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Abstract. We report the detection of infrared fine-structure A detailed model of Ori has been proposed by Rodgers &
lines of [Fe II] and [Si 1] in the ISO-SWS spectra of two su-Glassgold (1991, hereafter RG) who calculated the gas kinetic
pergiantsp Ori anda Sco. From the observed intensities wéemperature from the energy balance equation, taking into ac-
infer that the emitting regions have temperatures in the rangaunt heating via gas-grain collision, photoelectric heating by
1200-1800 K and are located within about 20fRm the star. dustgrainsinthe outer envelope and radiative cooling via atomic
This is interior to the region where dust is supposed to condeffise-structure lines and molecular transitions. They found that
in the expanding envelope so that Fe and Si are not yet incorgiee latter are unimportant in the circumstellar envelopex of
rated into the dust. The gas density required to thermalize th&nebecause of the low abundances of CO an@®HThe main
lines is of order 16cm~3 consistent with the expected densitgooling line is the [0 1] 63:m line.
in the outflow at the adopted location. The total mass of gas Observations of atomic fine-structure lines are hampered by
being cooled through these atomic fine structure lines is of tabsorption in the earth atmosphere. Using the Kuiper Airborne
order of 10-% M. Our calculation shows that cooling througrObservatory (KAO) Haas et al. (1995, hereafter HGT, see also
the [O1] 63 um line extends over a larger radius than for botBrikson et al. 1995) observed a number of supergiants in [O 1] at
[Fe Il and [Si Il]. 63 and 146:m and in [Si ll] at 35um. All stars in their sample
were detected in the [O 1] line. Only two stars were detected in

Key words: stars: chromospheres — stars: circumstellar mattee [Si Il] line, o« Sco andx Ori. Recently, detection of atomic
— stars: individualo Ori — stars: individualoe Sco — stars: late- fine-structure lines has been reported in the ISO-SWS spectra
type — infrared: stars of AGB stars by Aoki et al. (1998).

Inthis paper we present ISO-SWS spectra of the supergiants
« Orianda Sco along with results of modelling the spectral en-
ergy distributions (SED). Three fine-structure lines are detected
in our spectra, identified with transitions of the ions [Fe ]
The thermal balance of the gas in circumstellar envelopesastd [Si Il]. We investigate where these lines originate using the
red giants has been studied extensively, both theoretically anddel of RG.
observationally. In an early study of OH/IR stars Goldreich &
Scoville (1976) concluded that the gas is predominantly heated )
by friction between radiatively driven dust and gas and cooléd Observations
by molecular line radiation, chiefly from4® and CO. In the pqor poth supergiants in our sample, we have full-grating
case of superg|ant§ the situation is complicated by the fact thgg/s\ws spectra with a complete wavelength coverage from
the mass loss rate is usually a few orders of magnitude smaﬂg%um (AOTO1). We obtained a fast scan foiSco (speed 1,
than for OH/IR stars and by the presence of a chromosphgggution of 250) and a slow scan feOri (speed 4, resolution
which can lead to photoionization and dissociation of atomg,q ¢ 1000).
and molecules close to the photosphere. The data were reduced using the SWS Interactive Analysis

Send offprint requests 1. Justtanont (kay@astro.su.se) (SIA) reduction soft_vvare package using stand_ard ISQ pipeline
* Based on observations with ISO, an ESA project with instrumerfi@{@ Products (version 6.0) at the data centre in Groningen. Al-
funded by ESA Member States (especially the Pl countries: Franf&0ugh in principle flux levels may be affected by the uncer-
Germany, the Netherlands and the United Kingdom) with the partiéfinty in the dark current the high flux levels of our stars ensure
pation of ISAS and NASA. The SWS is a joint project of SRON anthat this effect can be neglected here. The main uncertainty in
MPE. the observed flux comes from the pointing uncertainty and the

1. Introduction
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Fig. 1. Grating spectra ofe Ori (top) anda Sco potton) showing the Fig. 2. The fits to SED ofx Ori (top) anda: Sco potton). Note that the
three atomic fine-structure lines. Note that the fluxddBco has been spectrum ofx Sco is shifted down by a factor of 10 in this plot. Crosses

multiplied by 1.6 in this plot. are the observed ISO SWS spectra; open circles are photometry from
Low et al. (1970) and Epchtein et al. (1980); filled squares are IRAS
Table 1.Observed line fluxes and the critical densities. photometry.
Species wavelength  Line flux (W cm) nb. Table 2. Parameters of SED modelling
(um) a Ori a Sco cm3
[Fe Il] 25.09  2.8E-18 4.4E-18 2.2E+6 aOri o Sco
[Fe 1] 35.35 8.1E-19 1.4E-18 3.3E+6 Stellar effective temperature (K) 3600 3300
[Sill] 34.81 7.2E-19  25E-18 3.4E+5 Stellar radius (cm) 6.5E13  6.1E13
[o1n* 63.18 1.1E-18 2.0E-18 4.7E+5 Dust condensation radius (cm) 1.5E15 1.6E15
[o1* 145.5 1.1E-19 - 9.5E+4 Terminal velocity (km s!) 16 17

Distance (pc) 200 180

 fluxes taken from HGT
Dust mass loss rate (Myr—1) 9.0E-10 6.0E-10

b values taken from Tielens & Hollenbach (1985)

relative spectral response function (RSRF). A bump atr28 et al. (1997) to be 05 rather than 0.9 based on the 11m

in Fig. 1 may be spurious, due to instrumental effects in baiderferometry by Bester et al. (1991). The model fit to the SWS
3E between 27.5 and 28n. Spectra of both supergiants ar@bservation, along with the ground based photometry fluxes are
presented in Fig. 1 and line fluxes are given in Table 1. shown in Fig. 2. We estimated a dust mass loss rateafg 1°

M yr—! from our model fit. The dust mass loss rate used in
RG model is very similar to this. It is an important parameter
in calculating the dust-drag heating which is the main heating

We have modelled the spectral energy distribution (SED) of teeurce in the circumstellar envelopeDri.

two stars. The calculational procedure is described in Haisch Occultation observation of Sco gives an estimate of the

(1979) and Justtanont & Tielens (1992). We assume a sptasellar radius of 22.83 mas, i.e., 610" cm at a distance of

ical symmetry with a constant mass loss rate. The grain siZ80 pc (Dyck et al. 1996). Bloemhof & Danen (1995) measured

distribution used is that for the interstellar grain size distribtihe inner radius of the dust shell to bé/®, i.e., 1.6<10'° cm

tion (Mathis, Rumpl, Nordsieck 1977). The calculation taked 180 pc. The fit to the SED is shown in Fig. 2 with the model

into account the thermal emission and multiple scattering dparameters in Table 2. Both supergiants have very similar input

to silicate grains. Adopted and derived parameters are listedgrameters. They also have similar derived dust mass loss rates

Table 2. which are very low, as reflected by their weak;a@ silicate
The parameters derived farOri from fitting the SED (Ta- feature.

ble 2) are quite similar to those derived by Skinner & Whitmore

(1987) who also considered the effec_ts of the chromosphere4<.)fAt0miC fine structure lines

the star. The values for the stellar radius and effective tempera-

ture also agree with interferometric observations by Dyck et &ur SWS full-grating spectra of the supergiant$§co andw

(1996). The inner radius of the dust shell is taken from Skinn@ri show strong atomic fine-structure lines of two species, [Fe

3. Modelling the IR energy distribution
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] at 25.99 and 35.3%m and [Si II] at 34.81um (Fig. 1). We i 10*
list the line fluxes in Table 1. L,
The two [Fe ] lines originate in the same ladder connecting RN
the three lowest fine-structure levels of #ftD state. The line  °° [ ™
at 25.99um is from the J=7/2 to the J=9/2 (ground) state while
the 35.3%um line is between the J=5/2 and 7/2 state. The rati@O o I
of the line fluxes is then a good temperature indicator. The Iig@ ‘
intensity, for the optically thin case, can be calculated from
hVijAji :
ym 1)

where N; is the column density of the upper (j) level; is

the transition frequency between levels (j) and (i), ahd is

the Einstein A coefficient for spontaneous emission. For the [Fe

1] lines, assuming that both arise in the same region, we can L N I

calculate the excitation temperature, T, of the emitting gas from o' 2x10% 3x10%

the ratio of the populations in the levels J=5/2 and J=7/2 using Radius (cm)

the expression Fig. 3. The ratio of the populations of [Fell] (solid line) as calculated
from Eg. 2 assuming RG temperature distribution (dashed line). Also

N;(T) _ gj

= “Lexp(—hv;; /KT (2) marked are the results from our observations using Eq. 2.
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Table 3. The total number of atoms in the upper level;{dalculated
from the line fluxes and their corresponding gas mass (see text for
details).

whereg; is the statistical weight of level

4.1.« Ori

gpecies a Ori a Sco

The supergianty Ori has been extensively studied from th N, M (M) N, M (M)

KAO in the atomic fine-structure lines. It is known that the
line intensity of the [O 1] 63:m line varies with time (HGT), [Fell]26 8.2E47  7.1E-5  9.3E47  7.5E-5
corresponding to the variationin the V band with an amplitude &fe 1135 4.4E47 ~ 7.1E-5  55E47  7.5E-5
about 0.25 magnitude (Krisciunas 1992, 1994). Our observed!135  2.8E48  1.1E-4  7.1E48  2.6E-4
line flux in the [Si Il] line agrees reasonably well with thaf® 163 1.9E47 8.8E-5 2.5E48 13E4
observed by HGT.

We measure the line fluxes of the two [Fe Il] lines and these MaoAhvs;
are listed in Table 1. Directly from the ratio of the [Fe 1] 26F}: = o /Pg (r)dr
to 35um line fluxes, we can calculate the excitation tempera-
ture of the gas and estimate the total numer of atoms involwetiere V! is the gas mass loss raf@,is the distance to the star,
in the cooling process in the circumstellar envelope, indepeny is the abundance of elementand P;(r) is the fractional
dent of model assumption which we will later investigate. Thebbundance of level j at radius Fig. 3 shows the temperature
line flux ratio is 3.43 which translates to a ratio of the columstructure of the RG model, and we also indicate the ratio of
densities of the J=5/2 to J=7/2 levels of 0.54. Using Eq. 2, vlee [Fe 1] populations calculated from the model. The [Fe 1]
obtain a temperature of 1230 K. The assumption made hereato equals the observed ratio at a radius of8.6'* cm. Fig. 4
that the emission is optically thin; hence, we see all the emittisows the fractional population of the upper levels of [Fe II],
atoms. The numbers of atoms in the upper leveld Nisted in  [Si Il] and [O1].
Table 3. They can be converted to the total mass of gas, assum-\We calculate the total number of emitting atoms of all the
ing an excitation temperature of 1230 K and assuming the saé@ecies observed, interior to the emitting region which produce
abundance for Si (3:810°), and Fe (3.410~°), and using the the observed line fluxes. The normalised populations of the up-
measured O abundance f@Ori from Lambert et al. (1984) of per level of each transition for each species are used to calculate
5.9x107%. The average mass of the gas cooling through thethe flux in Eqg.3. HGT assumed a mass loss rate >of 36
atomic fine structure lines derived from our observations arelh. yr—! and a constant velocity of 16 knm$ within a radius
reasonable agreement, of the order of 4101 . At this tem- of 3x10'° cm in order to match their observed fluxes of [O]
perature, the emission originates inside the dust forming regiamd [Si 1] lines. The derived fluxes depend directly on the mass
since the condensation temperature for silicate is 1000 K, dods rate assumed. The estimated gas mass loss ratedar
probably arises in the chromospheric region of the star. ranges between 2-40-5 M yr~!, as measured by the [C ]

Our observations can also be compared to the detailed mdded (Huggins et al. 1994, van der Veen et al. 1999) and by [K1]
developed forv Ori by RG. The line fluxes predicted by thisscattering observation (Mauron et al. 1984). Here, we will use
model are given by avalue of 41075 M, yr—! for the subsequent line flux calcu-

3)
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Fig. 4. Fraction population of [Si Il] J=3/2, [Fe II] J=5/2, J=7/2, andFig. 5. Contribution to the emission line fluxes for each species as a

[O1] 3Py as a function of radius, assuming the temperature distributiumction of radius. Note that for [O1P;, there is a significant contri-
from RG. bution from the outer part of the envelope.

Table 4. Calculated model line flux based on RG’s model

The model calculationimplicitly assumesthatall Fe is singly
ionized. The energy requirestoionize Felto Fe llis 8.1 eV while

Species Lme_fluxes (W err) to ionize it further requires a very high energy of 16.2eV. The
o O o Sco expected [Fe 1] lines at 13.53 and 22,9 are not seen in the
[Fell]26 2.9E-18 5.4E-18 spectrum. The relatively strong UV radiation from the chromo-
[Fell]35 8.4E-19 1.6E-19 sphere should ensure that the atoms remain singly ionize. The
[Sil]35 6.2E-19  1.2E-18 same argument applies for Si since its ionization energies are
{8 H ;336 é-ggég égéég very similar to those for Fe. From the model calculation, we

estimate the total mass of the emitting gas within the radius of
3x10' cmto be 1.%10~* M, slightly higher than obtained
from simple LTE estimate from Table 2. Note that for the [O ]
lation and assume RG temperature profile for the star. We ¢4h, the mass outside this may provide some contribution to
directly compare predicted fluxes from RG with the observéie observed flux (Fig. 5). The excitation energy for this level is
tions (Table 4 in RG). Their model predicts line fluxes for [S228 K hence it does not require high gas temperature to excite
1] and [O 1] which are very close to the observed values. Herigup to the?P; level.
we include [Fe Il] in their model and the results are listed in Ta- The mass loss rates derived from the atomic fine structure
ble 4 (see Table 1 for observed line fluxes) which show excelldimtes of [O ], [Sill], and [Fe ll] are in seemingly good agreement
agreement between the model results and the observationswith those obtained from [C ] emission and [K ] scattering
Fig. 5 shows the integrated population of the upper levels @fan der Veen et al. 1999; Mauron et al. 1984). However, our
different atomic species investigated here (Eq. 3) which shodata really measure a total mass of emitting gas and this gas
where the flux of each line arises. We note here that although théocated within the dust condensation radius. Hence, actually,
bulk of the flux for the [O1] 63:m line originate from within a much lower flow velocity £ 2kms™!; Habing et al. 1994)
1.5x10'% cm, there is about 25% of emission coming from beshould be used to calculate the mass loss rate from these data
yond this radius. This is due to the slow decline of the relatithan adopted by RG (16 knt$). As a result the mass loss rate
population of oxygen as a function of radius, assuming the Ri@lculated near the stellar surface is ofily 10~7 Mo yr=!; a
temperature profile (Fig.4). As previously discussed, the pifector 4—-8 less than from the [C 1] and [K I] data for the outer
dicted line fluxes agree very well with the observed ones. Hoenvelope. Evidence for variable mass loss (i.e., discrete dust
ever, the calculated 63/146n [O 1] flux ratio is much higher mass loss events of modest size) have been reported by Bester
than observed by HGT, 40 vs. 10 although it is worthy to notg al. (1996) in their 1Lm interferometric study of the dust
here that the 14fm line is a 2.5-sigma detection only. Re-emission. It seems therefore that, compared to the mass loss
cently, Barlow (1999) reported a line flux for [O 1] 14#n of measured in[C ] and [K1], we have caughOriin a quiescent
about 4<10~2° Wcm~2. This large 63/14am flux ratio may episode. With either mass loss rate, the density inside the dust
be due to the 68m being optically thick (Tielens & Hollenbach condensation radius is well above the critical densities for all
1985) while the 14Gum is optically thin hence the assumptiorspecies (Table 1). It is interesting to note the very high gas-
of Eqg. 1 then breaks down. to-dust mass ratio of 550 which is much higher than 160,
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suggested by Knapp (1985) for AGB stars. The presence of Beth stars have similar outflow velocities hence the radii of the
chromosphere arourndOri may inhibit grain formation thereby emitting gas are about the same, 20 &suming that both have
resulting in such a low dust mass loss rate compared to the gimsilar temperature structures in the inner part. This region of
mass loss rate. the envelope is just inside the dust forming region as seen from
interferometry from the radio and infrared (Bester et al. 1991;
Skinner et al. 1997). From the mass loss rates, the emitting
regions of both stars have density above the critical density
This star is known to have a B2 companion whichis oflff8m  to thermalize both [Fe 1l] and [Si ] lines. In both stars, the
the supergianty Sco A (Hjellming & Newell 1983). The source source of the UV photons which ionize these observed lines is
of ionizing photons may originate from both the chromosphereir chromospheres. la Sco, where the highest ratio of Si
as for the case af Ori, as well as from the hot companion. Th4ll])/Fe [l1] lines is observed, the abundance of Si may be higher
large aperture size of SWS (14 20”) also ensures that boththan ina: Ori. We also find that there is contribution from [O 1]
stars are present in the beam. line fluxes exterior to the emitting region of [Fe 1] and [Si Il],
Following a similar approach we took farOri, the ratio of although most of the fluxes come from this same region.
the column density of the [Fe 11] J=5/2 to J=7/2 is 0.60. Using The masses of gas which cooled via the atomic fine structure
Eq. 2, this leads to a temperature of the emitting region for [fiaes in both supergiants are very comparable and are of the order
] of 1785 K, slightly hotter than forx Ori. The total number of of 10-* M. The derived mass loss rate of this region, assuming
emitting atoms and the corresponding hydrogen masses derisigdermal velocity of 2kms!is~ 6 x 107 Mg yr—!. The gas-
from the observed line fluxes are listed in Table 3. The averagedust mass ratio of both stars are much higher than observed
mass of the gas from all lines considered is<118=* M. We in AGB stars.

note that the [Si ll]/[Fe 11] 35:m ratio is a factor of two larger )
in this star than i Ori. AcknowledgementOur thanks to Mike Barlow for comments on the

We calculate the expected line fluxes using Eq. 3 and inﬂ-:@ft manuscript. L.B.F.M.W and L.Y. acknowledge financial support
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