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Abstract. CO 4.6um vibration-rotational lines are detected in A first attempt to use the infrared line spectrum to map
fluorescent emission from the inner regions of the Betelgeusecumstellar shell in resonance scattering was made by Wi
(« Orionis) and R Leonis stellar winds. The spatially and spegier & Sahai sahai:85. They reported observations of the
trally resolved 1-0 R(1), R(2), and R(3) line profiles are founflindamental lines in the bright, dust-enshrouded star CW L
to be highly useful probes of circumstellar shells. The curreBy observing infrared vib-rot CO lines in combination with mil-
data sample only a few regions of the circumstellar shells lihetre CO lines, itis possible to compare infrared CO data fro
the program stars. However, now it should be possible to ahe inner wind regions with CO millimetre data originating i
tain envelope maps and absolute flux estimates, allowing néwe outer regions (cf. Ryde etal. 1999). This could give clues
independent estimates of mass loss rates. This will open up rtee/ temporal development of the CO envelope and allow co
possibilities in the study of the structure and dynamics of stellparison of the CO morphology at different distances from t
winds around red giants. The temperatufeadvay froma Ori  star. Wannier and Sahai observed the circumstellar shell thro
is found to be38*S K. For R Leo the temperaturé’ANorth is  an annulus and thus produced only spatially averaged infor
derived to be24 ™3 K and 4’ South351" K. tion. They found that the mass loss rate in the inner parts of t
circumstellar shell was less than that in the region observed
Key words: stars: AGB and post-AGB — stars: circumstellathe millimetre CO lines.
matter — stars: individuaky Ori — stars: individual: R Leo —  Since the Wannier and Sahai observations great advan
stars: late-type — infrared: stars have been made in infrared detectors. However, the applicat
of infrared arrays in high resolution spectroscopy is not simp
since at wavelengths longer than about/in6thermal radiation
from room temperature spectrographs dominates the stellar
nals. Application of these arrays to line-resolved spectrosco
Envelopes around late-type giants have been studied systeniatiblves building cryogenic spectrographs. A high resolutio
cally in various ways. These include molecular microwave lif@/AX ~ 10°) spectrograph of this type, which is much mor
observations, visual observations of atomic or molecular regensitive than previous infrared spectrometers, hasrecently b
onance lines along the line of sight to the stellar photosphe¢empleted at Kitt Peak National Observatory (Hinkle et a
and mapping the IR continuum emission due to dust. Among thg98). In thidetterwe present the first attempts to map the C
most powerful techniques for exploring these shells are imagfiells in IR of the bright M1-supergiantOri and the M8-giant
ing techniques. Spectral line imaging has been carried outRakeo. These stars have been selected due to their large circ
millimetre wavelengths. An equivalent approach in the visuatellar shells and large radial velocities, to provide the conditio
spectrum is to map atomic resonance scattering of photosphagcessary for the stellar CO-lines to be shifted out of the tellu
light in the shell. Bernat & Lambert bernat:75 carried out pignes. A geocentric radial velocity of at le2§-30kms! is
neering observations af Ori in the Ki resonance line. Sincerequired.
then, more than ten stellar envelopes have been explored in this
way by various groups (e.g Gustafsson et al. 1997).

1. Introduction

2. Observations and reductions

Send offprint requests 1dl. Ryde (nils.ryde@astro.uu.se) ) ) )
* Operated by the Association of Universities for Research in A§he observations were carried out on 1997, March 27 wi

tronomy, Inc. under cooperative agreement with the National Scieribe 2.1 meter telescope at Kitt Peak using Phoenix, a ¢
Foundation genic echelle spectrograph. Phoenix is a long-slit high sp
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Fig. 1. Above, the spectrum af Ori (Betelgeuse) and below the spectrum of R Leo with the abscissa showing the wavenumber scale of the
observer. The solid line is the off-star spectrum and the dotted line is an appropriately scaled on-star spectrum. The three circumstellar CO vib
emission lines, which are marked with R(1), R(2), and R(3) ill in’ the corresponding on-star lines which are in absorption. To the right (blue
of these lines their telluric counterparts are seen. The major telluric lines are denoted with a capital T. During the time between the exposure
the off-star spectrum and the corresponding background exposure, the telluric lines may change. This is the reason why the telluric lines in
off-star spectra can be negative

tral resolution infrared spectrograph designed for thep m The thermal sky-background infrared radiation will be large
region (Hinkle et al. 1998). For our observations, we enand somewhat variable. Phoenix is not a sky balanced device,
ployed al.4” wide (4-pixel-wide) by50” long entrance slit. We which means that the thermal radiation is recorded. The ther-
achieved a spectral resolution Bf ~ 40,000 (= 7.5kms~' mal sky radiation would limit exposure times to about ten min-
or 0.054 cnt! at 2150 cntt). The inverse linear dispersion isutes. However, many of the telluric lines are optically thick and
8.86 x 10~ cm~!/pixel, which means that the observed spe@re seen in emission. To avoid saturation of these lines, expo-
trum is over-sampled. The spatial imaging (along the directienres were limited to 60 seconds. In order to remove the thermal
of the slit) was fairly poor for this set of observations. In 1993pectrum from the stellar spectrum, the telescope was nodded
Phoenix suffered from both coma and astigmatism in the coltietween the source and a region of sky, and the sky exposure
mator as the result of an incorrectly mounted mirror. When theas subtracted from the source exposure (cf. Joyce 1992). Since
collimator was focused for best spectral resolution, significaRhoenix has a long slit, nodding along the slitis possible. Obser-
spatial blurring resulted. The resulting spatial resolution alongtions both on and off the star were obtained. As the program
the slit was about- 6” and as a result spatial information alongtars were bright, the exposure time on these objects was only ten
the slit was of limited value and not used in this project. Alsgeconds. For off-star observations nods were from the off-star
the slit could not be rotated from a fixed east-west orientatigoosition to a position an additional 25ff the star. The off-star
We chose a grating setting for observing low excitation linexposures were sums of ten 60 second exposures. During a ten
of the vib-rot fundamental R-branch 6tC'60. The lines se- minute interval the sky background level is quite constant and
lected, 1-0 R(1), 1-0 R(2), and 1-0 R(3) (2150.86, 2154.60, atitk airmass changes by only a few percent. Array pixel sensitiv-
2158.30cn!), have minimal interference with telluric lines.ity differences were removed using flats and darks as described
Spectral coverage is limited by the array length of 1024 pixelsy Joyce joyce.
we observed the region 2149 to 2159¢tm The on-star intensity is typically about six times brighter
than the sky background. The emission searched for is around
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150 times weaker than the on-star intensity. The off-starspectra 6 = " " g/ ‘ 'R(VZ)V T ]
were taken with the slit’4North (both stars) and South (R Leo; L 1
only) of the star. Due to the limited spectral range, the cold off= ar R(3) 7]
star spectrum included only the R(1), R(2), and R(3) emission [ ]
lines of12CO, except for the scattered stellar light. The on-stat> 2 - N
spectrum was normalised to unit level and then scaled to the off- i 1
star level. The circumstellar CO vib-rot emission is obtained b§ 0

subtracting the scaled on-star spectrum from the off-staf Fig. 2.

A velocity shift compared to the ‘telluric wavelength scale’>. _ 5 [ ]
is determined from several of the identified photospheric lines [ ]
The heliocentric velocity derived from this shift far Oriis & 4L CO CO co N
24.1+1.9kms ! and for R Leo itis13.6 + 1.9kms™'. Both = I H 0 H O ]
velocities are in excellent agreement with the values givenin _ g+ ‘ 1 ‘ 1 ‘ L2 L

the literature (cf. GCRV, Wilson 1953) which is a reassuring test -
of the wavenumber scale. 2150 2152 2154 2156 2198

These observations are the first to be made using this method wavenumber (cm™)
with the Phoenix spectrometer. Future observations with tE% 2.An example of a subtracted spectrum (see text); in this case

same instrumentation, adjusted to give a higher spatla! TE_?SCEHﬂssion spectrunt” North of R Leo. The telluric lines are indicated
tion, will provide envelope maps of spatial resolution limitegh the lower part of the figure. The telluric water lines usually var
by the seeing. more and faster than the telluric CO lines. In this spectrum the tellu
CO lines have not changed very much, whereas the water lines h

) varied more between the on-star and the off-star exposures. When

3. Analysis and results tracting the two spectra, the telluric lines can either go below or o
o depending how they have varied. From the amplitude of the
emission lines and the noise (which includes both photon niose

We have succeeded in detecting circumstellar CO-vib-rot lin
N emission at4.gm a_round the supergiani Ori and_ the M- spurious mismatch between on-star and off-star spectra, cf. Fig. 1)
type Mira R Leo. In Fig:ll the off-star spectra @fOri and R estimate a S/N of at least 5
Leo are shown. Superimposed are the on-star spectra, which
are scaled by an appropriate constant factor in orc_:ier. o mat?tr&ation for the ground level. The excitation temperature d
the overall structure of the off-star spectra. The emission of the . . L
o . ermined from the ground level of CO is therefore the kineti
stellar wind is clearly seen. The wavelength scale is that of the S : : o
observer. The off-star spectrum is built up of two parts. First emperature. The emission in the winds is due to de-excitati
' ' %: radiatively excited states of the second vibrational state. Fr
t

the stellar light is scattered in the Earth’s atmosphere, the tele . e e
g P e equations of statistical equilibrium for the lowest states

scope, the spectrometer, and/or by dust grains in the circum- ! ) . L . .
P pectrof y 9 : YR two first vibrational levels, itis possible to derive the follow
stellar shell. This will lead to a spectrum resembling the on-star

Ing equation for the ratio of the intensities of the vib-rot line

one. Secondly, the CO vib-rot emission lines are superimpOSﬁ o
. ; . 1) and R(3 I and similarly forl Igr(3)- Inthe
The molecules are radiatively excited by the stellar light an rizlation cfn)el}r:%)// nRefS)lect higher viﬁratic?n(zl)l/le}\{/gjl)s since v

the subsequent decay produces an emission line. IalFig. 1 the . . B
telluric lines are also marked. TRe52.5 and2156.5cm™" tel- > poorly populated in comparison to v=0. Here, we assume't

- . . . t?e vibrational ground state is in rotational LTE (Bernat et
luric lines are from water vapour. During the observing nig

) . 979). Furthermore, the assumption is made that the mean
the weather was changing and as a result conspicuous changes _ e . o
. . tensity of the radiation exciting the CO molecules in the wind i
in the on-star and off-star strengths of these lines can be se€n

The varying telluric lines illustrate the need to use only Ste”constant over the narrow frequency range considered and t

r .. . . .
lines shifted outside the telluric CO emission. With the help The lines are optically thin. We find

the Arcturus Infrared Atlas (Hinkle et al. 1995), nearly all fealr(1)

tures in the spectra are identified as coming from photospheﬂg(s)

;2;%2)1(:)1;(;&. cIJ—|r|igé?n\./lbratlonal transitions are seen, implying _ V1 Aot (Ags + Auz)(3 - Broe™2 + 7 Bype™12) o
The broadening of the photospheric lines in the spectrum vsAuz(Azs + A2) (T Baae™ 127 + 11+ Byge™07)

of the supergiant Ori is about four times as large as in thevith v = Bhe/(kT), where the rotational constanB, for

spectrum of the giant R Leo, most likely a consequence ottee vibrational ground state of CO is 1.9225¢thm A, ;» and

velocity broadening, possibly due to large convective eddiesB ;. are the Einstein coefficients for spontaneous emissi
The kinetic gas temperatures of envelopes of AGB-stars amed absorption for the fundamental transitions with the rot

difficult to measure (Rodgers & Glassgold 1991). Bernat et éibnal quantum numbers as subscripts. The Einstein coefficie

bernat:79 used observations @fOri at 4.6um to show that were calculated fromtables of the absorption oscillator streng

for the vibrational ground level of CO the radiative rates af&irby-Docken & Liu 1978, which for our lines are consisten

only some percent of the collisional rates, implying an LTRith Huré & Roueff 1996). This equation provides a possibilit
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x
'r'_J Table 1. Observed circumstellar CO vib-rot line ratios forOri and et al. 1993). This leads for R Leo at a distance of 101 pc to
— R Leo. Derived model temperatures using[Eg. 1 are also given pr—1 = 3.5 x 10'® cm, corresponding td’3. Thus, both winds
L_||J should, if homogeneous, be optically thinét
Object Line Ratio 4" North  Temp. 4” South Temp.
aOri Ira)/Ir) 117 39K 4. Discussion and conclusion
Ir(2)/Ir(3) 1.25 36K . . . o
RLeo Iry/Irg) 1.78 24K 112 41K We have succeeded in detecting CO vib-rot lines in emission at
Ir2)/Ir() 1.57 24K 140 29K 4.6 um around the supergiantOri and the M-type Mira R Leo.

The relative strengths of the different lines foiOri suggest a
temperature in the envelope of ab8aK at a distance of- 4"

to determine the kinetic temperature of the emitting moleculd&m the star, in agreement with current model estimates. For
The emissions from the R(1), R(2) and R(3) lines are measuf@d-eo similar temperatures are estimated at distances 4f
by subtracting the fitted on-star spectrum from the off-star orféeom the star, with some possibilities of a non-isotropic temper-
The latter is observed approximately"®” North of o Ori. ature distribution. These temperature estimates are based on the
In this way the ratiodg 1)/ Ir(s) andIr 2 /Irs) are retrieved assumption that the vibrational ground state is in rotational LTE,
and these will provide two different measurements of the ter@ad that the lines are optically thin, which is also suggested by
perature via the model above, see Table 1. The mean of thagémple model.
measurements is farOri 38 K, with an estimated error ofabout  Instrumental problems decreased severely the spatial resolu-
5 K. The error is estimated by measuring extrema in integratt@n of the observations and a real mapping of the envelopes, as
fluxes, with the noise taken in account (Fig. [2]). was planned, could not be made. In future observations special

A model of o Ori (Rodgers & Glassgold 1991), which isefforts must be made to secure exact positioning of the slit, high
based on the thermal balance of the envelope, including adi&curacy in the wavelength and flux calibration, good focusing,
batic and line Coo”ng and dust-drag hea‘[ing, suggests a teete- Then, with the current instrumentation, it should be pOSSi-
perature of 37K at a distance of 4way from the star with ble to obtain envelope maps, as well as absolute flux estimates
a slow temperature dependence on distafites r—1/2, our Wwhichwillenable independent, new estimates of mass-loss rates
value of the temperature, which is in good agreement with tiiebe made. There are good reasons to believe that the CO lines,
value given by this model, is a mean of the kinetic temperatur@s studied by the Phoenix spectrometer, will open up a number
along the line of sight, but also a spatial mean due to the seeffignteresting new possibilities in the study of the structure and
and the spatial degradation due the collimator problem. ~ dynamics of stellar winds around red giants.

For R Leo the excitation temperatur&'¢)” North is de-
ived to be24™3 K and @3y ph b *@7 K th AcknowledgementsiVe thank the referee for valuable comments and
rived to be24™; K and (77)"” South to be35”; K, the errors Barnes, Drs. P. Barklem, R. Joyce, S. Ridgeway, and N. Piskunov for

being estimated measuring uncertainties. The derived tMR&fiightening discussions. This research was supported by the Swedish

atures based on E@J(1) are valid only on the assumption tR@tional Space Board and the Swedish Natural Science Research

the vibrational ground level is in rotational LTE. This requiregouncil.

such high densities that sufficiently large numbers of collisions

_take place to be able to _set up a Bo!tzmann dlstnbl_Jtlon_. If tr\!(seferences

is not the case, the two line ratios will not necessarily give two

consistent temperatures. This could be the case for R Leo. Bernat A. P, Hall D. N. B., Hinkle K. H., Ridgway S. T., 1979, ApJ
Based on the reasoning in Gustafsson et al. bg:97 it is pos- 233, L135

sible to estimate the distance, or the ‘impact parametdrom Bﬁ-r:r?;ﬁ;\'} ng]r?]eerzt g-o an allzzi A;; r?gslésLé53;989 AGA 210 256

the star W.h ere the optical depth is unity in the. Ime-of-&ghESJA, 1997, The Hipparcos and Ty’cho Catalogu;es, ESA SP-1200

Beyond this distance a steady homogeneous wind can be ¢

. . . . Uétafsson B., Eriksson K., Kiselman D., Olander N., Olofsson H.,
sidered to be optically thin. The impact parameter for the R(1) 1997 aga 318 535

transition of the CO fundamental is (cf. Eq. (9) in GustafssQfjnkie K., Wallace L., Livingston W., 1995, PASP 107, 1042

et al. [1997])p-—1[cm] ~ 1.9 x 10%® - N;(CO)/N(CO) - Hinkle K. H., Cuberly R. W., Gaughan N. A., et al., 1998, SPIE 3354,
N(CO)/N(H) - M(Mgyr~1)/v2(kms~1). Fora Ori, which 810

hasall = 2.0x10"SMyyr~!, N(CO)/N(H) = 2.6 x 10~ Huggins P. J., Bachiller R., Cox P., Forveille T., 1994, ApJ 424, L127
(Huggins et al. 1994) and. = 13.6kms™! (Loup et al. 1993), Huré J. M., Roueff E., 1996, A&AS 117, 561

the impact parameter js.—; = 1.6 x 10'° cm, which corre- JoyceR.R,, 1992_, inS. Howell((_ed.),ASP Conf. Ser. 23, Astronomical
sponds to 08 for Ori ata distance of 131 pc (ESA 1997). Here,  CCP Observing and Reduction Tech., p. 258

we have assumed, as a mean, Bt of the CO molecules KrPy-DockenK., LiuB,, 1978, ApJS 36, 359

. o Loup C., Forveille T., Omont A., Paul J., 1993, A&AS 99, 291
are excited to the/=2-level, N;(CO)/N(CO) ~ 0.3. R Leo Rodgers B., Glassgold A. E., 1991, ApJ 382, 606

has a mass-loss rate 6f = 1.1 x 107"Mgyr=" (scaled gyqe N., Schier F. L., Olofsson H., 1999, AGA 345, 841
to the distance as measured by the Hipparcos satellite [EE4nai R., Wannier P. G., 1985, ApJ 299, 424

1997]), N(CO)/N(H) = 4 x 10~* (Bujarrabal et al. 1989), wilson R. E., 1953, Carnegie Inst. Washington D.C. Publ. 601
and a terminal expansion velocity of = 8.5kms™! (Loup
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