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ABSTRACT

v W present rschel observati ons ofth Water_tz(% cule | rn the massive star- TIormrn region W3 IRSS, The 0-H0 110 or -H"O In- O(I&
_— 202-In.p-H20 11000 0-H lin s covefrrg]geta 8 r%ncq rom 552 U to 1669 GHz, hau ben det
) sectral re tronwrthH @ nes rnW IR 530wwe ined high-Ve
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are %etecte %@d and oT—? ]é)l(ﬂ ss bso troﬂ rom h% colg feyla w r%c?r ehr%h 35S ro?os%
enve ope Ise One- drmensron adratrve ra er mo esar use estl tewatera Uncances an ]Ler Kt Inematics.oft

Hdwt at eemrssron rnt rarerEjf ogues comes_direct sYrtmm ernneiW arts 0 eeveoeLE} Where ateé ICes rr}

R] B % 010

rere; es

ust mantles evaporate and the gas-phase aoundance Inc eases e resultin water gbundance (wth a.constant inner abundance o
%rs nee fe to re) roduc teo?—l 7%]h ELT 6 gectrarngd rﬁge We esthmaewaler updances 0%1 %9a Inthe
oute parts ofthe envelope €T< 100K Tepos |I|yoftwo protost lar objects contributing to the emission IS discussed.
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L. Introduction overaII abundances of less than 107 Boonmanetal 2003).

A eb sma ler ea fhe ace rvat
The water m°lecule is a key "eciés; fbrrtudqustarfbrmaura pu ra 2010 ope er WI r% pcra ol
ta the cool_regwns of mdecular cloudii (T < 100 K), water is of te eterod%/ne nstrument forthe ar-Infrared HIFI
present as icein the mantles ofdurtprarns M the immediate de Graauw etal. 2010 Prvesaunrquezp ortunity to se arate

surroundmgs of fagh-mass protostars, fae duirtis heated to tem- the emrssron and absorption in the inner (T > 100°K) and outer
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peratures well above 100 gratrng the waterices and m- {t < 100 k) protostellar envelope In order to build a model of

creasmgrtsabund“cemthegaspharreby MyeralO Tderfarlg e strycture and kinematics of these innermost regions which

[rjtrp e nd ma ma/\%ater OrerOfUIre tab\penrrggrrrrt]erpde CT are critical to fueling the future star.
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> 106 ¢m-3 and centrally peaked density and temperaturé stars in an early stage of evolution. High-resolution near-IR im

profrles? with the Infrared Space Observatory (ISO) and the & si™ aclusterof IR;sources£ W3 IRS5 with two j»mra

Submillimeter Wave Astronomy Satellite (SWAS) have revealed 2005). Theél Hperr@sﬁﬂhd 10 the brrEhtmrllrn?éiQ  Megeathih
* Herschel s an ESA space observatory with science instruments pro- and MMZ Antrfed by Ronn etal (2008). They are separated

vided I¥European led PrrncrpalInvestrgatorconsortraandwrth Impor- By 1" and drive Swo f the several outflows identified by

tant participation from NAS oonman etal. {2003 and Rodonetal. (2 083)
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Fig. 1, NICMOS color- composrte image 0f W3 IRS5 and its sur-
roundings from Megeathetal g
sents thé HIF| beam Size for the p-H20 1n-0co and p-H80 1

Ooo lines (20"). The gray-scale inset is a close-up of the centraI
area at 2.2 microns with white contours correspondrn to

and 90% of the peak flux at 1.4 mm (Rodon'et al 3 The
black bar (top right of inset) represents a distance of 5.000 AU

(257)

The first observations of the p-H20 202-111 0-H20 221-212
and 0-H20 212-1or water lines and the rare 0-H270 110-10z and
p-H280 111-000 isotopologues towards a massive protostar are
presented here.

2. Observations and data reduction

W3 IRS5 was observed with HIFI as part of the Science
Demonstration Phase, between March 3-22, 2010. The position
observed is atR A. 02:25:40.6 and Dec +62:05:51 E(JZOO ), close
to the peak radio and mid-IR emission (van der Tak etal. 2005).
The observations are part of the Priority Science Prooram (PS
of the Guaranteed-Time Key Program Water In Star-forming re-
gions with Herschel (WISH; van |shoecketal in prep).
" Data were taken simultaneously in H and V' polariza-
tions usrnr\;hboth the acousto-optical’ Wide-Band Spectrometer
WBS) with 1.1 MHz resolution and the correlator-ased High-
esolution Spectrometer (HRSl) with 480 kHz resolution (reSo-
|utions 0f 0.30 and 0.13 km s-1, respectively, for the 1100 GHz
lines). We used the double beam switch observing mode with a
throw of 3', HIFI receivers are double sideband with a srdeband
ratio_close to unity.

The freq uencres energy of the upper levels, system tem-
peratures |n eqration times, rms noise level at a given spectral
resolution, the Deam size and efficiency Beff, and'the observed
contrnuum level for_each of the lines are provided in Table 1

prca uncertainty in the frequencies is on the order of 100 kHz

(Pearson et al. 1991). Calibration of the raw data onto TA scale
was performed by the in-orbit system (Roelfsema 2010); con-
version to Tmb was done with & beam efficiency estimated b
raster maps of Mars STabIe 1, R. Moreno, priv. comm.). The fof-
ward efficiency s 0.96. Currently, the flux scale accuracy is es-
timated to be between 5 and 10%. Data was calibrated in the
Herschel Interactive Processing Environment (HIPE, Ott 2010)
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(2005). The white circle repre-

version 3.0. Further analpsrs was done within the CLASS1 pack-
agedAfter inspection, data from the two polarizations were aver-
age

3. Results and analysis

Our interpretation of the spectra uses the foIIowrnq terms: inner
and outer envelope (as defined in § 1), cold molecular cloyd (the
region with T ~ 10°K in which the protostellar envelope is em-
hedded), and foreground cloud (unrelated molecular material in
the line'of sight afa different

The continuum subtracted water spectra are shown in Frg 2.
For the 0-HA70 Lio-1oi, p-H20 202-1n, p-HAO 1n-000
H20 111-Oco [ines, we shiw he RS spectra. For the o- O 201
212.and 0-H20 212-1o1 lines, we show the WBS spectra because
the veIocrty range covered b){ the HRS for those lines is not suf-
ficient. The 0-H20 221-212 line is contaminated by a CH line
(1661.113056 GHz) seen in absorption at---58 kni s-1. The p-
H20 111-Oc0 and 0-H20 212 Lot lines show a narrow ahsorption
feature at -20.4 km s-1. Since W3 IRS5 is located very close to
the galactic plane (b~ 12° this water absorp jon is"probably
pro Uced by a cold (T ~ 10 K) foreground cloud on' the [ine
o Sig ht Of er cases ofabsorptron due to clouds along the line
of srg ht toward similar sources are reported by Marséille et al.
(2010) and Wyrowski et al. (2010).

3.1. Emission and absorption features

Most of the water emission spectra in W3 IRS5 can be described
as the sum of two velocity components: one broad (FWHM
= 33-40 km s-1) and one mediym FFWHM = 5-10 km s-1).
The broad component |s visible n all but the rare species and
IS centered rpgroxrmate J on the VLR of the source (see the
broad component for the 988 GHz line in FrgZ Boonman et al.
2003) observed the outflow in W3 IRS5 i cO J =7 - 6 with
the JCMT and found a similar line width to what is in the water
broad component. We assume that the broad component is due
to the outflow,

The medium_component exhibits_ emission in thep -H20
202- 111 and rare rsotppologue lines wrth two peaks at -37 and
-41 km s-1 Inthe 02-111 and 11-0oo spectra. A
blend ofemission and absorptron IS seen |n the p-H20 111-000, o-
H20 221-212, and 0-H20 212-1a1 Irnes The absorption in the H20
lines is que shifted (P-Cygni pro ile), sug?estrnz%an expansron
ofthe envelope, as also détected by Benz &tal. (2010) in'the h
dride lines of W3 1RS5. The exp ansronr robabl owered b?/
the multiple outflows known to exrst in W3 IRSS odon eta
2008). The p-H20 111-0c0 and 0-H20 212-1at lings havea ou-
ble % ateau in absorp lonat -38 and -42 km s-1. The absoern

8 km s-11S hrg _}/saurated A simulation using RADE
(van der Tak et al. 2007) for a cold cloud with a kinefic tempera-
ture of 10K, Nho = 3x1013 cm-2, aline FWHM of2.8 km s-1,
and nH2 = 1x 104 cm-3 gives opacrtres of 4.0, 2.2, 2 x 109
and 3 x 10-7, respectively, for the p-H20 1u1- 000, 0-H20 212-
101, 0-H20 221- 2]5 p-H20 20p- 111 specres This agreeswrh
the detection of saturated absorption on H20 111-0o0 and
0-H20 212-101 as well as the absorp tron b}; a cold foreg round
cloud at-20.4 km s-1 also detected onlg int oseIrnes The op -
cal depth ofthe other water lines in cold regions is so low that no
absorption is visible. The absorption at -38 km s-1 presumably
comes from the cold molecular cloud associated with the source.

1 http:/fwww.iram.fr/IRAMFR/GILDAS
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Table 1. Lines of H20 observed with Herschel/HIFI in W3 IRSS.

Water species Frggll{le%cy
o

' b&g L%gs ,% (k5l-\llz) rws Beam  nmp 30@
o EEE N EEEY
R RESREERE
S B M B B %y

Visr [km/s]

Fig. 2. HIFI spectra of water lines observed in W3 IRS5. Columns 1and 2 show the spectra for the 0-H270 L10-101, p-H280 1n-000
andp-H20 202-1n lines, columns 3 and 4 show the spectra for the p-H2Q 1n-000,0-H20 221-212 ando-H20 2i2-10i lines. The sm(];le
protostellar envelope model fits are shown as red lines over the spectra in columns 1and 3. The two protostellar envelopes model is
shown as red lines over the spectra in columns 2 and 4. The dashed red line over the p-H20. 1n-0co ando-H20 212-10i spectra Show
the corresponding model without the cold molecular cloud (see § 3.1). The dashed black line over the 0-H270 110-11 and p-H180

111-0oo spectra shows the model without the abundance éumg. Vertical dotted lines indicate the model FLSR at -38 km s-1 for the
single frotostellar enveIoFe model (columns 1and 3) and -37 and -40.5 km s-1 for the two protostellar envelopes model (columns
2 and 4). Vertical dashed lines inthe 0-H20 221-212 spectra show the position ofthe CH line, As an example, the outflow component
for the p-H2Q 202-111 line is shown in blue. The temperature scales are shown on the left side of the figure for columns 1an 2 and
on the right side for columns 3 and 4.

The two-component profiles seen in emission in several of ~ Helmich & van Dishoeck 1997) show lines that cover the
the water lings seem to be systematic features of protostellar ob- entire velocity range of emission, but they do not help dis-
]Dects since it has been observed for low-mass Class o objects tinguish between one or two protostellar envelopes. The
y Kristensen et al. (2010) and for intermediate-mass protostars  continuum  observations by Rodon etal. (2008) could not
by Johnstone (2010). Kristensen et al. (2010) propose that both ~ measure the velocities of MM1 and MM2.
the hroad and medium components are associated with outflow
shocks. In contrast to the low-mass protostars, the emission of
the rare isotopologues only comes from the medium component
and not from the Broad outflow.

Even though the hypothesis of the detection of twg proto-
stellar envelopes in the’spectra needs to be investigated in more
detail (to be presented in aforthcomlngi paper), we show in § 3.3
that a two protostellar envelope mode] tends to fit the observa-
tions better than does a single protostellar envelope model.

3.2. Two protostellar objects seen in the optically thin lines?

Double peaks in emission at LR ~ -36 and -40 km s-1 in 3.3, A model of W3 IRS5

the mostly optically thinp-H20 202-11 andp-H180 111-0co line

profiles suggest the detection of more than one protostellar en-  We used the Monte Carlo code MC3D (Wolf 2003) and the_ra-

velope. Since the interferometric observations from Rodon etal. — diative transfer program RATRAN (Ho%rhei'de &van der Tak

(2008) show that there are two millimeter sources within the - 2000) to model the water emission'in W3 IRS5 following the

HIF| beam (Fig, 1) that dominate the dust continuum emission  method described in Marseille et al. (2008) with a power-law

in this reglon, It IS ?OSSIbJe that the two peaks correspond to  density exponent 0f-1.2. The models assunie spherical sh/mme-

emission from these two high-mass protostellar objects. try, A"more detailed investigation of the region’s morp oIo%y
Ground-based observations of Cw70, CS, SO, and using 2D models is in progress and will be published when the

CH3OH  molecules  (vander Taketal. 2003, 2006; entire set of water lines (including maps) is observed.
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TatéleI 2. Parameters of single and two protostellar envelope (PE)
models.

f ingle PE PE1 PE?2
E)tarﬂae??a%[lus &%J) Slnqzeooo 12000 12000
k)é@?ﬁ?a( Dx % Dx ﬁ

_ 2x 10 18x 108 8x 10H0
Post-jump Ix 104 1x 1%2 1x 1%%

Hur ( 20 \ .
e S O S

Our models in W3 IRS5 have three components; an out-
flow, one (ort_wo?, protostellar envelopes, and a cold cloud. The
outflow contribytion to the spectra was modeled as a Gaussian
emission line with FWHM between 33 and 40 km s-1. The cold
cloud was introduced taking the cloud parameters described in
§ 3.1 for the saturated absQrption. Three input parameters are
used to fit the line profiles in the envelope model: water abun-
dance (XH20), turbulent velocity é_\/ur), and expansion velocity
‘,Aexp). The width of the line isa {usted by changing Vur. The
ine asymmetry is_reproduced by the expansion velocity \exp.
The lirie |nten5|t¥ is fit by a combination of the abundance, Vur
and \Bxp parameters. The same Vur and \exp have been assumed

for all fines. We use abundance ratios of 500 for H20/H2s0,

4.13 forH280/HIT70 [(1as measured in the W3 region by Penzias
1981; Wilson & Rood 1994; Wouterloot et al. 2008), and 3 for
ortho/para-H20. The models assume a jump in the abundance
in the ‘inner envelope at 100 K with a constant inner abundance
of 10-4. Having the jump occur at the radius {)red_lcted by the
thS|c,aI model leads to overestimating the water line intensity
In the inner envelope. We thus decreaséd the size of the emitting
region (to ~1500 AU) b%/ putting the abundance jump at a tem-
Eerature of 150K. An alternative model leading to similar results

eeps the jump at 100 K and decreases the water ahundance in
the ‘inner envelope by a factor of 10. We assume that the line
Intensities from the various comPonents can simply be added as
in the optically thin limit, and future models will treat this effect
In more detail. Table 2 gives the parameters used in the models
and the model Sf)ectra are shown in Fig. 2 forboth a s,lng%le and a
double protostellar envelope model. The outer radius inhe table
corresponds to, the deconvolved radius taken from the 1.3 mm
continuum emission (Oldham etal. 1994). ,

. The observed lines were fit using the foIIowmq stratﬁgzy.
First, we modeled the rare |sotoFoIogue lines and thenthe p-HZ0
202-1n line (including the outflow emission) using the same
Xh20, Vur, and \bxp values. Qnce we were able to’ reproduce
the main features of those Proflles by minimizing residuals on a
?rld of values, we applied the same parameters to the rest of the
Ines, mcIudmgi an outflow component when justified. For the
sm%Ie )rotoste Iar_enveIoPe model, it was_not possible to cor-
rectly fit the rare isotopologues and p-H20 202-1n lines using
the same XH20, Vur, and \&Xp values. For the double protostellar
envelope model, all.of the spectra are better fit with the excep-
tion 0f'0-H20 22i-2j2. The deep absorption in the p-H20 1n-o00
and 0-H20 212-101 lines is reproducedwell only if we add a cold
cloud to the model. The uncertainties for the water abundances
are about a factor of 3 and for Vur and Vexp about ~ 1km s-1.

. As shown in Fig. 2, the emission in the rare isotopologue
lines i onI)(J reproduced in qur models by mcludm?, ajump in
the water abundance_in the inner envelope. The estimated op-
tical depths for the lines of the rare species are low (¢ ~ 0.1,
estimated using RATRAN). This suggests that the emission in

4

the rare species comes from the inner envelope where the wa-
ter abundance is greatly enhanced. Emission from this region
could be the expécted contribution from the passively (radia-
tively) heated inner envelope.

4. Summary

Spectra of six water lines observed with the Herschel-HIFI in-
strument in the high-mass star-forming region W3 [RS5 are pre-
sented and discussed. A 1D radiative transter model was applied
to estimate water abundances and studfy the kinematics in the
protostellar envelope. The main results follow.

1. We detect strong water emission and absorption.

2. A strong qutflow component is detected in the water lines,

3. Water emission shows absorption from coal molecular gas
hostlnq the protostellar envelope. Blueshifted absorption
suggests an expansion of the outer envelope, and no Infall
signature is detected. _

4. Radiative transfer models indicate water abundances ranging
from 10-8 t0 10-10 in the outer envelope. o

5. Based on our model, ajump in water abundance in the inner
envelope is needed to reproduce the H170 and H80 lines.

6. The optically thin line profiles are better fit usmﬁ a model
with two protostellay enveIoBes, in agreement with previous
Interferometric continuum observations of W3 IRS5.
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