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ABSTRACT

Context. The study of the atmosphere of red supergiant stars in geaerdaof Betelgeuseo( Orionis) in particular is of prime
importance to understand dust formation and how mass isddke interstellar medium in evolved massive stars.

Aims. A molecular shell, the MOLsphere (Tsuji, 2000a), in the apt@re of Betelgeuse has been proposed to account for the nea
and mid-infrared spectroscopic observations of Betelgelike goal is to further test this hypothesis and to idersifgne of the
molecules in this MOLsphere.

Methods. We report on measurements taken with the mid-infrared el@stope beam combiner of the VLTI, MIDI, operated between
7.5 and 13.%xm. The data are compared to a simple geometric model of a ghtmeoe surrounded by a warm absorbing and emitting
shell. Physical characteristics of the shell are derivemd, s$emperature and optical depth. The chemical constisiere determined
with an analysis consistent with available infrared sgzeatid interferometric data.

Results. The MIDI data are well modeled with a geometrically thin $héiose radius varies from 1.31 to 1.B3 across the N band
with a typical temperature of 1550 K. We are able to accounttfe measured optical depth of the shell in the N band, the38(5
spectrum and K and L band interferometric data with a shetisghinner and outer radii are given by the above range andthéth
following species and densitiesy8 (7.1 + 4.7 x 101 cmr?), SiO (40 + 1.1 x 107°cm2), Al,O5 (2.4 + 0.5 x 10*5 cm?).

Conclusions. These results confirm the MOLsphere model. We bring evidérosmore constituents and for the presence of species
participating in the formation of dust grains in the atmasehof the star, i.e. well below the distance at which the dhstl is
detected. We believe these results bring key elements torttherstanding of mass loss in Betelgeuse and red super@iageneral
and bring support to the dust-driven scenario.

Key words. techniques: interferometric — stars: fundamental pararset stars: mass-loss — infrared: stars — stars: individual
Betelgeuse

version 1 - 3 Sep 2007

1. Introduction reinterpreted previously published data (Wing & Spinra@@)9
and proposed a 15080500 K water vapor and CO shell around
Betelgeuse and Cep, the MOLsphere.

1

™~ The atmospheres of late-type supergiant stars are potori
(N supported by large amplitude pulsations of the star as isake
in Mira stars but are still much more extended than expected i Multi-telescope optical interferometrytfers new and im-
(O hydrostatic equilibrium. In the case of Betelgeuse, thiliisctly portant constraints on the spatial location of these region
—lillustrated by apparent sizes ranging from 42 up to 65 mas, therred from spectroscopy. Perrin et al. (2004a) have shbwan t
O size being minimum in the near-infrared and larger in the vithe near-infrared structure of Betelgeuse can be desdnipto
O ible and ultraviolet. The large extent of the atmosphereois nmain components: a photosphere of temperature 3683 K
—_ understood and makes it complex to study. and a gaseous shell at a temperature of 20%% K and lo-
Strong water-vapor bands have been detected iGep cated B3R, above the photosphere. The model proved to con-
C and Betelgeuse by Danielson, Woolf & Gaustad (1965) baistently explain the FLUOROTA K-band measurements and,
no explanation of their origin was available at that timeafter removing the contribution of dust, those of the ISeifer-
Jennings & Sada (1998) detected pure rotational lines,6f &t ometer at 115 um of Weiner et al. (2000). The same conclu-
12.3um in Betelgeuese and Antares and suggested that the waien was reached gnCep based on narrow band measurements
lines may be formed in their atmosphere. Tsuji (2000a, 2p00b the K band to isolate molecular bands from the continuum.
The shell has been found to have.82R, radius (Perrin et al.
Send offprint requests to: G. Perrin, e-mailguy . perrin@obspm. fr 2005). This analysis was also successfully applied to Maess
* Based on observations collected at ESO with the YWIDI in-  (Mennesson et al. 2002, Perrin et al. 2004b) and led to a con-
strument. sistent understanding of seemingly contradictory measents
** Postdoctoral Fellow of the Fund for Scientific Researchnéias ~ from the visible to the near infrared.
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Other recent modeling studies of supergiants (Ohnak@bution has been removed. The fringe set is a collection of
2004a) and Mira stars (Ohnaka 2004b, Weiner 2004) have shoabout a hundred 50m long optical path dference scans. At
that the near- and mid-infrared,B® spectra and the apparenthe time these observations took place, the MIDI beams were
near- and mid-infrared angular sizes of both stellar tyeshe not spatially filtered. A 0.6 arcsec slit was used correspuanid
consistently understood in terms of a star with an enveldpe @251/D scale at the central wavelength of 4®. The beams -
warm H,O vapor. These results altogether confirm and vindicatiee two complementary interferometric outputs of the beamc
Tsuji's MOLsphere. In a more recent work, Tsuji (2006) showsiner - were dispersed by a prism at a spectral resolutiof af 3
the consistency of interferometry and spectroscopy-basad the direction perpendicular to the slit. No active systers used
clusions. Verhoelst et al. (2006) have made a combined analy correct wavefronts except for the tip-tilt correctiors®m to
sis of the near and mid-infrared undispersed interferamatrd maintain the pointing quality. Given that pupils are lartfen
spectroscopic data and showed in addition $¢®HOH and CO the coherence patch of atmospheric turbulent phase (abmut 6
the likelihood of amorphous alumina in the MOLsphere, a dufir median seeing at Paranal at /) and that the beams were
species with a high sublimation temperature. Ryde et aD&20 not filtered, coherence losses due to turbulence fluctuate fr
proposes an explanation for mid-infrared TEXES spectnpisco one scan to another and may provéidilt to calibrate. This is
data which does not require a MOLsphere. Absorption fetihe major source of error in measuring visibilities as isdssed
tures of water vapor and OH can be reproduced with a coolszlow.
outer photospheric structure of temperature 3250 K. Howeve Aninterferogramis the sum of three signals: the backgreund
this is not compatible with near-infrared spectra accaydim the flux of the source and the fringe modulation. Because the
Tsuji (2006). beams are not filtered and scintillation can be neglected atil

with an 8.2 m telescope, the flux of the source is constant
. ~ throughout a batch and can be accurately measured with the
Table 1. Reference sources. Diameters are based on photometric e&qopping sequence. The quick and large fluctuations of tble-ba
Z‘lﬁt‘gi bﬁ/ r?gtcgi?etcatlll' (19906'3)fwnh le.gort.s re‘ﬁsed bé ngr'g-e(ﬂﬂg&- ground prevent from simultaneously measuring the sourae flu
9 y used for calibratiops, Lep andy Eri have been o e farograms with the MIDI set-up. As a consequence, th
used for data selection. - . . X :
fringe modulation has to be normalized with the estimate of
the flux of the source derived from the chopping sequences. To
do so, the two complementary interferometric outputs ake su
i tracted to eliminate the background and the instantanenuse
HD 39400 56 Ori KL.51lb 25£012 flux leaving a zero mean signal. The power spectral density

HD number  Source  Spectraltype  Uniform disk
name diameter (mas)

:B gg(l)% 21';":” GKg' |||” ggif 8'12 of normalized interferograms is integrated to yield theased
HD 18322  Eri K11l 2574013 coherence factor of each interferogram in a batch. The power

spectral density of the sum of noises (background photosenoi
source photon noise and detector read-out noise) has bben su
) , tracted before the integration to remove the bias on visibil

_ Although excellent candidates are known as potential CORadulus due to additive noises. The average of all squared co
tributors to the opacity of the MOLsphere, other sources M@grence factors in a batch yields an estimate of the squared ¢
be considered such as electron-hydrogen collisions aopesp herence factor for the batch and their dispersion yieldssan e
by Tatebe & Townes (2006) for the shell around Mira stars. Thgnate of the attached uncertainty. A first selection of data
combination of spectroscopy and interferometry will helhis  ¢yrs here. Data are rejected when squared coherence fastor h
research. In the present paper, spectrally dispersecimghe tograms strongly depart from a gaussian distribution as ithi
N band obtained with MIDI at VLTI allow to evaluate the com+ne signature of quick evolution of turbulence statistiosing a
pact spherical shell model for a new wavelength range. We figsatch thus strongly biasing the average value estimate.
present the observationsin Sect. 2 and discuss the dawti®@uu  Thjg procedure is applied to both Betelgeuse and calibrator
Visibility data are fitted with a simple uniform disk extended  gar gata. Calibrator star squared coherence factors videdi
resolved source model in Sect. 3 to yield normalized viiédl 1, expected squared visibilities estimated from their omif
free of any extended component. The compact source vig@hili gisk diameter value to compute the squared transfer fumctio
are then compared to a starmolecular spherical shell model\yhen ohservations of Betelgeuse are bracketted by tworaalib
in Sect. 4. The shell optical depths are compared t0 a speclig gpservations, transfer functions are interpolatedhattime
scopic model in Sect. 5 to derive column densities and ifientige(e|geuse was observed as explained in Perrin (2003) and er
molecules from their signatures. Lastly, the results aed ton- 4 pars are computed accordingly. The final squared visibil
sequences are discussed in Sect. 6. estimate of the source is the ratio of the squared coherewee f
tor and of the transfer function and error bars are derivechfr
the errors on these two quantities. This procedure is appdie
each individual spectral channel. It is simpler than whatsis-
Observations took place at Cerro Paranal in Chile and maele aly done in the near-infrared where turbulence fluctuatiare
of the mid-infrared beamcombiner MIDI (Leinert et al. 2008) filtered with single-mode fibers. Non stationary errors diit-
the VLTI on the nights of November 8 and 10, 2003. These obulence are impossible to accurately calibrate here ané the
servations were part of a Science Demonstration Time run amal need for a sophisticated propagation of noises and wicert
made use of the UT2-UT3 baseline whose 46.63 m length &es.
lows to sample the first zero region of the visibility funetiof The calibration procedure is applied after data have been
Betelgeuse. checked for quality. Transfer functions are plotted as &fion

The MIDI data comprise dierent sets, two of which are im- of wavelength for each calibrator. Ideally they should atidap

portant for data reduction. The chopping set provides tlee-avto within noise. Transfer functions are rejected when thegity
age flux of the source from which the strong background codepart from the average trend. This can be easily detectasl in

2. Observations and data reduction
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Table 2. Log of November 8, 2003 observations.

UT time Projected baseline  Azimdth opd dfset Calibrator 1 UT time Calibrator 2 UT time

(m) ©) (um)

06:11:07.00 37.320050 38.794453 250 56 Ori 05:29:14.43 16O  06:40:55.00
06:12:07.28 37.396414 38.907380 185 56 Ori 05:29:14.43 16 O 06:40:55.00
06:16:01.20 37.691753 39.335562 185 56 Ori 05:29:14.43 16O  06:40:55.00
07:10:06.99 41.509800 43.801921 180 56 Ori 06:42:11.45 @@ M 07:43:28.00
07:10:59.20 41.565253 43.853488 180 56 Ori 06:42:11.45 @i M 07:43:28.00
08:09:18.00 44.673489 46.091170 170 17 Mon 07:44:44.45

08:10:10.20 44.709776 46.107820 170 17 Mon 07:44:44.45

a counted positive from East towards North

much as a sudden increase of turbulence or a bad image o@herwise, the error bar on the averaged visibility is ccted
lap will cause the transfer function to drop and to drop a#l thapplying:

more as the wavelength is shorter. Once the selection ad-tran,, )

fer functions is performed, Betelgeuse data are calibratetl “bin =X * 3)
w:vz"lie”rllgtﬁro'lgﬁ g L;rpepﬁggtlilgﬁ g} \t/fll?ébglrtgc((:a%rgreesI’?assalefgrgrtoej which is equivalent to forcing thg? at minimum to 1.Th|s pro-
all Novembér 10, 2003 data and part of November 8, 2003. cedure is meant to account for non stationary fluctuatiomsref

All the scans of the first night on Betelgeuse were recordg Ient_le_:rr]r_orz which are nfot dletected byghe data reﬁucnﬁn S0
off the zero optical path fierence. Fortunately, in disperse arde.l d 'Z oesl not per ecLy rémove biases das tbese are golt
mode, the spectral resolution is high enough that tfigeb is modeled but at least error bars are Increased to better mode

s " fluctuations. Typical error bars are a fraction of a percéhe
within the coherence length of the radiation. Moffsets were S , . : . .
in the range 170-186m with one batch with anféset of 25Qum validity of this approach is assessed in the next sectioverti

(see Table 2). In the worst case, théset caused a contrast re-the normalization we had to apply to the data, it Sidlt to es-

cuctonof 65 a1 m and 14% at 1. But for the oher (1128 08 YA Of o ercr b as absoute e b
batches, the contrast reduction was 60% atn8 and 7% at y '

13 um. In order to calibrate these losses, we simulated the %ged observations is given in Table 3.

terferograms recorded by each pixel of the MIDI detectoingk

into account the dispersion law of the prism and tieas of 3. Diameter fit

diffraction in the MIDI spectrograph. Losses only depend on the )

characteristics of the instrument and can therefore bahigli Betelgeuse is known to be surrounded by a dust envelope whose

computed. Laws of contrast loss as a function of wavelengharacteristic size of’{Danchi et al. 1994) is far larger than the

were derived for each 0ptica| paﬂ'ﬂ@jrence fset and used to Interferlng field Of MIDI and_ deC.reaseS the Spatlal coheearfc

calibrate all acquisitions. All the calibrator scans wezearded the beams. To first approximation, the source can be modeled

at zero optical path fierence and no correction was necessafyith an extended and a compact component. The extended com-

for calibrators. ponent leads to a decrease of the compact component visibili
The entire data reduction has made use of the software 8¥-a factor equal to its fractional flux. The study reportedehe

veloped by Paris Observatory for MIBIThe list of calibrators Only addresses the compact object. We therefore need toahorm

and the log of calibrated data are given in Table 1 and Tablei2€ Visibilities to clean the compact source from the disituy

Three diferent sets of projected baselines have been obsen@¢ended component. .

We have averaged data to get three bins corresponding to theVisibilities in all spectral channels have been fitted by the

sets. Averaging has been performed using the statisticatser scaled uniform disk function:

provided by the data reduction software. Each averageys a B\ 2

2J, (ﬂ'QUD 7')

estimator:
V3(@up (), A, 4; B)) = A2 o (4)
N-1 e B
/\/2 — 1 Z (Vgin - VIZ)2 (1) e
N-1 — (Tiz where A is the fractional flux of the compact componenjp @)
o _ o its diameter andB; the projected baseline. We assume here that
The statistical variance of the average visibility, is: the visibility of the extended componentis equal to 0. Migibs

i have been taken close to the first null of the compact sousge vi
N-1 bility function. The dfect of finite bandwidth has to be taken into
Z 1/0?} (2) account as the estimated squared visibilities do not gaitiito
i=0 0. For comparison with observations, the above model hasthe

ol =

The x? can be used as an indicator of the correctness of eri@é?ri:ee?glmggéigd in each spectral channel as described i

bars and is useful to improve them. If tyé is smaller than 1

0 s 5 .
then statistical error bars are declared correctad = o2, 75% of the fits havg“ values smaller than 1 showing that the

calibration and the correction of error bars are correcterage.
! Software is available through the JMMC websiteExamples of fits are presented in Fig. 1. Data below @ui8
httpy/mariotti.ujf-grenoble. ff sample the second lobe of the visibility function of the cacip
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Table 3. November 8, 2003 averaged observations.

Mean UT time  Mean projected baseline  Mean azirfiuthCalibrator 1 UT time Calibrator 2 UT time

(m) )
06:13:36.12 37.508548 39.906969 56 Ori 05:29:14.43 56 Ori 6:4@55.00
07:10:33.09 41.537526 43.827705 56 Ori 06:42:11.45 17 Mon 7:43)28.00
08:09:44.10 44.691632 46.099496 17 Mon 07:44:44.45

a counted positive from East towards North

l T 1~ ‘\‘ T T T T T T ‘ T T T ‘ T T T T T l T T T T T T T ‘ T T T ‘ T T T T T
L A =8.54 um ] L A =10.03 um ]
08 — 08 = _
F @ =62.13+0.40 mas 4 F @ =51.76+0.17 mas 4
i up ] i up ]
> r 1 = r 1
b 06 - A =0.83+0.02 4 £ 06 A =0.69+0.03 |
G i % =5.69 1 3 i W =2.37 1
> L 1~ L 1
04 — 04 + _
02 - 02 -
0 L Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il I Il i \’ ) \/ Il ‘ Il Il Il Il ] 0 L Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ \‘ \‘ N Il Il Il Il ]
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Spatial frequency (cycles/arcsec) Spatial frequency (cycles/arcsec)
l L T T T T T T T T ‘ T T T T ‘ T T T T ‘ T T T T T T T T ] l L T T T T T T T T ‘ T T T T ‘ T T T T ‘ T T T T T T T T ]
- A=11.04 ym i i A=12.95 um i
08 — 08 +— _
F Q@ =53.65+0.26 mas 4 E Q@ =57.95+0.21 mas 4
[ uD ] E uD ]
> r _ 1 = r _ 1
_:*_i 06 - A =0.77+0.02 4 = 06 - A =0.7240.01 |
e i ¥ =0.94 1 = i $=2.12 ]
> L 1~ L 1
04 - 04 -
02 - 02 -
0 7\ Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ \"777" 0 7\ Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ) 77\ 7\7/\/"’ Il Il Il \7
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Spatial frequency (cycles/arcsec) Spatial frequency (cycles/arcsec)

Fig. 1. Examples of MIDI visibility fits by the scaled uniform disksibility function (solid line). Fits with the spectroscepinodel of Sect. 5.3
with a 1520 K layer are also presented (dashed line).

component whereas data above 986 sample the first lobe. because of the bias due to the unknown limb darkening, tlee fra
Confidence in the second lobe arises from the slope of the visonal flux in this range is probably underestimated and raitke
bilities which at all wavelengths is positive. Because therse interpretation diicult. A trough is clearly visible around 9ufm
is probably limb-darkened, the fractional flux is likely te bn- which could be the signature of silicates in the bright resdl
derestimated in the second lobe as a reduced slope due to limhlsty environment. A smaller trough is also present betwtden
darkening will be compensated by a low&with the uniform and 12um which could be due to alumina (#Ds) — as it may
disk model. Visibilities between 9.18 and 9.a6 are dificult be presentin low-density shells (Sedimayr & Kriiger 199@) —
to fit as they correspond to the first zero of the visibility ¢un other species. The fractional flux above A is roughly con-
tion and are very sensitive to errors. They are not used in thtant but significantly smaller than 1 which could possitstioe
following. onset of the signature of the & silicate feature. The apparent
size below 9.56:m is comparable to the size measured in the
Fig. 2 shows the fractional flux of the compact componegisible probably indicating that the same regions are sachipi
and its apparent diameter as a function of wavelength. Thghgr these respective wavelength ranges. The optical depthovizul
can be separated into three regions. Below 48 the frac-
tional flux of the compact component is very large. However,
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L ] ———— flux ratio 1 r ———— diameter ]
09 & R _ min and max flux ratios ] e min and max diameters i
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04 - 7 L
03 © \ \ \ \ 1 45 L \ \ \ \
8 9 10 11 12 13 8 9 10 11 12 13
Wavelength (um) Wavelength (um)

Fig. 2. Fit of the MIDI data by the scaled uniform disk visibility fation. Left is the fractional flux of the st@. Right is the uniform disk diameter
@up. The MIDI diameters are compared to the ISI diameters at861.01.149 and 11.17dm (Weiner et al. 2003). The 11.148n ISI value is
the average of measurements taken fiecént epochs and the error bar is the standard deviatioresé theasurements.

large in the mid-infrared and the radiation could be scattén We have considered that the photosphere diameter value has
the visible. Above 9.5am the apparent size steadily increasesbeen well established from near-infrared observationis fiais
The complex behavior of the apparent size of the star calflowed us to fix two parameters of the model: the diameter of

be most simply understood as a result of wavelength depé&ndéne photosphere and the temperature. We have taken vadues fr

opacity in an extended atmosphere. Perrin et al. (2004a): @= 4371 mas andl, = 3641 K. The
diameter is the average of the two limb-darkened disk diamet
estimates of that paper. A consistent limb-darkened diamet

4. Spherical shell model has been measured in the H band with visibilities in the finst a

second lobes (Haubois et al. (2006)). In the following, we us

We have shown in the previous section that the apparent diafje. aar-infrared limb-darkened diameter as an N-barfbrmi

ter of the compact source, the star embedded in the dusty srm K di : P
. X . ameter as limb-darkening in this latter wavelengtinge
varies with wavelength. In Perrin et al. (2004a) we had psepo s 5 ,nn0sedly much smaller. This is however a limitation @s w

a model to consistently explain the star diametﬁiedéaqce. be- do not measure any limb-darkening in the N band and interpret
tween the near-infrared (K and L bands) and the mid-infrargtl 2 rent |imb-darkening as due to the opacity of the sheil. A
éll'lsﬂrT)'. TTe model cohnsi:sted (')E)Ia pho;to_spher:l s(;;ré(_)cu)ndg discussed later, this is mostly a concern in the lower part

y a spherical gaseous shell possibly containia@tand SiO. ¢ o wavelength range where data are only available in the
This fairly simple model is consistent with the more elaeda go.,n4 obe of the visibility function. Fixing the photospé
model of the MOLsphere of Tsuji (2006). The independent perature and diameter parameters was anyway necessary a
of data pres_enteq in this papeffers an excellent opportunity to all parameters may be well constrained by the curvatureef th
test and refine this model. _ visibility function only if the first lobe of the visibility finction

The MIDI visibilities have been rescaled by the reciprodal Gg ye|| sampled with both high and low visibilities which it
the fractional flux facto of Eq. 4 to cancel the visibility 10Ss 1o case with this set of data. Our fixing of these two major
due to the more extended environment. All wavelengths haye o meters at these particular values is however justified a
then been fitted by the starspherical shell model whose spatiabeyin et a1, (2004a) have shown that they are in agreememt wi
surface brightness distribution is defined by: the bolometric flux and spectral type of the object. The si-
multaneous fit of all wavelengths provides the followingules

(4, ) = B(A,T,)e ™ (5) Dsnell = 62.30+ 0.13 mas
+B(T 1— e mln Tshell = 1598+ 20K
( shelo [ ] XZ —6.29
5 _ In this fit, since the temperature and the size of the photargph

forpu > /1 - (D, /Dsnen)” and: are fixed, the shell temperature reaches a single minimump-at o
timum value and does not require the total flux of the observed

(A, 1) = B4, Tsher) [1 - e*ZT/‘/”] (6) objectto be determined in order to mitigate the issue of dege
acy as is the case when the parameters of the photosphece are t

otherwise. be determined. However, a better solution is found if twoasep

u = cosf with 6 the angle between the radius vector and thrate wavelength domains are fitted independantly correfipgn
direction to the observer. The parameters of the model @ e th two different altitudes for the shell: shortward of 948 and
diameter of the photosphere, @nd its temperaturé,, the di- longward of 9.56um as could be guessed from Fig. 2. But in
ameter and temperature of the shell@andTghe, and the shell this case the shell temperatures are not well constraingd &n
optical depthr,, the latter being the only wavelength-dependemiecessary to force the model spectrum to be consistent néth t
parameter of the model. measured spectrum to get accurate and realistic tempesatur



6 G. Perrin et al.: The molecular and dusty composition oBBetuse’s inner circumstellar environment
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Fig. 3. Result of the fit of the normalized visibilities by the phaqibsre+ shell model. The results are obtained with two independensiiortward

of 9.18um and longward of 9.56m. The left panel is the optical depth of the shells as a fonatif wavelength. The model spectrum is compared
to the measured and normalized spectrum (to account forusteadound the star, see text) in the right panel. The shappéeatures are adjusted
to better fit the measured spectrum.

The following optimum parameters have been found for the two The apparent diameter found at 11,4% is quite consis-

domains: tent with that measured with ISI by Weiner et al. (2000): re-
spectively 5375 + 0.32 mas versus 544 + 0.34 mas. The dif-
1<9.18um A>956um ference may arise from filerent reasons one of which is that
Dshell = 6250+ 0.50 mas @hen = 57.25+ 0.03mas the bandwidth of ISl is by far much narrower than MIDI’s, re-
Tshen = 1570+ 150K Tshe = 1520+ 400K spectively about 2 nm versus 100 nm. The two shells we find
are just above the shell of Perrin et al. (2004a) whose dieimet
with a global reduceg? of y? = 3.24. was 55.78 mas. These altitudes are satisfyingly consiatetite

data sets are flicult to compare and could be improved in ei-

The temperatures found for the two shells are very congistéier case. There is also a good agreement between these shell
with the temperature found with the single-shell model.&mse and the (62.35 mas, 1750 K) shell of Verhoelst et al. (2006).

the uncertainties are large, it is not possible to discussafative The spectrum of Betelgeuse measured by MIDI is also pre-
values of the shell temperatures. We only consider the tvetl-s Seénted in Fig. 3. More exactely, we have multiplied the spec-
model in the following. trum measured by Verhoelst et al. (2006) with the same set of

tfMIDI data by the fractional flux of the central object derived
dn Section 3 and presented in Fig. 2 in order to eliminate the

lower and upper wavelength sub-ranges. Belot8gm, data contribution of dust to the spectrum. The error bars have bee

H 13 —2 -1
have been obtained in the second visibility lobe and this sgStimated ;10 ﬂ?llx 10°"Wemum fto ar(]:count for the uncer-h
tial frequency range is very sensitive to limb darkeningthis [Nty on the flux ratio. Error bars for the temperatures & t

case the fractional flux may have been underestimated and & Shells have been determined by matching the mode flux un-
led to large visibilities, sometimes higher than the sunufihe  Ce€rainty to that of the measured spectrum. On the same figure

second lobe. When this happens, the optical depth and tbe effPPer and lower limits for the optical depth are plotted (ub
bar have to be large. Limb darkening in the second visibili)'€S). They correpond to the optical depth derived:to val-
lobe also has an impact on the derived diameter. The comp&gS Of the temperature as constrained by the spectrum. ey g
son of the diameter found for the shell below 9,48 and the 2" idea of the probable range of values to be expected fopthe o

maximum apparent diameter found in Section 3 may be fou@ﬁaI depth as this range is larger than the purely stagistiror
surprising as the shell diameter is smaller by 2 mas. Thisistm Par derived from thg“ analysis.

probably due to a bias in the fit of the second visibility lola¢ed
by a uniform disk function. The size of the object is very sen ; ;

tive - to this level of accuracy - to the assumed amount of Iirf% Spectroscopic modeling

darkening. With the photosphereshell model, the photosphereln this section, we derive the composition of the layer(shfdin

is naturally limb darkened when the shell has a non zero alptithe previous section. As discussed by Scholz (2001), low-spe
depth. Visibilities in the first lobe would certainly allow tle- tral resolution visibilities of extended atmospheres végtiong

rive a better estimate of the apparent diameter more in agyee molecular opacity cannot be correctly modelled in any other
with the derived shell diameter. Data taken in the first Vigjp way than by computation of the model and the corresponding
lobe above 9.5am are far less sensitive to thiffect. However visibilities at high resolution (resolving the individdales), be-

a fewr, values are large with large error bars. This can be dbre convolving those resulting visibilities with the instental
tributed to calibration issues in this upper part of the viewgth  spectral response. Yet, our data set comprises too fewihasel
range where sensitivity to background is much larger. Thabe coverage and sometimes in a very sensitive spatial frequenc
ues are not to be taken into account for the interpretatidhef range (the second lobe of the visibility function belos®um)
optical depth. to perform this direct and rigorous analysis. We therefas fi

The optical depth is plotted as a function of wavelength@
left panel of Fig. 3. Some, values are poorly defined in both th
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do a comparison of molecular and dust opacities to the empiri

cally derived opacity profile of Sect. 4 over the N-band, tee g  1000.00

ometrical model being used as a proxy of the star. This allows

the identification of possible constituents and to estintate 100.00

umn densities. We also perform a direct confrontation betwe

model visibilities and observed visibilities in Sect. SiRlastudy ¢

the limits of this approach in the context of our currentdata  §  10-00F ; by

In the following, we assume a single layer with a temperadiire — W ‘ 1
1.00

Q o

|

ical D

Y& I
1520K and reaching from 1.32 to 1.42. R his is a more realis- -2 FRfg) I
tic representation of the two infinitesimally thin layersifm in ©

the previous section and allows the use of a homogeneous dis-

::; .“A¢:: 3:

W\H I

| |
tribution of the diferent componentsWe have chosen to derive 0.10 ‘ ‘MW [ ‘I I} ”
error bars on the column density based on the observational e m
ror in the optical depth determination under the assumpfan 0.01
single-temperature layer. Assuming a single temperaitnesa 8 9 10 11 12 13
the N band yielded an uncertainty on this temperature of only Wavelength (um)

20K in the previous section whose impactonncertainties is
negligible. We did however rescale the error bars onrtheea-  Fig. 4. Optical depths observed with MIDI (black diamonds) and high
surements uniformly in order to obtain@ = 1 for the best-fit resolution opacity profiles of water (black), SiO (grey) amdmina

model. (solid grey line).
5.1. Possible sources of opacity Table 4. Derived column densities of 40, SiO and alumina.
From the molecules commonly found in CSE's;Hand SiO >
are known to have strong opacity bands in the MIDI wavelength Component N [cm™]
range (see e.g. Decin 2000). SiO is an absorber beloywni0 H,O 7.1+ 4.7 x 10%°
whereas HO absorbs across the entire range. Other molecules - 0

. : . ; N Sio 40+ 11x 17
such as silane and ammonia may provide high opacities in . .
carbon-rich stars and supergiants (see Monnier et al. 2600 a Al20s 24+05x10"

references therein) but were not found to be good candiflates , rain size of 0.005m and density of 4 gcrd were assumed

our analysis. In this section, we compare the observed gpaci \?vith opacities éomputed in the I\B/I/ie ap%roximation (sphdrica
profile (Fig. 3) with optical depth profiles which we computed grains)

for H,O and SiO at the temperature derived in Sect. 4.

For H,O, we used thewasa ames linelist and partition func-

tion (Partridge & Schwenkel997), restricted to lines with

loggf —x6 > -9, with g the ground level statistical weight,

f the oscillator strengthy = 5040/3500 andy the excitation

energy in eV. For a justification of the use of this particular ) . . . .

linelist and of the applied cutfbin line strength, we refer to Créase of opacity with wavelength is compatible with thespre
Cami (2002), Van Malderen (2003) and Decin (2000). For SiGnce of both HO and alumina.

we used the line list of LangHio& Bauschlicher (1993), which
is the most complete list to date (Decin 2000). The polyndmi
expansion of the appropriate partition function was takemf
Sauval & Tatum (1984). Although very high rotational and vi
bration levels are included in the line list, SiO causes dpac
in the N band mostly in its fundamental mode at 8.1, and

g.z. Modelling the observed opacity profile

We attempt a first estimation of the layer composition bydatire

comparison of opacities.

. . The computed opacity profiles were rebinned to the resalutio

Itzrtt;,::(l)ezto;[/éﬁ)sc?tnavr\]/gg tbairéistgtbgse.éokﬁg]da%ﬂﬁc;r\e/amgrfgr of the MIDI observations (R30) and column densities were de-

molecules in AGyB stars (Aringer et al 2(?02)yvr\)/hich is rolyabltermined by searching for the best agreement with the obderv
9 : P optical depths. The derived column densities are presented

also valid for late-type supergiants. = . Table 4 and the result is shown in Fig. 5. To determine realist
The only dust SPecies \.NhICh can survive at Fhese high temp hcertainties on the derived column densities, we resahied
atures and which provides significant opacity at these wave: '

lengths is alumina (AlOs). We used the optical constants mea: 0> ON the observed optical depths so as to obtgii-al.
sured by Begemann et al. (1997) and Koike et al. (1995). Agrai ] .
size of 0.00%m and a density of 4 gcrd were assumed with We find that the observed optical depths can be reasonably
opacities computed in the Mie approximation (sphericairgia  reproduced with O and SiO column densities of the order of
In Fig. 4, we show the observed opacities across the N badd, &°°cm™> and an alumina column density of 5 mgtiThe
the high-resolution opacity profiles ofB, SiO and alumina.  hear- to mid-IR implications of such a layer, which can béggs
We see that the high opacities below 9.b8 suggest the pres- against the ISO-SWS spectrum, are shown in Fig. 6. In general
ence of a significant column of SiO. Beyond 958, the in- our model represents the ISO-SWS spectrum reasonably well.
The overestimation of the absorption by®lat 2.5um suggests

2 A comparison with a model containing 2 separate layers does that our layer temperature may be about 50K too low. Stii th
show any significant dierences at the spectral resolution of MIDI andnodel is in agreement with that proposed by Verhoelst et al.
ISO-SWS. (2006).
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Fig.5. Observed optical depths (black diamonds: optimum tempergig. 7. Observed and modeled MIDI visibilities are shown in redegre
tures, grey diamonds: upper and lower limits on temperajutem- and blue for the 37.5m, 41.5m and 44.7 m projected baselesxec-
pared to the best fitting model opacity profile (thick greyigolurve).  tively. The black crosses show the best-fit scaling factoefeh wave-

length.
2.5x10* ]
2.0x10% 3 visibility is still dominated by photospheric photons, difieet
— 4 ISO-SWS 3 which can’t be overcome by increasing the column densitis Th
I exiott Model E is much less a problem for 4@ which has many more closely
3 ox10*h spaced lines. Moreover the opacity of our model at longerewav
- : lenghts is dominated by the continuum opacity of alumina.
5.0x10°F The scaling function clearly shows the silicate feature9.at
of and 18um in absorption, indicating that the resolved component
is, as expected, the olivine-rich circumstellar dust shlis is
_ 10.00 F also compatible with absorption by alumina or other speates
o 1.00 11.3um.
0.10
0.01 22 ]
4 6 8 10 12 5.3.2. With column densties and layer diameter as free
Wavelength (um) parameters

To improve on our determination of the layer composition, we
Fig. 6. Upper panel: the near- to mid-IR ISO-SWS spectrum (black) arsearched a grid of models for the best agreement with the ob-
the model with a molecular and dusty A8, SiO and alumina) layer served visibilities. Our grid ranges from 57 to 62 mas in taye
glgrey)H The dttrllstxg.detached sht?ligully,lr.es?lved by MIDNBrIgodeled diameter (1.30 to 1.42Rin layer radius) with 1mas step-
I n ISCr n 1 mission . i 9 2 —2 R H

B((a)t(teomepgﬁel:eopasccit;jF;))a:o;:i?/e:1 osz)ss?g ?ined a?t?ncl)in;?gottne?jaﬁ]ne) size, 1?2%9; to 1_>< 10° cmo in H0 clf)lurzlzn.der_\sny with a
for the temperatures and column densities in our model Lx 1.01 2027 stepsize, & 10° to Lx 1.02 cm = in SiO cc_)lumn

' density and 0.05 to 8 mg crhin alumina column density. The
lowesty? is found for a layer of 58 mas in diameter (1.33 R
radius), with column densities of 8 107 cm2, 1 x 10?°°cm2
and 0.1 mg ci? respectively. This model is shown in Fig. 8. The
Since our approach in the previous section is not rigorotsty 2 (rescaled to 1 for the best model) as a function of tiikedént
rect, we test our model against the observed visibilities. parameters is shown in Fig. 9. We can see that the water col-
umn density is reasonably well constrained. The SiO hascin fa
no noticable &ect on the low-resolution visibilities. Alumina
can be present, but we find an upper limit of approximately 1 mg
cm 2. In contrast to the empirical modelling presented in Sgct. 4
We first computed visibilities across the N-band at the MI&d-r we find here a very poor constraint on the layer diameter.
olution based on the column densities derived fromrtfiiing ~ Since a water column density of the order of4€m2 is incom-
in the previous section and compare these to the obsersationpatible with both near-IR — interferometric and spectrgséce-
Fig. 7. We allowed for a new determination of the scalingdact observations (too much opacity) and with the high-resofuti
due to the flux of the resolved component that takes into adcolS| observation at 1km (too little opacity), we may consider
the limb-darkening of the photosphere by the moleculadshel a higher layer temperature, e.g. 2000K: this strengthen&idi
We see that the match in the first lobe of the visibility curveesonances of SiO, resulting in lines which are spaced much
i.e. the wavelengths longward of 9.56n, is quite good. The closer. The increased SiO opacity below 948 could possi-
agreement is much poorer at shorter wavelengths. This is dalgreduce the required amount of@ and increase the required
to insuficient opacity of the layer at these wavelengths: the Si€»lumn density of alumina.
lines (at this layer temperature) are too sparsely spacedeso A fit to the observations of a model with a layer at 2000K

5.3. Confrontation with the visibilities

5.3.1. With the column densities of Sect. 5.2 and the
geometrical model parameters



G. Perrin et al.: The molecular and dusty composition of Betgse’s inner circumstellar environment 9

1.2_ T T T T 1.2_ T T T T

1.0 , Scaling 1.0 w Scaling
3 *
I x*
0.8f 0.8fF 3 X
2 2 e
5 06 5 06
@ iz
> >

0.4 0.4
0.2 0.2 ST oronens i
0.0 z 0.0 il
8 9 10 11 12 13 8 9 10 11 12 13
Wavelength [um] Wavelength [um]

Fig. 8. Best matching model in our grid of 1520 K layers. Colours anBig. 10. Model with a layer at 2000 K and containing®, SiO and

symbols as in Fig. 7. Al;Os. Colours and symbols as in Fig. 7.
20 'g although the ISI spectral resolution is an order of magmitud
15f higher than ours. The strength of the MIDI data is their syact
Nerof——mm— | o j coverage which allow us to go further in the spatial and spéct
osh ) understandjng of the source. We derive the optical plepth
00 o of the environment _abqve the photosphere as a function of
57 58 59 60 61 62 100 10m 102 102 Wavelength. Absorption is clearly not due to a continuunreeu
Diometer [mas] Ha0 column density [cm™*] of opacity across the N band as the optical depth drops above
9 um. Several types of absorbers are required to reproduce the
14 IR 100.0 measured optical depth.
;2 ] 100 The ad-hoc model of the MOLsphere is well adapted to capture
S, ol | N most of the source characteristics both interferometyical
™ oal ] o ] and spectroscopically. Potential constituents are ifledti
02} : Spectro-interferometric data are well modeled withCH Al,O3
0.0 0.1 and SiO in the MOLsphere. This confirms the presence of
O oy o 3 O conr sensity g o dust species which can survive close to the star thanks to
Si0 column density [cm™ €] Al,03 column density [mg cm™ <] p

their glassy nature - the low opacity of alumina at optical
Fig. 9. x2 (rescaled to 1 for the best model) as a function of tiieecnt and ultraviolet wavelengths prevents strong heating by the
parameters. star radiation (Woitke 2006). Furthermore, the presence of
gaseous phase SiO in the MOLsphere strengthens the scenario
of Verhoelst et al. (2006) for dust formation, whereby aloani
containing HO, SiO and A}Oz is shown in Fig. 10. We find may condense first and act as a nucleation site for silicate du
the best agreement with column densities of ¥ 10?°°cm™,  which can condense further from the star where the temperatu
8.0x10??cm 2 and 42x 10-®g cnt? respectively and a layer di- drops below 1000K. The current interferometric data set is
ameter of 59.13 mas (1.8 in radius). Indeed, we find that thisnot enough to allow a more complex model and we had to
does increase the SiO column density but lowes®Holumn assume a geometrically thin shell around the star. In pdatic
density not enough and the alumina column too much. It thergs underlined in Section 3 a more complete set of data is deede
fore brings no improvement in the near-IR and high-resofuti both at shorter and somewhat longer baselines in order terbet
11um properties of our model. measure limb darkening and better measure the optical depth
At this stage we conclude that a rigorous modelling of ouadadf the shells above the photosphere. This would allow to test
is not possible and that at least a better sampling of thbiliigi  this model further and possibly discuss more complex spakri
function at smaller spatial frequencies shortward of @ub8s structures and temperature-density radial variations.
required. With this rich data set, it is interesting to review our reésul
in the light of other available studies of the MOLsphere. Our
) ) modeling mostly accounts for the ISO-SWS spectrum at a low
6. Discussion resolution level. However, even at low resolution the agrest
6.1. The MOLsphere is not perfect (for. example between 2.4 and_ AM) and the _
too simple description of the MOLsphere in our model is
These are the very first interferometric data that allow talgt potentially an issue. Apart from this discrepancy, the agrent
the characteristics of Betelgeuse over a wide mid-infrarésl globally very good from the upper near-infrared range up
spectral range. The only other mid-infrared data availade to the mid-infrared (the silicate dust infrared excess i$ no
far have been collected by the ISI interferometer. Comparisaccounted for in our modeling since the dusty environmest ha
of our derived diameters with that of ISI at 11.086, 11.148 arbeen completely resolved out).
11.171um (Weiner et al. 2003) is excellent as Figure 2 showShnaka (2004a) has modeled a MOLsphere containing water
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vapor only. Similar parameters to ours were used to model,o/ny = 1077 according to Jennings & Sada (1998) , and
the star R, = 650R, and T = 3600 K) but the MOLsphere a layer thickness of rougly 10% of its radius) which yields a
description is a little dterent: it extends from the photospherenass density of 133gcnT3, which is typical for the wind
up to Rno = 1.45R,. A temperaturelh,qy = 2050K and a acceleratiofdust condensation regions in sophisticated models
water vapor column density of 8 1 x 10°°cm™2 are found. (see e.g. Fig. 1 in Woitke 2006). Such a gas distribution, not
In Tsuji (2006), a slightly dierent description is used. Thepredicted by static models, is therefore dense enough fmostip
MOLsphere is characterized by its inner radiRs above dust formation chemistry. The low inferred temperaturehsf t
which the density is decreasing up to the outer raddyyg. molecular shell{ 1600K) is in the range of conditions believed
The same parameters are used to describe the stderddit required to permit grain nucleation and growth for one or
sets of parameters are investigated for the MOLsphere and tthore species which have particularly favorable thermodbtaim
preferred solution i§ o = 2250K withR,, = 1.31R, and a properties.
water vapor column density of 2 10°°cm2. The two models Finally, a third piece of the puzzle is the tentative ideadifion
are very consistent as far as water vapor is concerned. Giwdnemission from a condensed grain material (here identified
the diferent geometries considered by the two authBrg,(is with alumina) which is associated spectroscopically ara sp
the upper limit of the MOLsphere in one case wherBasis tially with the dense, cool region.
the lower limit in the other one), one expects the Ohnakausadi
to be larger than the Tsuji radius which is exactly as they are The star-shell model is proving to be a fruitful tool for a
The two models define a range of radius for the MOLsphepeeliminary reconnaissance of mass loss systems. Notisurpr
of 1.31 to 1.4%R, which is exactly the range considered in ouingly, the shell parameters found for stars offelient types
spectroscopic model. Column densities are also very demsis (red supergiants, Mira stars) are quitéfelient. As it becomes
to ours. We however find a lower temperature range althougigssible to estimate molecular compositions and densitis
as previously stated, the uncertainty on this particulaaupter increasing confidence, the results may be a guide to theylikel
is somewhat dficult to define with the current data set. Despitdiffering processes at work.
this difference, we conclude theflirent modelings are quite
consistent and we bring evidence for new constituents of the Clearly many points in this simple description require gtud
MOLsphere. This is a strong support for the MOLsphere modelcluding the energy balance and equlibrium temperatutbef
and we agree with Tsuji (2006) that the photospheric origmaterial, the temperature distribution in the shell, areletio-
of all water vapor lines suggested by Ryde et al. (2006) is nlation of chemical equilibrium. Many questions remain, lsuc
consistent with both spectroscopic and interferometriada  as the mechanism for establishing the high density, therdyna
ics of dust and gas acceleration, and the role of time variati

It is interesting to compare the results of applying the-staand inhomogeneities. Spectrally resolved mid-IR intenfiee-
shell model to dierent stellar types. The earlier near-infraretery appears well suited to observationally constrain smeds-
study of Mira stars (Perrin et al. 2004b) determined model ptgations.
rameters which dier significantly in several respects from the
model ofa Ori. The Mira photospheres are cooler k400 K.
The Mira shell radii are twice the stellar radius (compared References
~1.4 for @ Ori), and yet the Mira shell model temperaturefringer, B., Kerschbaum, F., Jorgensen, U.G. 2002, A&A5 85
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