle de fluide et ses environs est plus intense et que le gradient thermique dans
le modèle non-gris est significativement plus intense. Ce dernier augmente le contraste entre les raies
spectrales fortes et faibles : cet effet est remarquable dans les bandes de TiO dans le visible (panneau
de droite dans la Fig. 3.2) qui sont très sensibles aux inhomogénéités de température dans les couches
externes de l’atmosphère. Les transitions électroniques du TiO sont cruciales dans les spectres des étoiles
évoluées car, dans la mesure où elles peuvent être très marquées dans le visible, elles sont un critère pour
déterminer les paramètres stellaires des supergéantes rouges.
Cette nouvelle génération de simulations non-grises permettra d’extraire les premières abondances
3D des supergéantes rouges et de mieux déterminer ses paramètres stellaires.

1http ://crimson.oca.eu/
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3D	hydrodynamical simulations	of	stellar	atmosphere

• Detailed	(billions	of	atomic	and	spectral	lines)	and	fast	(computational	time	
slightly	larger	than	1D	computation)	post	processing	of	3D	simulations	with	
OPTIM3D	(Chiavassa,	Plez,	Josselin,	Freytag 2009)

Local	simulations

Main	Sequence	
stars	and	red	

giants

Global	simulations

Red	supergiants	and	
AGBs
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facilement parallèlisé sur sur une grappe d’ordinateurs. OPTIM3D est déjà installé et optimisé pour tourner
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3D	hydrodynamical	simulations	of	stellar	atmosphere



Structure of the central slice of 3D model (5000 A)

temperature structure:

CF + temperature contour velocity + temperature contour• Temperature (and density) structure permeated by
random shocks

• Velocity field is not-homogeneous

Temperature	structureVelocity	structure

3D	hydrodynamical simulations	of	stellar	atmosphere

Outer	layers

Stellar	center



• Extremely heterogeneous
velocity field (2-3
components)

• Same behaviour in the
infrared

à Very complicated to
measure Radial velocities!

Bisector	values	range	≈	2-3	km/s

1st velocity

2nd velocity

3rd velocity

Synthetic Ti I line (6261.098 Å) with bisector

3D	hydrodynamical simulations	of	stellar	atmosphere



AIM:	Retrieve the	vertical component	of	the	velocity field as a	function of	depth
in	the	stellar	atmosphere (Alvarez+	2001	and	Josselin &	Plez 2007)

Tomography	method

Kravchenko et	al.	(2018,	A&A,	610,	A29)

HOW:	
(i)	computing contribution function to	absolute line	depression

(ii)	Sorting spectral lines according to	their formation depth (which is expressed
in	an	optical depth scale	computed at the	reference wavelength λ =	5000	A)
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Cross-correlation	function

HERMES	spectrograph
2200	days	monitoring	of	RSG	Mu	Cep	

• Cross-correlation (CCF) of high
resolution spectra from observation
and simulations with the
thomographic masks

• Shape, shift, radial velocity from CCF!
Important information of dynamics

Outer	layers

Inner	layers
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Observations…
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point

Mu	Cep	observation
sub-set	1:	736	days

Mu	Cep	observation
sub-set	2:	784	days

Working	in	progress:	Kravchenko, Chiavassa, Van Eck  et al. (in prep.)
Very	close	to	the	(short)	period	found	by	Kiss	2006	for	Mu	Cep	(860	days)
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Observations…
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Implementation and validation of tomography
technique in 3D RHD simulations. The velocity field
is recovered as a function of depth in the stellar
atmosphere.

Mu Cep shows the signature of convection? Is the
convection period resolved?

New observing constraints for velocity versus
surface brightness maps (interferometry – PIONIER,
MATISSE, MIRC; and spectropolarimetry – A. Lebre
talk)

Conclusions



HoRSE	:	High	Resolution	Spectroscopy	for	Exoplanet	
atmospheres	and	their host Stars
1-5	Oct 2018	Nice (France)

https://horse.sciencesconf.org


