Astronomy & Astrophysicenanuscript no. ms12521.hyper8155 ¢ ESO 2009
July 10, 2009

The close circumstellar environment of Betelgeuse
Adaptive optics spectro-imaging in the near-IR with VLT/NACO

P. Kervelld, T. Verhoelst, S. T. Ridgway, G. Perrirt, S. Lacout, J. Cant, and X. Haubois

1 LESIA, Observatoire de Paris, CNRS UMR 8109, UPMC, UniwérBiaris Diderot, 5 place Jules Janssen, 92195 Meudongéran
2 Instituut voor Sterrenkunde, K. U. Leuven, Celestijnenlad0D, B-3001 Leuven, Belgium

3 National Optical Astronomy Observatories, 950 North Chéwenue, Tucson, AZ 85719, USA

4 Physics and Astronomy Dept, University of Western Ontdramdon ON N6A 3K7, Canada

Received ; Accepted
ABSTRACT

Context. Betelgeuse is one the largest stars in the sky in terms ofl@ndiameter. Structures on the stellar photosphere hawe be
detected in the visible and near-infrared as well as a cotmpalecular environment called the MOLsphere. Mid-infaaobservations
have revealed the nature of some of the molecules in the M@drspsome being the precursor of dust.

Aims. Betelgeuse is an excellent candidate to understand theggof mass loss in red supergiants. Usingatition-limited adaptive
optics (AO) in the near-infrared, we probe the photosphatkciose environment of Betelgeuse to study the wavelergplertence

of its extension, and to search for asymmetries.

Methods. We obtained AO images with the VENACO instrument, taking advantage of the “cube” mode of tf@NICA camera

to record separately a large number of short-exposure Baiftds allowed us to adopt a “lucky imaging” approach for tiaa
reduction, and obtain draction-limited images over the spectral rang@41l 2:17 min 10 narrow-band lters.

Results. In all lters, the photosphere of Betelgeuse appears paebplved. We identify an asymmetric envelope around the sta
with in particular a relatively bright “plume” extending the southwestern quadrant up to a radius of approximateltiraes the
photosphere. The CN molecule provides an excellent matttfetd.09 m bandhead in absorption in front of the stellar photosphere
but the emission spectrum of the plume is moredlilt to interpret.

Conclusions. Our AO images show that the envelope surrounding Betelgeassa complex and irregular structure. We propose that
the southwestern plume is linked either to the presence ofigective hot spot on the photosphere, or to the rotatioheétar.

Key words. Stars: individual: Betelgeuse; Stars: imaging; Starsesgipnts; Stars: circumstellar matter; Techniques: higgutar
resolution; Methods: observational

1. Introduction needs to be invoked. A careful scrutiny of the object from the

) ) ) hotospheric scale up to the distance in its circumsteliaee
Betelgeuse ( Ori, HD 39801, HR 2061) is one of the brlghtesﬁ)pe (CSE) where dust can condense is the path to undenstandi
stars at infrared wavelengths and has one of the largestemtpa;hs prototypical and enigmatic star. It is also known fratter-
photospheric diameters 44 mas in theK band, from Perrin et terometric observations in the thermal infrared domain bgtBr
al.Roog). Itis ared supergiant of spectral type M2lab wited- ¢t . {199p) that Betelgeuse experiences episodic mas0os
ular ux variations. Because of its brightness and of its@lag ey NACO observations aim at probing the close environment
size, it has been an easy target for interferometers. lteemiee of Betelgeuse to etablish a link between the photosphere and
resolved with large telescopes at short wavelengths, a®lemyass |oss. After a presentation of our observations in Beate

strated by Gillland & Dupree (19p6), who resolved its exted getail our analysis of the NACO images in Sdtt. 3, and discuss
chromosphere using thdubble Space Telescope ultraviolet ihe opserved features in Sdit. 4.

wavelengths. Several mysteries remain to be solved for anch

object among which the structure of its convection and thetme ] ]
anism of its mass loss. Similarities with Mira stars haverbe@. Observations and data reduction
noted, including a signi cant thermal infrared excess idadive
of the presence of circumstellar dust. An importantadence is
that Betelgeuse is not subject to regular large amplitudsapu We observed Betelgeuse on the nights of 2 and 3 January 2009
tions which could levitate material high enough above theoat using the Nasmyth Adaptive Optics System (NAOS, Rousset
sphere where dust could form and be blown away by radiatien al. ) of the Very Large Telescope (VLT), coupled to
pressure. The reason for the extension of the atmosphetit is thhe CONICA infrared camera (Lenzen et @98), abbrevi-
unclear and another mechanism for dust formation and mass lated as NACO. NAOS is equipped with a tip-tilt mirror and a
deformable mirror controlled by 185 actuators, as well as tw

2.1. Instrumental setup and observation log

Send oprint requests toP. Kervella wavefront sensors: one for visible light and one for theardd
? Based on observations made with ESO telescopes at Paréi@main. For our observations, we exclusively used the sib
Observatory, under ESO program 082.D-0172(A). light wavefront sensor. The detector is a 1024.024 pixel

Correspondence tdPierre.Kervella@obspm.fr ALADDIN InSb array. As its name indicates, NACO is installed
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100% 1——— - — jitter. After a precentering at the integer pixel level, iheages
' RS | A were sorted based on their maximum intensity, used as a proxy
: ; , il of the Strehl ratio. The 10% best images of each cube were then
80% . | _ 5 resampled up by a factor 4 using a cubic spline interpolation
' | : ' ff and the star image was subsequently centered using gaussian
| I : , ting. The resulting cubes were eventually averaged to o it
B e Rt |11 O master images of each star used in the image analysis process
' ' ' described below. The initial oversampling of the imagedet:d
by the precise centering of the images gives an improved sam-
pling of the image, as the residual atmospheric “drizzlévas
to retrieve sub-pixel sampling. This is particularly imtzott in
the J band, where the resolution of the telescope corresponds to
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109 4 M- HWE 4L o | A 01— ) |- N— | us to reject the frames acted by the residual high-order dis-
_ 1 : : L ol torsions. The result of this processing is presented infFigr
R S ' f Betelgeuse and its primary PSF calibrator Aldebaran.
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_ o 2.3. Ef ciency of NACO full-pupil cube vs. standard mode
Fig. 1. Transmissions of the NACO narrow-band lters (black

curves) and of the atmosphere (from |_992’ thin greyﬂl;)m,ln ord_er to check the eciency _of the image recentering .and
selection, we processed a series of 10 data cubes obtained on

the PSF calibrator Aldebaran (#001 to #010 in Te[ble 1) witth an

at the Nasmyth focus of the Unit Telescope 4 (Yepun), locatédthout recentering the individual frames. The resultingges
on the eastern side of the VLT platform. The CONICA camef@r three wavelengths are shown in Hiy. 3. Already clearsjble
was read using the newly implementabemode that allows to On these images, we hereafter quantify the gain in imagetgual
record very short exposures (down to 7.2 ms) over part oféhe @y processing the same data cubes using three methods:

tector. As discussed in Sett. 2.2, this new capability is@tisl  _ 1ocentering, selection of the best 10% frames based on the
to reach truly di raction limited imaging. peak ux in the image and co-addition,
We selected the smallest available pixel scale o283 _ recentering and co-addition of all frames (no selection),

0:03 maspix (Masciadri et al[2043). Tablg 1 gives the list of _ coadition without recentering of all frames (equivalenat
the observations of Betelgeuse and the PSF calibrator Starssingle long exposure of 72s).

Aldebaran (HD 29139), 310ri (HD 36167) andPhe (HD

9362). Due to the brightness of Betelgeuse and Aldebaran, we From this exercise, it appears that the recentering of the
employed narrow- and intermediate-band lters togethehwi frames before co-addition results in a spectacular inerethe
neutral density Iter (labeledD2short ) with a transmission Strehl ratio and a very signi cant decrease of the full width

of about 1.5%. The observations of our fainter, secondaiy PBalf maximum (FWHM) of the star image (Fid. 4). As expected,
calibrators (31 Ori and Phe) were obtained without neutral denthis € ect is stronger at shorter wavelengths, where the adaptive
sity Iter. The transmission curves of the 10 narrow-bantkrs  optics performance is comparatively lower. In the 1.049118

we used for our observations are shown in fjg. 1. They are afé®ge, the improvement reaches a factor three in Streblaat

available through the NACO instrument web page at fSO  a factor two in FWHM. The improvement in FWHM brought
by the selection of the frames with the best Strehl appeass ve

) small compared to the @ct of the recentering. Selecting the
2.2. Data processing 10% best frames improves the average Strehl by approxiynatel

The individual raw images were pre-processed (bias sufiirac 10% (relatively to centering \(vithout selection) for the Bhgt
at- elding, bad pixel masking) using the Yoricﬂ<and IRAFE wavelengths. For our very bright targets, we chose to keisp th

software packages in a standard way, except that we did bet s§E/€ction criterion as the signal-to-noise ratio of therage im-
tract the negligible sky background. ages is essentially limited by the AO residuals, and not ey th

The quality of adaptive optics images isacted by a resid- number of frames. .
ual jitter of the star on the detector (“tip-tilt’), and bygfi-order _AS Shownin Fig[}4, we can also compare the image FWHM
residual wavefront distorsions. The star jitter is mostoaialy with the theoretical diraction limit of the telescope. Using a

caused by a combination of instrumental vibrations and atmy$"y Simplied model of an 8m primary mirror with a cen-
spheric tip-tilt residuals, while the high-order distorss are U@l 1.12m obscuration, and a 20mas_uniform disk (UD) for
simply due to the limitations of the instrument performarioe Aldebaran, we obtained the theoretical FWHM shown as a thick

order to obtain truly diraction-limited image quality, especially 9r€Y curve. We chose this UD angular size as the angular di-
at short wavelengths in thé band, it is essential to eliminate@Meter of Aldebaran was measured in khband by Richichi &
the perturbations from these two ects. Taking advantage of Roccatagliata{(2005), who foundp (K) = 19:96 0:03mas and

the newly implementedubemode of CONICA, we obtained tp(K) = 2058 0:03mas. As aremark, the FWHM of our im-

extremely short exposures that allowed us to freeze theémaﬁes is measured over a large sub-window that includes part o
the adaptive optics photometric incoherent residuale (@ded

! http//www.eso.orgscifacilities/paranalinstrumentacd “pedestal”). The resulting values are thus slightly ovenested,
2 http//yorick.sourceforge.nét but have the advantage of being directly comparable between
% |RAF is distributed by the NOAO, which are operated by thé€al and theoretical images. _

Association of Universities for Research in Astronomy,.Jnmder co- From these results, the frame-by-frame recentering of-adap

operative agreement with the National Science Foundation. tive optics observations appears as a veryient way to im-
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Fig. 3. Average frames of the NACO cubes #001 (1.64), #007 SO -

(1.64 m) and #010 (2.17m) obtained on the PSF calibrator

Aldebaran witho%t centering or frame selection (left) anthw g 4 Upper panel:Relative Strehl ratio of the recentered and
centering and 10% best frame selection (right). The whisk di¢_a4ded images compared to the classic mode of NACO, with-
in the 1.04 m images represents the angular size of Aldebaran§; frame selection (dashed curve) and keeping only the 10%
photosphere (20 mas). The color scales are proportionfieto hest peak ux frames (thin solid curve)ower panelFull width
square root of the ux, and are identical for the two images &k haif maximum of the NACO images of Aldebaran for the
each wavelength. classic mode (black curve), frame centering without silact
(dashed curve) and 10% best frames selection and centering

. . (thin solid curve), compared to the theoreticaliction pattern
prove the angular resolution compared to single long exSsu ¢4 5 YT observing a uniform disk of 20 mas (grey curve).
The spectacular increase in Strehl ratio observed at sha-w

lengths should also result in an improved sensitivity fantfa
object, but the necessity of combining a large number of am
results in a proportionally higher detector readout ndtsg this  this Iter on the PSF shape. However, considering the faint-
reason, this data reduction strategy may not be optimaKforness of the CSE of Betelgeuse, we chose to strictly keep the
band observations where the gain is “only” 50% in Strehl r&ame instrumental setup between Betelgeuse and the PSF to
tio. However, in the] band, whenever a bright enough source igvoid any contamination in the deconvolved images. We there
available to recenter the frames, ttigoemode of NACO with fore used Aldebaran as the PSF reference. To retrieve the tru
short exposures will in most cases be more sensitive thasiclaPSF of the telescope from the images of Aldebaran, we took
cal long exposures. into account the angular extension of the star. Although thi
star is signi cantly smaller (p = 20:6 mas) than Betelgeuse

] (o = 437mas), it is not negligible compared to the reso-
3. Image analysis lution of the telescope in thé band. We therefore computed
synthetic images of Aldebaran using its known LD size and
model limb darkening coecients in the J, H, and K bands from
We obtained images of two unresolved and relatively faint@laret's ) tables using Te 4 000K and log g= 1.5. We
stars (31 Ori and Phe, #022-025 and #051-054 in Taﬂle 1) withthen computed a classical Lucy-Richardson (L-R) decortiaiu
out neutral density lter, to check the in uence of the ND |- of the NACO images of Aldebaran (single iteration) usingsthe
ter on the PSF shape. We do not nd evidence of aea of synthetic images as the “dirty beams”. This procedure giges

3.1. Point spread function
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10 ‘ ‘ ‘ The overall agreement with our photometry is satisfactouya

! ! ! : strong absorption feature around 1.09-1.84is present in our
data and absent from the model spectrum. We also plotted in
Fig.ﬁ a calibrated spectrum of Betelgeuse (Cushing PO
taken from the IRTF databdkescaled by a factor 1.2 to match
the brightness of Betelgeuse at the epoch of our obsengation
This spectrum also shows the absorption feature that iccpart
larly strong at 109 m.

Flux (1e-8 W/m2/um)
o

3.3. Image deconvolution

We deconvolved the images of Betelgeuse using the PSF images
: : : : (Sect[3]1) as the dirty beams and the Lucy-Richardson (&HR)
1 ) j j 3 gorithm. The images corresponding to the three imaginglepoc
: : ; ‘ of Betelgeuse were processed separately with the rele\&nt P
. . 12 12 s 20 .. calibrator observation. The resulting average deconwbime
Wavelength (um) ages in the ten NACO narrow-band lIters are presented inE:.ig.
We stopped the L-R deconvolution after 30 iterations, asdhe
Fig. 5. Calibrated photometry of Betelgeuse. The dots represeaniting images in th&k band (2.12 and 2.17m) show a full
our photometry in the 10 narrow-band lters of NACO. The thirwidth at half maximum of the photosphere of Betelgeuse com-
black curve represents the model spectrum @ka= 3500K patible with the LD size measured by interferometry (ifjdeé,
normal supergiant (Castelli & Kurudz 2403) normalized to eolumn), while no signi cant deconvolution artefact is peat.
limb darkened disk angular diameter of 43.7 mas. The greyecur  In this process, we took into account the éience in ro-
is a spectrum of Betelgeuse from the IRTF database (Cushingaional position of the pupil of the telescope between the t
al.[200b), scaled by a factor 1.2. stars. We rotated the images of Aldebaran obtained in eaeh |
to precisely match the telescope pupil position angle @feze
abridged as “PA”) of the corresponding images of Betelgeuse
the true PSF of the telescope for our ten narrow-band ltiees, In other words, the secondary mirror support “spikes” were
the image of a point source. brought to the same PA in Aldebaran's and Betelgeuse's im-
ages. This allowed us to avoid artefacts in the deconvaiutio
of the Betelgeuse images. Although the presence of the spike
3.2. Photometry of Betelgeuse has a noticeable &ct on the deconvolved images, we checked
at the straight deconvolution of the Betelgeuse imagethby
debaran images (without rotation) gives very similarules
Photometry on deconvolved images is a tricky task, but McNei
& Moody (200%) showed that the Lucy-Richardson algorithm
preserves the photometric accuracy relatively well coragpdo

For the photometric calibration of our images, we used acclagl
sical aperture photometry approach using Aldebaran asatire ¢
brator. As we used non-standard narrow-band lters, we have
refer our measurements to a synthetic spectral energytdistr

tion (SED) of Aldebr_:\ran, normalized by its interferometig other classical algorithms. We therefore normalized pimetipi-
mez_;:_shure(rj] anguI?{hd|aéj1EeSer.f Aldeb df h thcaIIy the deconvolved images presented in Eig. 6 (4007 mas
\ne shape ot (né of Aldebaran was read from e ey of view) by the total ux of Betelgeuse in each lIter (in
oretical spectra table by Castelli & Kurudz (203), for a!e  \.m 2. m 1) as estimated in Sedt. .2, and by the size of the re-
tive temperature of 4 000K, solar metallicivgy = 2km.s *and mpled image pixel (3.315 nfpi). The resulting physical unit

logg = 1:5 (parameters approximated from Cayrel de Strobel%? ; ; 1eapl :
al. POOL). We then used the limb darkened disk angular diam_the images is therefore W.rh m .sr ! (surface brightness).

eter of 20.6 mas measured by Richichi & Roccataglifta (2005)
to normalize this synthetic spectrum. We checked that the ex4. Circumstellar envelope shape
isting broadband photometric measurements are consigiémt ] )
the resulting SED, but we did not used them to t the SEDN the deconvolved images presented in flg. 6, we observe the
Considering the true pro les of the NACO Iters we used forPhotosphere of Betelgeuse as a disk whose size appeary mostl
our observations (Fid] 1), we integrated the ux from Aldedrm  constant with wavelength (left columns). We also detectxan e
in W.m 2. m 1in each band. We then normalized the ux in-tension of its envelope in the southwestern quadrant, at a PA
tegrated on the Betelgeuse images by the ux measured @h200 20 degrees (counted positively east of North), that we
Aldebaran using the same relatively narrow aperture (50 ‘Il subsequently refer to as a “plume”. The bright part afth
70mas in radius, slightly increasing with wavelength).sTap- Plume extends up to a minimum radius of six times the photo-
proach allows us to integrate the full ux from the resolve@phere of the star (90 100 mas), and is already visible in the
Betelgeuse disk, while avoiding the adaptive optics haledii hon-deconvolvedimages of Betelgeuse. At a distance of 4R
not consider the airmass dirence between the two stars and theurface brightness in theG® m bandis 0:4% of the center of
neg||g|b|e infrared background. the Stell_ar dISk, and falls dOWﬂ to 0:1% at 6 R (Flg E) Two

The resulting photometric measurements are shown ifJFigt&1€r faint extensions appear in the northeastern (F4 ) and
thetic spectrum of a normal supergiantwith = 3500K, solar €nce at all ten wavelengths (processed independentlyjaitei
metallicity, V; = 2km.s® and logg = 0:0 from the Castelli & thatthey are likely real features.
Kurucz (200B) library. We normalized the expected ux using
the 43.7 mas angular diameter measured by Perrin X2004‘1 httpZ/irtfweb.ifa.hawaii.edll speXIRTF_SpectralLibrary/
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Fig. 7. Left panel:Positions of the 3D pseudo-slit, plotted ove
the image of Betelgeuse at 1.0dh. The color scale is logarith-

mic to better show the extensions of the CSE. The centrakcirc "= ; ; ; ; ;
represents the photosphere of the star. The graduatioms@ro °*=**,, 2 e e e 20 22
to 6 are distances from the photosphere center in stelléarfoad

the spectra shown in Fiﬂ. Right panel:Reconstructed long-slit  125+04

spectrum of Betelgeuse (linear interpolation from the pgeeslit ~ 10E+04} - - - 4
cut in the Betelgeuse image cube). The color scale is ldgari soesoa{ - -0} ..o
mic. The vertical lines indicate the central wavelengthsh&f  coevos| 7| [T+ . .
NACO narrow-band lters (see also Fif] 1), and the 43.7 m: 40E+03 } {I 77777777
photospheric angular diameter is shown with green lines. 20408 1+ = et T T
0,0E+00 ‘ ‘ ‘ ‘ T —e=
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3.5. Photospheric and CSE spectral energy distributions

1,8E+03
Based on the deconvolved and photometrically calibrated i1 16803
ages, we can analyze locally the SED of the CSE of Betelgeu sc.os
Fig.ﬂ shows the pseudo-slit we used for this analysis, jpogitl  10e+03
in a north-south direction to include the brightest plumbeT  80E+02
right part of this Figure shows the average surface brigistne ;oc o
spectrum of Betelgeuse and its CSE over the pseudo-slit. T 20e+02
individual spectra observed at dirent distances from the cen- °0&+0
ter of the disk of Betelgeuse along the pseudo-slit are shown ’
Fig. |8 (they correspond to horizontal cuts in the right pdrt (E

Fig.[{). We used the RMS dispersion of the pseudo-slit measu o
ments on the three deconvolved and photometrically cagiira S¢i€/geuse. averaged over the pseudo-slit width (44 maw). T
vertical scales are in W.m. m 1.sr 1, and the horizontal scale

images of Betelgeuse obtained in each lIter to estimate yise s. Ilhe wavelength inm. The radius (irR ) from the center of the

tematic uncertainty of our measurements. This gave us the Iéh tosphere is indicated in th iaht f eagh ol
ror bars shown in FigﬂS. The two fainter plumes visible in th otosphere s indicated in the upper right corer ot eéach p

Betelgeuse images in the northeastern and northwester qua
rants have similar spectra as the southern plume, with a-maxi
mum ux in the J band between 1.08 and 1.24. predicted by the self-consistent hydrostatic models, hatiwa-
ter is detected in the poorly-understood close circunestelh-
vironment (e.g. Jennings & Sadla 1p98, Verhoelst ef al.]20086,
4. Discussion Perrin et al| 20Q7). As we are limited by the transmission of
o Earth's atmosphere, our spectra do not cover the water bands
4.1. Identi cation of the spectral features which were discussed most (those with bandheads around 1.4

Both the photospheric spectrum and the spectra of the plamé&3d 1.9 m.) S

di erent radii show a spectral feature from roughly Imiup to Regarding the identi cation of the feature observed here,

1.3 nf]. Against the photosphere, it is seen in absorption, ahkO is not a candidate since this molecule does not exhibit a

without a strong background source, i.eset from the central clear band at this particular wavelength range. CN provates

star but at the location of the plume, it is observed in erissi €xcellent match to the bandhead, and by a careful choice of

The near-IR spectral range of red supergiant stars sucht@@perature (2500K) and column density (8'° cm 2), it is

Oriand Cep is the topic of a long-standing debate: sever@PSsible to model this absorption feature with a single siab

features have alternately been attributed to CN g@woolf et  CN, without the introduction of unobserved features at tieo

al. [L96%, Wing & SpinraO, TSOO). The current corvavelengths of CN opacity (see the upper panel 0f|}|g. 9 fer th

sensus is that features due to photospheric CN are presentn@del ). _ _

Unfortunately, the same basic modelling approach does not
5 As there is a gap in the NACO spectral coverage from 1.16 work for the emission spectra: the prediction of the bluest f

1.22 m (see Figl|1), it is conceivable that we are in fact dealintpwi ture is, in the optically thin case, far too narrow (lower glof

two separate features. Fig.@) and any combination of temperature and column dgnsit

ig. 8. Surface brightness spectra of the close environment of
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Radius: 0 R, detection of the plume in th& band is caused by a lack of re-
' ' ] solving power, that results in a lower sensitivity of the LdB-

1 convolved images to extended sources. As a consequence, as w
do not observe the expected emission feature aroundn,.ve
cannot con rm our iden cation of CN, but cannot propose a vi-
able alternative either.

4.2. Previous high angular resolution observations

|u,normolized

Thanks to its large angular diameter and correlatively high
brightness, Betelgeuse has been an excellent target forésy
i ] olution observations using a broad palette of techniques: d
0.2F . rect full-pupil imaging, aperture masking, speckle inteoime-
I ] try and long-baseline interferometry. This short summdrthe
W existing observational reports is in no way complete, bum-is

10 15 20 25 tended to give an overview of the detections of asymmetnids a
Wavelength [m] surface features on Betelgeuse. Such asymmetries coultligtoi

a link between the photosphere and the envelope of the star as

Radius: 6 R, observed in our NACO images.

Early observations in the visible using the rotation shear-
ing_interferometer (Roddier & Roddi¢r 1993, 1985; Roddier e
al. [198p) revealed that in November 1980 and February 1982,
asymmetric emission was present around Betelgeuse, apd the
F f ] proposed that it was caused by scattering in a dusty layseclo
- % o, - to the star. The presence of two companions was suggested by

l | Karovska et al.|(19$6), but our NACO observations do not show
T I 3 any point-like source down to a magnitude dience& 5 in the
I ] JHK band over the eld of view of our observations40 0:4%.

\ \ Observationsin the visible obtained at the same epoch (&epr
1981) with the Mayall telescope by Christou et 11I. 988\wsho
the presence of PSF-subtraction residuals in the southmest
guadrant with a typical radius of the order of 100 mas, a sizk a

I position comparable to that of the plume detected with NACO.
0.001 : : Hebden et al.|(1987) observed Betelgeuse in theline with
1.0 1.5 2.0 2.5 the MMT in speckle interferometry at two epochs: December
Wavelength [um] 1983 and November 1985. They identify mostly no asymmetry
at both epochs up to a radius of95 mas, while slightly larger
Fig. 9. Upper panel:The photospheric model spectrum (black)extensions appear in the east-west and north-south ainscit
the model+ CN slab spectrum (green), the predicted inbanidrger radii. In February 1989, Buscher et §I. (1990) ohesrv
intensities (blue) and the observations (rddjwer panel:The Betelgeuse using the WHT equipped with a non-redundant aper
emission spectrum of optically thin CN at 2500K in green, theire mask and three narrow-band lters in the visible around
observations in red at a radius oR6 and the predicted inband = 0:7 m. These authors detected an asymmetry on the sur-
intensities in blue. Both plots use the same temperaturealnd face of the star, that they interpret as a hot spot locatedP4t a
umn density for the CN slab. of 280, with arelative ux contribution of 10-15%. Using the
same instrument and technique, Wilson effal. (1992) rerobde
Betelgeuse in January 1991, and also detected asymmaetries o
that matches this broad feature, predicts a strong emisésmon the disk of the star and a northeast-southwest eIongatiCRTdi
ture in theK band starting around 1.9n, but is not observed. €nt from to the 1989 epoch.
Neither clumpiness nor a dérence between excitation temper- ~ Gilliland & Dupree (199p) resolved the chromosphere of
ature and source-function temperature or a source of amii Betelgeuse at ultraviolet wavelengths using Hgbble Space
background emission help to solve this problem. Obscuratio Telescopeequipped with theFaint Object Camera(FOC),
the feature at 1.9m is in theory possible with cold water vapourand also obtained resolved spectra with tBeddard High
(cfr. the discussion on the identi cation of the observed@ip- Resolution SpectrograplGHRS). These data were obtained in
tion features at those wavelengths), but that would reguisege March 1995 and clearly show the resolved chromosphere in UV
water column density and a very particular geometry. continuum, extending to more than twice the radius of thiblas

An important aspect of our spectro-imaging observationsjgotosphere. The deconvolved FOC images consistently show
that the angular resolution decreases by a factor two irkthean unresolved bright region located in the southwesterd gur
band compared to thd band (where the plume is most visi-of the disk, where we observed the plume with NACO. Gilliland
ble). In the L-R deconvolution process, the angular sizenef t& Dupree ) estimate that the spot temperatug 200K
bright photosphere is recovered properly (Fﬁb. 6), but tee dhotter than the surrounding chromosphere. The chromospher
tection of the plume is made more diult by its much lower observed at = 255 nm with HSTFOC is on average much hot-
surface brightness (typically several hundred times éaitian ter (  5000K) than the overall eective temperature of the star
the photosphere). We therefore cannot exclude that ouringdrg (  3600K, Perrin et a4).
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In October 1995, Burns et al97) used the COAST inecting a molecular layer (the MOLsphere) containingiSio
terferometer at = 0:80 m to observe Betelgeuse and foun@nd AbOs3 at a radius of 1:4R from the star.
no asymmetry of the stellar disk itself, but their reconstied
image (their Fig. 4) shows an extension along the northeast- .
southwest direction (PA 200 ), aligned with the NACO plume. 4-3- Rotation

Further Obsel’vations Obtained in NOVember 1997 W|th COAS]The rotation of a Supergiant star as Bete'geuse is expmm t
and the WHT telescope at visible and near infrared wavetengtery siow, but it can have non-negligibleects on the stellar at-
(0.70,0.91 and:29 m) by Young et al.[[2000) also showed afmosphere structure. Uitenbroek et Bl (3998) presentethilett
asymmetry of the light distribution on the disk, that tenalsle-  anajysis of the HSIGHRS spectra rst reported by Gilliland
crease as wavelength increases. Interestingly, th2& In ob- g pupree [1995). They showed that chromospheric emission in
servations do not show any asymmetry, while our observatiofe Uy emission lines of Mg Il extends to 270 mas from the
with NACO at 128 m still show the presence of the southwestenter of the star, twice further than the UV continuum. In ad
ern plume. Tuthill et al.[(1997) also used the WHT telescope ition, thanks to a scanning of the instrument over the atell
aperture masking mode around= 0:70 m between January gjsk, they could determine the projected rotational vejyoof
1992 and December 1993. Depending on the epoch, they ideffisini = 5 knvs), the PA of its polar axis (PA 235) and the
ed two to three hot spots with changing positions, and reéat jnclination of the polar axis on the line of sight df € 20).

ux contributions of up to 20%, on the surface of Betelgeuse. From spectroscopy and theoretical considerations,

Betelgeuse was observed in early 1998 by Hinz efal. (1998tained a similar rotational velocity. This position oétholar
using nulling interferometry in the mid-infrared (= 10 m) cap is compatible with the hot spot visible in the FOC images
with two mirrors of the Multiple Mirror Telescope separateyd and the PA of the southwestern plume observed in our NACO
a baseline of 5 meters. This interferometric techniquenslito images (PA 200 20)
cancel out the light from the unresolved star, leaving asife
ual the emission from the circumstellar environment. Their
sulting nulled image (their Fig. 3) shows a very extended{°
in diameter) asymmetric dusty envelope, with extensiorteén The presence of the bright southwestern plume detected with
southwestern, northwestern and northeastern directsimdar NACO implies that the spherical symmetry observed on the in-
to the positions of the three plumes we observed with NAC@ared photosphere of Betelgeuse is not preserved in iseclo
Smith et al. [2009) recently found a mildly clumpy, spheficanvironment. Among the plausible mechanisms to explain its
shell around Betelgeuse in CO emission, from spatiallylvesb presence, two appear as promising: convection and rotation
spectroscopy at 4.6 m. Some interesting structures werdeollowing the proposal by Schwarzschild (1975) and the sim-
detected 1%west of the star, but their identi cation to a masslation results by Freytag & H'c')fne rst hypotfes
loss event or envelope asymmetry is unclear. is that the very large convection cells enhance locally thgsn

The single-mode two-telescope interferometric obseonati /0SS from the star, creating the observed plumes of molscule

obtained by Perrin et al[ (2404) and Chagnon et[al. (2002) jdowever, although many studies have shown that the photo-

spectively in theK and L bands provided high accuracy phoSPhere of Betelgeuse presents a signi cant degree of asymme
tospheric angular diameters of Betelgeusgrk = 437 try, variable with time, the link with the chromosphere ahd t

0:10mas up. = 4217 0:05mas). However, due to the ab-envelope remains to be established. A second hypothesiatis t

sence of closure phase measurements, it was not possibl@'@ss 10ss may be enhanced above the polar cap of the star, cre-
check for the presence of asymmetry on the stellar disk. N&#ng the southwestern plume of Betelgeuse. This podsilili
observations of Betelgeuse with the three-telescope beam c Supported by the HST imaging and spectroscopy by Uitenbroek
biner IONIC installed at the IOTA interferometer were ohtd €t al- {199B), as it reveals the presence of a hot spot thad cou
in October 2005 and March 2006 by Haubois et [al. (006) e located at the pole of the star. An interaction betweesttbi
the infraredH band. They point at the presence of one ver§POt and the extended chromosphere of the star could result i
faint hot spot (relative ux 0.5%) in the northwestern quadr & preferenﬂal production of molecules above the pole aed th
of Betelgeuse (through model- tting), or alternatively o Creation of a plume.

hot spots close to the center of the disk (through image recon

struction). Spectrally dispersed interferometric obagons of i

Betelgeuse in thi band (obtained in January 2008) are reporte?t Conclusion

b.y thaka etal @9)' Thes.e authors nd.a centrally SYMMet o di raction-limited observations in ten narrow-band lters
ric emission on the apparentdisk of the star in the continwm ¢, 054 gver thgHK spectral domain, we nd evidence for the
an inhomogeneous velo_cny_ eld_m the 2.3081 CO line, with presence of a complex CSE around Betelgeuse. The most con-
a_North-Sputh preferenna_ll d|re_ct|on. This Q|rect|0n aqpsECon- spicuous feature of this envelope is a bright plume extenitin
sistent with the preferential axis of the main plume we detiC o 5o thwestern quadrant up to a minimum distance of six pho
with NACO. tospheric radii. Its SED in emission appears complemeritary
At thermal infrared wavelengths (= 11:15 m), Tatebe et a strong absorption feature present in dneand (1.08-1.24m)
al. ) identi ed an asymmetry on the disk of Betelgeusen the photospheric spectrum. This points at the presenae of
from three-telescope interferometric observations whth £kSI molecular layer, possibly CN, although the formal idengitmon
instrument obtained in November and December 2006. They of-the spectral signature of this molecule in teband is not
terpreted this asymmetry as the signature of a hot spoedeat established. Two hypotheses could explain the formatichef
the southern limb of the star at a PA of 17@80 . This position plume: convection causing an enhanced mass loss aboveea larg
is compatible with the PA of the plume we detect with NACOupwards moving convective cell, or rotation, through thespr
Perrin et al. 7) observed Betelgeuse with the two-teles ence of a hot spot at the location of the polar cap of the star.
instrument VLTIMIDI in the N band ( = 7.5 135 m), de- Further spectro-imaging observations resolving the pdpitere

4.4, Origin of the southwestern plume
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of Betelgeuse (e.g. by interferometry) should allow to dis¢
nate between these possibilities, if a link can be estadutidte-
tween photospheric hot spots (characteristic of convertod
the detected plume.
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P. Kervella et al.: Adaptive optics spectro-imaging of Bggese

Fig. 2. Average NACO images of Betelgeuse (left image of each cojuand the PSF calibrator Aldebaran (right image of each
column) in 10 narrow-band Iters from 1.04 to 2.1#. The color scale is a function of the square root of the uogmalized to
the maximum and minimum value of each image, in order to esipbdhe fainter parts of the images. The white disks in theto
right corners of the 1.04m images represent the photospheric angular diametersteligg@ase and Aldebaran.
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Fig. 6. Lucy-Richardson deconvolved images of Betelgeuse (38titers). For each wavelength, the left image is the fullaipic
linear color scale image normalized to the maximum and miminvalues. The 10 contours plotted in red correspond to ux
levels of 1000, 2000, 4000, 8000, 16 000, 32000, 64 000, 12&0d 256 000 W.nt. m L.sr . The right image uses a square
root color scale with narrower color cuts (including 95% loé pixels) to emphasize the faint extensions of the CSE. Taeng
circle corresponds to the 43.7 mas photospheric angulanedex of the star as measured by Perrin et al. (2004) fkotrand

interferometric observations.
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Table 1.Log of Betelgeuse observations with NACO.

Code Date & UT Object Fiter NB FOV  DITP N ¢ AMC
(pixels)  (ms) 9
001 2009-01-03T01:42:15.951 Aldebaran NB1.04 64 7.2 10000 0.74 1.36
002 2009-01-03T01:44:38.612 Aldebaran NB1.08 64 7.2 10000 0.74 1.35
003 2009-01-03T01:46:34.673 Aldebaran NB1.09 64 7.2 10000 0.71 1.35
004 2009-01-03T01:48:35.599 Aldebaran NB1.24 64 7.2 10000 0.59 1.35
005 2009-01-03T01:50:45.023 Aldebaran NB1.26 64 7.2 10000 0.57 1.35
006 2009-01-03T01:52:40.849 Aldebaran NB1.28 64 7.2 10000 0.75 1.34
007 2009-01-03T01:54:33.505 Aldebaran NB1.64 64 7.2 10000 0.68 1.34
008 2009-01-03T01:56:57.299 Aldebaran NB1.75 64 7.2 10000 0.63 1.34
009 2009-01-03T01:59:28.687 Aldebaran NB2.12 64 7.2 10000 0.60 1.34
010 2009-01-03T02:01:26.846 Aldebaran NB2.17 64 7.2 10000 0.65 1.34
011 2009-01-03T02:11:42.448 Betelgeuse NB1.75 64 7.2 30000 0.58 1.29
012 2009-01-03T02:15:35.585 Betelgeuse NB1.64 64 7.2 30000 0.63 1.28
013 2009-01-03T02:19:43.274 Betelgeuse NB1.28 64 7.2 30000 0.62 1.27
014 2009-01-03T02:23:51.357 Betelgeuse NB1.26 64 7.2 20000 0.63 1.26
015 2009-01-03T02:26:46.654 Betelgeuse NB1.24 64 7.2 20000 0.62 1.26
016 2009-01-03T02:29:42.335 Betelgeuse NB1.09 64 7.2 20000 0.66 1.25
017 2009-01-03T02:32:36.369 Betelgeuse NB1.08 64 7.2 20000 0.76 1.25
018 2009-01-03T02:35:30.800 Betelgeuse NB1.04 64 7.2 20000 0.82 1.24
019 2009-01-03T02:38:31.072 Betelgeuse NB2.12 64 7.2 20000 ... 1.24
020 2009-01-03T02:41:59.465 Betelgeuse NB2.17 64 7.2 20000 0.80 1.23
021 2009-01-03T02:44:26.466 Betelgeuse NB2.17 64 7.2 20000 0.77 1.23
022 2009-01-04T00:55:29.183 Phe NB1.75 64 7.2 15000 0.95 1.17
023 2009-01-04T00:58:11.645 Phe NB1.64 64 7.2 15000 1.02 1.17
024 2009-01-04T01:00:30.726 Phe NB2.12 64 7.2 15000 1.13 1.17
025 2009-01-04T01:02:46.968 Phe NB2.17 64 7.2 15000 1.03 1.18
026 2009-01-04T01:13:17.267 Aldebaran NB1.64 64 7.2 15000 1.40
027 2009-01-04T01:16:46.775 Aldebaran NB1.26 64 7.2 15000 1.39
028 2009-01-04T01:19:04.804 Aldebaran NB1.08 64 7.2 15000 1.18 1.39
029 2009-01-04T01:21:27.836 Aldebaran NB2.17 64 7.2 15000 1.20 1.38
030 2009-01-04T01:23:59.410 Aldebaran NB1.64 64 7.2 15000 1.68 1.38
031 2009-01-04T01:32:15.918 Betelgeuse NB1.75 64 7.2 15000 1.41 141
032 2009-01-04T01:34:21.554 Betelgeuse NB1.64 64 7.2 15000 1.43 141
033 2009-01-04T01:36:42.290 Betelgeuse NB1.28 64 7.2 15000 1.42 1.40
034 2009-01-04T01:38:59.301 Betelgeuse NB1.26 64 7.2 15000 1.23 1.39
035 2009-01-04T01:41:16.077 Betelgeuse NB1.24 64 7.2 15000 1.22 1.38
036 2009-01-04T01:44:34.612 Betelgeuse NB1.09 64 7.2 15000 1.17 1.37
037 2009-01-04T01:46:53.081 Betelgeuse NB1.08 64 7.2 15000 1.01 1.36
038 2009-01-04T01:49:09.422 Betelgeuse NB1.04 64 7.2 15000 0.99 1.35
039 2009-01-04T01:51:33.722 Betelgeuse NB2.12 64 7.2 15000 0.86 1.34
040 2009-01-04T01:54:28.303 Betelgeuse NB2.17 64 7.2 15000 0.75 1.33
041 2009-01-04T02:02:04.380 Aldebaran NB1.64 64 7.2 15000 0.82 1.33
042 2009-01-04T02:04:48.343 Aldebaran NB1.75 64 7.2 15000 0.73 1.33
043 2009-01-04T02:07:31.592 Aldebaran NB1.28 64 7.2 15000 0.66 1.33
044 2009-01-04T02:09:49.050 Aldebaran NB1.26 64 7.2 15000 0.83 1.33
045 2009-01-04T02:12:05.597 Aldebaran NB1.24 64 7.2 15000 0.73 1.33
046 2009-01-04T02:14:22.059 Aldebaran NB1.09 64 7.2 15000 0.64 1.33
047 2009-01-04T02:16:38.434 Aldebaran NB1.08 64 7.2 15000 0.57 1.33
048 2009-01-04T02:18:55.784 Aldebaran NB1.04 64 7.2 15000 0.74 1.33
049 2009-01-04T02:22:17.955 Aldebaran NB2.12 64 7.2 15000 0.69 1.33
050 2009-01-04T02:24:33.229 Aldebaran NB2.17 64 7.2 15000 0.60 1.33
051 2009-01-04T02:32:50.331 Betelgeuse NB1.64 64 7.2 15000 0.57 1.24
052 2009-01-04T02:34:58.410 Betelgeuse NB1.75 64 7.2 15000 059 1.24
053 2009-01-04T02:37:17.272 Betelgeuse NB1.28 64 7.2 15000 0.60 1.23
054 2009-01-04T02:39:29.761 Betelgeuse NB1.26 64 7.2 15000 0.65 1.23
055 2009-01-04T02:41:46.478 Betelgeuse NB1.24 64 7.2 15000 0.63 1.22
056 2009-01-04T02:44:04.635 Betelgeuse NB1.09 64 7.2 15000 0.65 1.22
057 2009-01-04T02:46:21.058 Betelgeuse NB1.08 64 7.2 15000 0.75 1.22
058 2009-01-04T02:48:37.938 Betelgeuse NB1.04 64 7.2 15000 0.65 1.21
059 2009-01-04T02:51:02.391 Betelgeuse NB2.12 64 7.2 15000 0.59 1.21
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050
051
052
053
054

2009-01-04T02:53:19.617
2009-01-04T03:11:04.218
2009-01-04T03:13:24.544
2009-01-04T03:15:41.604
2009-01-04T03:18:05.278

Betelgeuse
310ri
310ri
310ri
310ri

NB2.17

NB1.64
NB1.26
NB1.08
NB2.17

64
64
64
64
64

7.2
7.2
7.2
7.2
7.2

15000
15000
15000
15000
15000

0.61
0.69
0.69
0.73
0.79

121
1.09
1.09
1.09
1.09

a8 The “ " symbol indicates that the neutral density Iter was used’ (hdicates it was not used).
b DIT is the detector integration time.

¢ isthe DIMM seeing at Paranal in the visible and AM is the aisma



