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Abstract. We present 29-197/m spectra of the oxygen-rich Key words: stars: individual: R Cas — stars: mass-loss — stars:
Mira variable star, R Cas, obtained with the Long- and Shodbundances — stars: AGB and post-AGB - infrared: stars —
Wavelength Spectrometers (LWS and SWS) on board the melecular processes

frared Space Observatory (ISO). The LWS grating observations

were made during two pulsational stellar phages; 0.5 and

0.2 in August 1996 and June 1997 when the stellar luminosity

was near its minimum and mean values, respectively. The in-Introduction

frared flux at the latter epoch was 30—40% stronger than at Cas is a normal red qiant. classified 0 M star b it
the former. SWS grating observations were also made in Ju%e as s a hormal red giant, classtiied as a star because Is

1997. The spectrum presents a strong far-infrared (FIR) contg—emical composition is oxygen-rich, with an abundance ratio
uum and is rich in water lines suitable for use as circumstell (O< LIt be_longs tq the M!ras, agroup of regularly pulsating
. . cool stars. With a period of light variation larger than 1 year (
diagnostics, 30 days), it is classifiedsaa a long-period variable (LPV) star.
We have constructed a circumstellar model which cons%- I % " the fund al 9 E hil t of LPV st '
tently treats radiative transfer, chemical exchanges, photodis quisates in the fundamental mode whiie most o stars
ciation, and heating and cooling effects. The overall FIR ex Vlwth periods shortszr than 400 days pulsate in an overtone (van
tation field was scaled by a factor which varied with the stell £ eI\L;Iwen let a\._lg-»?. d | hat dri h ,
phase. By fitting the model to the observed FIR Waterlineflux?s ass loss Is a fundamental process that drives the stars

and continuum while adopting the stellar parameters basedbgﬁzgrBe\;?:gc;TSgn d:)hriir?a?fs kirr]aencgsa;\rc]i dbgzgtn 31;\23331 Igjj
the Hipparcos distance we have found a mass-loss raté of y 9 )

3.4 x 10-"M,, yr—! and a totalortho and para water vapour gets of the interstellar medium. The mechanism for exciting the

abundance (Sal};ttive #,) of f ~ 1.1x 10~7. The kinetic Fem Mira emission is not well understood. Bujarrabal etlal. (1989)
2 ~ . . - . . .

perature and the relative abundances eOHOH, and O in analysed CO.[=1-0) emission from R Cas observed with the

chemical equilibrium have been derived as functions of radftﬁrAv'\\//l 30Imnrat(:]|cgeole|?r::0pe.nThljt;slﬂgls Iowr—i(ta)xctl:]atlon tmr"“mr(ta_ f
distancer. H,O excitation is mainly dominated by FIR emit- er waveleng € can partially describe the outer part o

ted by dust grains. The deduced model continuum flux at 251_e circqmstellar envelopg. Bujarrabal eF al. (1989) estimgted a
197,m for the ~0.5 phase was 61% of the flux @t~0.2. stellar distance of 270 pc, i.e., about 2.5 times the recentl—_hp_par-
0s measurement, and adopted the envelope characteristics of

Photodissociation by the FUV interstellar field and CO coolinf% . .
effects operate farther out than the®iexcitation region. Our e carbon star IRC+10216 when denymg the physical param-
derived mass-loss rate of R Cas is similar to the valid 6-7 eters for R Cas. Thus, new analyses including observauons_ of
M., yr—" previously published for WHya, another oxygen-ric ther molecules such as water vapour around R Cas are certainly
AGB star. of interest. . . .
Because water vapour is abundant in the terrestrial atmo-

Send offprint requests 1druong-Bach (tbach@obspm.fr) spherg, stellar bD spectra are often blended _with.telluri@(BI

* Based on observations with ISO, an ESA project with instrumerfi&nission/absorption rendering the astronomical lines unobserv-
funded by ESA Members States (especially the PI countries: Fran@ble, even with high-altitude airborne telescopes. Use of the In-
Germany, the Netherlands and the United Kingdom) and with the piiared Space Observatory (ISO) telescope can avoid this prob-
ticipation of ISAS and NASA. lem, which is inherent to ground-based observations. Infrared
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Fig. 1. LWS Observations | (see Table 1 for line fluxes): continuum-subtracted spectrum of R Cas. Our model spectrum is displayed offset for
clarity. Units: um and 10'®* Wm~=2 um~!. For this and subsequent Figures, the model spectrum was produced by convolving the predicted
total line fluxes with the appropriate spectral resolution element for the observations

(IR) radiation is emitted mainly from the innermost layers adhe same grating LWS01 AOT apparatus and procedure. This
the circumstellar environments. It is in this hot, high-densityate corresponds to a stellar phase of 0.2, when the luminosity
and strong radiation field region that atoms and molecules aras decreasing to its mean value. The total on-target time was
highly excited. Thus, ISO observations would help us to und&417 sec for Observations Il. As for Observations I, the spectral
stand the structure of the circumstellar envelope from the innesolution element is 0/8m in second order (SW1-SW3;<
layers. 93um) and 0.6um in first order (LW1-LW5;\ > 80um) and

We present here the 29-18i ISO (LWS-SWS) spectrum the spectra were sampled at 1/4 of the resolution element. In
of R Cas obtained in three sets of observations. Our circuorder to form a complete spectrum from 43-18, the sub-
stellar model used to fit the observed®lline and continuum spectra from the ten LWS detectors were rescaled to give the
fluxes enabled us to derive some physical parameters of the stalne flux in regions of overlap. In almost all cases the fluxes
lar envelope: its mass loss rate, radial kinetic temperature, amere changed by less than 20%.
radial molecular abundances. The merged LWS spectrum, which are continuum sub-
tracted and labelled with some 8 transitions, are illustrated in
Figs[1£2. The HO measured line fluxes for LWS are presented
in Tables 1 and 2 with an estimated uncertaint#0% which
Our first set of observations of R Cas, made on 5 August 199 reases toward shorter wavelengths. Note that the present Ta-
(hereafter Observations I) during Revolution 263 of the ISO mite 1 for Observations | revises and completes that given pre-
sion, have been reported elsewhere (Truong-Bach et all 1938usly (see Paper I). The FIR emission from R Cas was about
henceforth Paper I). This date corresponds to a stellar phaees stronger in Observations Il than in Observations |.
of 0.5, at minimum stellar luminosity. The spectrum is rather A third set of observations were made during Revolution 564

noisy. A second set of observations were obtained on 6 Jysf 2 June 1997, hereafter Observations Ill), using the grating
1997 (hereafter Observations Il) during Revolution 568, using

2. Observations
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Fig. 2. LWS Observations Il (see Table 2 for line fluxes): continuum—subtracted spectrum of R Cas. Our model spectrum is displayed offset for
clarity. Units:ym and 105 Wm~2 ym™1!
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Fig. 3. SWS Observations lll: observed forwasb(id) and backwarddashed spectra; an KO model line spectrum is plotted with the average
continuum for line identification. Unitgzm and 10> Wm=2 ym™*

SWSO06 AQT. The total on-target time was 1718 sec. The SWSFig[3 the SWS forward and backward scans with their es-
nominal resolution isv 0.03um in the range 29-4bm; how- timated average continuum superimposed with a set of model
ever, because of rebinning in data-reduction, the model spectidp© lines for identification. Because of low s/n and blending,
was convolved to a resolution lower (0.08,:m) to reproduce the averaged line fluxes (Table 3) can be uncertain by a factor
the observed linewidths. To judge the SWS data quality, we phft= 2.
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Table 1. Observations I: calculated{,11 and Fra11 for rmin =3.8x 10'* cm and 3 10** cm respectively, see
text) and observedr,s) H20 line fluxes, for R Cas

J K- Ky J K- Ki IJvac Aobs Det.  Fean  Feaiz  Fons Comments
(pm)  (um) (107" Wm~?)

179.53 17956 Lw4 0.77 0.81 0.60

174.62 174.64 |1W4 0.40 0.43 0.45

156.27 156.27 W4 0.02 0.03 0.18 blend1
156.19 156.27 0.12 0.13 blend 1
14452 14460 LW3 0.06 0.07 0.18 noise
13853 13859 W3 044 046 047

13493 134.82 LW3 0.15 0.19 0.19

13241 13260 W3 030 0.36 0.12 noise
126.71 126.94 W2 0.11 0.12 0.10 noise
125.35 125.36 LW3 0.32 0.34 0.40

121.72 121.76 w2 0.26 0.33 0.20

113.95 113.74 LW2 0.06 0.09 0.82 blend 2
113.54 0.98 1.15 blend 2
112,51 112.17 LW2 0.02 0.05 0.17

111.63 111.22 W2 0.07 0.10 0.29

108.07 108.20 Lw2 1.43 1.55 1.03

104.09 10396 Lw2 0.14 0.21 0.60 blend 3 noise

103.94 0.03 0.06 blend 3
103.92 0.02 0.04 blend 3
101.21 101.01 w1 0.02 0.03 196 blend4
100.98 1.02 1.08 blend 4
100.91 0.36 047 blend 4

99.49 99.65 Lwi 0.73 090 0.84
95.88 95.42 Lwi 0.06 0.08 0.72 blend5

95.63 0.47 0.1 blend 5
90.05 90.08 Lwi 0.01 0.03 108 blend6
89.99 0.81 0.89 blend 6
78.93 78.83 Sw4 014 023 2.08 Dblend7
78.74 155 1.90 blend 7

75.38 75.40 SW4 266 3.01 150
71.95 71.78 SW3 065 097 256 blend8

71.54 024 041 blend 8
71.07 0.48 0.65 blend 8
67.27 67.17 SW3 009 011 1.87 blend9
67.09 1.70 1.90 blend 9

66.44 66.30 SW3 295 355 174

63.46 63.35 SwW3 014 031 1.61 blend10

63.32 0.48 0.86 blend 10

58.70 58.84 SW2 297 369 125

53.14 53.04 SwW2 099 134 251

46.75 46.43 SW1 025 051 255 blend 11 noise+x?

0 46.61 0.06 0.25 blend 11
46.54 0.01 0.08 blend 11
46.54 0.01 0.02 blend 11
46.48 0.09 0.10 blend 11

GQWOoOOERNORAROCOWWWOUONNWRAMNOW~NOMTTONOOOONOONRMORMPWPROTOOWRARWOAOWDN
AP OWOPAPONOWVWWOWWRPROWWWNERPONNPEPENREAPRPPPORPNNAEAPRPWONMNMNPAPOWOWNERERPEPNNOLPR
PERPNWOOOWNOOOOROMNNPRPWONMOOORAROANODERPDDWOWRAWONPPRPWOWRRWWOWDNWWDN
ANOODOOPRPRWNNNNWAROOONWONSNREA,DAMRAMDMPOUOOOOORPRUUINWOAORMRWWRAIAONWWEAEADNLER
WOROFRPRNNNORPNNOPFRPRORPPEPNPWOWRNPWWONREPPRPWONNRPEPNPEPOONPEPL®WERO
NNOOOOOPANPNNPRPOWWOONNRAMPORRRPPAWOWPRPWWOUOOURAWPRARWWNDEOONNWNDNLE

4389 4362 SW1 3.03 420 384

3. A model for H, O emission (1976, hereafter GS) (iv) assumed a two-shell model gdH

. . o abundances.
Our previous modelling of KO emission from W Hya (Barlow .
. . o The present treatmen ndons th mptions. Her
et al.[T996) (i) neglected excited vibrational states, (ii) did not e present treatment abandons these assumptions. Here

: T we add the first vibrational state to allow for 4-1f photon
use the observed FIR continuum as a constraint (ii) aLdolo’{é%?citation.The HO abundance starts from a guessed value atthe

the kinetic temperature distribution of Goldreich & Scov'lk?nner radius with an initial ortho/parag ratio of 3. We solve
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Table 2.Observations II: calculated {11 andFai2 for rmin =3.8x 10** cm and 3 10'* cm respectively,
see text) and observed{;,s) H20O line fluxes for R Cas

J

~
=
+

J

~
=
+

Avac Aobs Det. Foan  Feaz Fobs Comments
(pm)  (um) (10~ Wm™?)

179.53 17955 LW5 0.97 1.01 0.82

174.62 174.66 LW4 0.52 0.55 0.54

156.27 156.28 W4 0.04 0.04 0.24 blend 1
156.19 0.17 0.17 blend 1
14452 14456 W4 0.08 0.09 0.29 +CO18-17
138.53 138.53 W3 0.61 0.61 0.74

136.50 136.62 LW3 0.34 0.38 0.18

13494 13494 w3 0.23 0.28 0.18

132.41 132.38 W3 0.44 0.50 0.35

126.71 126.74 LW3 0.16 0.17 0.14

125.35 125.22 W3 0.45 0.48 0.41

121.72 121.78 W2 041 0.48 0.31

116.78 116.79 LW2 0.01 0.02 0.36 +x?
113.95 113.62 W2 0.11 0.15 1.54 blend 2
113.54 1.42 1.54 blend 2
111.63 111.76 LW2 0.12 0.15 0.27

108.07 108.04 w2 195 2.07 1.50

104.09 104.23 W1 0.25 0.35 0.68 blend 3

103.94 0.07 0.10 blend 3
103.92 0.04 0.07 blend 3
101.21 101.06 LW1 0.04 0.05 257 blend4
100.98 150 151 blend 4
100.91 0.56 0.67 blend 4
99.98 99.57 Lwl 0.02 0.04 143 blend5
99.49 114 1.30 blend 5

98.49  98.49 Lwi 025 034 0.36
95.88  95.73 Lwi 010 0.13 121  blend6

95.63 0.67 0.78 blend 6
94.71 94.70 Lwl1 033 042 098 blend7
94.64 0.31 043 blend 7
90.05 89.81 Lwi 0.04 0.07 254 lleh+x?
89.99 124 131 blend 8

83.28 83.28 SW5 057 075 0.78
82.03 82.06 SW4 134 164 1.36
78.93 78.81 SW5 0.27 040 294 Dblend9

78.74 242 274 blend 9
75.50 75.40 SW4 0.06 014 3.0 blend 10
75.38 3.92 4.24 blend 10

74.95 74.94 SW4 024 038 0.64

72.03 72.01 SW3 0.03 0.07 136 blend11
71.95 120 161 blend 11
71.54 71.62 SW3 050 0.76 1.18

71.07 71.11 SW3 0.85 1.07 1.01

67.27 67.20 SW3 0.13 0.14 3.16 blend12
67.09 272 294 blend 12
66.44 66.47 SW3 4.68 520 3.07

66.09 66.09 SW3 0.83 124 1.08

65.17 65.17 SW3 167 221 0.61 noisy
63.46 63.31 SW3 0.36 0.65 157 blend 13

63.32 1.03 159 blend 13
60.16 60.16 SW3 0.08 0.17 159 blend 15 noise
59.99 0.41 0.70 blend 15

58.70 58.58 SW3 498 570 231
57.71 57.70 SW2 021 044 276 blend16
57.64 1.76 1.93 blend 16

A OPRANOVOOOOINWWWOANNONWOPRPRODOODWNOPRMAOOOOCONOWUONOOOONOORMUUONREDMWPMRIOWWPRARWOAOWDN
NP WNNRPRPONRPFPWWWNRPRORPNMNNUONRPEPPRPONMANDIDMEPDARMNONENNRARPRWONNRPEPWOWWWOWNREPWERERRENNOLPR
NNNODODWOUITOOOROAMANNNORL,DWOOONMNOOPRPROODORPRUUODORMAORARNOAORARPRBEARMNWOWANDPAPRPWOAOWWNWWN
WNWONNANOOONNWRAROOODOONOWOAOONNORRPMNAOPMOPRAPRPLPUUDTOOORLRUITWUOPR,RWWRAOAOWNWWADNE
PNMNNRPWORPRFEPNMNNMNNORPROPRPOWRMARPNORPPWRPRWOWWRREPNRPWWONRPPRPONANPEPNPEPONMNONEREWEREO
WORUUGUONNPPOPRPOWWOOWORANOONDMOOOORLROODONPAEAERPNEAANWRWWOUOUOOUWRARWWWNIAOAORPNNWNDDNLE
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Table 2. (Continued)

Truong-Bach et al.: #O from R Cas

J K- Ky J K- Ki JQvac  Aobs Det.  Foan  Feaz Fons Comments
(um)  (um) (107" Wm™?)
4 3 1 3 2 2 56.33 56.81 SW2 249 289 noisy
8 2 7 7 1 6 55.13 55.10 SW3 0.83 1.48 0.85 noisy
5 3 3 4 2 2 53.14 53.08 SW3 182 230 1.32
9 1 8 8 2 7 51.69 51.47 0.47 1.04 noisy
6 3 4 5 2 3 49.39 4931 SW1 3.07 4.12 410 blend 17 noisy
4 4 1 3 3 0 49.34 589 6.99 blend 17
4 4 0 3 3 1 49.28 3.03 374 blend 17
5 3 2 4 2 3 4797 4793 SW1 492 6.09 3.28
7 3 5 6 2 4 46.75 46.44 SW1 0.62 1.08 5.60 blend 18 noise/+x?
10 2 9 9 1 8 46.61 0.27 0.75 blend 18
6 3 3 6 0 6 46.54 0.03 0.05 blend 18
6 4 2 6 1 5 46.54 0.03 0.05 blend 18
3 3 1 2 0 2 46.48 0.13 0.14 blend 18
5 2 3 4 1 4 4511 45.00 SW1 353 428 3.39
5 4 2 4 3 1 4420 4398 Swi1 235 324 7.37 blend19
7 4 3 7 1 6 44.05 0.09 0.16 blend 19
5 4 1 4 3 2 43.89 575 7.30 blend 19

Table 3.0Observations llI: calculatedi{.,;1 andF;ai2 for rmin =3.8x 10**cmand 3 104 cm respectively,
see text) and observed,B line fluxes from R Cas

J K- Ky J K- Ki IQyac Aobs Det.  Feann  Feaiz Fobs Comments
(um)  (um) (107> Wm~?)
5 4 2 4 3 1 44,195 4398 SWS 2.35 3.24 7.4 blend 1
7 4 3 7 1 6 44.049 0.09 0.16 blend 1
5 4 1 4 3 2 43.893 575 7.30 blend 1
6 3 3 5 2 4 40.760 40.71 SWS 1.31 2.01 53 blend 2
4 3 2 3 0 3 40.691 1.25 1.8 blend 2
6 4 2 5 3 3 39.399 3938 SWS 190 294 39 blend 3
5 5 1 4 4 0 39.380 2.46 3.71 blend 3
5 5 0 4 4 1 39.375 571 7.73 blend 3
7 4 4 6 3 3 37.566 3755 SWS 098 182 22
6 b5 2 5 4 1 35.938 3594 SWS 4.86 7.32 3.5 blend 4 noise
6 5 1 5 4 2 35.904 1.78 3.09 blend 4
5 3 3 4 0 4 35.472 3545 SWS 049 065 25 blend 5
7 4 3 6 3 4 35.428 3.45 5.61 blend 5
7 3 4 6 2 5 34549 3454 SWS 240 398 24
6 6 1 5 5 0 33.005 33.01 SWS 413 6.96 5.6 blend 6
6 6 0 5 5 1 33.005 1.50 2.91 blend 6
7 5 2 6 4 3 32.991 355 6.16 blend 6
4 4 1 3 1 2 31.772 31.77 SWS 0.13 0.17 5.1 blend 7
8 4 4 7 3 5 31.738 0.60 1.33 blend 7
6 3 4 5 0 5 30.899 30.89 SWS 152 222 4.2 blend 8
8 5 4 7 4 3 30.871 2.16 4.48 blend 8
5 4 2 4 1 3 29.885 29.85 SWS 0.10 0.15 5.0 blend 9
7 2 5 6 1 6 29.837 1.20 1.97 blend 9

radiative transfer and thermal balance to derive a radial kinegjives: the stellar radius, ~ 2x 10'3 cm, stellar effective tem-
temperaturel’k (r), H2O line fluxes, and the FIR continuumperatureT.g ~ 2415K, stellar luminosityl ~ 2420L,, and

consistently in order to compare with the observations.

stellar mass\f ~ 1.2M,. From CO observations, the outflow

For R Cas, the Hipparcos parallax (van Leeuwen gt al.|199&jminal velocity isV;, = 12 kms~! (Bujarrabal et all_1989,
corresponds to a distance of 18712 pc andMy,, = -3.74. Loup et al/ 199B). We assumed an atomic-to-molecular hydro-
Adopting the angular diameter E-model of Haniff et @l. (199%)en ratio off = 1. Collisional rates obrtho- and ofpara-H,O
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Fig. 4. Merged and smoothed FIR continuum spectra of: (a) Observations I; (b) ObservatiorDibtted model continuum spectra. Unitg:
and 107 Wm™2pm™?!

Table 4. A 10-point sample of the observed FIR continuum fluxes used for the fit and their corresponding calculated
values (in 10*°* Wm~2pm™1)

A (1) 29 40 43 46 50 62 72 86 108 130 132 155 185 190
Observations | 200 165 125 65 37 16 57 26 1.3 0.4
Calculated 240 186 135 58 31 15 56 25 1.1 0.4
Observations lI-1ll 1750 500 180 90 50 23 9 3.5 1.75 0.7
Calculated 1559 514 223 95 51 24 9.2 40 1.85 0.7
excited by He impact (Green et al. 1993) were corrected b}k&mq) — Qnaoy = _drq )

factor~ 1.38 to account foH, encounters. We treat 45 rota- dz

tional levels of the ground vibrational stai®, whose highest Here 74(p, 2) is the averaged optical depth of dust grains at
energy is~ 2000 K. To account for- 4-10u photon excita- 80um from o to z along the line of sight at impact parameter
tion, as suggested by Barlow et al. (1996), we considered ajsg and z are the components of the radius vectoin the
the 45 lowest rotational levels of the first excited vibration&astor[(1970) coordinate systepxQ andz=r for the on-source
state,v,. We assumed that, andv, have the same rotationaldirection).
collisionratesC(JK_K —J K’ K' ), while between, and In order to reduce the calculation time, we have fitted the
vy the vib-rotational collision rates are lower by a facto0.01 model to a sample of 10 points of the observed FIR continuum
(Deguchi & Nguyen-Q-Rieu 1990; hereafter D-NQR). This facspectrum (see Table 4). The entire continuum distribution can
tor was subsequently varied by a factor of 10 to determine ke obtained by interpolation, using a spline function (sedTig. 4).
effects. As in D-NQR, we found that uncertainties in the vibra- Since theortho states do not mix with theara states
tional collisional rates have no effect on the calculate®Hine (Herzberd 1962, Townes & Schawlow 1975), we have distin-
fluxes. guished two systems whose transition probabilities, collisional
The FIR continuum radiation comes from the central stagtes, and statistical weigHt3(27+1) for anorthoand 2/+1 for
the 2.7 K background, and dust. It was scaled by a faBtorto aparalevel J ] are different. We assumed an initial ortho—to—
account for the stellar phase dependence. The dust tempergbare H,O abundance ratio of 3, which is expected to be equal to
varies as-—"4 (Elitzur et al[19756). The FIR emissivity of dustthe high-temperature limit for 50 molecules newly formed on
grains was taken to vary as (8Q4m))? (Bujarrabal et al. 1980), a grain surface (Tielens & Allamanddla 1987). The gas velocity,
where we have found ~ 0.80 is appropriate to reproduce the.(r), was obtained by solving the equation of motion for the
observed wavelength dependence of the FIR continuum speejexted gas (GS). The original expression for the drift velocity,
(Fig.[4). We adopted a grain radius @f=0.1xm and a dust v4(r), of the moving grains relative to the gas particles is not
mass densityq=3 gcnT 3. A dust-to—gas mass ratio of 0.005salid close to the stellar atmosphere (GS). We used a modified
seems to be appropriate (Groenewegen €t al.11998)y iE  expression forwg(r) (Truong-Bach et al. 1991) based on the
the grain number density, ad is the grain geometrical crossequation of motion of the grains (Kwak 1975). The molecular
section, uncertainties in the grain characteristiggq can be densities of HO, OH, and O were derived from the exothermic
absorbed in the momentum transfer efficiency facor free chemical equilibrium reactions
parameter in the dust absorption coefficient, which is used to

| -
the observed KD line fluxes and continuum: ok + Hy S H,0+H+069eV
OH + HS O+ Hy;+0.3eV
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Photodissociation by the interstellar UV field operates in the 10 °
outer envelope according to
291

H,0 % OH % 0 0oL

Here the unshielded photodissociation rates were taken to pe
)

(Roberge et al. 1991) e ]
G(H,0) = 5910 1051

GO — 3510 051 N K
H,O self-shielding is negligible. Dust shielding against the UV

interstellar field is represented by a dust opacity at ]ZO(I(ZIor-
ris & Jura1983). Because the local line width due to turbulence -6 [, | ‘ L
and thermal broadening«(0.3-0.7km s~ 1) is much lower than 10%° 1016
the terminal velocity (1&ms~!), one can expect that photons Radius (em)
which escape from.f.:l local vo!ume are not reabsorbed, and BRES5. The FIR fluxes (in W m?um~) at 29, 40, 50, 62, 72, 86,
the escape probability formalism (Castor 1970) to perform thgg 130, 155 and 196m as functions of radiugrom top to bottom,
statistical equilibrium calculations. The deduced level populgspectively)
tions were used to determine molecular line opacities, excitation
temperatures, and fluxes. We have included heating and cooling
and photodissociation by FUV interstellar field (e.g. Truondhe spectra with continuum: the rapid rise of the continuum to-
Bach et all 1990, 1991) together with chemical reactions (G8ard 29um, the low line/continuum ratios, and blending are
in our calculations. the main causes of uncertainty. At some wavelength positions,
Heating of gas is due to collisions with dust grains artthe forward and backward scans of SWS (Eig. 3, see Sect. 2)
also by exothermic (chemical and photodissociating) reactiods. not clearly show the same lines when the continuum fluctu-
Cooling is due to: (i) the gas adiabatic expansion (GS); (éitions can be comparable to the line heights. Uncertainties in
H,O spontaneous emission between rotational levels,(ahd line fluxes, determined after continuum removal, are estimated
v5) whose fractional level populations are determined by solie be better thar- 40% for LW. They increase toward SW and
ing the statistical equilibrium equations (see Truong-Bach et eéin reach a factor 2—3 for SWS. The measured line fluxes are
1990); (iii) Hy decay from the first excited to the ground vidisted in Tables 1-3 (see Sect. 2).
brational state (GS). We also estimated cooling by CO emission Our best fit to the observed FIR continuum angiCHine
in a three-level scheme: two rotational levels in the ground Vltixes (Observations I-11l) was obtained with a mass loss rate of
brational state and one in the excited vibrational state (e.g. G%;~ 3.4x 10~7 M, yr~*, and a HO total initial relative abun-
Justtanont et al._T994). With a Ck/ abundance of 4 10~* dance of~1.1x10~° (7.9x10~ for ortho- and 2.7 10~ for
atthe inner radius (Mamon et A.”.1988), we found that CO coglara- H,O). The scaling factor for FIR excitatioll/; (Sect. 3),
ing operates farther out than the ® excitation region. O was found to be- 0.61 and 1 for Observations | and II-111, re-
molecules formed in the vibrationally-excited state (and the rgpectively. SW and SWS lines are excited closer to the star (
verse, dissociation, reaction) were found to have a negligidletx 1015 cm for lineA45.11 pm) than LW’s ¢ < 6.3x 1015 cm
effect on the energy balance of the envelope, in agreement with line A174.62 um). Increasing the mass loss rate by 20%
the results of Justtanont et al. (1994). would lead to anincrease of the line fluxes.025% and 40% for
The net energy variation is related to the temperature grathie 174.62:m and 45.1Jum lines, respectively. In an outward
ent throughout the shell. Thus, when the best fit to the obseristegration over a large range of radius, frem= 1.0x 104
tions was achieved, the molecular abundances and densitiesgtheo 2.5< 1016 cm, we determined the contributions to the
heating and cooling rates, and the kinetic temperaflitér), line and continuum fluxes at each step. This allowed us to es-
were simultaneously derived. timate an overall best fit for,,;, =3.8x 104 cm. A smaller
value ofr,;, would overestimate the SWS+SW line fluxes, as
reported in Tables 1 and 2. Here @ line fluxes,F,..; and
F..12, Were calculated for 2 values of,;,: ~ 3.8x 10 cm
In Figsd and®2 we plot the #0 model spectra superimposedind 3.0< 10'* cm, respectively. In the following we adopti,,
on the observed spectra of observations | and Il for compariser3.8x 10'* cm. We note that most of the,i® line excitation
The fit for the long-wavelength portion (i.e. detectors LW1-Srises at radi 5x 10'> cm. Within observational uncertainty,
of the LWS spectrum (lower panel of Figs. 1 and 2) seems &n outer radius,,,., chosen greater than110'® cm makes lit-
be better than for the short-wavelength detectors (upper paneis)difference to the line fluxes. The outer shell from1x 106
Thisis, to alarge extent, due to the high continuum/line flux rat@n to 2.5« 1016 cm contributes- 16% to the FIR continuum at
toward short wavelengths, causing the difficulty in determinir2p um, i.e., within the observation uncertainty. The calculated
the baseline among the continuum fluctuations [Big. 4 represedntensities for HO vibrationally-excited lines af, were found

IR flux

4. Results and discussion
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Fig. 6. The averaged optical depth of dust grains gt0fromr tooo  Fig, 7. (Top): the logarithmic velocity derivative(r) (in cgs units).
(Botton): the gas expansion velocity, and the drift velocity of dust

grainsvg as functions of-
to be weak compared to those in the ground vibrational state,’in

agreement with the D-NQR model. In order to see the mfluence "
of collisional excitation from the ground to the vibrational levi?
els, we multiplied the assumed vibrational collisional rates by a
factor of 10. However the calculated @ line fluxes in the fun- a
damental state are not appreciably increased. On the other hand
when we decreased the FIR radiation field by a factor of 0.5, we °
have found that the $D line fluxes decrease by e.g., 35% and
46% for thel 174.62um and 99.49.m lines. If we take out the
vibrational levels, the line fluxes would decrease-b§1% and
57%forA 174.62um and 45.11.m, respectively. From this new '3
level configuration, if we vary the collisional rates by a factor of

2 these line fluxes would increase ©y6%. These tests indicate

that FIR radiative effects are more important than collisions in
the excitation of HO. This finding opposes that of D-NQR an%fu
Barlow et al. [(1996) which found that the FIR,8 lines are
mainly excited by collisions. However it is not easy to compare Radius (cm)

these models with the present because they are fundamenl‘rglgy8 The heating and cooling rates scaled by10™ cm)* (in

different and they did not constrain FIR continuum fluxes. cn®s~1). a, grain-gas heating. Cooling due tpadiabatic expan-
Fig[@ gives the averaged optical depth of dust gra'nsﬁg of gasr, Hy vibrational excitationg, H.O rotational excitation.
80um in the outflow. It decreases from 0.1 to~ 0.035 as solid ortho;dashedpara HO

r increases from ,;, to ~ 110 cm.
In Fig.[4, we plot the expansion velocity,(r), of the cir-
cumstellar gas, the drift velocityq(r), of dust grains rela-
tive to the gas, and the logarithmic velocity gradiesit;) = shelf increases with the line opacity (Morris etlal. 1985). The
dinv. /dlnr, as functions of radius. Here we have set= 0.02  low spectral resolutions of our observations do not allow us to
for e lower than this value as discussed by D-NQR for the largkscern the line profiles. It would be of interest to make higher-
velocity gradient approximation, but numerical tests show thiagsolution observations of the IR line profiles. The optical depths
the modelling results are insensitive to the adopted limitireg line centre (radial velocity,, = 0, Castoi 1970) and along
value ofe. the line of sight at projected distance in the plane of theysky
The H,0 line fluxes were calculated neglecting any possible 1x 10'® cm are~ 3.56, 1.40, and 0.15 for the 174.66h,
non-local self-absorption effect (Nguyen-Q-Rieu et al. 19899.49um (505—-411), and 45.1dm lines, respectively.
Morris et al.| 1985). This is a good approximation since the InFig[8, we plotthe heating and cooling rates. The momen-
change to the (optically thin/thick) line profile due to that effedum transfer efficiency used @ ~ 0.073. We recall thaf) is
is small, as it would enhance the redshifted wing while depredisiked to the grain characteristic factofoq in the dust absorp-
ing the blueshifted one (Morris et al. 1985, Truong-Bach et dlon coefficient. A lower (or higher) value @ means a higher
1991). Another characteristic of the self-absorbed line is the dpr lower) value ofnyo4 for the fit. Grain-gas collisions domi-
pearance of a weak shelf on the blue wing when self-absorptiwaie the heating effects. Cooling by gas adiabatic expansion is
does not reduce the intensity entirely to zero. The width of thimportant throughout the envelope. Coolinglby v =1-0 pho-
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Fig. 12.The radial abundances o8B (ortho), O, and OHSolid with
UV photodissociationglotted without photodissociation

by photodissociation from 2 2.2x 10'® cm. Here HO ex-

tons is important close to the central star. CO cooling is weakation becomes low and the outer layers contribute typically

and operates outside of the® excitation region.

~ 14-20% to LW @ 174.62um and 108.07:m), but insignifi-

Fig[9 shows the radial abundances gfHn chemical equi- cantly to SWS & 45.11m and 29.8Zm) line fluxes.

librium with O and OH. Theortho-to-para abundance ratio

Uncertainty of the derived mass loss angHabundance

which starts from the value 3 in the centre remains unchangedue to uncertain thermodynamics can be estimated. We recall
through the entire shell. Fig.JLO represents the densitiék, pf that the kinetic temperature depends on the drift velocity which

H;0, OH, and O.
Fig[I1 shows the kinetic temperature distributidi,(r),

varies asQu.)%°. If we varied this quantity, for example by
decreasing by 60Q = 50%@Q), the calculated line fluxes would

in the envelope. It decreases outward frem 300 K. At radius noticeably decrease by, e.g., 80%, 92%, and 98% for the LW

r ~ 10'5 cm, the kinetic temperature is stit 950 K. At r

174.62um, SW 82.03:m, and SWS 34.540m lines, respec-

~ 5x 10'® cm, it becomes- 380 K. From here the excitationtively. For a moderate decrease @f §Q = 30%(, the latter
becomes too low to contribute significantly to the observed litiee intensities would decrease only by 30%, 31%, and 50%, re-

fluxes.
In Fig[12 we plot the radial abundances of® (ortho),

spectively, i.e., by about their observed uncertainties. We tried
to compensate this line flux diminution by increasing the mass-

0, and OH for two cases: with and without photodissociatioloss rate bys )M = 25% M, and the intensity deviations were

The weak dust shielding would allow interstellar FUV to penreduced to 0.6%, 8%, and 19%, respectively. This means that the
etrate deeply into the inner shell, since photoproduction of i@w fit obtained is still good for LW but worse for shorter wave-
and OH begins at ~7x 10'* cm. However their abundancelengths. Therefore the upper limit of uncertainty for the mass
variations are weak compared to the®labundance itself. The loss can be estimated as 25%. Accordingly, the uncertainties
figure shows that the HD abundance is perceptibly decreasefdr the H,O abundance and the kinetic temperature at the inner
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radius were derived to be 47% and 33%, respectively. Naturallgknowledgementdtis a pleasure to thank F. Viallefond for supplying
the final uncertainty should include that from the Hipparcame of us (T.B.) with the GIPSY software for data reduction.
distance determination (van Leuuwen efal. 1997).
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