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Abstract. Betelgeuse (α Ori) is a M2Iab star, prototype for the red supergiant class. These stars
contributes to the chemical enrichment of the interstellar medium (ISM) through their heavy mass loss and
thanks to the IIP type supernova of whom they are the progenitors. With its proximity (∼ 130 pc) and
thus of its large apparent diameter (∼ 42 mas), Betelgeuse is a good candidate for a detailed study of the
atmosphere of a red supergiant

Our analysis of VLTI/AMBER data allowed to characterize the close environment of the star: its molec-
ular envelope (MOLsphere). Using a thin layer model at le Local Thermodynamical Equilibrium (LTE),
we obtained its angular diameter, temperature as well as the column densities for water vapor and carbon
monoxide (CO). For the K band continuum, we reconstructed a one dimension image (profile) and we
quantified the inhomogeneities of the photosphere.
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1 Introduction

Massive stars as Betelgeuse are the chemical laboratories of the Galaxy: when they become supernovae, they
synthesize heavy elements. Even during their supergiant phase, they participate to the chemical evolution of
the ISM with their heavy mass loss. Material is ejected from the star and is becoming more and more complex
as it is cooling, forming molecules and dust.

Betelgeuse has been regularly observed for a century. Many significant results were obtained in the last
decade. The circumstellar environment (CSE) of the star was heavily explored: Tsuji (2000) proposed a
molecular envelope to fit their observations (the MOLsphere), its characteristics and its composition were
computed by Perrin et al. (2004, 2007) using IOTA and VLTI/MIDI. Using VLT/NACO and VLT/VISIR
Kervella et al. (2009, 2011) observed the dusty envelope of the star up to several tens of stellar radii. Meanwhile,
Ohnaka et al. (2011) observed with VLTI/AMBER for the first time the dynamics of the MOLsphere and
particularly motion of CO. The photosphere was also investigated: Haubois et al. (2009) observed two bright
spots with the IOTA interferometer in the H band.

Yet, the process which triggers the mass loss has not yet been unveiled. The inhomogeneous shape of the
circumstellar envelope and the link between each layer is also unknown and still requires further studies. We
focus here on the close (∼ 1.2R?) molecular layer composed of CO and water vapor: we investigate its size and
composition (Sect. 3) we also analyze the shape of the photosphere (Sect. 4).

2 Observations and data reduction

2.1 Observations

Betelgeuse was observed with the ESO Very Large Telescope Interferometer (VLTI, Haguenauer et al. 2010)
using the Astronomical Multi-BEam combineR, AMBER (Petrov et al. 2007) on January and February 2011.
We used the medium spectral resolution of the instrument (R = λ

∆λ ∼ 1500) in the H band from 1.45 to 1.80 µm
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and in the K band from 2.1 to 2.45 µm. AMBER recombines the light from two or three telescopes, either
Auxiliary Telescopes (ATs) of 1.8 m of diameter or Unit Telescopes (UTs) of 8.2 m. Our observations were
performed with the ATs in the E0-G0-H0, E0-G0-I1 and G0-H0-I1 configurations of the VLTI.

Data from January 1st were obtained to get a suitable configuration of the instrument and thus are not
relevant for our work here.

2.2 Data Reduction

We reduced the data using the AMBER data reduction software also know as amdlib in its version 3.0.3
(Tatulli et al. 2007). This package produces the interferometric observables which give us information about the
object’s Fourier transform: the visibilities are directly its amplitude and the differential phases (DP) indicate
the photocenter shift in a spectral line compared to the continuum and the closure phase (CP) is defined as the
sum of the three phases along the close triangle formed by the three baselines: φCP = φ12 + φ23 + φ31. This
last observable is independent from the atmospheric perturbations and indicates asymmetries in the object.

As Betelgeuse is one of the brightest source of the infrared sky and has one of the bigger angular diameter
for a star, we had to use a particular reduction method to estimate the error bars and discriminate among
standard and corrupted files. This procedure is described in Montargès et al. (2013). The AMBER pipeline
does not include the spectral calibration : we used the telluric lines in our hotter calibrator (HR-1543, spectra
type F6V) to perform it.

3 Model fitting

3.1 K band

The K band spectrum is clearly divided in two parts: the continuum domain (λ < 2.245 µm) where we are
mostly sensitive to the star photosphere and the absorption band domain (λ > 2.245 µm) where are located
CO and water vapor absorption band revealing the MOLsphere.

3.1.1 Continuum analysis (λ < 2.245 µm)

The continuum data allow us to estimate the angular diameter of the star. We use two different models: the
uniform disk (UD) and the power-law limb-darkened disk (LDD) described in Hestroffer (1997). As we are only
interested in the shape of the star at large scale (the diameter) we only use the low spatial frequency data (first
lobe of the visibility function: f < 50 arcsec−1). The results of the fits are summarized in Table 1 and the
corresponding visibility functions are plotted on the left pannel of Fig. 1 together with the data.

Table 1. Best fit values for the uniform disk (I = I0) and limb-darkened disk (I = I0µ
α) models.

Model θ (mas) α χ2

UD 41.01 ± 0.02 - 5.27
LDD 42.28 ± 0.07 0.155 ± 0.009 4.89

Townes et al. (2009) reported a significant decrease of the apparent diameter of Betelgeuse from their 11 µm
observations, Ohnaka et al. (2011) analyzed the evolution of the K band diameter of the star along the same
period using results from Dyck et al. (1992), Perrin et al. (2004) and Ohnaka et al. (2009, 2011). They saw no
evidence for a strong variation. On the right pannel of Fig. 1 , we added our result at the end of this evolution
of the K band diameter and distinguished between the data including only the continuum and the whole K
band. Clearly, the star appears bigger when considering all the K band: this comes from the contribution of
the MOLsphere in the CO and water vapor absorption bands at the highest wavelengths of this domain. Our
measurement indicates again that the size of Betelgeuse remains constant over time.

3.1.2 Absorption bands (λ > 2.245 µm)

As we previously said, wavelengths longer than 2.245 µm contains CO and water vapor absorption lines which
allow us to probe the MOLsphere. We model this structure by a single thin layer containing the two molecules
at the local thermodynamical equilibrium (LTE) whom lines are computed with the linelist from Goorvitch
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Fig. 1. Left: Best fit model of the continuum data. AMBER continuum data in black. The red continuous curve

represent the best fit uniform disk model and the blue dashed curve represent the best fit power-law type limb-darkened

model. The dashed-doted black vertical line represents the upper limit of the spatial frequencies considered for our

UD/LDD fits. Right: Overview of limb-darkened disk measurements of Betelgeuse. The values considering only the

continuum of the K band are displayed in black dots, and the K broadband measurements are in red diamonds.

(1994) and Partridge & Schwenke (1997). To model the star we used a stellar atmosphere from the Kurucz
grid∗ (Castelli & Kurucz 2003; Kurucz 2005). The resulting analytical expression is given by :

INCO,NH2O
(λ, β) = IKurucz(λ) exp

(
−τ(NCO,NH2O;λ)

cos(β)

)
+B(λ, TMOL)

[
1 − exp

(
−τ(NCO,NH2O;λ)

cos(β)

)]
(3.1)

if sin(β) ≤ θ∗
θMOL

and otherwise:

INCO,NH2O
(λ, β) = B(λ, TMOL)

[
1 − exp

(
−2τ(NCO,NH2O;λ)

cos(β)

)]
(3.2)

Where the five parameters of the model are the photospheric diameter θ∗, the MOLsphere diameter θMOL, the
MOLsphere temperature TMOL, the CO and H2O column densities NCO and NH2O. B(λ, T ) is the Planck func-
tion, β is the angle between the line of sight and the center of the star at the layer surface and τ(NCO, NH2O;λ)
is the MOLsphere opacity. The complete model is illustrated on Fig. 2.

Then we computed the Hankel transform to get the visibility:

Vλ(x) =

∫ 1

0
I(λ, r)J0(rx)rdr∫ 1

0
I(λ, r)rdr

(3.3)

We did not used the data from the core of the CO band heads because amdlib was not able to fit the
corresponding fringe pattern, certainly because the signal to noise ratio (SNR) was too low. Consequently, to
get data points in this important wavelength domain, we included the AMBER photometry to complete our
dataset. We also had to restrain ourselves to wavelengths shorter than 2.348 µm: for longer wavelengths it
seems that this single model layer is not complex enough and not correctly reproducing the data (for example
the spectrum on pannel right of Fig. 2). We would have had to introduce a second layer, adding 4 parameters
to the fit which was already highly degenerated.

To get the best fit parameters of our data, we minimized the χ2:

χ2(TMOL, θMOL) =
∑N
i=1

(
Yi−M(TMOL,θMOL,NCO,NH2O;Si)

σi

)2
(3.4)

∗http://kurucz.harvard.edu/

http://kurucz.harvard.edu/
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Fig. 2. Left: Illustration of the single layer model of the MOLsphere. β is the angle between the radius vector and the

line of sight at the layer surface. Right: The red dashed line is the spectrum obtained from the Betelgeuse AMBER

data and the blue continuous line is the spectrum obtained from the single layer model. We used the best fit values from

Table 2.

Where Si = Bp/λ are the sampled spatial frequencies, Yi the AMBER data (spectrum and visibilities) and
M the corresponding value of the model.

The five parameters of the model are not independent : the size and the temperature of the MOLsphere are
of course correlated but the temperature and the two column densities and the column densities themselves are
also related. Therefore we use χ2 map to find the absolute minimum of this function. First we fix the angular
diameter of the star to the value of the uniform disk found in Sect. 3.1.1. Then, we fit the NCO on a grid of
(θMOL, TMOL) for a constant NH2O. This gives us a χ2 map associated to a NCO map. To get the equivalent
maps for NH2O we switch round the two column densities and perform the fits again using the best fit NCO

value previously found. We iterate this process again and again until the column densities stay in their error
bars. This procedure allows us to derive the best fit values for the MOLsphere parameters listed in Table 2.

Table 2. Best fit values with our single thin layer model of the MOLsphere

Parameter Value

θ∗ 41.01 mas (fixed)
TMOL 2300 ± 120 K
θMOL 51.38 ± 1.71 mas

NCO 3.01+2.00
−0.498 × 1021 cm−2

NH2O 3.28+1.73
−0.462 × 1020 cm−2

χ2 ∼ 6

Remarkably, the two χ2 map for the CO and the water vapor give the same couple of parameters for the
size and temperature of the MOLsphere, confirming our hypothesis of a single layer for the two molecules.

3.2 H band

We successfully reduced and calibrated the data in the H band but were unable to clearly distinguish continuum
and absorption bands consequently it was not possible to fit the photosphere diameter. Moreover, we did not
managed to reproduce all the observed absorption lines using our single layer model : more layers and/or more
molecules are needed to reproduce our observations and probably a better spectral resolution.
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4 1D profile reconstruction

Our AMBER data on Betelgeuse contain non-zero and non-π closure phases, signatures of inhomogeneities at
the star surface. Classical model fitting have proven inefficient to analyze evolving structures observed on star
surfaces: one cannot guess the number and localisation of spots. Thus we use the image reconstruction algorithm
MIRA (Thiébaut 2008; Renard et al. 2011) which produce an image given a prior to constrain the general shape
of the star but also by fitting the data (visibilities and closure phases). Instead of simply minimizing a χ2,
the algorithm minimize a cost function taking into account the classical χ2 and the prior weighted by the
hyper-parameter µ:

FCost = FData + µFPrior (4.1)

The best fit limb-darkened disk model found in Sect. 3.1.1 was used as prior. We use a quadaratic regu-
larization which discriminates the strong differences between the prior image and the reconstructed one. Other
regularization methods and different values of the hyper-parameter give similar result: this strengthen the
reliability of our reconstruction which represent the intensity of the star as it was observed by VLTI/AMBER.

The accuracy of the reconstructed image is partially determined by the coverage of the (u,v) plane. Our
VLTI/AMBER data have a very linear (u,v) coverage which makes them more suited to a profile reconstruction
along this best covered direction (azimuth 71.39◦). As illustrated on Fig. 3 pannel left, we took a 8 mas wide
slice along this direction on which we averaged the reconstructed intensity to obtain a profile: the result is a
”smooth” convolution of the reconstructed intensity by our rectangular window. We divided this profile by the
corresponding profile of the prior to obtain only the contribution of the inhomogeneities (Fig. 3, pannel right).
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Fig. 3. Left: Considered fraction of the star for the averaged profile. Right: Ratio of the final reconstructed profile by

the prior (limb-darkened disk). North-East is on the left side and South-West on the right side

To avoid edge fluctuations caused by this ratio we only consider the profile ±16.5 mas from the star center.
There we computed an inhomogeneity level (defined in Eq. 4.2) of 0.809 %. It appears that we did not observe
strong inhomogeneities at the star surface but we averaged the reconstructed intensity on a 8 mas wide slice
meaning that we are not considering the whole star surface.

τinhom =
Imax − Imin

Imin + Imax
(4.2)

5 Conclusions

From VLTI/AMBER data in the K band, we obtained new values for the angular diameter of α Ori which
are consistent with the previous ones at the same wavelength. We derived characteristics of the MOLsphere,
particularly we got values for the column densities of CO and water vapor. However, our analysis only covers
the first two CO band heads of the K band : to get consistent results including the other absorption bands of
CO, a more complex model is needed including several molecular thin layers or more probaby thick layers with
parameters highly correlated. From a profile reconstruction in the continuum, by deriving an inhomogeneity
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level we concluded that there were no signature of strong structures on the photosphere, along our best sampled
azimuthal direction.

These observations are part of a wider program aimed at understanding the shape and composition of the
CSE of Betelgeuse and involving measurements in several wavelength domains and angular scales but also a
monitoring at several epochs.

We are grateful to ESOs Director General Prof. Tim de Zeeuw for the allocation of observing time to our program, as well as to
the Paranal Observatory team for the successful execution of the observations. The research leading to these results has received
funding from the European Community’s Seventh Framework Programme under Grant Agreement 226604. We acknowledge
financial support from the Programme National de Physique Stellaire (PNPS) of CNRS/INSU, France. We used the SIMBAD and
VIZIER databases at the CDS, Strasbourg (France), and NASAs Astrophysics Data System Bibliographic Services. This research
has made use of the AMBER data reduction package of the Jean-Marie Mariotti Center†
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