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Abstract. We present models and observations of gas-pha€diHes between 5 and 540n toward deeply embedded massive
protostars, involving both pure rotational and ro-vibrational transitions. The data have been obtained for 6 sources with both
the Short and Long Wavelength Spectrometers (SWS and LWS) on board the Infrared Space Observatory (ISO) and with
the Submillimeter Wave Astronomy Satellite (SWAS). For comparison,JCO 7-6 spectra have been observed with the
MPIfR/SRON 800 GHz heterodyne spectrometer at the James Clerk Maxwell Telescope (JCMT). A radiative transfer model
in combination with diferent physicdthemical scenarios has been used to model thg€eliHes for 4 sources to probe the
chemical structure of these massive protostars. The results indicate that pure gas-phase produgfiartanhét explain the
observed spectra. Ice evaporation in the warm inner envelope and freeze-out in the cold outer part are important for most of our
sources and occur at ~ 90-110 K. The ISO-SWS data are particularly sensitive to ice evaporation in the inner part whereas
the ISO-LWS data are good diagnostics of freeze-out in the outer region. The modeling suggests that the 557 GHz SWAS
line includes contributions from both the cold and the warp®Hjas. The SWAS line profiles indicate that for some of the
sources a fraction of up to 50% of the total flux may originate in the outflow. Shocks do not seem to contribute significantly
to the observed emission in othep®llines, however, in contrast with the case for Orion. The results show that three of the
observed and modeled,B lines, the &—21,, 21,—101, and 1o—1p; lines, are good candidates to observe with the Herschel
Space Observatory in order to further investigate the physical and chemical conditions in massive star-forming regions.
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1. Introduction CO is driven into HO, predicting greatly enhanced gas-phase

e H>O abundances (e.g., Kaufman & Neufeld 1996; Charnley
Space missions such as the Infrared Space Observatory (I§é§7)_ The excitation of pD also difers from that of other

and the Submillimeter Wave Astronomy Satellite (SWAS) hayg ;o0 jles in particular from that of heavy rotors, since both

provided a wealth of data on chemically important moleculegjisions and infrared radiation from warm dust influence the
like H,O that are diicult to observe from the ground. Waterlevel populations

is a particularly interesting molecule to study the interaction
of a protostar with its environment, since its abundance reacts We use here observations of,®f combined with de-
strongly to the temperature changes associated with star failed radiative transfer modeling to constrain its excitation and
mation (e.g., Hollenbach & McKee 1979; Charnley 1997). lahemical structure in the envelopes of a sample of massive pro-
the coldest regions, the molecule is known to be present in iostars. The data set is unique, because thiféereint observa-
mantles on grains, whereas it evaporates back into the gas phiasal techniques are used: mid-infrared ro-vibrational absorp-
when the dust temperature rises abe®€0 K. In even warmer tion at 6 um with the Short Wavelength Spectrometer (SWS)
regions and shocks, all gas-phase oxygen not locked upoimlSO; far-infrared pure rotational emission or absorption with
the Long Wavelength Spectrometer (LWS) on ISO; and sub-
Send gfprint requests toA. M. S. Boonman, millimeter pure rotational emission with SWAS. Each of these
e-mail:boonman@strw.leidenuniv.nl wavelength regions probes afférent part of the envelope.

* Based on observations with ISO, an ESA project with instrumer@uch combined data are not available for low-mass protostars.
funded by ESA Member States (especially the Pl countries: France,
Germany, The Netherlands and UK) and with the participation of Since the launches of ISO and SWAS, there have been

ISAS and NASA. several publications of $#0 observations toward massive pro-
** Visiting scientist. tostars using each of these wavelength regions individually.
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For example, Helmich et al. (1996), van Dishoeck & Helmichroducing OH. A series of rapid H-abstraction reactions with
(1996), and Boonman & van Dishoeck (2003) found strortd, then leads to BO* which dissociatively recombines to
H,O absorption in thes, ro-vibrational band toward a dozenH,O. The HO abundances produced by this scheme are a fac-
objects, indicating gas-phase® abundances 0f10° in the tor of at least10 higher than the observed abundances toward
warm gas along the line of sight. In contrast, SWAS obsenrvaigh-mass star-forming regions by Snell et al. (2000). This has
tions of the lowest J5—10; 557 GHz line in emission toward led Bergin et al. (2000) to propose that significant freeze-out
some of the same sources indicate rather la@ lbundances of many species, including4® and its precursors, must occur
of ~107° to a fewx1078, but in a much larger beam (Snell et alin the cold gas. Doty et al. (2002) have coupled the gas-phase
2000; Ashby et al. 2000). Except for Orion-KL and SgrB2 (sezhemistry with a physical model of a massive protostellar en-
below), few HO lines in ISO-LWS spectra of massive protovelope and show that besides freeze-out also beam dilution and
stars have yet been reported (Wright et al. 1997), in contréis¢ non-constancy of theJ® abundance throughout the enve-
with the case for low-mass protostars (see Nisini et al. 20@he may play a role. Water ice has been observed toward many
for a summary). One of the purposes of this paper is to add ttar-forming regions (e.g., Smith et al. 1989; Keane et al. 2001)
ISO-LWS information to the above studies. and comparison of gas-phase and solid-stat® Hbundances
The best studied massive star-forming object is Orion-Kkhows that sources with the high gas-phas® ldbundances
where a wealth of BD lines has been detected using all threleave relatively low HO ice abundances, providing observa-
instruments. ISO-SWS spectra show both absorption and entighal evidence for grain-mantle evaporation (van Dishoeck &
sion in the ro-vibrational @m band (van Dishoeck et al. 1998 Helmich 1996; Boonman & van Dishoeck 2003). Fraser et al.
Gonzllez-Alfonso et al. 1998), as well as a series pure rotg2001) find that HO ice evaporates around90-110 K for
tional absorption lines at 25—4&n (Wright et al. 2000). Above t < 10° yr, temperatures that are easily reached in the envelopes
45 um, the pure rotational lines are seen in emission in tloé massive protostars (van der Tak et al. 2000b).
larger ISO-LWS beam (Harwit et al. 1998; Cernicharo et al. An alternative model for the low abundances oftHin
1999). The line profiles are resolved with the Fabgrd®’and massive star-forming regions has been put forward by Spaans
indicate the presence of,® with abundances 0f10~* in the & van Dishoeck (2001), who suggest that enhanced photodis-
outflowing gas. Melnick et al. (2000b) find similap8 abun- sociation in an inhomogeneous “clumpy” cloud may be respon-
dances in the shocked gas surrounding IRc2 with SWAS, Hmiible. Such models may apply to large-scale molecular clouds,
much lower abundances of a few$0n the extended ridge. but are not applicable to the immediate surroundings of the
The velocity resolution of SWAS is much highetd(km s1) deeply-embedded massive protostars studied here.
than that of 1ISO, thus allowing the shocked and quiescent gasIn this paper we combine the,B® spectra between 5 and
to be distinguished. 200um from the ISO-SWS and LWS with the SWAS data for a
The other well-studied massive star-forming region sample of 6 massive protostars in order to find a chemical sce-
SgrB2. Although it is located at a much greater distancerio that can explain all $#D observations for these sources
than Orion and the sources studied in this work, strofgtween~5 and 540um. Some of these data have been pre-
H,O lines have been detected. Most are seen in absorption (esgnted previously by Snell et al. (2000), Boonman et al. (2000),
Cernicharo et al. 1997), and arise in the dense warm shell amtl Boonman & van Dishoeck (2003). A state-of-the-art model
colder foreground clouds along the line of sight toward SgrB&cluding the detailed physical structure of the circumstellar
at an abundance of107°. One of the questions addressed ienvelopes is used, combined with an extensive chemical net-
this paper is whether the & observations of Orion and SgrB2work. Both pure gas-phase chemistry and gas-grain interac-
are characteristic of other massive protostars. tions, such as ice evaporation and freeze-out onto the grains,
Theoretical models based on both shock chemistry aak investigated.
guiescent chemistry have been developed in order to explain The paper is organized as follows: Sect. 2 describes the ob-
these large dierences in observed,® abundances. Non-servations and the reduction of théfdrent data sets as well as
dissociative shock models readily predict@Habundances of a short description of the source sample. In Sect. 3 the profiles
order 10% in the hot~2000 K gas produced by gas-phase ref the HO 1;0-191 SWAS lines are compared with those of
actions of O+ H, - OH + H and OH+ H; — H,O + H, con- the COJ = 7-6 lines toward the same sources. The radiative
sistent with the Orion observations (e.g., Draine et al. 19&Bansfer model, and the adopted physical and chemical models
Kaufman & Neufeld 1996). Such high abundances can bee described in Sect. 4. The detailed results for AFGL 2591
maintained in the post-shock gas uptto- 10° yr (Bergin are presented in Sect. 5 and those for the other sources in
et al. 1998). On the other hand, quiescent gas-phase che®aiet. 6. Section 7 discusses théfatiences and similarities
cal models also predict # abundances of up te10~* for found between the sources, the comparison with shock models,
T 2 230 K by the same reactions (Charnley 1997; Dotgnd some future prospects for the Herschel Space Observatory.
et al. 2002). Therefore both quiescent high-temperature chdfinally, the conclusions are presented in Sect. 8.
istry and shock chemistry can in principle explain the high
H,O abundances observed. 2. Observations and reduction
Quiescent low-temperature230 K) gas-phase chemistry
gives typical HO abundances of a fewl0’ (e.g., Lee et al.
1996; Le Tetf et al. 2000). Here the #D is formed by The sources in our sample are all deeply embedded massive
ion-molecule reactions starting with @ H or O* + H, protostars chosen to be bright at mid-infrared wavelengths and

2.1. Source sample
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Table 1.Overview of ISO-LWS and SWAS observations.

ISO-LWS observations SWAS observations
Source observation observing observing period integration time
number mode
AFGL 2591 52800 108 LWS04 1999, Jun. 25 — Deé 17 54.7 hr
NGC 7538 IRS9 57100914 LWS04 2000, Jul. 16 — Aug. 10 50.5 hr
W 3 IRS5 47301 306 LWS04 2000, Aug. 11 -13 10.7 hr
S 140 IRS1 36802 110 LWS04 1998, Dec. 20 — 1999, Jdl. 21 18.3 hr
NGC 7538 IRS1 84201112 LWS04 2001, Jul. 13-19 18.8 hr
MonR2 IRS3 - - 2001, Sep. 19 - Oct. 8 17.6 hr

& Snell et al. (2000).

relatively nearby. They have weak radio continuum emissiamaccurate grating positioning. The dark current values have
and are not yet in the ultracompactiHegion phase. Outflows not been adjusted to those of the LWSO01 low-resolution grat-
are known to be associated with all sources. Their luminositg scan of the same source, since only for half of the
ties range from-10*-2 x 10° L, and their distances from 0.8—sources this grating scan is taken in the same revolution as the
2.8 kpc (van der Tak et al. 2000b, and references therein). FiWS04 Fabry-Rfot observations. Comparing the continuum
of the sources are a sub-set of a larger sample of massive pewels of the LWS04 and LWSO01 observations shows that the
tostars studied both at submillimeter and infrared wavelengih&/S04 continuum is within~30% of the LWSO01 continuum
and in gas-phase species as well as ices (e.g. Gerakines dbahll H,O lines in AFGL 2591 and S 140 IRS1, and for most
1999; van der Tak et al. 2000b; Lahuis & van Dishoeck 200nes in NGC 7538 IRS9, NGC 7538 IRS1, and W 3 IRS5,
Boogert et al. 2000; Boonman et al. 2003). To this sampl&hich is in agreement with the quoted calibration uncertainty
we have added MonR2 IRS3, which shows similar charactei- the LWS01 fluxes 0f~30% (Swinyard et al. 1996). For
istics (e.g. Giannakopoulou et al. 1997; Keane et al. 200NGC 7538 IRS9 and W 3 IRS5, the LWS04 continuum near
Van der Tak et al. (2000b, 2003) have constrained the tei,O lines withA 2 136um is about twice as high as that found
perature and density gradients in the molecular envelopedroin the LWSO01 spectra. For NGC 7538 IRS1 the LWS04
these sources from submillimeter line and continuum data (ssmtinuum of HO lines between 132 and 138n is ~50%

Sect. 4.1). higher than the LWSO01 continuum. Therefore the accuracy of
the LWS04 continuum levels is estimated to880% for the
2.2. 1ISO-SWS and -LWS latter lines.

The spectra have been flat-fielded and rebinned, using the
The H,O v, ro-vibrational spectra arouns um observed with |SO-SWS Interactive Analysis System, to a spectral resolution
ISO-SWS have been discussed in a previous paper by Boonrga/A1 = 18 000, about twice the nominal spectral resolution.
& van Dishoeck (2003). Because the ISO-SWS absorption dgige resulting spectra have been used to determinetm®Be
sample a pencil-beam line of sight toward the source, they #@els and the line fluxes for the (tentative) detections.
weighted toward the warmer gas in the inner envelope. Strong adjusting the continuum levels of the LWS04 observations
HO absorption with excitation temperaturesxi#50 K has tg those of the LWSO01 observations does not change the line
been deteCted tOWard AFGL 2591 and MonR2 |R83, Wherqﬂ_ﬁ(es Of the (tentative) detections nor the derived meer
no HO absorption is seen toward NGC 7538 IRS9. The ifmits by more than 5%. This is negligible compared to the
ferred HO abundance in the warm gas ranges frebx 10° 1, noise of the spectra and the calibration uncertainty of the
to ~6x 107>, and has been found to correlate with the temperge fluxes which is-30%.
ture of the warm gas and the:@ gagsolid ratio (Boonman & A selection of the final LWS spectra is shown in Fig. 1.

van Dishoeck 2003). The spectra of the O lines not shown are qualitatively
The observation log of the pure rotationad®lines from similar. The only firm detection is the J@ 3y3—2;12 line at
ISO-LWS is summarized in Table 1. The ISO-LWS bearhi74.6um in emission toward S 140 IRS1. Two tentative de-
size varies between66” and~78" in diameter and is there-tections are the yD 2;—1;¢ line at 108.1um in absorption
fore more sensitive to the cold outer envelope. Data reduoward AFGL 2591 and W 3 IRS5, and the® 4,3—444 line
tion was done within the ISO Spectroscopic Analysis Packagel32.4um in emission toward NGC 7538 IRS1. The spectrum
(ISAP version 2.0) and the LWS Interactive Analysis (LIA veref the HO 21,—1p; line at 179.5um toward NGC 7538 IRS9
sion 8.0) package using the ISGfdine Processing (OLP ver- seems to show ac3absorption. However, this spectrum has
sion 10) software. The spectra were taken in the high-resolutibie weakest continuum of all sources, which is still about twice
Fabry-RErot LWS04 observing mode toward 5 of the sourceas high as the corresponding LWS01 continuum level for this
For MonR2 IRS3, no LWS04 observations have been pessurce (see above), and the absorption falls to negative values.
formed. The LWS04 data have been reduced using theerefore, we do not trust this absorption and use thaer
standard pipeline reduction, followed by a correction fdimit for comparison with predicted line fluxes instead.
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Fig. 1. Overview of the ISO-LWS data for a selection of the orthgeH2,;1—110, 4o3—414, 303—212, and 3,—1o; lines at 108.1um, 132.4um,
174.6um, and 179.5um respectively, ira) AFGL 2591,b) NGC 7538 IRS9¢) W 3 IRS5,d) S 140 IRS1, ané) NGC 7538 IRS1. The vertical
markers indicate the (tentative) detections. All lines have been corrected farghef the source and the resolution of the spectraVs~

30 km s?. The vertical dotted lines indicate the positions of th®Hines if they are at th¥, sg of the source. The deviations of the (tentative)
detections from the dotted lines are about the spectral resolution. The of@®@,IH1,, line has not been observed toward S 140 IRS1. Note
that the flux scale in the panel of thg;32;, line in S 140 IRS1 covers twice as large a range as in all other panels.

The ISO LWSO01 low resolutioni(Ad ~ 200) full 45— [C I] ground-based versus space observations (Melnick et al.
197 um grating scans of the sources have been inspected2880a). The SWAS spectra are presented in Fig. 2. The data on
well, but they show primarily [C II] and [O I] fine-structureAFGL 2591 and S 140 IRS1 have been presented previously
lines. No HO lines are seen down te10°*® W cm2 and by Snell et al. (2000) and are included here.
high-J CO lines are only detected toward W 3 IRS5 (Wright
et al. 1997). This is in strong contrast with low-mass YSO§4 COJ=7-6
where HO andor OH lines are readily detected in the low-"" -

resolution grating scans (e.g., Nisini et al. 1999; Spinoglio et § addition to the HO spectra, CQ) = 7-6 lines have been
2000). obtained for the same sources to constrain the warm outflow-
ing gas. The lines have been observed with the MERON

800 GHz heterodyne spectrometer at the James Clerk Maxwell
Telescope (JCMH)in April 2000. The beam size of this instru-

The observations of the 40 1,0-1q; line at 556.936 GHz ment is~8” full width at half maximum (FWHM) and the main

with SWAS have been carried out between December 1998 m dhiciency is 0.2. The absolute calibration uncertainty is

October 2001. The integration times varied betwe#f hr and estimated at 50%. Details on this instrument can be found in
~55 hr (Table '1) Stark et al. (in preparation). The spectra have been analyzed in

a similar way as the SWAS observations. The resulting spectra

The data have been reduced using the SWAS pipelifg e peen smoothed to a resolution~df£.9 kms?, whereas
(Melnick et al. 2000a). The resulting scans have then been aAE instrumental resolution is0.14 km s, Typical rms noise

aged for each source within the Continuum and Line Analysi§ e|s in the final spectra are less than 1 K onThescale af-
Single-dish Software (CLASS) package. Subsequently, a fifst 20 min of integration. The spectrum toward AFGL 2591
order baseline has been subtracted and the spectra have Rgen, ower noise level, since the integration time is twice as
corrected for the main beantfieiency of 0.90 and set t0 the g a5 for the other sources. The CO spectra are presented in

correct velocity of the source. Typical rms noise levels af8g. 2. The AFGL 2591 spectrum has been shown previously
~10-30 mK. The resulting spectra have a velocity resoluti% Boonman et al. (2001).

of ~1 km s and a channel spacing of 0.6 km'sThe SWAS

beam is elliptical with angular dimensions d33< 4’5 atthe 1 The james Clerk Maxwell Telescope is operated by the Joint
frequency of the KO line. The calibration uncertainty i5%  Astronomy Centre, on behalf of the Particle Physics and Astronomy
(Melnick et al. 2000a) and the total uncertainty in the integrat&@search Council of UK, The Netherlands Organization for Scientific
intensity is estimated to bel0%, based on the comparison oResearch, and the National Research Council of Canada.

2.3. SWAS
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Fig. 2. Continuum subtracted spectra of the 3@ 7-6 lines (JCMT) compared with the,B 1,0—10; lines (SWAS). The CO lines have been
shifted upwards by 2 K for clarity. The® lines have been multiplied by a factor of 20, except that for AFGL 2591 which is multiplied by 80.
Both spectra have been binned to a spectral resolutie® & km s? (see text).

3. CO J =7-6 versus H »,0 119—10; line profiles For the two sources in NGC 7538, a shift in the SWAS spec-
tra of ~4 kms? to the red is observed compared with the
: 0O J = 7-6 data. A similar shift has been observed for the

The COJ = 7-6 and HO 1;0—10; lines have been detectedc X . .
HO dio~1oy 0O J = 3-2 lines in these sources by Mitchell & Hasegawa

toward all sources in our sample and show similar profiles, ) .
even though they refer to orders of magnitud@edent beams 1991)' They attribute the red peak oflthe O.O: 3-2 emis-
ion to a foreground cloud at49 km s+, which also corre-

(Fig. 2). The ratio of the peak intensities is also similar for )
all sources. The integrated intensities have been calcula pgnds to the velocity of the red;B 11o-1oy peak. However,
red peak of the CQ = 3-2 line is much narrower than the

for both lines and are listed in Table 2. Those sources tﬁ £ .
show self-absorbed CO = 7—6 lines also have self-absorbe orresponding blue peak, whereas they are comparable for the

. . . 57 GHz line. It is unclear whether the red® 1;0—1p; peak
H,0 1;0-1p; lines. The line profiles toward AFGL 2591 an . . X
821401?R8011 show only one Elear narrow peak. FeOHithis Is associated with the foreground cloud or with IRS9 and IRS1;

: : here the latter is assumed in the analysis, and therefore the in-
giiL()eWeg\?:llgs 5 g(flrsk:g 5?(19 ﬁ.wgegovzltz r7e_sg ?i(r:ltet?o\\fvtﬁd tegrated fIl_Jx of the 557_ GHz_ line toward these sources may
S 140 IRS1 shows some evidence for an additional que—shif@% overestl_mated. The fine wings af‘d the narrow peaks. are f!t
peak. This may indicate that the intrinsig®llines are broader with gaussians and the cprrespondlng paramete_rs are listed in
for AFGL 2591 and S 140 IRS1 but that the blue peak is glable 2. In general the widths of the:@ 1i0-15 wing seem
most completely absorbed by foreground gas. Mitchell et 5?. be somewhat smaller than thgt for the 3 7-6 Ime..

(1992) show that there is a foreground cloud at 0 kihfer For W 3 IRS5, the HO wing component contains at
AFGL 2591 and van der Tak et al. (1999) see additional apost~15% of the total integrated intensity, close to the cal-
sorption at-8.0 km s for the low-J CO lines, which they ibrat_ion_uncertainty. Therefore, using the total integrated_ in-
attribute to cold gas intrinsic to the source. Thus, the integrat&@Sity; instead of the narrow component only, for comparison
intensities for AFGL 2591 and S 140 IRS1 may be lower limitd!ith the predictions from chemical scenarios does Hifgica

and the actual value for the 557 GHz line toward AFGL 2593ur conclusions for this source. For the other three sources that
may be up to a factor o2 higher. show a HO 150101 line wing, its integrated intensity could

contain about half of the total flux. However, these sources
The COJ = 7-6 lines have a clear wing componeniikely show contamination by other nearby objects /anc

due to the outflow toward all sources. It is also present fareground cloud (see above), and thus less weight has been as-
the HO Li0-1o; lines toward W 3 IRS5, MonR2 IRS3,signedto the 557 GHz line in the determination of the preferred
NGC 7538 IRS1, and NGC 7538 IRS9. The Q& 7-6 lines chemical scenario. Therefore, the choice of the best chemical
arise from an energy level at 155 K above the ground staggenario is notected by the inclusion of a possible wing com-
whereas the bD 110—1o; lines arise from a level at 61 K. Theponentin the 557 GHz line.
similarities of the HO 1;0-1p; and COJ = 7-6 line profiles The observed widths of the 557 GHz narrow components
may indicate that both lines trace gas warmer than 61 K. (Table 2) are not much broader than the turbulent line widths
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Table 2. Gaussian fit parameters for the & 7-6 and HO 1;0—1o, lines.

Source CQ=7-6 H,O 1,0-101

fTMBAVa AVWing Vlk_)SR fTMBAVa AVv(f/ing AVgeak Vlk_)SR

Kkm st km st km st K km st km s? km st km st
AFGL 259F 972 21 -4.8 0.37 - 3.4 4.6
NGC 7538 IRS9 796 40 -57.7 1.62 ~22 7 -54.0
W 3 IRS5 2000 31 -39.7 3.27 ~20 5.0 -38.6
S140 IRSE 1100 38 -8.6 1.94 - 5.3 -6.0
NGC 7538 IRS1 1200 28 -57.9 5.32 ~33 7 -53.6
Mon R2 IRS3 1070 17 8.3 1.91 ~13 3.5 11.4

Integrated intensity of whole feature, unless otherwise noted.

Position of the self-absorption, unless otherwise noted.

Estimate; uncertain fit.

FWHM of the narrow peak. In case of a self-absorbed line profile the average of the two peak components is listed.
Using the HO 1;,—1; data from Snell et al. (2000).

Parameters of the narrow peak only.

Integrated intensity betweerl6.2 and-0.8 km s

@ - o 2 o T ®

used in the models (see Sect. 4.1). If a steep velocity gradi- The chemistry is calculated at each of the 237 radial points
ent would be present, such as expected in a molecular outfiovthe envelope until the gas-phase chemistry has reached equi-
or strong infall, the narrow peaks of the self-absorbed lines diterium, using the gas temperature and density at that point. It
expected to be much broader than the turbulent width. High ap-assumed that the maximum® abundance available in gas
tical depths can however also play a role. Thedent chemi- or ice isn(H,0)/n(H,) = 2 x 1074 In the case of ice evapora-
cal scenarios discussed in the following sections predict optitian, this process is taken to occur instantaneously. The adopted
depths at line center af>1000, which, combined with the low chemical model has been described by Doty & Neufeld (1997)
intensities, indicates that the 557 GHz emission is thermalizaxdd Doty et al. (2002).
and does not fill the SWAS beam. Given the HO abundances and the kinetic temperature pro-
file, the radiative transfer including both the dust and gas is
solved self-consistently using an approximate lambda itera-
tion (ALIl) model described in Doty & Neufeld (1997). This
code has been tested against other radiative transfer codes an
4.1. Model description the results are found to agree to within 2% for optically thin
lines, with somewhat higher deviations possible for highly op-
The models considered here adopt a quiescefit €hemistry tically thick lines (van Zadelh® et al. 2002). The radiative
within a protostellar envelope and do not include shocks. Suthnsfer model includes the lowest 25 energy levels of,@H
models are appropriate for AFGL 2591 and S 140 IRS1, fand 0-HO up to energies 0£1100 K. No systematic veloc-
which the SWAS HO line profiles do not show evidence fority gradient is included but a turbulent linewidth corresponding
outflows. For the other sources, they can be used to investi-a Doppler parametds of 2 km s is assumed, compara-
gate to what extent both high- and Iolvguiescent chemistry ble to the observed O and CS submillimeter line widths.
can reproduce the observations. The fraction gDHbriginat- For more detailed information see Doty & Neufeld (1997) and
ing from shocks is likely to be modest based on the SWAS linan Zadelh€ et al. (2002) and references therein.
profiles (see Sect. 3). The pure rotational line fluxes are computed with the
The adopted physical models use the dust properties, d&hd code and convolved with the appropiate telescope beam
sity profiles, outer radii, and source parameters identified tsy produce simulated observations, using the spectral resolu-
van der Tak et al. (2000b, 2003). The radiative transfer throutgpn of the data given in Sects. 2.2 and 2.3. These results can
the dust is solved self-consistently to compute the dust tempiéen be compared directly to the ISO-LWS and SWAS obser-
ature. The gas temperature profile is calculated using methgagons. For the ISO-LWS data, the line fluxes are presented
described by Doty & Neufeld (1997) and Doty et al. (2002)0 W cm 2 um~1. To convert to W ci?, the tabulated fluxes
As noted in these studies, the gas and dust temperaturessiasld be multiplied byt = 2/Rin um, with R ~ 9200.
well-coupled, with the gas temperature almost always within For the 1SO-SWS comparison, synthetic spectra for the
20 K of the dust temperature (and generally much closer). = 1-0 ro-vibrational absorption band ob@ around um
Assuming that the gas temperature equals the dust temperatare be calculated from the resulting level populations. The
does not change our results significantly. The calculations wsgeectral resolution ig/AA = 1400, withAd ~ 0.0042um. The
collisional rate cofficients from Phillips & Green (1995) anddensity in each level is integrated along the line of sight through
Green et al. (1993). the molecular envelope using a linewidth corresponding to a

4. H,0 modeling
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Scenario Ice evaporation Freeze-out Cold gas-phaée H
1 NO NO YES, via chemistry

2 YES, T =100 K NO YES, via chemistry

3 YES, T =110K YES, T < 110K NO, x(H,0)~0

4 YES,T =90 K YES,T <90 K NO, x(H,0)~0

5 YES, T =100K YES, T <100 K NO,x(H,0)~0

6 NO YES, T < 100 K NO, x(H,0)~0

7 YES,T =100 K YES,T <100 K YES,x(H;0)~ 10710

8 YES,T =100 K YES,T < 100 K YES,x(H;0)~ 108

9 YES,T =100 K YES,T < 100 K YES,x(H,0)~ 1077

Doppler parameten between 1.5 and 5 knts The dfect of
emission possibly filling in the absorption is not included here, \ 100 K _N\100 K i
but has been discussed in Boonman & van Dishoeck (2003). 2| .\ LN

They show that the D column densities in the warm gas 3 E
needed to fit the data increase by at most factors3s%6 when X ) o
emission is included.
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4.2. Chemical scenarios
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Different chemical processes may influence the abundance of® 10? |
gas-phase $D. These include pure gas-phase chemistry, ice
evaporation, freeze-out of J@ and its precursors onto the
grains, and the possible existence of cold gas-phas2 &t
temperatures below the nominal freeze-out temperature. Water 10
ice has been detected toward all sources in our sample at an
abundance of(0.2-2) x 10~ with respect to molecular hy-

drogen, indicating that freeze-out and grain-surface chemishig. 3. Dust temperature (full lines) and density (dashed lines) profiles
is important (Keane et al. 2001; Smith et al. 1989; Gibb &ward four of our sources.

Whittet 2002). The HO ice itself is thought to form mostly
through grain surface reactions of oxygen and hydrogen, ratﬂ,%%
than direct freeze-out of gas-phaseCH In our models, the
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ze-out is assumed,,B abundances in between those
. o of total freeze-out and no freeze-out are adopted for
term “freeze-out S|m.ply _reflects a low gas-phasgOHabun- T < Tewp In particular, constant 0 abundances of
dance due to a combination of these processes. x(H,0) = n(H0)/n(Hz) ~10%, 108, and 107 have been

_ Van der Tak et al. (2000_b) fqund that gas at Femperatu%sidered for the outer envelope whare Teyap
higher than the b0 evaporation limit 0~-90-110Kiis present —, 16 following, we discuss one source, AFGL 2591, in
in all sources. Therefore it is expected that at least fonthe gy 1 jllustrate the methods and results, and then summarize

ro-vibrational band of BO, ice evaporation plays a role, sinCy, e priefly the calculations for the other sources.
this band probes mainly the warmer gasTak 100 K (see

Boonman & van Dishoeck 2003). Models with and without
evaporation of HO ice are investigated to test the sensitivitp. Results for AFGL 2591
of the various data sets to this process.

Similarly, models with and without freeze-out are consi
ered. The fects of freeze-out are expected to be largest for tRer AFGL 2591 each of the 9 fierent chemical scenarios
pure rotational HO lines which sample the more extended collisted in Table 3 has been investigated. The resultis@ Bbun-
envelope. Since the SWAS observations suggest that a low led@hces as functions of position in the molecular envelope are
of cold H,O gas may be present (Snell et al. 2000), we alshown in Fig. 4. In the case without ice evaporation (sce-
consider the possibility that 2D is only partially frozen-out nario 1), the HO abundance does not reach values-b@*
onto the grains, or that some non-thermal desorption mechatil much closer to the central star than in the case of ice
nism maintains a low gas-phase®abundance. evaporation. This is due to the fact that high-temperature gas-

Models with diferent combinations of the chemical prophase chemistry does not produce higfOHabundances un-
cesses described above have been developed. These chiiindi- ® 230-300 K while the evaporation of,B ice occurs
cal scenarios are summarized in Table 3. In the case of ta@abundT ~ 90-110 K. When no freeze-out is included (sce-
freeze-out, the KD abundances below the evaporation temperarios 1 and 2) the abundances in the outer part of the molec-
atureTevapare set to very low values ef10-%2, If only partial ular envelope can be as high a&0®. Assuming diferent

é.l. Abundance profiles



944 A. M. S. Boonman et al.: Modeling gas-phasg®tbetween um and 54Qum toward massive protostars

Table 4. Comparison of predicted line flux@with the observed values for AFGL 2591.

Transition and Wavelength
Scenario 108 ym  1135um 1365um 1746um 1795um 5383 um
221_110 414_303 330_321 303_212 212_101 110_101

1 -5(-17)  1¢-18) 9(-18) 2(-18) -9(-18) 18
2 -6(-17)  8(-19) 1¢17) 2(-18) -9(-18) 28
3 1¢-17)  1¢17) 6(-18) 3(-18) 2(-18) 08
4 1(-18)  1¢17) 7¢18) 9¢19)  3(19) 05
5 2(-17)  2(-17) 8(18)  4(-18) 3(-18) 11
6 7(-18)  5(18) 1(18) 2¢18)  2(-18) 04
7 1(-17)  1¢17) 8(18) 4(18) 2(-18) 06
8 2(-18)  9¢-18) 6(-18) 1(-18) -3(-18) 05
9 —2(-17)  3(18)  4(18) 3(18) —6(-18) 06
Observell <—11(-17F <1.2(-17) <8.3(-18) <2.0(-17) <2.9(-17) 037+ 0.04

a(b) meansa x 1C°.

2 The line fluxes are given in W cthum2, except for the 538.8m line observed with SWAS, for which the integrated intensity in K kin s
is listed. To convert to W cn#, multiply by A2 = A/Rin um, with R ~ 9200. A negative value indicates absorption.

b The upper limits are @ values.

¢ Tentative detection at the 2r3evel.

H,0 abundance

18 17 17 6 17 18
10

10" 10 10 10

Distance from central star (cm)

10 10

Fig. 4.H,0 abundances as functions of distance from the central star in the molecular envelope of AFGL 25%4rétaihemical scenarios,
using the physical structure for AFGL 2591 as derived by van der Tak et al. (2000b). The number in each panel refers to the scenario nu
in Table 3.

evaporation temperatures with similar thermal profiles as imn-molecule gas-phase chemistry maintaing®ldbundance
Fig. 3 results in an kO abundance profile that reaches valbf a fewx1077.

ues of~107* at different points in the envelope (scenarios 3,

4, and 5). In the case of total or partial freeze-out, th@©H 5-2. Line fluxes

abundances_ in the outer e_nv_elope are simpl_y the _adopted ?51 SWS results

ues (scenarios 3—9). Combining freeze-out with no ice evapora-

tion results in an abundance profile that shows two jumps, ohlke observed ro-vibrational spectrum of,® toward
aroundT ~ 230-300 K when the high temperature chemistFGL 2591 from Boonman & van Dishoeck (2003) is pre-
drives most of the oxygen into4® and another around 100 Ksented in Fig. 5. Modeling of the ro-vibrational band of(
when freeze-out occurs (scenario 6). Between 100 and 230 K,



A. M. S. Boonman et al.: Modeling gas-phasgdHbetween um and 54Qum toward massive protostars 945

shows that the scenarios without ice evaporation (scenarios 1 1

and 6) cannot reproduce the observed spectrum: they have less

H,O atT ~ 100-230 K and simply do not have a large enough 0.9

column of warm HO gas to produce deep enough absorptions. o

If an increased gas-phase® abundance fol > 100 K is = 08 FsWs—data ~ a)]

adopted, simulating theffect of ice evaporation, the observed g 1 ' ' '

ro-vibrational HO band is well fit. Two representative model = ﬂ

spectra with and without ice evaporation are shown in Fig. 5. . 09¢L 5

The figure also shows the ratio of thefdrences between the 2

SWS spectra and the two model spectra as a function of wave- % 0.8 Scenario!8 . b) ]

length. This ratio is almost always higher than 1 and often g LA A
e

higher than 1.5, demonstrating that the scenario with ice evapo- L Y 'l'i’""'l' W“HINH' "'““W'W ‘il" |‘
ration matches the observed data much better. This strengthens 09F ]
the conclusion based on the gadid ratio that ice evaporation
is important for AFGL 2591 (Boonman & van Dishoeck 2003). 0.8 | Scenario 1 c) 7

¥

5.2.2. LWS results

Ratio

The predicted integrated intensities for the pure rotational
H,O lines as observed with LWS and SWAS are given in
Table 4. This table shows that high® abundances ¢f108 55 6 6.5 ~
in the cold gas (scenarios 1, 2 and 9) result in the prediction ' '

of the 108.1um and 179.5um lines in absorption. When less Wavelength (um)

cold gas_ is present, the lines are calculated in em|SS|on_. TI'—*?&.S. a) The SWS data for the, ro-vibrational band in absorption
212-101 line at 179.5um has the 0-KO ground state as itS yoyard AFGL 2591 as presented in Boonman & van Dishoeck (2003).
lower level and therefore appears readily in absorption whgivodel spectrum based on chemical scenario 8, including ice evap-
any cold foreground gas is present. TheH4—303, 330—321, oration and freeze-out) Model spectrum based on chemical sce-
and 33-2; lines at 113.5, 136.5, and 174uén respectively nario 1, without ice evaporation and without freeze-dyRatio of the

are always predicted to be in emission, with the 1746line absolute dierences between the model spectrum and the SWS data
not changing by more than a factor e#.5 for the diferent for panelc) and those for pandd). This ratio demonstrates that the

scenarios, probably due to its large optical depth-(1000), Scenario with ice evaporation (scenario 8) matches the observations
making it a poor diagnostic. much better than that without ice evaporation (scenario 1) over almost

. . . the entire wavelength range.
Comparison with the observational data shows that when Ire waveleng g

no freeze-out is included (scenarios 1 and 2) the predicted ab-

sorption for the HO 2;-1so line at 108.1um is much deeper  geanarios without freeze-out (scenarios 1 and 2) give too
than the 2.6 tentative detecnon._A; a result, scenarios W't_hh'igh intensities, even when taking the observed value to be
out freeze-out are not favored. Similarly scenario 5, which iNyice as large. Also scenario 5 predicts a line flux that is

cludes complete freeze-out, predicts fluxes for the 1080l ,, high, These results are consistent with the results for the

and 113:m lines in emission that are somewhat higher than thgys ghservations. The potential uncertainty in the observed
30 noise levels. This also holds for the 10@u1 line and sce- e qrated intensity makes itfilcult to discriminate between

nario 9. Thus, neither scenario 5 nor 9 are preferred. The pieharios with dierent degrees of freeze-out and evaporation
dicted fluxes for all other lines observed with LWS fall within,; yigerent temperatures (scenarios 6-9 versus 3—4).

the observed @ upper limits for all scenarios. However, sce-
narios 3 and 7 have several lines close to theupper lim-
its, making these less likely than scenarios that predict lo
values.

Scenarios 3, 4, and 5 which have ice evaporation at 110 K,
90 K, and 100 K respectively, and total freeze-out below the
W&faporation temperature, show a variation in the predicted
557 GHz line flux with the evaporation temperature of a fac-
tor of ~2 (Table 4). The 557 GHz line is predicted to be highly

5.2.3. SWAS results optically thick ¢ > 1000) for these scenarios. Since thermal-
ized emission from a region as large as the beam would give a
The predicted flux for the 557 GHz ¢ 1o, transition observed much higher integrated intensity than observed, this indicates
by SWAS is higher or equal to the observed integrated intensihat the emission fills only a very small fraction of the beam.
for all scenarios (Table 4). However the observed value maherefore, the flux of the 557 GHz line is expected to increase
be a lower limit, since the line profile suggests that absorptiarith a decreasing evaporation temperature and consequently
by a foreground cloud plays a role, which is not included ilarger source size of the optically thick emission. However,
the model (Sect. 3). In that case, the actual integrated intensitg predicted fluxes for scenarios 3, 4, and 5 do not follow
could be a factor of up te-2 larger than the value listed inthis trend for beam-filling, indicating that additional radiative
Table 4. transfer &ects play a role. The fferences in the model fluxes
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suggest that the SWAS line is sensitive to the amount of warm 6or ‘ ‘ ‘ ]

gas atT ~ 90-110 K. On the other hand, the ro-vibrational 40 [
H->O lines observed with SWS are more sensitive to the hotter
gas atT > 110 K, i.e. well above the temperature at which
evaporation occurs (Fraser et al. 2001).

T
b) ® SWS

5.2.4. Combined SWS, LWS, and SWAS results 8 Y
6 F E
In order to quantify the quality of fit, the deviation of the 4 f ]
predicted values for the fiierent chemical scenarios from the 2 f E
observed values has been calculated separately for the SWS, 0 2 A‘: 6 é

LWS, and SWAS observations of gas-phasgOHFor both
the SWS and LWS data the deviation has been calculated using

Deviation from observed values

1)

ai

2
5 1 {Fimodel _ FiobS]
i

where Fs and F"°%! are the observed and predicted line
fluxes, o the one standard deviation noise level in the spec- _ _ _ _
tra for data point, and the sum is taken over &lldata points Fig. 6. Comparison of the predicted values for thefelient chemi-
for the SWS observations and Alllines for the LWS observa- cal scenarios with the observed values for AFGL 2591 (Table 4). For
tions. For the LWS observatiof$?sis taken to be zero in casel!® 'SO-SWS and -LWS data the is presented, whereas for the

. . . SWAS data the signed standard deviation is shown (see text). The
of a non-detection for which the observed Boise levels are

. . L minimum absolute deviation corresponds to the chemical scenario that
listed in Table 4. For all SWS data points is taken to be the reproduces all observed,B lines besta) Comparison of the devia-

1o noise level between 6.3 and 6,89, whichis relatively free {jon for the LWS and SWAS dati) The deviation for the SWS data
from H,O lines. For the SWAS observations the standard de¥bmpared to a blow-up of that for the LWS data for scenarios 3-9.

ation (\/)7) is calculated, assigning a negative sign whenevetie LWS data have been divided byc2 Blow-up of the deviation for
the model prediction is lower than the observed value. Sinte SWAS data shown in pana) for scenarios 3—-9 compared to the
only one line has been observed with SWAS= 1 in this case deviation in case the observed SWAS line flux is a factor of 2 higher
and foro the uncertainty in the integrated intensity is adopteffilled stars).
which is taken to be 10% (Sect. 2.3).
Figure 6 shows the resulting for the SWS and LWS lines
and the+/y2 for the 557 GHz line for the nine flerent sce- 52 5 Other chemical scenarios
narios. It is seen that the LWS and SWAS data show the same
trend, suggesting they probe at least partly the same gas. Thdurther investigate the possible sensitivity of the 557 GHz
calculatedy? for the ro-vibrational HO lines observed with line to the chemical structure, a scenario similar to the preferred
SWS confirm the conclusion that ice evaporation plays &fenario 8, but with no warm® gas in the inner envelope at
important role in AFGL 2591. In addition it shows that thd > 100 K, is investigated. This results in an integrated inten-
SWS observations cannot distinguish between total or pargéy of 0.2 K km s* for the 557 GHz line, a factor of 2.5 lower
freeze-out, since thg? does not change by more than 3% fothan for scenario 8. This provides further evidence for the sug-
scenarios including ice evaporation and at least some freegestion that the 557 GHz line does not only probe col®igas
out (Fig. 6). in the outer envelope but is also sensitive to the warm inner gas,
The minimum for all three types of observations (SW3ven in the large SWAS beam.
LWS, and SWAS) occurs for scenario 9, but this scenario pre- The scenarios discussed so far assume that evaporation
dicts a deeper absorption for the® 2,1—1,¢ line than the ob- and freeze-out occur instantaneously. The laboratory work by
served 2.6 tentative feature. Thisfkect is not taken into ac- Fraser et al. (2001) shows that for evaporation this is likely to
count in the calculation of thg?. The results from the previousbe the case fof 2 110 K and for freeze-out fof < 90 K.
sections already indicated that also scenarios 1, 2, 5, and 6 Enerefore an additional scenario, including evaporatioil for
not favored. Thg? results are in agreement with this and indi110 K, complete freeze-out fafF < 90 K, and ion-molecule
cate that scenario 8 explains all three types of observations bgas-phase chemistry between those temperatures has been e»
Scenario 8 has a total® abundance of2 x 1078 in the outer plored. This scenario simulates non-instantaneous evaporation
envelope, in good agreement with the results by Snell et af.H,O ice. The resulting? for the SWS observations is com-
(2000). This coincidence may be somewhat fortuitous, sinparable to those for scenarios with ice evaporation discussed
Snell et al. (2000) use a much more simple radiative transtegfore. The? for the LWS observations improves to 2.1 com-
model with a constant density and temperature throughout {hered with 3.9 for our preferred scenario 8. The 557 GHz line
envelope. Although it should be noted that thé&etience be- is predicted to be 0.3 K knT$, close to the observed value of
tween scenario 8 and 4 is not significant, we will use scenari®87 K km s?, but lower than the corrected value taking into
as the preferred scenario. account the possibility of foreground absorption.

Scenario number
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Thus, the case of non-instantaneous ice evaporation witle steepen ~ r=2? density power law. Together these results
complete freeze-out in the outer envelope can reproduce shggest that a ~ r=2 density power law cannot explain the ob-
SWS and LWS data as well or better than the case of instargarved HO spectra for AFGL 2591. The ability to distinguish
neous ice evaporation with partial freeze-out. However, the detween dierent density power laws indicates that the chem-
ceptance of the non-instantaneous ice evaporation model asty can be used as a probe of the physical structure of the
requires that there be no foreground absorption of the SWA®lecular envelopes of massive protostars, if it is well enough
557 GHz line. If there is significant foreground absorption, scenderstood.
nario 8 with instantaneous evaporation and partial freeze-out in
the outer envelope is preferred. It should be noted that th95reé 8. Summar
may be additional chemical scenarios, e.g. withfiedent gas- ="~ y
phase HO abundance above the evaporation temperature, thasummary, the SWS observations show that ice evaporation
can explain the observed fluxes. is important for AFGL 2591 in the inner envelope. Contrary
to the results for the LWS lines, the SWS observations do not
allow to distinguish between scenarios witlfelient degrees
of freeze-out in the outer part. The LWS observations rule out
The above results have been derived using a Dofpparam- Scenarios without freeze-out, and show that scenarios with cold
eter of 2 km s for the calculation of the level populations ofdas-phase y0 abundances ot10™" agree with the observed
H,O and the integrated intensities of the pure rotational lin&@Per limits listed in Table 4. The calculatgd for the LWS
with the ALI model, and using = 5 km s'% for the calculation and SWAS data indicate the same trend with the chemical sce-
of the ro-vibrational spectrum. Usirlg= 2 km s'* for the ro- narios, suggesting these lines probe at least partly the same gas.
vibrational lines significantly increases the calculagddalue. Increasing the evaporation temperature from 90 to 110 K re-
Usingb = 5 km s in both the ALI model and the calculationsults in significant changes in th¢ for the pure rotational
of the ro-vibrational spectrum makes only smafffeiences. lines (Fig. 6), which cannot be explained by beam-filling ef-
Since the results for the fierent chemical scenarios show thaf€cts for pure thermalized emission only. This indicates that
the ro-vibrational lines probe warmer, and thus probably mofese lines may be sensitive to gasTat- 90-110 K, while
turbulent, gas than the pure rotational lines, their line widti3€ ro-vibrational lines observed with SWS are more sensitive
may be larger. A Doppldsvalue of 2 km st is relevant for the 0 9as above the evaporation temperature. Combining the three
cold gas, inferred from the ¥S and G70 lines observed by different types of observations shows that scenario 8, with ice

van der Tak et al. (2000b), which probe the same cooler gase¥@porationabove 100 K and partial freeze-out at an abundance
the pure rotational D lines. of ~107® below 100 K is the preferred scenario.

5.2.6. Effect of line width and emission

In the calculations of the ro-vibrational spectrum it has
been assumed that only absorption takes place. Including emgisResults for other sources
sion along the line of sight using the method described in
Boonman & van Dishoeck (2003) does not result in a signif-1. NGC 7538 IRS9

i > N ; .
g%cgy glng dhtehpfj nggglenrg{ \cl:lr?;?\tgl]?entile“gﬁz\?:zi:\\/cﬁgsvivoltr?slso-'\lec 7538 IRS9 is the coldest source of the sample studied
' " by van der Tak et al. (2000b) based on its observed spectral
signatures. In particular, it has very deep ice absorption bands
5.2.7. Other physical models with no sign of ice heating (Gerakines et al. 1999; Boogert
et al. 2000) and weak gas-phase lines with lowsgz&l abun-
The adopted model for AFGL 2591 derived by van der Takance ratios (Boonman & van Dishoeck 2003). It therefore
et al. (2000b) has an inner radius-a200 AU, where the dust forms a good contrast with AFGL 2591, which is among the
temperature is 440 K. Extending the density profile further igvarmest. For NGC 7538 IRS9, eight of the nine chemical sce-
wards increases the for the ro-vibrational band around@n, narios (except scenario 7) have been investigated. The cor-
but does not change the results significantly for the pure rotasponding HO abundance profiles for this source show the
tional lines observed with LWS. This is expected, since in thi&ime trends as for AFGL 2591. The maiffeiience is that in
case only the amount of hot gas is increasélcting only the physical model for NGC 7538 IRS9 the evaporation tem-
those lines which probe the warmest gas. perature is reached at a larger distance from the source than
Assuming then ~ r=2 density power law from Doty in AFGL 2591, atr ~ 3-5x 10'® cm for T = 90-110 K
& Neufeld (1997) throughout the entire envelope instead obmpared withr ~ 2-3 x 106 cm for AFGL 2591. Overall,
n~r1, gives 108.1 and 113/4m lines for scenario 4 that arethe size of the molecular envelope is a factor~&5 larger
about 8 and 4 times stronger respectively in absorption than theNGC 7538 IRS9 than for AFGL 2591, resulting in a larger
observed upper limits. The ro-vibrational lines are predicted fi@ction of cold gas than for AFGL 2591. The temperature of
be much stronger for this scenario, withya about 5 times ~230-300 K above which most of the oxygen is driven into
higher. The 557 GHz line is found to be 1.1 K kmsalso H,O also occurs further outwards,rat 7 x 10'° cm.
much stronger than the observed value. This is due to the factAs for AFGL 2591, the deviation of the predicted values
that the total mass in the molecular envelope is kept the sarftem the observed values has been calculated for tfierdnt
resulting in more warm kD gas and less cold 3@ gas for chemical scenarios (see Sect. 5.2.4). The results are shown in
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0.8 | sWS—data a)

! ! 1

Deviation from observed values

[AS)

4 6 8
Scenario number

0.8 | Scenario 5 b) 7]

Relative intensity

Fig. 7. Comparison of the predicted values for th&elient chemical i
scenarios with the observed values for NGC 7538 IRS9 (Table 5). For 1t

the SWS and LWS data thé is presented, whereas for the SWAS data r u "“ ' | I I " H i “ ! |
the signed standard deviation is shown (see text). The minimum ab- 09

solute deviation corresponds to the chemical scenario that reproduces
all observed HO lines besta) Comparison of the deviation for the

LWS and SWS data. The LWS data have been divided Hy) The 0.8 ' Scenario 1 c) ]
deviation for the SWAS data compared to a blow-up of that for the S S S S
LWS data for scenarios 3-9. (Table 5). 5.5 6 6.5 7

. Wavelength (um)
Table 5. Line fluxes for NGC 7538 IRS9.

Fig.8. a) The SWS spectrum toward NGC 7538 IRS9 as presented

Transition and Wavelength in Boonman & van Dishoeck (2003p) Model spectrum based on
Scenario 108 um 1746um 1795um 5383 um chemical scenario 5, including ice evaporation and freeze-out (using
21110 303212 210-1o1  lio-los b = 25 km s%). ¢) Model spectrum based on chemical scenario 1,

without ice evaporation and without freeze-out (uding 2.5 km s1).

1(-18)  5(-19)  5(-19) 03
1(-19) 7¢19) -2(-18) 05
-8(-18) 1(-18) -4(-18) 05

The pure rotational lines observed with LWS clearly pre-
fer scenarios with a cold gas-phasgHabundance1077 in
the outer part, since the other scenarios predict too strong ab-
Observell <7.0(-18) <16(-17) <30(-17) 16> sorption for thg 21—110 108.1um line compared t_o the ob-
served upper limit (Table 5). However, the LWS lines cannot
a(b) meansa x 10, distinguish between the flierent degrees of freeze-out. As for
a The line fluxes are given in W crum-*, except for the 538,3m AFGL 2591, the 108.1 and 179/in lines change to emis-
line observed with SWAS, for which the integrated intensity i§ion when the amount of cold gas-phasgOHiecreases. All
K kms™ is listed. To convert to W cn®, multiply by A2 = 1/R  other scenarios with freeze-out give line fluxes smaller than the
in um, with R ~ 9200. A negative value indicates absorption. 30~ LWS upper limits and for the 174.6 and 17uB lines
® The upper limits are® values. even below the & upper limits. The emission increases for
¢ This line likely contains contributions from the outflow, nearby| rotational lines when the evaporation temperature decreases
sources, anor a foreground cloud (see Sect. 3) and thus shoulth thys the size of the warm region increases. The increase is
be treated as an upper limit. however small for the LWS lines, indicating that only some of
these lines may be sensitive to the amount of gas between 90
and 110 K. The predicted integrated intensities for the observed
Fig. 7. They? results for the SWS lines indicate that scenarigaure rotational lines do not change by more than a facteof
without ice evaporation can explain the observed ro-vibratioriz@tween the dierent scenarios with total freeze-out. Except
lines better than those with ice evaporation. This is illustratéor scenarios without freeze-out, the 557 GHz line is always
in Fig. 8, which shows the non-detection of the ro-vibrationgredicted too weak by a factor &fL.5.
band of gas-phase @ toward NGC 7538 IRS9 as presented Combining the SWS and LWS results suggests that sce-
in Boonman & van Dishoeck (2003) along with two reprenario 6 is the preferred scenario, but the SWAS results favor
sentative model spectra. Alternatively, it may indicate that tlseenario 4. However, we prefer scenario 6, sincetHeSWAS
SWS data do not probe into the region where ice evaporatibeam is much larger than that for the SWS observations, indi-
occurs for this source, perhaps due to optical defiibcts at cating that contamination by other sources can occur. Several

1 -3(-17) -9(-20) -6(-18) 20

2 -3(-17) 3(-20) -6(-18) 21

3 3(-18) 9(-19) 8(-19) 06 6 um, or that the inner envelope is not as warm as suggested by
4 5(-18)  1¢18)  1(18) 11 the adopted physical model, o8 may have been destroyed

2 4(-18)  1¢-18)  1(-18) 08 after evaporation, e.g. in a shock.

8

9
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Fig. 9. Comparison of the predicted values for th&elient chemical
scenarios with the observed values for W 3 IRS5 (Table 6). For the
SWS and LWS data thg? is presented, whereas for the SWAS data
the signed standard deviation is shown (see text). The minimum ab- '
solute deviation corresponds to the chemical scenario that reproduces 08 L S i 1
all observed HO lines besta) Comparison of the deviation for the [ o¢eparo & ‘C)‘
LWS and SWAS datab) The deviation for the SWS data compared to 55 6 65 v

a blow-up of that for the LWS data for scenarios 3-9.
Wavelength (um)

Fig.10. a) The SWS spectrum toward W 3 IRS5 as presented in

infrared sources are indeed located within the SWAS beegﬁonman&van Dishoeck (2003) Model spectrum based on chem-

(e.g. Campbell & Persson 1988). Also, for NGC 7538 IRSQ,;| scenario 5, including ice evaporation and freeze-out (ubing
the SWAS line has a contribution from the outflow Aord 1 5km s1). ¢) Model spectrum based on chemical scenario 1, without
a foreground cloud which may amount to 60%, furthgge evaporation and without freeze-out (ustng 1.5 km s°2).
suggesting that the observed integrated intensity for @ H
150-101 557 GHz line should be treated as an upper limit.

The above results have been calculated using a Doppler
value of 2.5 kms!, corresponding to the average line widtt¢aused by the much larger region with warm gas compared to
of the rotational S and G’0 lines observed by van der Takthat in AFGL 2591, producing a large enough wargCol-
et al. (2000b). Increasing to 5 kms?! for the ro-vibrational Umn even without additional ice evaporation. The use of dif-
spectrum results in a significantly worse fit. Decreading ferentb values or the inclusion of possible emission does not

1 km st makes only small improvements in tgé value. change this conclusion significantly, although the best fit is ob-
tained for rather small line width, ~ 1.5 km s, consistent

with the G*S and G0 data.

6.2. W3IRS5 The results for the pure rotational lines are presented in
W 3 IRS5 is one of the most luminous sources in the samplable 6. Except for scenario 6, the 108 line is always
of van der Tak et al. (2000Db), located at a distance2® kpc. Ppredicted in absorption, in agreement with the tentative detec-
Each of the nine dierent chemical scenarios has been inveion of this line. Scenarios without freeze-out (1 and 2) how-
tigated for W 3 IRS5. The total size of the envelope is singver predict a factor of3 too strong absorption. Besides the
ilar to that of NGC 7538 IRS9 ~ 60000 AU. Compared 108.1um line, several other lines, including those involving en-
with AFGL 2591, the radius at which the temperature reacheegy levels above 200 K, are in absorption for most scenarios.
~230-300 K and the radius at which ice evaporafieeze-out This is probably due to the large region of warm gas and dust
occurss ~ 2 x 10 cm andr ~ 6.5-9 x 10'® cm respectively, in this source. Most of the predicted fluxes are consistent with
are much further outwards. This results in a region of wartie upper limits, except that scenario 2 predicts a line flux for
gas between-100-300 K that is~3—4 times larger than for the 113.5um line slightly higher than thealimit. Scenario 9,
AFGL 2591. The region of hot gas @t > 230-300 K is also With ice evaporation and a cold>® abundance of 18, over-
~3—4 times larger than in AFGL 2591. predicts the 108.4m line absorption by a factor of 2, whereas

Figure 9 shows the deviation of the predicted values frof¢enarios 3—-6 with total freeze-out give a factor-8ftoo low
the observed values for thefiéirent chemical scenarios (cf.absorption. This suggests that partial freeze-out plays a role and
Sect. 5.2.4). For the ro-vibrational band observed with Swisat the HO abundance in the outer envelope0".
the calculated/? changes only by a factor 6§1.05. This is All other pure rotational lines observed with LWS fall well
illustrated in Fig. 10, which shows two representative modeélow the observedd upper limits and even below therl
spectra along with the SWS observations. Thus, the importamggper limits for all scenarios with cold gas-phase abundances
of ice evaporation for W 3 IRS5 cannot be inferred from thef <10~". The LWS lines do not show a clear trend for scenarios
SWS observations, unlike for AFGL 2591. This is probablyith and without ice evaporation.
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Table 6.Line fluxes for W 3 IRS5.

Transition and Wavelength

Scenario 108 ym  1135um 1365um 1746um 1795um 5383 um
221_110 414_303 330_321 303_212 212_101 110_101

1 -7(-17) -2(-17) -1(-17) 3(18) -1(-17) 20

2 -9(-17) -3(-17) 1(17) -8(-19) -2(-17) 33

3 -4(-18) -2(-18) 4(-18) 8t20) -1(-18) 51

4 -8(-18) -2(-18) 7(-18) -3(-19) -4(-18) 78

5 -6(-18) -2(-18) 5(18) -7(-20) -2(-18) 63

6 2(-18) 3(-18) 9(-19) 2(-18) 2(-18) 30

7 -7(-18) -2(-18) 5(18) -4(-19) -3(-18) 40

8 -2(-17) -1(-17) 3(18) -2(-18) -8(-18) 22

9 -5(-17) -2(-17) 2(18) -3(-19) -1(-17) 22

Observell <-2.5(-17f <2.9(-17) <25(-17) <2.1(-17) <2.8(-17) 327+0.33

a(b) meansa x 1C°.

2 The line fluxes are given in W cthum2, except for the 538.8m line observed with SWAS, for which the integrated intensity in K kin s
is listed. To convert to W cn#, multiply by A2 = A/Rin um, with R ~ 9200. A negative value indicates absorption.

b The upper limits are @ values.

¢ Tentative detection at the3o level, due to shifted wavelength of absorption feature (see Fig. 1).

The 557 GHz 1p—10; line observed by SWAS is best ex-
plained with scenarios 2 and 6. However, the above LWS re- 5
sults indicate that these two scenarios are not very likely. 4

. - . L2810
Scenarios with evaporation and total freeze-out predict in- 5 5
0

tegrated intensities that are higher than the observed value§
Q0

values
= = N
o
T
| |
=
=
W
1

whereas the line becomes weaker when the evapoftene- o 2 4 6 8
out temperature increases from 90 to 110 K, consistent with § 2 : : : :
beam-filling efects only. A similar trend is also seen for the P e o o e o e

108.1, 136.5 and 179/am lines. The contribution of the out-
flow to the 557 GHz emission is estimated to be small for ]
W 3 IRS5, but the presence of other sources in the beam mays _4 ¢ W b
still result in an enhancement, so that the emission is treated as? : ‘ :
an upper limit. Recent ODIN observations of the 557 GHz line
toward W 3 IRS5 by Wilson et al. (2003) show that some wa- ) _ ) _
ter emission is present beyond the’ZIDIN beam. Therefore, Fig.11. Co_mpar_lson of the predicted values for thé&elient chemi-
. ; . cal scenarios with the observed values for S 140 IRS1 (Table 7). For
qf the Scenarllos that ar_e In agreement V\.”th the LW.S obst_aryﬁl- SWS and LWS data the is presented, whereas for the SWAS
tions, scenarlg 8 explains the observed integrated |ntenS|tydgia the signed standard deviation is shown (see text). The minimum
the 557 GHz line best. absolute deviation corresponds to the chemical scenario that repro-
Unlike for AFGL 2591, the overall? values for the duces all observed 4@ lines besta) The deviation for the LWS data.
LWS lines do not follow the same trend as the SWAS lin®) Comparison of the deviation for the SWS and SWAS data. The
This may suggest that in W 3 IRS5 some LWS lines probe dBWAS data have been divided by 2.
ferent gas than the SWAS line. Combining the results for the
three diferent types of observations shows that scenario 8, i.e.,
a model with ice evaporation in the inner part and with a low The deviations of the model values from the observed ones
outer HO abundance, is the preferred scenario for W 3 IRS&re shown in Fig. 11 for the fiierent chemical scenarios.
The x? for the SWS data shows that scenarios without ice
evaporation give somewhat better results. While most of the
predicted lines in both scenarios are in agreement with the non-
Seven of the nine dierent chemical scenarios have been irletection of ro-vibrational kD lines in this source, Fig. 12
vestigated for S 140 IRS1. This source is rather nearby sitows that some lines are predicted stronger than the noise
d ~ 900 pc, so that it fills a larger fraction of the LWS andevel in both cases. A slightly better fit to the data is obtained
SWAS beams. The size of this envelope is very similar to thatwith b = 1 rather than 2 kmrs, indicating that the intrinsic
AFGL 2591, resulting in a similar distance from the central staidths of the lines in this source are small.
at which evaporation occurs,~ 2-3 x 10'® cm for T = 90— The y? values for the pure rotational lines observed with
110 K. The point at which the temperature reaches 230-300lKYS are large for all scenarios, consistent with the pre-
r ~ 7x 10 cm, is also similar to that of AFGL 2591. dicted line fluxes listed in Table 7. In contrast with the other

ation fro

Scenario number

6.3. S140 IRS1



A. M. S. Boonman et al.: Modeling gas-phasgdHbetween um and 54Qum toward massive protostars 951

Table 7.Line fluxes$ for S140 IRS1.

Transition and Wavelength
Scenario 115 um 1365um 1746 um 1795um 5383 um
414_303 330_321 303_ 212 212_ 101 110_101

-7(-18) 1¢17) 9¢19) -1(-17) 05
-1(-17) 1¢17) -5(-19) -1(-17) Q7
3(-18) 3¢18) 2(18) 9(19) 06
6(-18) 8(18) 2(-18) -2(-19) Q7
4(-18) 5(18) 2(-18) 9(19) 08
-3(-19) 8(19) 7¢-19) 1(18) 02
-3(-18) 3(-18) 2(-20) -6(-18) Q3

OO UTh, WNPE

Observel =~ <6.2(-18) <6.5(-18) 42(-17) <2.6(-17) 194

a(b) meansa x 1CP.

2 The line fluxes are given in W ctAum™, except for the 538.8m line observed with SWAS, for which the integrated intensity in K kin s
is listed. To convert to W cn?, multiply by A1 = A/Rin um, with R ~ 9200. A negative value indicates absorption.

b The upper limits are@ values.

1.05 [ line is sensitive not only to the cold outer envelope but also to

the warm inner region where the ice evaporates. Scenarios 1
. and 2 without freeze-out overpredict the observed upper limits
0.95 b ] for the 113.5 and 136.,Am lines, suggesting that these scenar-
' ios are very unlikely. Scenario 4, with evaporation and com-

1

09 F

= ] plete freeze-out at 90 K, somewhat overpredicts the 1365
N f SWS—data ~a) line.
= 1.05 = ' ' As for the other sources, the 108.1 and 17@blines are
5 1 3 predicted in absorption when no freeze-outis included and turn
= WWWWWVWWWW‘“W to emission when the degree of freeze-out increases. The pre-
095 F dictions for the 179..xm line are well below the observed up-
“2’ : per limit for all scenarios.
= 09¢p S o5 b) | Because of the large deviations for both the LWS and
E 1.05 [— ?e,n?r,lo, M A SWAS lines, a clear preferred scenario cannot be determined.

Of the seven scenarios, scenarios 3, 5, and 6 are the best

1 choices. This indicates that scenarios with freeze-out are pre-
s ferred over those without.
0.95 F Van der Tak et al. (2000b) note that S 140 IRS1 et

0.9 : ent from the other sources discussed here, in that it is prob-

[ Scenario 1 c) ably the only source for which the assumption of one central
L ' ' heating source breaks down. This is due to the presence of the
5.5 6 6.5 7 sources IRS2 and IRS3 with luminosities comparable to that of
Wavelength (um) IRS1 within a~10"-15" offset, which is likely to influence the

_ physical conditions in the envelope of IRS1. Therefore, some
Fig.12. a) The SWS spectrum toward S 140 IRS1 as presented dgyditional physical models have been investigated in which the
Boonman & van Dishoeck (2003)) Model spectrum based on chemy,minosity is increased by factors of 3, 5, and 10 resulting in

ical scenario 5, including ice evaporation and freeze-out (UBIRg pjoner temperatures throughout the envelope. These models are
1.0 km s*). c) Model spectrum based on chemical scenario 1, W'tho&t)mbined with chemical scenario 5 resulting\/ﬁwalues for
ice evaporation and without freeze-out (ustng 1.0 km s%). !

the LWS lines that are a factor of2.5 higher compared to
the original model with the same scenario. The model with a
sources, the 3—2;1» line at 174.6um is clearly detected 10 times higher luminosity is the only one that can reproduce
in S 140 IRS1 in emission (see Fig. 1). None of ththe detected kD 3y3-2;, emission line, but this model over-
scenarios can explain this detection. The predicted fluxes foedicts the other LWS lines. The corresponding predictions for
this line are a factor of20 too low compared to the observedhe 557 GHz line are however closer to the observed value. The
flux of 4.2 x 10 W cm2 um™'. The integrated flux of the fit to the SWS lines does not change significantly. Using sce-
H,0 3p3-21> line is 20 x 10718 W cm2. In addition, the nario 8 instead of scenario 5 in combination with an increased
557 GHz line is also predicted a factore2 too low compared luminosity gives similar results for both the LWS, SWAS, and
to the observed value for all scenarios. As for AFGL 2591, th®/VS data. This indicates that increasing the luminosity helps
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Table 8.Observed LWS line fluxes for NGC 7538 IRS1. with W 3 IRS5 may be more appropiate. Comparing Tables 8
and 6 shows that the LWS data rule out scenarios with cold
Wavelength HO transition  Flug gas-phase D abundances1078.
995 um Sty <17(-17) Van der Tak et al. (2003) derive ra?® density power-
1081 um 21-110 <9.6(~18) law for MonR2 IRS3, in b_etween those of AFGL 2591 and
1135um 44303 <1.2(-17) NGC 7538 IRS9 on one side, and W 3 IRS5 and S 140 IRS1
1324 um lps—4yy <9.7(-18p on the other side. Like AFGL 2591, the SWS spectrum toward
1385 um 31320,  <1.6(-17) MonR2 IRS3 shows the presence of many ro-vibrational gas-
1746 um 33-212  <10(-17) phase HO lines, with a depth in between those of AFGL 2591
1795 um 2-1ln <1.9(-17) and W 3 IRS5. Since the results for these two sources indi-
1805 um 21-2,  <14(-17) cate that ice evaporation is important, it is expected that this
also holds for MonR2 IRS3. The inferred,@ gagsolid ratio
a(b) meansax 10°. indicates this as well (see Boonman & van Dishoeck 2003).

® Fluxes are in chmz L. The upper limits are@ values. To The ghserved integrated intensity of 1.91 K ki gor the
X _Cl_gg‘{ztrit/teos/gtzgi(’Jr:n;tlt'tf]grgé \%ll - dﬁ/e Rt(')n :h?{eﬁ'ugzlzﬁg&' o557 GHz SWAS line also falls in between those for AFGL 2591
absorption feature. ' and W 3 IRS5, and is comparable to that of S 140 IRS1.
No LWS data are available for MonR2 IRS3. This makes it
difficult to investigate the importance of freeze-out, since the
SWAS line may be contaminated by the presence of nearby in-
explaining the SWAS line, as well as thes32:, 174.6um  frared sources and has an outflow contribution.
LWS line.
Van der Tak et al. (2000b) note that the dust in the envelope _
of S 140 IRS1 prefers a density gradient proportionaifg 7. Discussion
whereas the gas followsra'® density power law. Using the .
. S L . : 7.1. Comparison of sources
former density gradient in combination with scenario 5 and an
increased luminosity gives similar results as for th€> den- Table 9 summarizes the chemical scenario for each source that
sity power law. Thus, increasing the luminosity or changing thexplains best the SWS, LWS, and SWAS observations. It shows
density gradient cannot explain the detecte@13p3-212 emis-  that freeze-out is importantin the outer envelope for all sources,
sion line and the observed upper limits for the other LWS lingghich is mainly determined from the LWS observations, but
simultaneously. Since the S 140 cloud is exposed to intenhe degree seems to vary between sources. The observations d
ultraviolet radiation, models which include additional externalot allow an accurate determination of the abundance of the
rather than internal heating are yet another alternative. Suelmaining cold gas-phase>@, but it is certainly small com-
models remain to be investigated. pared with that in the ice mantlesD.1%. Theoretical models
indeed predict that some residugl®ican be maintained in the
gas-phase after freeze-out through cosmic-ray removal of oxy-
gen (Bergin et al. 2000). While the low gas-phas®Habun-
MonR2 IRS3 and NGC 7538 IRS1 have not been modeleddances in the cold outer envelope have already been suggestec
as great detail as the other sources. However, NGC 7538 IR81the basis of a simple analysis by Snell et al. (2000) from
has a similar density gradient as NGC 7538 IRS9 and als®%AS observations only, the more detailed modeling presented
similar envelope size (van der Tak et al. 2000b). In additiohgre shows that the 557 GHz line is also sensitive to gas around
the SWS spectrum is very similar to that of NGC 7538 IRSD ~ 90-110 K. Thus, it probes not only the cold molecular en-
with little or no H,O absorption seen. This may indicate thatelope, even with the large SWAS beam. This conclusion of
NGC 7538 IRS1 has either very high optical depth atn6 course assumes that the observed 557 GHz line is not contam-
or small line widths, hiding the presence of abundag®Hor inated or overwhelmed by outflow emission or emission from
that ice evaporation is not important. Using theQHice col- other sources in the beam.
umn density from Gerakines et al. (1999), apCHice abun- Ice evaporation appears to be important for all sources ex-
dance of~7 x 107 is found for this source, much lower tharcept NGC 7538 IRS9 (Table 9). This confirms the earlier re-
that toward IRS9. This suggests that the latter explanationsigit from gagsolid ratios based on a more simple analysis
not very likely (see also Boonman & van Dishoeck 2003jvan Dishoeck 1998; Boonman & van Dishoeck 2003). The ac-
Comparison of the observed values for the NGC 7538 IRS$liracy of the observations does not allow to determine the pre-
LWS (Table 8) and SWAS (Table 2) lines with the predictedise evaporation temperature. However, the results found in this
fluxes for the NGC 7538 IRS9 models in Table 5 shows that thaper are consistent with the experimental results that evapora-
LWS data rule out scenarios without freeze-out. As for IRS fipn takes place betweerf0-110 K (Fraser et al. 2001). The
the 557 GHz SWAS line cannot be reproduced, but this mayportance of ice evaporation is mainly derived from the ro-
be partly due to a contribution from the outflow, emission fromibrational SWS spectra. As noted above, the lack gDtdb-
a foreground cloud, aridr additional sources to the observedorption toward NGC 7538 IRS9 may be an optical depth
line. Since the bolometric luminosity of NGC 7538 IRS1 is andor geometrical ffect, or HO may have been destroyed
factor of three higher than that of NGC 7538 IRS9, comparisafter evaporation. For AFGL 2591 which shows the strongest

6.4. NGC 7538 IRS1 and MonR2 IRS3
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Table 9. Preferred chemical scenarios for théelient sources

Source Ice evaporation Freeze-out Cold gas-phase H N(H;O0ice)®  Tex(CoHo)¢ (K)
AFGL 2591 YEST ~90-110K  YEST <$90-110K  x(H,0)~0-108 1.7(18) 900

NGC 7538 IRS1 YES YEST £90-110 K x(H,0)<10°8 3.1(18) 500

W 3 IRS5 YES,T ~90-110K YEST £90-110 K x(H,0)< 108 5.1(18) 500

S 140 IRS1 ? YEST < 100 K X(H,0)~0 2.0(18) 390

MonR2 IRS3 YEST ~ 90-110 K ? ? 1.9(18) 310

NGC 7538 IRS9 NO YEST £ 100 K X(H,0)~0 7.0(18) 300

a(b) meansa x 10°.

8 The sources are ordered by a decreasing temperature of the warm gas (Lahuis & van Dishoeck 2000).

b H,0 ice column densities from Gibb & Whittet (2002),@ ice column density for AFGL 2591 from Smith et al. (1989) and for
NGC 7538 IRS1 from Gerakines et al. (1999).

¢ C;H; excitation temperature from Lahuis & van Dishoeck (2000) and Boonman et al. (2003), which is a good tracer of the warm gas. For
MonR2 IRS3 and S 140 IRS1 tA&CO temperatures from Giannakopoulou et al. (1997) and Mitchell et al. (1990) respectively, are listed.

H,0 absorption, the line of sight passes close to the molecufaodels is twice the radius of the CS emission used to derive

outflow which may decrease the optical depth along the linettie density profiles. Using an outer radius equal to that of the

sight, enabling a deeper look into the molecular envelope a@& emission reduces the modeleglHce column by a factor

thus probe hotter gas (van der Tak et al. 1999). This could also~1.1-1.3, not sficient by itself to explain the discrepancy.

explain the larger line widths found for the ro-vibrational lineglternatively, not all oxygen may be converted inte®ice. In

in AFGL 2591 compared to the other sources, which have mauarticular, at high densities less atomic H is available to convert

collimated outflows. atomic O into HO on grains (Tielens 1989), or atomic oxygen
In Table 9 the sources are ordered by a decreasing temay be locked-up in the grain core.

perature of the molecular envelope, usinffetent temperature ~ Combined, thesefiects may be dficient to explain a fac-

tracers. As shown by van der Tak et al. (2000b), lower terter of a few diference between the observed and modeled val-

peratures may be related to less dispersion of the envelopes, indicating that the presented models are not in disagree-

In this scenario, AFGL 2591 is the most evolved object andent with the HO ice observations.

NGC 7538 IRS9 is one of the youngest.

7.3. Shocks

7.2. H 1 . . . . .
20 ice The models discussed in this paper consider only quiescent

The models indicate that freeze out of®land its precursors chemistry. However, all of our sources possess an outflow. This
in the outer envelope is significant. It is assumed that most oxgads to the question to what extent shocks are important for
gen frozen out on grains is converted tgQHice. Is this con- the production of HO in these sources, especially on the larger
sistent with the observed ice columns toward the sources? Bleales probed by the LWS and SWAS lines. In Sect. 3, the con-
observed values are listed in Table 9 (Keane et al. 2001; Sniitbution of the outflow to the SWAS 557 GHz line has been de-
et al. 1989; Gibb & Whittet 2002), and show that the amount ¢érmined from fits to the narrow and broad components (Fig. 2).
H,O ice along the line of sight decreases with increased he&tace neither the SWS nor the LWS lines are spectrally re-
ing of the envelope. As stated in the previous section, no signlved, such a decomposition cannot be performed for higher
of ice evaporation is seen toward NGC 7538 IRS9, consist@xcitation lines.
with its large observed 0 ice column density. This provides A study of sulphur-bearing species toward the same objects
additional evidence for the cold nature of this source, whiahows that both shock models and models with ice evapora-
has been inferred from other observations as well (e.g. Boog@h can explain the observations (van der Tak et al. 2003). The
et al. 2000; Gerakines et al. 1999). low inferred abundances of gas-phase,@@low T ~ 300 K

The H0 ice column density in the outer envelope belowpward these sources (Boonman et al. 2003) have been inter-
the evaporation temperature can be calculated using the tgmeted by destruction by shocks (Charnley & Kaufman 2000).
perature and density profiles in Fig. 3 and an adoptgd lde In a shock with a sfliciently high HH; ratio the evaporated
abundance of 10~* with respect to H (Sect. 4.1). The results H,O will also be destroyed. Both G&nd HO may reform in
show that the dference between evaporatiorifat 90 K and the warm postshock gas. If freeze-out in the colder envelope is
110 K is less than 30% for all sources, which is not enough et instantaneous, this may provide an alternative explanation
distinguish them. The modeled;8 ice column densities arefor the presence of partial freeze-out in some of our sources.
higher by a factor o~3—6. This discrepancy may have sev- In order to see the potential observation@et of shocks,
eral reasons. For example, the outer radius of the envelope raayOrion-type shock at the distance of our sources has been
be too large, making the modeleg®l ice column too high. considered. Using the model by Kaufman & Neufeld (1996),
Van der Tak et al. (2000b) state that the outer radius in theives HO line fluxes a factor o£100 larger than the observed
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upper limits in the case of AFGL 2591. This indicates that such As shown in the previous sections, the 557 GHz line is also
a strong shock would have dominated the LWS spectra, caensitive to both the cold and the warm gas in the envelope.
trary to what is observed. Even at the distance of SgrB2, sucbservations of this line with HIFI in a much smaller beam of
shock could be detected. The absence of such shocks for any®¥” compared with SWAS will be important to solve prob-
our high-mass sources indicates that they fill at most a few plms of contamination by other sources or surrounding clouds,
cent of the LWS beam and thus of the envelope. Alternativel.g. by observations toward the source center andfireint

it suggests the absence of shocks with velocities greater tldiapositions.

~15kms?,

Regardless of the precise contribution from shocks, soieConclusions
fraction of the observed emission must result from wars®H 0
in the inner envelope produced by ice evaporation. Van der Tj
et al. (2000a) have shown that the £§3H line profiles to-

servations of KO toward a set of deeply embedded mas-
e protostars have been presented, using thfeselit obser-

d th di din thi q h vational techniques. A radiative transfer model has been used
ward the sources discussed In this paper do not show gy comparison of observedJ@ lines with diferent chemical

dence for an outflow component. Consequentl_y, the_ high ‘Yeenarios, in order to probe the chemical structure of their en-
ferred CHOH abundances result from evaporation of ices d\'/%lopes The main conclusions are as follows

to thermal heating, and similar conclusions likely hold for other
molecules. — Pure gas-phase production o$®l cannot explain the ob-
served spectra betweesd and 54Qum in the 6 deeply em-
bedded massive protostars studied.
— Freeze-out in the cold outer envelope is important for all
sources, as indicated by the ISO-LWS results. The detailed
Among the rotational lines observed with ISO-LWS and SWAS modeling in this paper thus confirms the earlier results from
and studied here are three transitions that can also be ob-the 557 GHz line observed with SWAS that the gas-phase
served with the Heterodyne Instrument for the Far-Infrared H,O abundances in the cold outer envelope of our sources
(HIFI) on board Herschel. These are thg-2;5, 212—101, and are low. The observations do not allow an accurate deter-
110—10; lines at 174.6, 179.5, and 538udn (557 GHz) re- mination of the degree of freeze-out, resulting in cold gas-
spectively. Comparing the predicted line fluxes for these lines phase HO abundances that can easilyfdi by more than
in Tables 4-7 shows that the i3—2;, line is never predicted  an order of magnitude, but are likef108.
stronger than 4 107 W cm2 um™2, corresponding to an in- — Our models indicate that the 557 GHz SWAS line does not
tegrated intensity o£8x 10-2°W cm~2. For all sources except  only probe the cold outer parts of the molecular envelope,
W 3 IRSS5 this line is predicted mostly in emission. This sug- butincludes an important contribution from warm®lgas
gests that beam dilution plays a role for this line in the large around the evaporation temperaturélof 90-110 K.
LWS beam of~80”, which is about~6 times larger than the — Ice evaporation is important for all sources except maybe
HIFI beam at the same frequency. Thg-2;, line is the only NGC 7538 IRS9, as shown by the ISO-SWS data. The
LWS line detected toward one of our sources, S 140 IRS1, with accuracy of the observations does not allow a determina-
a strength of £ x 107 W cm2 um~! and an integrated in-  tion of the evaporation temperature, but values between

7.4. Future prospects

tensity of~2 x 107 W cm2. Since the upper level of this line
arises from an energy level 6f197 K, this will be a useful

transition to study the warm D gas in massive protostars in —

more detail, in particular the kinematics with the much higher
spectral resolution of HIFI compared to 1SO.

The 2,-1p; 179.5um line, which connects with the o-

H,O ground state, is predicted to be strongly in absorption

whenever there is some cold gas-phag® kresent. With the
higher spectral resolution of HIFI, the absorptions will be much
deeper so that this line will be very suitable to study tfiecs

of freeze-out in the molecular envelopes of massive protostars.

In addition, the 3—212 and 2,-19; lines have one level in
common atE ~ 115 K. If both lines are detected in emission

it is likely that they both originate in gas above the evaporation

temperature of KO ice. In that case, the combination of these

two lines can tell more about the excitation temperature of the

gas in which they originate. If the 2-1o; line is detected in ab-
sorption, it will probe much colder gas. The combination with
the 33—-212 line will then provide information on the fier-

T ~ 90-110 K, found from laboratory experiments, are
consistent with the data.

Shocks do not seem to be a dominant production mecha-
nism of gas-phase 40 for the deeply embedded massive
protostars studied here.

— At present, the detected;® 3y3—2;, emission line toward

S 140 IRS1 and the observed upper limits for the other
LWS lines cannot be explained simultaneously. Further
modeling, for example using a clumpy envelope model
heated from the outside, is needed to investigate the physi-
cal and chemical conditions in this source. The SWAS data
for S 140 IRS1 can be explained by using an increased lu-
minosity.

The model results show that thes32;,, 21o—191, and
110-10; lines are good candidates for HIFI on board
Herschel to provide important chemical information, such
as the degree of freeze-out in the outer envelope and the rel-
ative importance of thermal evaporation and shocks in the
inner part.
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