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ABSTRACT

The outer atmosphere of the M supergiant Betelgeuse is puzzling. Published

observations of different kinds have shed light on different aspects of the at-

mosphere, but no unified picture has emerged. They have shown, for example,

evidence of a water envelope (MOLsphere) that in some studies is found to be

optically thick in the mid-infrared. In this paper, we present high-resolution,

mid-infrared spectra of Betelgeuse recorded with the TEXES spectrograph. The

spectra clearly show absorption features of water vapor and OH. We show that a

spectrum based on a spherical, hydrostatic model photosphere with Teff = 3600

K, an effective temperature often assumed for Betelgeuse, fails to model the ob-

served lines. Furthermore, we show that published MOLspheres scenarios are

unable to explain our data. However, we are able to model the observed spec-

trum reasonably well by adopting a cooler outer photospheric structure corre-

sponding to Tmod = 3250 K. The success of this model may indicate the observed

mid-infrared lines are formed in cool photospheric surface regions. Given the

uncertainties of the temperature structure and the likely presence of inhomo-

geneities, we cannot rule out the possibility that our spectrum could be mostly

photospheric, albeit non-classical. Our data put new, strong constraints on at-

mospheric models of Betelgeuse and we conclude that continued investigation

requires consideration of non-classical model photospheres as well as possible

effects of a MOLsphere. We show that the mid-infrared water-vapor features

have great diagnostic value for the environments of K and M (super-) giant star

atmospheres.

Subject headings: stars: individual (α Ori) – stars: atmospheres– Infrared: stars

1. INTRODUCTION

The issue of water vapor in the atmosphere of Betelgeuse (α Orionis; M1-2 Ia-Iab;

Keenan & McNeil 1989) has a 40-year history. A detection was first proposed in 1964 by

Woolf et al. (1964), but this was overlooked until it was confirmed by Tsuji (2000b) through

reanalysis of the original data. Betelgeuse has been used as a water-free reference source in

the near-infrared, see for example Hinkle & Barnes (1979). Jennings & Sada (1998) were

the first, to our knowledge, to have identified individual rotational lines of water vapor in

R ≈ 10, 000 spectra of Betelgeuse. They modeled their observations with a plane-parallel,

isothermal layer close to the location of the onset of the chromospheric temperature rise.
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Tsuji (2000b) interpreted the water-vapor signatures as arising mostly in an outer region in

the atmosphere and not primarily in the photosphere. Verhoelst et al. (2003; 2005) found a

discrepancy between their Teff = 3600K photospheric model and Infrared Space Observatory

(ISO) spectra of Betelgeuse which they also attribute to extra water-vapor absorption in a

shell just above the photosphere. Weiner et al. (2003) identified rotational water lines in

Betelgeuse in an effort to determine spectral regions at 11 µm which are free from lines and

suitable for interferometric measurements.

Complicating the picture of the outer atmospheres of red giants and supergiants is

the notion of an extra atmospheric component called the MOLsphere; a stationary, warm

envelope situated above the photosphere but interior to the cool, expanding circumstellar

shell (see for example Tsuji et al. 1997, 1998; Tsuji 2000b; Matsuura et al. 1999). The

MOLsphere has been used in several cases to explain discrepancies between models and

near-infrared observations of late K and M giants and supergiants showing water vapor (see

for example Tsuji et al. 1997, 1998; Yamamura et al. 1999; Tsuji 2000a,b, 2001a). The

water vapor, at temperatures of 1000–2000 K (Tsuji et al. 1997), results in non-photospheric

signatures in IR spectra of M giants. Indeed, the observed signatures of water vapor in

spectra of Betelgeuse by Tsuji (2000b) and Verhoelst et al. (2003) are assumed to originate

from such a layer.

Furthermore, interpretations of interferometric data from supergiants (see, e.g., Ohnaka

2004b; Perrin et al. 2004a) and giants (see, e.g., Mennesson et al. 2002; Tej et al. 2003a;

Ohnaka 2004a; Weiner 2004; Perrin et al. 2004b) can also be related to the MOLsphere.

Dynamic computations qualitatively predict atmospheric layers far from the photosphere

of Mira stars (red giants) (see, e.g., Woitke et al. 1999; Tej et al. 2003b), although the

mechanisms by which layers are formed in supergiants are unclear (Ohnaka 2004b). Thus, a

paradigm is emerging where molecular ‘layers’ exist, a fraction of a stellar radius in extent,

above the photosphere.

In this paper, we present high-resolution (R = 70, 000), mid-infrared spectra of the

wavelength region of 12.19 − 12.35 µm of the supergiant Betelgeuse that show clear absorp-

tion signatures of water vapor and OH at 12 µm. These data put new, strong constraints on

the emerging picture of the MOLsphere, at least for supergiants, and need to be reproduced

in future MOLsphere models. We do not attempt to do so in this paper. Instead we show

the importance of modeling the underlying photosphere appropriately. We argue that, by

relaxing the classical assumptions of the outer regions of the supergiant’s photosphere, it

might even be possible to interpret our 12µm spectra without an extra atmospheric compo-

nent, except for an expected contribution of an optically-thin continuum formed by dust in

the stellar wind.
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Pure rotational lines of water vapor in the 11−12 µm region, observed using high spectral

resolution, mid-infrared spectrographs, are interesting diagnostics of the atmospheres of giant

stars. The lines should be ubiquitous in spectra of cool stars at wavelengths longer than

approximately 10 µm (Jennings & Sada 1998) and have been detected in K and M giants

as early as spectral type K1 (Arcturus; Ryde et al. 2002, 2003a,b,c). The usefulness of the

lines is connected with their relatively large transition probabilities and their location in an

uncrowded part of the spectrum. Rotational lines of water vapor at 12 µm are analysed for

Betelgeuse in this paper.

2. OBSERVATIONS AND DATA REDUCTION

We have observed and analysed unique, high-resolution spectra of Betelgeuse at 12 µm.

We used the Texas Echelon-Cross-Echelle Spectrograph (TEXES; Lacy et al. 2002), a visitor

instrument at the NASA Infrared Telescope Facility (IRTF). The TEXES spectra are a

significant improvement over those obtained two decades ago. The spectra presented here

were observed on 4 February 2001 with a total time spent on source of just over 2 minutes.

We observed the 809.8 − 820.4 cm−1 or 12.19 − 12.35 µm region, which is roughly the same

as presented by Jennings & Sada (1998).

We used the TEXES “hi-lo” mode, which features a high-resolution grating to obtain a

spectral resolving power of R = 70, 000 at 12 µm cross-dispersed by a first-order grating. In

‘hi-lo’ mode, a single spectral setting covers over 0.2 µm with small gaps between orders at

the cost of a short, 2.5′′, slit. The slit width was 1.5′′.

We calibrated and reduced the data according to standard procedures described in Lacy

et al. (2002). We nodded the telescope every 5 seconds to remove background emission from

the sky, telescope, and instrument. Because of the short slit, we had to nod the target off

the slit, but weather conditions were good enough that we felt this would not introduce

systematic sky noise in the continuum level. Later examination of individual nod pairs show

no evidence for systematic variations. We used spectral features in the telluric atmosphere

to determine the wavelength scale. The spectra were extracted using the spatial profile along

the slit. A comparison of continuum-normalized spectra with different extraction parameters

shows that the line depths vary by less than 1% of the continuum for any reasonable range

of the extraction parameters. The signal-to-noise ratio is high, of the order of 140:1.

Our flat-fielding procedure leaves broad wiggles in the spectra. The standard procedure

to remove such wiggles is to divide by the spectrum of a featureless continuum source.

Unfortunately, no such source exists with a flux comparable to that of Betelgeuse. Instead, to
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each order we fit a 4th order polynomial which is then used to normalize the spectra. Spectral

regions with stellar and telluric features were given low weight in the fit. The normalization

procedure introduces uncertainties: the equivalent width of a given line depends on the

determination of the local continuum and could be particularly uncertain if the line lies

close to, or partly in, a gap between the orders. This is not unusual due to the relatively

short wavelength ranges of the orders. To investigate these uncertainties, we repeatedly

inserted artificial absorption lines, with equivalent widths and FWHMs similar to detected

lines, and processed the data. Comparing the recovered equivalent widths with the input

values, we can estimate the uncertainty associated with the normalization. In general, we

find that the continuum fitting systematically results in smaller equivalent widths at the 10%

level. For roughly half of our synthetic lines, the equivalent widths recovered were in error,

generally reduced, by 15-20%. In approximately one quarter of our tests, the equivalent

widths determined were in error by 50% or more.

The high-resolution spectra of Betelgeuse in the 12 µm region, shown in our figures, are

in the heliocentric radial velocity frame. We find that the heliocentric radial velocity for

the features in our spectra is approximately 18 km s−1. Looking carefully at our wavelength

calibration, we find the solution to be accurate to 0.3 km s−1 when compared with known

telluric features in the observed spectral region. Comparing OH and H2O line frequencies

identified in the data with an electronic version of the sunspot atlas (Wallace et al. 1994),

we found agreement to within 0.6 km s−1.

Betelgeuse’s photospheric radial velocity is known to be variable, with both ordered and

random components. Spencer Jones (1928) found a period of 5.78 years which appeared to be

present during 1977-1979 (Goldberg 1979). The systemic radial velocity of the photosphere

is probably representative of the radial velocity of Betelgeuse’s center-of-mass. Spencer

Jones (1928) and Sanford (1933) found +21.05 km s−1 and +20.33 km s−1 , respectively. The

centroid radial velocity of circumstellar emission lines also provides an independent estimate

of the center-of-mass radial velocity. Huggins (1987) found +19.6±0.4 km s−1 for the CO(2-1)

1.3mm emission line.

The 5.78 year radial velocity variations have variable, full amplitudes with ∆v ≤
6 km s−1 which are not always apparent (Goldberg 1984). During 1985-1989 Smith et al.

(1989) confirmed the 420 day period of the optical and ultraviolet continuum, and the chro-

mospheric Mg II h & k flux modulations found by Dupree et al. (1987) and Dupree et al.

(1990) from 1984.0-1990.5. During this time the Sanford (1933) radial velocity variations are

not apparent. In summary, the radial velocity of the molecular absorption features in our

data are blue-shifted by approximately 2 km s−1 with respect to Betelgeuse’s center-of-mass,

but not necessarily with respect to its photosphere, at the time of our observations.
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Our mid-infrared lines probe the outer photosphere, and we may be detecting a slight

outflow, similar to that detected in Fe I UV absorption features by Carpenter & Robinson

(1997). Unfortunately, we do not know the deep photospheric velocity, which could have

been determined by, for example, optical Fe I and Ti I lines at the time of the observations,

and hence do not know the relative velocity of the mid-infrared lines.

3. MODEL PHOTOSPHERES AND THE GENERATION OF SYNTHETIC

SPECTRA

For the purpose of analyzing our observations, we have generated synthetic spectra

based on model photospheres calculated with the marcs code (Gustafsson et al. 2003). The

version of the marcs code used here is the final major update of the code and its input

data in the suite of marcs model-photosphere programs first developed by Gustafsson et al.

(1975) and continually improved since then (see for example Plez et al. 1992; Jørgensen

et al. 1992; Edvardsson et al. 1993). The new models will be fully described in a series of

forthcoming papers in A&A (Edvardsson et al., Eriksson et al., Gustafsson et al., Jørgensen

et al., and Plez et al., all in preparation).

The marcs hydrostatic, spherical model photospheres are computed on the assumptions

of Local Thermodynamic Equilibrium (LTE), chemical equilibrium, homogeneity and the

conservation of the total flux (radiative plus convective; the convective flux being computed

using the mixing length prescription). The radiation field used in the model generation

is calculated with absorption from atoms and molecules by opacity sampling at approxi-

mately 95 000 wavelength points over the wavelength range 1300 Å–20 µm. The models are

calculated with 56 depth points from a Rosseland optical depth of log τRoss = 2.0 out to

log τRoss = −5.0, which in our case corresponds to an optical depth evaluated at 5000 Å of

log τ
5000Å

= −4.1. The physical height above the log τRoss = 0 layer of this outermost point

is 2.8 × 1012 cm or 6% of the stellar radius.

Data on absorption by atomic species are collected from the VALD database (Piskunov

et al. 1995) and Kurucz (1995, private communication). The opacity of CO, CN, CH, OH,

NH, TiO, VO, ZrO, H2O, FeH, CaH, C2, MgH, SiH, and SiO are included and up-to-date

dissociation energies and partition functions are used.

The star’s fundamental parameters are needed as input for the model photosphere cal-

culation. As discussed, for example, in Lambert et al. (1984), the accuracy of abundances

derived from the synthetic spectra are determined by (i) the basic molecular data, (ii) the

quality of the spectra, and (iii) the defining parameters and assumptions made for the model
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atmosphere. The latter is the most problematic, given the quality of data now achievable in

the mid-infrared.

Betelgeuse’s fundamental stellar parameters are by no means safely determined. For

example, the effective temperatures to be found in the literature vary widely (Harper et al.

2001; Freytag et al. 2002). Harper et al. (2001) point to several reasons for these uncer-

tainties in their detailed discussion of Betelgeuse’s parameters. The most problematic is the

angular diameter, which is needed to determine the stellar radius, but also provides a way to

determine its effective temperature (see the discussion in Harper et al. 2001). Bester et al.

(1996) find an effective temperature of Teff = 3290 K based on size measurements at 11 µm,

but they also conclude that no single temperature and diameter can fit all their data at once.

They argue that the mid-infrared is the optimal wavelength region in which to measure sizes

of late-type stars. The lower estimates of Teff arise primarily from the adoption of large

angular diameters rather than differences in the bolometric luminosity.

Spectroscopic analyses, on the other hand, indicate higher temperatures. Based on the

infrared flux method Lambert et al. (1984) derive an effective temperature of 3800 ± 100 K

but discuss the possibility of lower temperatures. Lobel & Dupree (2000) discuss effective-

temperature variations and different spectroscopic temperature determinations. From spec-

tral synthesis calculations, they arrive at a Betelgeuse model with a temperature of Teff =

3500 K. Furthermore, they find log g = −0.5, solar metallicity, and broadening due to

macroturbulence and rotation modeled together with a Gaussian profile with a dispersion of

vD = 12 kms−1. Effective temperatures of about 3500 K are commonly adopted (Bester et al.

1996; Jennings & Sada 1998). Levesque et al. (2005; submitted to ApJ) suggest the effective

temperature scale of red supergiants is significantly warmer than previously found, putting

the M2 spectral type at 3660 K. In this scale they put Betelgeuse’s effective temperature at

3650 K. Thus, a large span of effective temperatures exist in the literature for Betelgeuse.

Three further factors complicate the picture of Betelgeuse’s photosphere and its defining

parameters. First, Betelgeuse’s visual magnitude is variable, a fact that reflects a change in

temperature rather than size (Bester et al. 1996; Morgan et al. 1997). Second, the photo-

sphere of Betelgeuse does not appear homogeneous. Homogeneity is normally assumed in

photospheric modeling. Observations show complicated asymmetries that can be modeled

with temporally varying hot spots, see for example Wilson et al. (1997), Tuthill et al. (1997),

Dupree & Gilliland (1995), Gilliland & Dupree (1996), and Young et al. (2000). These hot-

spots may be interpreted as convective hot-spots (Schwarzschild 1975; Wilson et al. 1997;

Dupree & Gilliland 1995) or magnetic activity, pulsations, shock structures, or changing con-

tinuous opacity (Gilliland & Dupree 1996; Gray 2000). Non-static, hydrodynamic 3D models

of red supergiants, which allow for the formation of spatial inhomogeneities due to convection
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(c.f Freytag et al. 2002; Freytag 2003; Ludwig et al. 2003), are still under development, but

have already yielded important qualitative results, such as revealing convective hot-spots

(see for example Freytag & Mizuno-Wiedner 2003). Note, however, that Gray (2001) find

no spectroscopic evidence of giant convective cells on the surface of Betelgeuse. Dynamic

models are crucial for the understanding of these types of stars; such models are physically

much more realistic and their structures depart markedly from static models. Until realistic

models are readily available and the cause and nature of the inhomogeneities is identified, it

may be instructive to think in terms of simple, two-component models with a warm and a

cold component with an arbitrary filling factor to crudely represent columns of warm rising

and cool sinking gas, cf. Schwarzschild (1975) and Tsuji (2000b). Cool areas will easily

produce water-vapor opacity (Tsuji 2000b).

Thus, the supposed inhomogeneity of the photosphere of Betelgeuse could make it dif-

ficult to calculate a global spectrum based on a classical model photosphere given by one

effective temperature. Furthermore, while the continuum intensity in the Rayleigh-Jeans

regime is less sensitive to temperature variations and so one may expect the effects of effec-

tive temperature uncertainties and surface inhomogeneities on line strengths to be smaller

in the infrared (see, for example, Ryde et al. 2005), formation of water is very sensitive to

the change of temperature through the photosphere.

The third factor is the uncertainties in the outer photospheric structure. Mid-infrared

lines are in general formed further out in the atmosphere than are, for example, near-infrared

lines, as a result of the increased continuous opacity. An important aspect when discussing

modeling of the atmospheric structure (and especially of the outer regions) of cool stars, is

the validity of the assumption of LTE and molecular equilibrium. Since the transitions occur

within the electronic ground-state, the assumption of LTE in analyzing molecules is probably

valid (Hinkle & Lambert 1975). However, the assumption of LTE in the computation of the

model structure could lead to erroneous inferences. Working on a hydrostatic model of

the photosphere of Arcturus by treating atomic opacity (continuous and line opacity) in

non-LTE using large, model atoms, Short & Hauschildt (2003) show that overionization of

Fe can cause important changes in the atmospheric structure. Allowing for non-LTE, the

boundary temperature affecting the formation of water vapor was lowered, as inferred by

Ryde et al. (2002). This suggested that non-LTE effects in atoms may suffice to account

for the surprising presence of H2O molecules in the photosphere of Arcturus (Ryde et al.

2002). Thus, relaxation of the assumptions behind classical model photospheres may change

the atmospheric structure. Even small alterations of the heating or cooling terms in the

energy equation (for example due to dynamic processes or uncertainties and errors in the

calculations of radiative cooling) may lead to changes in the temperature structure in the

outer, tenuous regions of the photosphere where the heat capacity per volume is low.
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Finally, it should be noted that an elaborate model of the atmosphere of Betelgeuse also

has to accommodate an inhomogeneous chromosphere with hot and cool components (Tsuji

2000b; Harper et al. 2001). We do not attempt to achieve this level of sophistication in this

paper.

Notwithstanding all these complications, we have based our nominal stellar parameters

for modeling spectra of Betelgeuse on those of Tsuji (2000b), namely Teff = 3600 K, log g =

0.0, solar metallicity, and M = 15 M⊙ (implying R = 646 R⊙). The temperature uncertainty

from different investigations in the literature, with a span from 3140 to 3600 K or more

should, however, always be borne in mind. Following Tsuji (2000b) the microturbulence is

set to ξmicro = 4 kms−1. The metallicity is assumed to be approximately solar (Lambert et al.

1984; Carr et al. 2000; Lobel & Dupree 2000), except for the C, N, and O abundances. We

choose these abundances as determined by Lambert et al. (1984), who based their analysis on

molecular lines, an analysis which therefore is sensitive to the assumed effective temperature.

The C abundance does not change by large amounts with effective temperature, but the

derived abundances of oxygen and nitrogen do (see Figure 6 in Lambert et al. 1984). These

authors determined the C abundance primarily from vibration-rotation lines of CO. These

are almost independent of the oxygen abundance since all C is bound into CO throughout

most of the atmosphere. Thus, together with the C abundance from the CO lines, the OH

lines can provide an estimate of the O abundance. Conversely, the strengths of the vibration-

rotation lines of OH are sensitive to the O abundance but also to the C abundance, or more

correctly, to the (O-C) abundance. It should, however, be noted that saturated lines are not

as sensitive to the abundance as are weak lines. For our nominal temperature of Teff = 3600 K

the values are AC = 8.291, AN = 8.37, and AO = 8.52. With these CNO abundances the (O-

C) abundance is 1.6×10−4, which is close to the solar value of (O-C)⊙ = 2.0×10−4. Lambert

et al. (1984) used a nominal effective temperature of Teff = 3800 K for which the derived

abundances are AC = 8.4, AN = 8.6, and AO = 8.8 and therefore the (O-C) abundance is

3.8 × 10−4, which is more than double (0.4 dex) the value derived for 3600 K.

Using the model photosphere, we calculate synthetic spectra by solving the radiative

transfer in a spherical geometry. We calculate the radiative transfer for points in the spec-

trum separated by ∆ν̃ ∼ 1 km s−1 (corresponding to a resolution of ν̃/∆ν̃ ∼ 300 000) even

though the final resolution is lower. Calculations in spherical symmetry will generally tend

to decrease the strengths of strong lines in the mid- and far-infrared. In extreme cases even

emission may appear. The reason for this is that an extended photosphere will occupy a

larger solid angle at line wavelengths where the total opacity is large. This will result in a

1The abundance by number NC is given through the following definition: AC ≡ log NC − log NH + 12
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larger flux at line centers and therefore weaker lines than those resulting from calculations

in plane-parallel geometry. However, the extension of our Betelgeuse models is small, but

will nevertheless affect the line depths of the water vapor and OH lines which are studied

here.

To match the observed line widths, we introduce the customary artifice of a macrotur-

bulent broadening, with which we convolve our synthetic spectra. This extra broadening also

includes the instrumental profile and stellar rotation and does not change the strengths of the

lines. We find that we need a macroturbulence of vmacro = 12 kms−1 (FWHM). We assume

the turbulent velocities follow an isotropic Gaussian distribution (∝ exp−(v2/(2σ2)), which

has a statistical standard deviation of σ = FWHM/(2
√

2 ln 2) = FWHM/2.355 ≈ 5 km s−1.

Put another way the Gaussian convolution profile (∝ exp−(v/vD)2) has a Doppler velocity

(or most probable velocity, see Gray (1992)) of vD = FWHM/(2
√

ln 2) = FWHM/1.665 ≈
7 km s−1. The latter value can, after correcting for the instrumental profile and stellar rota-

tion, be compared to the Gaussian dispersion found by Gray (2000), namely 11 km s−1.

In order to fit the modeled lines to the observed ones, a macroturbulent broadening

of approximately 12 km s−1 (FWHM) is required. This is significantly smaller than what is

needed from fitting optical and near-infrared lines (Gray 2000; Lobel & Dupree 2000), but

the same as used by Jennings et al. (1986) and Jennings & Sada (1998) for their mid-infrared

lines. This difference might be expected since the mid-infrared lines are formed further out

in the photosphere due to the increase of opacity, and one might expect that the type of

granulation and mass-eruption motions would be smaller further out in the photosphere (D.

Gray, 2005, private communications).

In the discussion in Section 6 we will also include model MOLspheres in addition to our

‘naked’ stellar photospheres. The isothermal, spherical MOLspheres are characterized by an

inner and an outer radius, a temperature, and a column density of water vapor. In common

with published MOLsphere models, the source function of the MOLsphere is assumed to be

constant and in LTE, i.e., given the Planck function for a specified temperature, and the

water-vapor density within the sphere is constant.

In our model the microturbulent velocity in the MOLsphere is specified, and the syn-

thetic spectra calculated on the basis of our model photospheres are used as an inner bound-

ary condition. The impact parameters of the rays are linearly distributed on the disk and

between the stellar radius and outer radius of the water shell. The intensities thus calculated

are later integrated over the stellar disk and the rest of the sphere, resulting in a flux spec-

trum of the MOLsphere with our model photosphere as the underlying illumination source.

The MOLsphere contains only water vapor and we use the line list of Partridge & Schwenke

(1997).
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4. THE OBSERVED SPECTRA

Several rotational lines have been identified, and are marked in the Figures, from the

ground and second vibrational states of the hydroxyl radical (OH) and pure rotational-

transitions of water vapor in the ground and first excited vibrational states. In our synthetic

spectra we also see weak SiO and a few weak metal lines, but these are too weak to be

identified in the observed spectra.

Overlaid on the observed spectra in Figures 1 - 3 are calculated model spectra based on

a classical one-dimensional model atmosphere with an effective temperature of Teff = 3600

K. The line list used includes the metals and molecules that are relevant in this wavelength

region. The water-vapor lines cause some problems, however. The NASA-Ames’ water

line list (Partridge & Schwenke 1997) has a large number of lines and provides a complete

water-vapor spectrum. The wavelengths of the list are, however, not accurate enough for

high-resolution spectroscopy in the mid-infrared as is discussed in Ryde et al. (2002). The

uncertainty of the list is approximately 0.05 cm−1 or 20 km s−1. Therefore, following the

procedure outlined in Ryde et al. (2002), only a subset of water-vapor lines in the wavelength

region is included in the model spectra overlaid on the observations. The water-vapor lines

included are those with accurately measured laboratory wavelengths. Each OH and H2O

line included in the calculation is shown by a vertical line, independent of their strengths.

The moderate mass loss of α Ori of approximately 4 × 10−6 M⊙ yr−1 (Glassgold &

Huggins 1986) leads to an infrared excess, i.e. re-emitted thermal dust radiation. We have

estimated the contribution to the total recorded flux originating from this dust as follows.

We estimate that our data have an effective spatial resolution (a combination of seeing,

diffraction, and guiding) of slightly less than 2′′, which should be compared to our slit size

of 2′′.5 × 1′′.5. The specific intensity distribution at 11 µm was computed using the dust

component model described in Harper et al. (2001), which was based on fits to infrared

interferometry data from Bester et al. (1996) and Sudol et al. (1999). The specific intensity

was convolved with the effective seeing, and the resulting flux falling in the small TEXES

slit calculated.

Following Ohnaka (2004b), our synthetic spectra are diluted by this extra, optically-thin

dust emission as follows:

F diluted
λ = (1 − fdust) × Fλ + fdust, (1)

where F diluted
λ is the normalized modeled flux including the dust emission and Fλ is the

normalized synthetic spectrum. The attenuation of the photospheric light through the dust

is included in our definition of fdust.
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We note, however, that assuming spatial resolutions of FWHM =1.′′5, 1.′′75, and 2.′′0

for 11 − 12 µm, we find that the dust dilution factor does not change by more than a few

percent. We arrive at a dust emission contribution to the total observed flux of

f thin
dust = (Fstar+dust − Fstar)/(Fstar+dust) = 25% (2)

for an optically-thin (τ ≪ 1), circumstellar dust envelope. The dust is indeed found to be

nearly optically thin in the mid-infrared, but there is, nevertheless, a small optical-depth

effect on the contribution of the dust radiation. Skinner & Whitmore (1987) found a dust-

shell optical depth at 9.7 µm of τ = 0.06. With the dust opacity used in our spectral

modeling, we find that this value scales to τ(12 µm) = 0.04. Therefore, the estimated

attenuation is 1− exp(−0.04) = 0.04, a value we adopt. Thus, if we take this attenuation of

the photospheric light into account, we arrive at a fdust = 28 ± 5%. We note that Schuller

et al. (2004) found a smaller optical depth τ11µm = 0.007. For their instrumental set-ups,

Jennings & Sada (1998) used an estimated dust emission contribution of fdust ∼ 35% at

12 µm and Ohnaka (2004b) used a value of fdust = 44%.

Under the observed Betelgeuse spectrum in Figures 1 - 3 the sunspot spectra of this

region are shown (Wallace et al. 1994). With less macroturbulent broadening, these spectra

clearly show where water vapor and OH lines lie. Wallace et al. (1995) reported on the

identification of numerous, resolved water-vapor lines in a sunspot spectrum of the N-band

(760 − 1233 cm−1). Polyansky et al. (1997b) were later able to assign quantum numbers

to these lines, which is a very difficult task due to the great complexity of the water-vapor

spectrum. The sunspots can be as cool as 3000 K (Bernath 2002) and Wallace et al. derived

an effective temperature of the observed sunspot of approximately 3300 K, which corresponds

to a spectral class of early M (see for example Cox 2000). The figures also show a pure water-

vapor spectrum, based on the complete NASA-Ames’ water line list (Partridge & Schwenke

1997) for the Betelgeuse model of Teff = 3600 K.

A number of additional water-vapor lines seen in the spectra of Betelgeuse and the

sunspot spectrum, but not calculated in the modeled spectra (which are overlaid on the

observed spectra), can clearly be identified. These water lines are marked above the ob-

served spectra with an asterisk, i.e. H2O
⋆, to indicate that they are not included in the

modeled spectrum shown over the observations. The wavelength shifts of these additional

lines compared to the corresponding ones in the Ames’ list give an indication of this list’s

accuracy.

The upper-most spectra are sky transmission spectra. They show where strong telluric

lines disturb the stellar spectra. These lines are divided out but some residuals still remain.

In some places, strong residuals are seen. In each figure four or five spectral orders are
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shown, with gaps in the spectral coverage due to incomplete spectral coverage with TEXES

beyond about 11 microns.

5. ANALYSIS

5.1. WATER-VAPOR LINES

In table 5.1 our water-vapor line list is presented. Line positions with laboratory mea-

surements from Polyansky et al. (1996, 1997a) are given with 8 digits (as is given in these

references). The assignments are also from Polyansky et al. (1996, 1997a). Following Ryde

et al. (2002), other lines and blends of water-vapor lines not accounted for in the laboratory

measurements, are included from the Partridge & Schwenke (1997) line list. These lines,

given with only 6 digits, are included in our list with the (uncertain) wavelength shifts found

in the Partridge & Schwenke (1997) list. The gf -values, the excitation potentials of the lower

levels of the transitions, and the partition function are taken from Partridge & Schwenke

(1997).

In the table the measured equivalent widths and FWHM are also presented. Note,

however, that many of the lines are blended. Only five ‘truly single’ lines are identified. The

observed equivalent widths of the four spectral features we have in common with Jennings

& Sada (1998) all agree within 5 − 45%. Furthermore, we note that when modeling our

lines, we find that only the weak ones will have a FWHM given directly from a convolution

of the thermal broadening, microturbulence, macroturbulence, and the instrumental profile,

such as expected from lines in the weak-line approximation, where the line optical depth is

much smaller than the continuum optical depth, τl ≪ τc (cf. for example Gray 1992). In

our spectral synthesis, we have used a Gaussian microturbulent velocity of ξmicro = 4 kms−1

(i.e., a Gaussian profile with a FWHM of 6.7 km s−1) which is constant throughout the

atmosphere. Furthermore, in the line-forming regions the temperatures are 2000-3000 K

which give thermal broadenings of vDoppler = (2kT/mwater)
1/2 = 1.4− 1.7 km s−1. This leads

to a total Gaussian velocity of 4.3 km s−1 or 7.1 km s−1 (FWHM). With a macroturbulence

of 12 km s−1 (FWHM) and a resolution of R = 70, 000 we arrive at a width of 14.5 km s−1

as a modeled FWHM.

It is clear from Figures 1 - 3 that our nominal model atmosphere of Betelgeuse does

not represent a good fit to the modeled water-vapor lines. Given the concerns presented in

Sect. 3 of the adequacy of classical models, it is of interest to investigate the effect of the

temperature structure on the 12 µm spectrum.

In Figures 4 - 6 the high-resolution spectra of Betelgeuse are shown again, but now
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with a model comparison using a synthetic spectrum based on a model atmosphere which is

350 K cooler, namely Tmod = 3250 K. This temperature is actually close to the temperature

derived by Bester et al. (1996) based on their size measurements at 11 µm and matching the

total luminosity. The C, N, and O abundances have to be scaled to this new temperature,

assuming that the IR lines used to determine these abundances also are formed in the cooler

environment, which might be questionable. We have scaled the derived abundances from

Lambert et al. (1984) with -0.2, -0.3, and -0.4 dex for the C, N, and O abundances for the

new temperature. This scaling was guided by the discussion in Lambert et al. (1984) and

especially their Figure 6. Thus, the new C, N, and O abundances are AC = 8.08, AN = 8.05,

and AO = 8.15. These abundances are highly uncertain, due to an uncertain extrapolation,

and this fact should be borne in mind.

The synthetic spectra based on the cooler model show a much better fit to the observed

water-vapor lines. In Figures 4 - 6 the pure water-vapor spectrum based on the NASA-

Ames water-vapor line list is also shown for a model photosphere of 3250 K. Recall that

this list includes all important water-vapor lines but does not provide sufficiently accurate

wavelengths. However, the overall appearance of the water spectrum showing the influence

of weak water lines and the amount of continuum found is clearly demonstrated, and it is

still in fairly good agreement with the overall appearance of the observed spectra.
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Table 1: Observational data and the line list of the water-vapor lines.

ν̃lab E′′

exc log gf J ′K ′

a
K ′

c
J ′′K ′′

a
K ′′

c
v1v2v3 Equivalent FWHM

width

[cm−1] [eV] [10−3 cm−1] [km s−1]

811.553b 0.992 -1.226 22 15 7 21 14 8

811.55952b 0.992 -1.703 22 15 7 21 14 8 (000) 5.5a 17a

811.93309 1.166 -1.229 21 15 6 20 14 7 (010)

811.936 0.983 -1.785

811.948 1.166 -1.702

811.950 2.180 -0.967

811.951 1.964 -1.801

811.96458 0.983 -1.308 23 13 10 22 12 11 (000) 10.0a 26a

811.97965 1.166 -1.702 21 15 7 20 14 6 (010)

811.982 2.180 -0.967

811.984 1.964 -1.801

815.294 1.989 -1.557

815.30059 0.498 -2.51 18 7 12 17 4 13 (000) 5.7a 18a

815.897b 1.396 -1.00 21 21 0 20 20 1 (010)

815.900b 1.396 -1.48 21 21 0 20 20 1 (010) 1.1a 12a

815.903 3.237 -0.744

816.157 1.467 -1.109

816.151 1.467 -1.586

816.15525 1.150 -1.301 22 13 10 21 12 9 (010) 3.5a 18a

816.179 2.721 -1.241

816.179 2.721 -0.764

816.18551 1.150 -1.778 22 13 9 21 12 10 (010)

816.45026 0.398 -3.21 17 5 13 16 2 14 (000) 2.3 13

816.68703 1.014 -1.35 24 12 13 23 11 12 (000) 4.9 18

817.138 1.206 -1.66

817.15695 1.206 -1.18 21 16 5 20 15 6 (010) 2.8a 15a

817.20881 1.014 -1.83 24 12 12 23 11 13 (000) 1.2 13

817.209 1.460 -1.55

818.4238c 1.029 -1.66 22 16 6 21 15 7 (000)

818.4247c 1.029 -1.19 22 16 7 21 15 6 (000) 5.7d 16d

819.93233 1.050 -1.42 25 11 14 24 10 15 (000) 3.9a 18a

819.937 1.918 -1.455

820.19016 1.360 -1.039 21 20 1 20 19 2 (010) 2.3 14

aThis value is the total equivalent width for all lines included in the spectral feature identified as arising from

water vapor.
bUncertain assignment of the quantum numbers for the states of the transition.
cAssignments from Tsuji (2000).
dThis value is uncertain since the line lies on an order edge.
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5.2. OH LINES

The OH lines come in quartets of intrinsically equal strengths. In figures 1 and 4 two

OH(v = 2 − 2) lines of a quartet are shown. In figures 2 and 5 the four modeled lines in

an OH(v = 0 − 0)-quartet are visible. Only three of the OH(v = 0 − 0) lines are, however,

observed, with the one at 814.7 cm−1 appearing weaker as a result of the uncertain continuum

fitting. This provides an estimate of these uncertainties.

In Table 2 the molecular data, measured and predicted equivalent widths and FWHM

are summarized. Laboratory line positions are accurate to about 0.0004 cm−1 or 0.15 km s−1

(Goldman et al. 1998). We use line data from the Goldman et al. (1998) line list and the

assignments in the Table are from the mid-infrared Atlas of the sunspot spectrum (Wallace

et al. 1994). The predicted equivalent widths are calculated for our nominal model with

an effective temperature of 3600 K. The equivalent widths are measured, including the dust

contribution of 28%. Our predicted equivalent widths of the OH(v = 0 − 0) lines are

within 5% of those calculated by Tsuji (2000b) (corrected for different amounts of dust

contributions), who used slightly different CNO abundances and slightly larger oscillator

strengths of the OH lines. These predicted widths are also in agreement with the predictions

for these lines made by Jennings et al. (1986).

We note that all three detected OH(v = 0 − 0) lines are, due to the intrinsically broad

spectral lines in Betelgeuse, blended with water-vapor lines to different degrees, which means

that the measurements of their widths and equivalent widths are subject to uncertainties.

The continuum level of the R1e24.5 line is not well defined, adding to the uncertainty of this

line. When determining the equivalent widths and FWHMs, we have tried to disentangle

the blends affecting the R2e23.5 and R1f24.5 lines by fitting two line profiles for the features,

thereby trying to avoid effects of obvious blends in the measurement of the equivalent widths.

It is interesting to note that the observed FWHMs of the OH(v = 0 − 0) lines are

generally larger than those of the water lines and the OH(v = 2 − 2) lines, the latter being

closer in value to the water-vapor lines. This is true also for the modeled lines and is a result

of the saturation of the OH(v = 0 − 0) lines (see also Jennings et al. 1986). Since they are

saturated, they will also be sensitive to the microturbulence assumed. Indeed, we find that

the OH lines are quite sensitive to the microturbulence used in the calculation of the synthetic

spectra. The water lines are not as sensitive. When calculating the synthetic spectra with

ξmicro = 3, 4 (nominal), and 5 km s−1, we find that decreasing the microturbulence by 2 km s−1

(from ξmicro = 5 kms−1 to 3 km s−1) decreases the equivalent widths of the water lines by

28% and the OH(v = 0 − 0) lines by 45%. The larger saturation of the OH lines increases

this extra uncertainty of the microturbulence in the modeling of the lines.
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We find that the strengths of the modeled OH(v = 0 − 0) lines agree roughly with

the observed strengths, within the estimated uncertainties, although the observed strengths

are larger and the uncertainties in the equivalent-width measurements tend to give too small

values. The rotational lines from the second vibrational excited state, OH(v = 2−2), appear

slightly too strong in the model. The fits of the OH lines are, however, in general much better

than those of the water-vapor lines. Synthetic spectra based on the model photosphere of a

350 K cooler effective temperature show a better fit to the OH lines in general, see Figures

4-6.

We note that the strengths of the observed OH lines are a factor of two to three stronger

than those presented in Jennings & Sada (1998) and Jennings et al. (1986); the former

find observed equivalent widths of WR2e23.5 = 3.4 ± 1.5 × 10−3 cm−1 and WR1f 24.5 = 3.4 ±
1.0 × 10−3 cm−1. This is in marked contrast to the relatively good agreement with the

measured equivalent widths of the water-vapor lines in Sect. 5.1. The Jennings & Sada

(1998) equivalent widths indicate that the OH lines are approximately half as strong as the

water-vapor lines at 811.6 and 811.9, and 815.3 cm−1, and equally as strong as the water-

vapor line at 818.4 cm−1, which is clearly not the case in our recorded data. We do not know

the reason for this discrepancy, but the higher-resolution of our data makes it much easier to

measure equivalent widths and to disentangle blends. Also, as noted earlier, the continuum-

fitting in the infrared is not a simple task in general and large uncertainties (individual in

size for every line) may affect the lines.

Through their formation and dissociation in molecular equilibrium, the abundances of

photospheric water vapor and OH depend on the abundance of oxygen and on the temper-

ature. In our 3600 K model, the abundance of OH is 100 times larger than that of H2O

for the outer part of the photosphere (log τRoss < −1.5) and with a rapidly increasing ratio

OH/H2O further in. At the depths where the continuum is formed the ratio is approximately

103. In our 350 K cooler model (which has a lower oxygen abundance) the abundances of

OH and H2O increase, but the water abundance increases by a factor of five more. From the

continuum forming regions and outwards for this model, the four most abundant molecules

are, in decreasing order, H2, CO, OH and H2O. To conclude, the water lines are much more

sensitive to the temperature than the OH lines, as can be seen in Figures 1-6 where the two

models shown differ by only 350 K. The water-vapor lines are fitted much better after we

lowered the effective temperature by 350 K from our initial value of 3600 K (and adjusting

the C, N, and O abundances accordingly).
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Table 2: Observational data of pure rotational, OH lines.

ν̃lab E ′′

exc log gf v′ − v′′ Lower level Obs. Equivalent Pred. Equ. FWHMa

Widtha Width

[cm−1] [eV] [10−3 cm−1] [10−3 cm−1] [km s−1]

809.8358 2.351 -1.54 2-2 R2e26.5 3: 5.4b 15:

810.2738 2.349 -1.52 2-2 R1f27.5 2: 5.3b 14:

814.7280 1.297 -1.57 0-0 R1e24.5 7.4: 9.0b 23:

815.4032 1.302 -1.58 0-0 R2e23.5 10.4 8.9b 25

815.9535 1.300 -1.57 0-0 R1f24.5 12.9: 9.1b 29:

aA colon (:) marks measured values with large uncertainties.
bThis equivalent width is the measured value for our 3600 K model, including an extra dust emission of 28%.
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6. DISCUSSION

We have presented clear water-vapor signatures in the M1-2 Ia-Iab supergiant star α

Orionis. At one time, water vapor was not expected in the photospheres of giant stars

hotter than late M-type stars (see, for example, the discussion in Tsuji 2001b). However,

based on ISO data, Tsuji (2001b) presented evidence of water-vapor signatures in Aldebaran

(α Tau; K5III) with an effective temperature of approximately 3900 K, and other cooler

giants. These features were explained by introducing a MOLsphere. Furthermore, using

high-resolution, mid-infrared spectra showing unexpectedly strong water-vapor lines, Ryde

et al. (2002) presented evidence and argued for the presence of photospheric water vapor in a

star as early as Arcturus (α Boötis; K2IIIp) with an effective temperature of approximately

4300 K. For Arcturus, there is no evidence of a MOLsphere (Tsuji 2003). Instead, Ryde

et al. (2002) argued that the physical structure of the outer photosphere may be too crudely

described: A scenario in which the outer photospheric temperature structure is not set

purely by radiative-equilibrium or in which non-LTE effects are important, may be able to

reproduce stronger water-vapor lines and to get the relative strengths between near- and

mid-infrared OH lines and mid-infrared H2O lines correct. Thus, it was possible to construct

a semi-empirical, non-flux-conservative model photosphere that fitted the OH and H2O lines

in the infrared wavelength region simultaneously. The reason this was possible is the distinct

response of the water-vapor lines with respect to OH to the specific temperature structure of

the outer photosphere and the different height-of-formation of the lines in the photosphere.

Note, however, that the suggested model for Arcturus presented in Ryde et al. (2002) would

also produce strong TiO bands, which are not observed, if chemical equilibrium is assumed

(see the discussion in Ryde et al. 2003c).

Our new, mid-infrared spectra of α Ori clearly reveal water vapor and the hydroxyl

radical, OH. The spectra are of such quality that close-lying lines can be resolved, which is

significant in the analysis and is an improvement compared to spectra of this wavelength

region previously published. The line strengths and widths can discriminate between possible

models of the data.

We find that the strengths of the observed rotational lines of OH(v = 0− 0), presented

here, are in fair agreement with synthetic spectra calculated on the basis of a standard, one-

dimensional, homogeneous, and hydrostatic model photosphere of an effective temperature

of 3600 K, an effective temperature often assumed for Betelgeuse. However, we also show

that the synthetic spectra fail to reproduce the observed rotational water-vapor lines, in

qualitative agreement with earlier studies: the observed rotational lines of water vapor are

too strong (see Figures 1-3).

The interpretation of these lines is not simple. Our high-resolution spectra do, however,
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give us some indications. The line widths are similar to photospheric lines, which can be

seen from Table 5.1, and later on from Figures 4-6. The photospheric velocity fields are quite

large, much larger than observed in the inner S1 CO absorption shell, FWHM≃ 7 km s−1

(Bernat et al. 1979), but also smaller than those observed in optically-thin chromospheric

UV emission features, FWHM∼ 30km s−1 (Carpenter & Robinson 1997). This suggests that

the observed features are formed close to the star, perhaps in or near the photosphere, but

also we cannot rule out a close connection to the inhomogeneous chromosphere.

Another piece of information we can retrieve from our spectra is an upper limit of the

excitation temperature. This will be useful later. Assuming that the lines are not saturated

and are formed in an isothermal thin layer in rotational equilibrium close to the star, in

parallel with the interpretation of the 12 µm lines by Jennings & Sada (1998), the ratio of

equivalent widths (W) of two lines (represented by the subscripts 1 and 2) is given by

W1

W2
=

gf1

gf2
e−(χ1−χ2)/kT , (3)

where χ is the excitation energy of the lower state of a transition and T the temperature of

the layer. Thus, from the lines we have detected we can calculate a mean temperature of such

a layer, that is required from the observed lines strengths. If the stronger lines are saturated

this will be an upper limit of the temperature. We find a temperature of T = 2600 ± 2002

K. This is in agreement with the upper limit of the temperature of the assumed water-vapor

layer, found by Jennings & Sada (1998), namely T < 2800 K. The temperature structure

of our model photosphere of Teff = 3600 K reaches down to 2600 K first at log τRoss ∼ −3.6

which is far out. The column density of water vapor through this model is also quite low:

5× 1017 cm−2. This value should be compared with the estimate by Jennings & Sada (1998)

of (3 ± 2) × 1018 cm−2. This explains the very weak water-vapor features in the synthetic

spectrum based on our model photosphere of 3600 K. As will be discussed later, we find

Ncol = 5 × 1018 cm−2 for our model with 3250 K.

Thus, a synthetic spectrum based on a pure classical photosphere does not fit the ob-

served spectra. What modifications could we make to fit the lines? Here, we will start by

discussing a few atmospheric models of Betelgeuse which have recently been published.

2standard deviation of the mean
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6.1. Can a MOLsphere explain our spectra?

Molecular shells around giant and supergiant stars seem to be the emerging paradigm,

that has been put forward in order to understand, first, the water-vapor signatures in the

near-infrared that cannot be explained by a classical model photosphere and, second, the

inconsistent interpretations of interferometric data. The question is whether such a layer

could explain our new data of the mid-infrared spectra of Betelgeuse.

In a homogeneous MOLsphere scenario (i.e., a layer surrounding the star with a constant

density and temperature) the intensity will be given, in LTE, by Iν ≈ Bν(TL) in an optically

thick line and in the optically-thin case by

Iν ≈ Iν(0) + [Bν(TL) − Iν(0)] τ layer
ν , (4)

where Iν(0) is the specific intensity from the photosphere, Bν(TL) the Planck function of the

MOLsphere layer at temperature TL, and τ layer
ν is the optical depth through a line-of-sight

of the layer. Integrating over the disk of the star and the MOLsphere will give the flux.

Thus, the appearance of a line, whether it is in absorption or in emission, will depend on

the optical depth in the line (which depends on the temperature and the column density of

the layer) and on the extension and temperature of the layer (through the Planck function).

The larger the layer, the more the emission, and the temperature will also determine the

relative strengths of the lines.

In the following models we have assumed a photospheric macroturbulent velocity of

vmacro = 12 kms−1 (FWHM) as derived from observed spectra, and a similar macroturbu-

lent velocity for the MOLsphere. The assumption of the macroturbulent velocity in the

MOLsphere is based only on the need to fit the line widths of the synthetic spectra to the

observed line widths. Physically, it may be more difficult to justify. The total thermal and

non-thermal broadening in the MOLsphere is assumed to be vmicro = 3 kms−1 (FWHM).

Tsuji (2000b) interprets absorption features in the near-infrared as non-photospheric

water vapor. The MOLsphere needed to model these data has a column density of water

vapor of Ncol = 1020 cm−2 and a temperature of T = 1500±500 K. The size of the MOLsphere

is not constrained. Due to the large column density of water-vapor and the low temperature

needed to fit the near-infrared bands of water vapor, deep absorption lines are supposed to

be formed but weakened by emission from an extended MOLsphere (Tsuji 2000b). We have

modeled such a MOLsphere with our photospheric model as the underlying light source. In

Figure 7 we plot such a MOLsphere with two different extensions, namely a layer extending

from the surface of the star to a radius of 1.45 and one extending to 1.6 stellar radii. The more

extended the model, the more emission will ‘fill in’ the absorption lines. The model extending

out to 1.45 R⋆ overestimates the strong lines, but fits a few weak ones. As we extend the
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MOLsphere out to 1.6 stellar radii, the two strongest water-vapor lines are well matched.

However, a majority of the lines are in emission, which is not seen in the observed spectra.

The relative strengths of the water lines are not reproduced. The line at approximately 810.8

cm−1 is best fitted by the model extending out to 1.45 R⋆, but we also note that a few lines,

which are not seen in the observed spectra, appear in the synthetic spectra based on the

extension out to 1.45 R⋆. These are, for example, lines lying at 810.2, 811.2, 814.55, and

819.45 cm−1. This indicates that the temperature of the MOLsphere is not correct. The

extension of the sphere can be tuned to fit a few lines but not others. Thus, this MOLsphere

model, with T = 1500 K, does not fit our spectra well.

A similar but warmer MOLsphere was modeled by Ohnaka (2004b). This water-vapor

layer surrounding Betelgeuse was invoked in order to explain partly mid-infrared, high-

resolution spectra and partly the increasing diameter of Betelgeuse found by interferometric

measurements, from the K band to the 11 µm region. It was argued that the larger angular

size in the mid-infrared originated from a MOLsphere containing water vapor. The layer

suggested by Ohnaka (2004b), with water lines of optical thickness ranging from τ = 0.1

to 10, also contributes both absorption and emission, due to its geometrical extension. As

was shown by Ohnaka (2004b), his layer will not show strong water-vapor absorption in the

mid-infrared region, contrary to what we observe. The column density of this realization of

a MOLsphere surrounding Betelgeuse is Ncol = 2 × 1020 cm−2 and the best fit to the data

requires a temperature of T = 2050 K (Ohnaka 2004b). It extends from the star out to a

radius of 1.45 stellar radii. In figure 8 the MOLsphere spectrum is shown together with a part

of our observations. The synthetic spectrum shows a large overall emission compared to the

photospheric continuum level. The synthetic spectrum consists mostly of a large number of

emission lines that blend into each other. Therefore, setting the normalization level, for the

comparison with the normalized observed spectrum, is difficult. We have chosen to show the

spectrum as calculated, normalized to the photospheric continuum. Clearly the spectrum

does not fit our high-resolution spectra, even if we allow for a different normalization. Thus,

based on our new data we can directly rule out such a warm MOLsphere with a large

column density surrounding Betelgeuse. We note here that in order to explain their multi-

wavelength, interferometric observations of α Ori, Perrin et al. (2004a) use an optically thick

(τ11.15µm = 2.3 ± 0.2) molecular layer with a temperature of approximately 2050 K at 0.3 R⋆

above the photosphere, similar to the one argued for by Ohnaka (2004b). We can, however,

rule out such a scenario based on our high-resolution spectra.

Recently, Verhoelst et al. (accepted by A&A) modeled the extended atmospheric envi-

ronment of Betelgeuse in detail. To model both the near-infrared ISO spectrum (2.4−45 µm)

and infrared interferometric information, they suggest the existence of an optically-thin layer

of water vapor situated in a shell surrounding the star from approximately 1.3 to 1.45 stellar
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radii with a column density of Ncol = 2× 1019 cm−2 and a temperature of 1750 K. This layer

can explain the overall appearance of the medium-resolution (R ∼ 1500) ISO spectrum.

Furthermore, they suggest that the size increase from the K band to the mid-infrared can be

explained by opacity from dust grains of alumina (Al2O3) instead of the water-vapor layer

suggested by Ohnaka (2004b). Verhoelst et al. show that the column densities suggested by

Ohnaka (2004b) are too large to be compatible with the near-infrared data. In Figure 9 we

show the synthetic spectrum of the realization of the MOLsphere presented in Verhoelst et

al. Due to the extension of the MOLsphere and its temperature, the spectrum will, however,

be dominated by emission lines. Therefore, not even this MOLsphere realization fits our new

data.

Jennings & Sada (1998) modeled their low-resolution, 12 µm spectra with a plane-

parallel, isothermal layer close to the location of the onset of the chromospheric temperature

rise with Ncol = 3 × 1018 cm−2 and a temperature of TL < 2800 K. We have, therefore,

simulated this scenario with a very thin MOLsphere on top of the photosphere. We have

assumed the MOLsphere to extend from the stellar surface out to 1.01 stellar radii. We find

the best fit for a temperature 100 K warmer than the upper limit found by Jennings & Sada

(1998), see Figure 10. We see that the strongest water lines are fitted well, but we also see

that there might be several water-vapor lines which are modeled too strong. We will discuss

this model further in the next section.

As a summary, the realizations of a MOLsphere which have been presented in the litera-

ture in order to explain signatures that can not be explained by classical model photospheres

do not fit our high-resolution, mid-infrared spectra. Further investigations of the 12 µm lines

formed in a MOLsphere with an underlying photosphere would be interesting.

6.2. Can a cooler photosphere explain our spectra?

Another way of looking at the water layer that Jennings & Sada (1998) introduce in

order to explain their spectra, is that it represents a cooler outer photospheric structure where

water is formed. Thus, also inspired by the explanation of the unexpected water-vapor lines

in the 12 µm spectrum of Arcturus and the fact that the line widths and radial velocities of

the water-vapor lines in α Ori match that of the photosphere (similar to the case of Arcturus),

we have investigated whether a cooling of the temperature structure in the outer photosphere

could even fit the observed 12 µm lines. The water-vapor features, which are formed relatively

far out in the photosphere, are very sensitive to the temperature where they are formed, much

more so than the OH lines. Given the complicating factors of the Betelgeuse photosphere

compared to a one-dimensional, hydrostatic model photosphere, accounted for in Section 3,
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it might not be surprising that a classical model fails to reproduce spectra at all wavelengths.

Indeed, because OH and H2O lines respond differently to temperature variations, a synthetic

spectrum calculated from a photosphere of 3250 K (i.e. 350 K cooler), resembles the observed

spectrum much better (see Figures 4-6). The fit of the water lines from the ground and first

excited vibrational states is much better. The model also predicts the OH lines better,

especially OH(v = 2 − 2). Note that this model is only used to simulate cool photospheric

surface regions (e.g. inhomogeneities) or a cooler outer photospheric structure at the line-

forming regions of the observed lines.

It is interesting to note that the column density of water all the way through our cooler

model photosphere is 5 × 1018 cm−2 which is close to what Jennings & Sada (1998) found,

namely (3 ± 2) × 1018 cm−2. Also, our excitation temperature, which we estimated from

Equation 3, of 2600 ± 200 K is close to the temperature estimated by Jennings & Sada

(1998). This temperature is also reached deeper in our cooler model, at log τRoss ∼ −2.2.

These facts explain the good fit to our spectra.

Thus, it seems that our cool model, which can be seen as representing a colder temper-

ature structure in the line-forming regions, can explain the line widths (of the same order

as the photospheric macroturbulence), relative line strengths, and column density required.

Our spectra are fitted well by our new model.

The effective temperature of our model photosphere that we need in order to model the

spectra is too low to be compatible with other spectroscopically (optically and near-infrared)

determined effective temperatures of Betelgeuse. The optical and near-infrared spectrum of

Betelgeuse can not be modeled by a model photosphere of such a cold temperature, see for

example Verhoelst et al. (A&A in press). However, it is not unexpected that the outer

photospheric structure could be colder, affecting only the mid-infrared region, in analogy

with the case of Arcturus (Ryde et al. 2002), or because the photosphere of Betelgeuse is

inhomogeneous. Cool areas may dominate the spectral features in the mid-infrared with the

hot areas, in principle, only contributing extra continuous flux, depending on the tempera-

tures and filling factors involved. Measurements in the optical wavelength region are more

biased towards hot spots or hotter areas, while cold areas do not contribute much flux. For

example, a 3100K model has only 25% lower flux in the mid-infrared, whereas in the optical

the flux drops by a factor of 30 as compared with a 3600K model. Our exercise shows, that

for the line-forming regions, a 3250 K model photosphere could be a better representation of

that part of the photosphere. The effect of this cooler outer structure on the near-infrared

spectrum will have to be investigated. The site of formation of the absorption lines at 12 µm

could be a combination of both the photosphere and a MOLsphere.

Thus, it would be worthwhile to analyse the influence of the physical structure of the
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outer photosphere on the spectra, for example, by relaxing the assumption of LTE in the

calculation of the photospheric structure (see, for example, the case of Arcturus in Short

& Hauschildt 2003). Furthermore, it would be worth investigating the effects on the lines

introduced by photospheric inhomogeneities. The observed water-vapor lines may also put

constraints on 3-dimensional modeling of supergiants. The challenge for any model including

a more realistic atmosphere including, a sophisticated photosphere and a MOLsphere, is

that it should not contradict any known, observed spectral features. We will investigate this

possibility in a forthcoming paper.

7. Conclusions

We have observed high-resolution, mid-infrared spectra of Betelguese which we have

demonstrated to be difficult to explain in existing atmospheric scenarios. For example, a

classical model photosphere is not able to explain our spectra, nor is published MOLsphere

models which explain other observational discrepancies. We are, however, able to fit our

observations with a synthetic spectrum based on a cooler (outer) photospheric temperature

structure, as compared with a temperature structure calculated from a classical photospheric

modelling.

Thus, the supposed non-classical and/or inhomogeneous outer structures of the pho-

tospheres may play a role and may have to be taken into account as a complement to the

emergent scenario of a MOLsphere, at least for supergiants. It is clear that, when discussing

the outer atmosphere, we require an understanding of the underlying photosphere in its

whole complexity, since it will be the underlying illumination of any circumstellar matter.

The classical modeling of the outer photosphere of Betelgeuse is most probably also uncer-

tain given the neglect of the mechanical energy and momentum deposition that leads to the

chromospheric emission and mass loss.

Further investigations have to be made to reconcile the different emerging pictures of

the puzzling atmosphere of Betelgeuse with the aim to be able to explain its entire spec-

trum in one united scenario. Clearly, it is essential that all aspects and complexities of the

photosphere must be investigated, including inhomogeneities, non-standard photospheric

structures, etc.

One of the characteristics of the putative MOLspheres is the presence of envelopes which

either have large density scale-heights, or discrete shells, overlying the photosphere, which

in turn has relatively small density scale-heights. Interferometry with the Atacama Large

Millimeter Array (ALMA) may be able to test for the presence of the large density scale-
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heights or narrow shells associated with these MOLspheres. Centimeter radio continuum

interferometry with the Vary Large Array has already been used to map the density scale-

heights in the inner wind and chromosphere (Harper et al. 2001), and at 7 mm (43 GHz)

the angular diameter of Betelgeuse is 90 mas (Lim et al. 1998). This is larger than the size

of the MOLspheres, however, and similar measurements with ALMA at higher frequencies,

i.e., 100-700 GHz, will resolve the angular diameter of the atmosphere and probe deeper in

towards the photosphere. Measurements of the angular diameter as a function of frequency

will provide a direct test of the density structure and of the existence of MOLspheres.
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Fig. 1.— High-resolution spectra of Betelgeuse in the 12 µm region, here 809.75 −
813.0 cm−1(dots), are shown. The observations are corrected for the star’s velocity at the

time of observation. The wavelengths are thus the laboratory wavelengths. Uppermost in

the Figure, the sky spectrum is shown. The almost vertical lines show the ranges of the

spectral orders. In this figure five orders are present. Overlaid on the observed Betelgeuse

spectrum is a spectrum calculated on the basis of a classical, one-dimensional model atmo-

sphere (Teff = 3600 K) with, most importantly, OH and water-vapor lines, but also weak

metal lines (full line). Only a subset of water-vapor lines in the wavelength region is in-

cluded. The water-vapor lines included are those with accurately measured wavelengths. A

few other water-vapor lines are marked with an asterisk. Shifted vertically downwards from

the observed Betelgeuse spectra is shown first the sunspot spectrum of this area. Next below

is shown a pure water-vapor spectrum, based on the NASA-Ames water-vapor line list for a

Betelgeuse model. Note that the NASA-Ames list includes a large number of lines but that

the wavelengths are not accurate enough for this resolution. Each OH and H2O line included

is indicated by a vertical line, independent of their strengths.
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Fig. 2.— For caption see Figure 1. The model spectrum shown is based on a model

photosphere of an effective temperature of Teff = 3600 K. Here the wavelength region

814.3 − 816.8 cm−1 is shown.
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Fig. 3.— For caption see Figure 1. The model spectrum shown is based on a model

photosphere of an effective temperature of Teff = 3600 K. Here the wavelength region

817.0 − 820.4 cm−1 is shown.
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Fig. 4.— These spectra show our α Ori observations in the same way as in Figure 1. However,

the model comparison is that based on a slightly cooler model photosphere (Tmod = 3250 K).
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Fig. 5.— For caption see Figure 4. The model spectrum shown is based on a model

photosphere of an effective temperature of Tmod = 3250 K. Here the wavelength region

814.3 − 816.8 cm−1 is shown.
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Fig. 6.— For caption see Figure 4. The model spectrum shown is based on a model

photosphere of an effective temperature of Tmod = 3250 K. Here the wavelength region

817.0 − 820.4 cm−1 is shown.
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Fig. 7.— Two normalized spectra of the 809.8− 813.0 cm−1 region calculated for two MOL-

sphere realizations are shown by the green and red lines. The MOLsphere is assumed to

contain only water vapor at a temperature of T = 1500 K and has a column density of water

vapor of Ncol = 1020 cm−2, as described in Tsuji (2000b). Absorption lines are formed but

weakened by emission from an extended MOLsphere. We have modeled the layer extending

from the surface of the star to a radius of 1.45 (red) and 1.6 stellar radii (green). The more

extended the model, the more emission will ‘fill in’ the absorption lines. The underlying

photospheric spectrum is shown by the full line normalized to one. Our observed TEXES

spectrum is shown by dots. For clarity we have shifted these normalized spectra up by 0.1.

To be able to make a comparison, we also show the sun-spot spectrum shifted down to 0.85

and the normalized water-vapor spectrum of our cooler model photosphere shifted down

to 0.7. These are the same spectra also shown in Figure 4. In all the synthesized spectra

the water-vapor line list by Partridge & Schwenke (1997) is used and the dust emission

contribution of 28% is taken into account. All relevant lines (such as OH) are included in

the underlying photospheric spectrum. It should be noted that the underlying photospheric

spectrum is not identical to the one shown in Figure 1, the reason being the different line

lists used. The water-vapor line list used here is more complete but its wavelengths are not

accurate enough for our high-resolution spectra. This explains that the lines do not match

the observed lines perfectly. The ordinate scale is the same as in Figures 1-6.
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Fig. 8.— The same figure as in Figure 7, except that the realization of the MOLsphere is

based on the one suggested by Ohnaka (2004b). The calculated MOLsphere spectrum with

our underlying photospheric spectrum based on a Betelgeuse model of 3600 K, is shown as

the upper-most spectrum. This spectrum is normalized to the photospheric spectrum, and is

therefore mostly in emission, due to the combination of its geometrical extension the column

density of Ncol = 2 × 1020 cm−2 and temperature of of T = 2050 K (Ohnaka 2004b). This

MOLsphere extends from the star out to a radius of 1.45 stellar radii. Also in this figure, we

show the sun-spot spectrum shifted down to 0.85 and the normalized water-vapor spectrum

of our cooler model photosphere shifted down to 0.7.
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Fig. 9.— In principle the same figure as in Figure 7, except that the realization of the

MOLsphere is that suggested by Verhoelst et al. (accepted by A&A). The wavelength region

is different compared to Figure 7. The emergent spectrum of the 817.0 − 820.4 cm−1 region

is displayed by the thick line, mostly showing emission lines. The optically-thin layer of

water vapor is situated in a shell surrounding the star from approximately 1.3 to 1.45 stellar

radii with a column density of Ncol = 2 × 1019 cm−2 and a temperature of 1750 K. The dots

shows our TEXES observations and the spectrum shifted down to 0.7 is a normalized, pure

water-vapor spectrum based on our cold Betelgeuse model of 3250 K and the line list by

Partridge & Schwenke (1997). The sun-spot spectrum shifted down to 0.85 is also shown.

The underlying photospheric spectrum is shown by the full line normalized to one.
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Fig. 10.— Similar figure as in Figures 7-9. This MOLsphere realization simulates the case

presented in Jennings & Sada (1998): Ncol = 3× 1018 cm−2 and a temperature of TL < 2800

K. The MOLsphere extends from the stellar surface out to 1.01 stellar radii. We find the

best fit for a temperature of 2900 K. The MOLsphere spectrum is shown by a thick full

line. The strong lines are modeled well but several other lines are modeled too strong.

The underlying photospheric spectrum is shown by the full line normalized to one. The

observations are shown by dots. The normalized spectrum shifted down to 0.7 is a pure

water-vapor spectrum based on our cold Betelgeuse model of 3250 K and the line list by

Partridge & Schwenke (1997). For comparison the sun spot spectrum is also shown.


