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The rich far-infrared water vapour spectrum of W Hya
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Abstract. We present an ISO Long Wavelength Spectrometeant coolant species should enable improved models of the wind
(LWS) grating spectrum of the oxygen-rich AGB star W Hys&emperature distribution to be produced.

from 43_191‘”.]' The spectrum IS dgmlnated by a forest of Waliey words: stars: general — stars: individual: W Hya — stars:
ter vapour emission lines, confirming that® molecules are )

the dominant coolants of the winds of these stars. We have cOte>> loss —stars: AGB and post-AGB

structed an outflow model for the,® spectrum of W Hya,
which successfully matches the fluxes of most of the observed )
H,O lines, using an adopted wind temperature profile. Thekelntroduction

fits are sensitive to the mass loss rate, to th®tdbundance \yater has long been believed to be an important molecule in
and to the inner radius of the,® emitting region. The best fit )4t circumstellar and interstellar environments. It possesses
parameters correspond to a mass loss rateqlt)‘oq Mo yr g very large number of strong far-infrared (FIR) transitions,
inner and outer radii for the emitting region of51x 104 suggesting that it can act as a major, or even dominant, coolant
and 1x 10'°cm, and a HO/H; abundance of & 107* for iy shocks and circumstellar outflows. Although cm-wavelength
r < 45x 104cm and 3x 10~* at large radii. A decrease ofyater vapour and hydroxyl maser emission from star formation
the HO/H, abundance in the outer envelope is consistent Wifiyions and from cool stars has been studied for many years, the

the predictions of photochemical models. The availability fqf,ermal conditions and the water abundance cannot be obtained
the first time of observations of the line fluxes from the domj-—————
Based on observations with ISO, an ESA project with instruments

funded by ESA Member States (especially the Pl countries: France
- Germany, the Netherlands and the United Kingdom) and with the par-
Send offprint requests 1M.J. Barlow (mjb@star.ucl.ac.uk) ticipation of ISAS and NASA.
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Fig. 1. The ISO LWS spectrum of W Hya between 122—188 with some of the strongest water vapour lines marked.

from such observations. Most of the® rotational transitions A <93um) and 0.:m in first order (LW1-LW5) >80um). The
occur in the FIR wavelength region, and almost all of thetotal on-targettime was 1585 sec. The absolute and relative flux
are predicted to be emitting thermally (e.g. Deguchi & Riecalibration of the spectra was relative to Uranus (Swinyard et al.
1990). However, the very same®ltransitions make the Earth’s1996). The sub-spectra from the ten LWS detectors have signifi-
atmosphere completely opaque to ground-based observatiortsint overlaps in wavelength and small scaling factors have been
the FIR, due to the overlap of their strong damping wings. Evepplied such that they joined smoothly to form a complete spec-
at airborne altitudes, the strong Gaussian line cores of tellutiam from 43-197m. A portion of this spectrum is illustrated
water vapour lines have prevented the detection of FJ® Hin Fig. 1.

lines from astronomical sources. However, 1ISO’s orbit puts it

above such interference. The first detection of a far-HFOH 3. Results

emission line, the 179 ortho-HO fundamental line, was |nspection of Fig. 1 reveals that many rotational lines of ortho-
made by the LWS from the planetary nebula NGC 7027 (Lihd para-HO are strongly presentin emission. More thaw40

et al. 1996). Here we report the detection of many more Ftiortho- and para-$O rotational transitions are detected, many
H2O emission lines, in an LWS grating spectrum of W Hya, agf them blending with each other (e.g. Fig. 2). The fluxes for
oxygen-rich AGB star. some of the stronger and less blende@®tre listed in Table 1.

W Hya is a semi-regular variable with a spectral type ¢for blended features, only the identification of the strongest
M8e-M9e. It is a strong OH and # maser source (Lewis component is given in the main part of the table, others are
1990, Chapman et al. 1994). Its distance, radius and effecliéged as footnotes. We note that there is no clear evidence for
temperature have been estimated to be 130 p&,B5 cmand the presence of vibrationally excited rotational®4lines in
2700 K, respectively (Cahn and Elitzur 1979). Its wind terminglur spectrum. No OH lines are detected, despite the fact that a
velocity is 9 km s (Zuckerman & Dyck 1986) and estimatessignificant number of OH lines have similar excitation energies
forits mass loss rate vary from 10(Loup etal 1993), &10~" o the observed O lines and fall within the LWS wavelength
(Bujarrabal et al. 1989) t0:210° M, yr—* (Menten & Mel-  domain. The implications of this are addresse§4nTwo CO

nick 1991). rotational lines are detected, the 16-15 transition at 162181
and the 17-16 transition at 153,2n (Table 1). The CO 15-
2. Observations 14 transition at 173.28n is blended with the strong 0280

The data described here were obtained on Feb. 7 1996, duddg.6um line. The spectrum beyond 18 is too noisy for
Revolution 82 of ISO (Kessler et al. 1996), using the LwSdiie CO 14-13 186.Q@m line to be detected.

AOT (Clegg et al. 1996). Eight fast grating scans were obtained

with 0.5 sec integration ramps at each commanded grating fe/A model for the H,O line emission from W Hya

sition. The spectra were sampled at 1/4 of a spectral resolutid® have employed standard Large Velocity Gradient (LVG)
element, the latter being Qu in second order (SW1-SW5;models for an AGB star wind in order to try to reproduce the
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Table 1.H,0 and CO FIR emission lines from W Hya Table 2. Model parameters for the® emission from W Hya
P o - Distancexd = 130 pc
Ava(pm)  Identification  Det  Aondpm)  Fgo Fpeg Stellar effective temperatur@iy = 2700 K
5764 p-HO4,-3), SW2 57.64 362 61.6  StellarradiusR. =35x 10 cm
"o SW3 5766 452 " Mass loss rateM =6 x 107" Mgy !

5870 0-HO4-3% SW3 5870 195 291  Wind velocity: Vi = 9(1— 0.5Ri/r)/? kms*
63.46 p-HO&s7, SW3  63.34 304  37.2 Envelope inner radius®in = 1.5 x 10" cm

66.43 0-HO %—2; SW3  66.43 229 28.0 Envelope outer radiusou = 1 x 10 cm

67.09 p-HO %1_4()) SW3 67.19 59.8 43.4 Wind kinetic temperaturely = 1300 K forr < 3Ri,

7874 0-HO %43, SW4 7880 280 347 = 1300(Fin /r)** K for r > 3Rin
T SW5 78.78 28.0 " Water abundance: #0/H; = 8 x 10~* for r < 6 x 10"*cm
83.28 p-HO G55 SW5 8335 226  20.6 =3x 107*forr > 6 x 10" cm
2 2 SW5 89.71 158 -

89'9.? ..pﬂo Sz2u LSV\\//V15 98096827 3277'4?’, " 235 was assumed (Elitzur et al. 1976). This power law corresponds

108.07 0-HO 21, LWLl 10807 130 150 toa dugt a.bso'rpti(.)n efficienYaps o< A*l'. The kinet'ic temper-
11369 0-HO4s3, LW2 11369 17.4 15.4 ature dlstrlputlgn is take_n from.GoIdre|ch & _S(_:ovnle (1976).
12536 p-HO4s~31s LW2 12541 166  11.3 The excitation of HO is dominated by collisional processes
woow LW3  125.44 13.2 " (e.g. Deguchi & Rieu 1990). The calculated spectrum is sensi-
132.41 0-HO 4344 LW3 13256 550  4.12 tive to the mass loss ratéf, the HLO/H, abundance ratio, and
14451 p-HO 43-3» LW3 14465 6.38 6.38 only weakly dependent on the wind velocity field and temper-
o Lw4 14471 468 " ature structure. We first assumed a constagfD ldbundance
153.27 COJ=17-16  LW3  153.24  2.26 —  across the envelope. The®/H, abundance ratio and the mass
156.25 o0-HO5s—4;) LW3 15618 541 120  |ogsratell were treated as free parameters: a good fit to the ob-
C _ Lwa4 ~156.32 675 " served HO fluxes is reached with7 = 6 x 10~'M, yr—1, ato-
igi'gi OC_E(‘])‘;O(::;; LVI\_/\QM 171:’2193 9 2'130 8 35 tal (ortho + para) Watervgpourabundance gdiH, = 4x 1.0—4
I 2 LW5 174.'61 7.'56 e and an ortho-to-para rqtlo of 1:'1. All of the observq@-lmes
17953 0-HO 2i0-1o; LW5 179.43  8.66 103 are four_1d tobe verylo_ptlcally thick, WhICh helpg explainthe ease
180.49 0-HO 21-2, LW5 18040  2.90 295 with which the transitions from the_hlghgr rotational levels have
been detected. Due to the uncertainties in both the model and the
) in 100 Wem2; ) also p-HO 817-7x6 at 57.7um; @ also  observed data, and the fact that all of the observed lines are very
0-H0 81g-To7 at 63.3um; ) also 0-HO 30~z at 67.21:m; ©  opagque, the bD ortho-to-para ratio is not well constrained and
also p-H0 615-5x4 at 78.9%m; /) flux including the unidentified may be between 1 and 3. For low-J transitions (excitation energy
line at 89.7um; #) also P-HO 5554 at 113.9m; " also p- < 200 cmr1) the predicted lines fluxes agree within 30 per cent
H20 37-3;3 at 156.19im; " als0 0-B0 45 at 174.92mand iy the ohserved values. Fluxes of transitions with excitation
P-H20 Ss5-6oe AL 174.61m energies> 200 cnT? tend to be systematically underestimated
in this model. This could be due to the fact that these high-J
observed water line fluxes under simple assumptions. Degughhsitions arise mainly from the inner layers of the envelope.
& Rieu (1990; DR9O0 hereafter) modelled the®iline emission An improved fit to these high excitation lines is achieved by
from cool O-rich evolved stars (see also Chen & Neufeld 199&)lopting an enhanced,B/H, abundance ratio for this inner
and predicted the line fluxes for four different mass loss ratgggion, e.g. assuming@/H, = 8 x 10~* for » < 6 x 1014
assuming a constant fractiongi®'H, abundance inthe outflowcm and HO/H, = 3 x 10~* at large radii. The final model pa-
of 4x10~*. By chance, the parameters of the DR90 lowest magsmeters are listed in Table 2. This model gives a net cooling in
loss rate model (810~" M, yr~! at a distance of 100 pc) arethe wind by HO rotational lines of 0.17 §. Fig. 2 compares
not too different from those inferred for W Hya. A comparisothe observed spectra to the predictedHine fluxes convolved
of the observed kD line fluxes with those predicted by thiswith the instrumental line profiles. The predicted line fluxes are
model shows agreement to within a factor of three for moslso compared to observed ones in Table 1. The fit is good for
lines. In this section we will discuss the results fromzDHine  most of the HO lines, although a few of the observed lines
model specifically tailored to W Hya. are anomalously fainter than predicted, e.g. the 5m64nd
We have used the LVG approach to compute the popu&8.7Qum lines (Table 1) and the 156 261 line (Table 1 & Fig-
tions across the envelope. The ortho- and pag@-hholecules ure 2). A decrease of the,® abundance in the outer part of
were treated as two independent species. We considered onlytteesnvelope is consistent with photochemical models, which
lowest 45 states of 040 and of p-HO, and used the He-4® predict that HO is photodissociated to OH by the interstellar
collisional rates of Green etal. (1993). The collisional excitatidsV radiation field (e.g. Huggins & Glassgold 1982). W Hya is
rates of HO by impacts of H were obtained by multiplying the a strong OH maser source. Since the FIR OH lines are likely to
H,O + He rates by a factor of 1.35. Radiative excitation by dusé dominated by radiation pumping by the dust continuum, the
emission was treated as in Elitzur et al. (1976). A dust tempermn-detection of OH lines in the LWS spectrum might be due
ture distributioriTy oc »~%4, wherer is the circumstellar radius, to a low grain density and temperature in the outer envelope.
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Fig. 2. The best-fit model for the ¥D line spectrum of W Hya is plotted below the continuum-subtracted observed spectrum, with the dominant
transitions labelled. The parameters of the model are listed in Table 2.

The HO v = 0 states can be populated via 49 ra- the dominantcooling lines from the wind, namely those gt
diative pumping to the, = 1 levels, which then decay to thehave been detected, it should be possible for improved models
v = 0 states. In the current model, this process has been ofthe wind kinetic temperature distribution to be produced.
glected, mainly due to the unknown vib-rotational collisional
rates. However, test calculations including this excitation medReferences
anism show that it could significantly affect the fluxes of linegujarrabal V., Gomez-Gonzalez J., Planesas P. 1989, A&A, 219, 256
from the innermost regions, i.e. those of high excitation ene&rahn J. H., Elitzur M. 1979, ApJ, 231, 124
gies. The calculations are sensitive to dust emission betwezrapman J. M., et al. 1994, MNRAS, 268, 475
4-9um and to the real value of the dust absorption efficien&hen W., Neufeld D. A. 1995, ApJL, 453, L99
Qabs in this wavelength region, a poorly known quantity. Th&legg P. E., et al. 1996, this volume
results do not depend on the FIR dust emission observed byg#guchi S, Rieu N-Q. 1990, ApJL, 360, L27
LWS, since the dust emission is optically thin in this wavelengffiZur M., etal. 1976, ApJ, 205, 384, 1976

, S o Coldreich P., Scoville N. 1976, ApJ, 205, 144
domain. In fact the adopted dust temperatligex r =" s an o o "<’ \1iiendes .. McLean A.D. 1993, ApJS, 85, 181

upper Iimit and is onlyvalid whe@ psvaries ask_*l gnd the en- Huggins P., Glassgold A. E. 1982, AJ, 87, 1828

velope is optically thin at all wavelengths, which is not the cag@qgjer M. F. etal. 1996, this volume

at near-IR wavelengths. Clearly, a self-consistent treatment @fyis 8. M., 1990, AJ, 99, 710

the dust and KO radiative transfer is needed before the possi x.-w., et al. 1996, this volume

ble effect of continuum radiative pumping o8l vib-rotational Loup C., Forveille T., Omont A., Paul J. F. 1993, A&AS, 99, 490
levels can be evaluated. SWS observations of the spectrunMefiten K. M., Melnick G. J. 1991, ApJ, 377, 647

W Hya between 4-8m should also be useful. Given the facBwinyard B. M., et al. 1996, this volume

that such effects are likely to enhance the predicte® Hne Zuckerman B., Dyck H. M. 1986, ApJ, 304, 394

fluxes, both the mass loss rate and th&©HH, abundance ratio

listed in Table 2 should be considered as upper limits. Now that



