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ABSTRACT

We present the detection and modeling of more than 70 far-IR pure rotational lines of water vapor, including
the 0O and *’O isotopologues, toward Orion KL. Observations were performed with the Long Wavelength
Spectrometer in Fabry‘R& mode R/AN ~ 6800—9700) on board thinfrared Space Observatory between~43
and 197um. The water line profiles evolve from P Cygni-type profiles (even for §ie H O lines) to pure emission
at wavelengths above100 um. We find that most of the water emission/absorption arises from an extended
flow of gas expanding &5 = 5 km's . Nonlocal radiative transfer models show that much of the water excitation
and line profile formation is driven by the dust continuum emission. The derived beam-averaged water abundance
is (2-3) x 107°. The inferred gas temperatufe= 80-100 K suggests that (1) water could have been formed
in the “plateau” by gas-phase neutral-neutral reactions with activation barriers if the gas was previously heated
(e.g., by shocks) t@500 K, and/or (2) HO formation in the outflow is dominated by in situ evaporation of
grain water-ice mantles, and/or (3),® was formed in the innermost and warmer regions (e.g., the hot core)
and was swept up ir1000 yr, the dynamical timescale of the outflow.

Subject headings: infrared: ISM — ISM: individual (Orion) — ISM: lines and bands — ISM: molecules —
line: identification — radiative transfer

Online material: color figure

1. INTRODUCTION et al. 2001), but the specific gas and dust chemistry has to be
taken into account to derivg(H,0).

Star-forming regions are associated with violent phenomena, 'Nfrared Space Observatory (10; Kessler et al. 1996) spec-

such as cloud collapse, molecular outflows, and related shocke rogﬁ:}irsstg\?v‘;‘? dpt;(r)iVik?tesdolﬂ?geg%%%%u;si%rtignogieme gt?cr]lﬁalf
regions. Under these conditions the neutral gas is warm, and wate 2 rwitt et al (1995?) resented eialBO Lon V\/averl)en o
vapor is predicted to be abundant (Draine & Roberge 1982) andSpectromete.r (LWS) F%br Rt (FP'gCIegg et%l 1996) wgater
to play a dominant role in the thermal balance (Neufeld & Kauf- lines betweern71 and~1235/3 m invblvin ener ' levels be-
man 1993). Unfortunately, ground-based observationsOfatle ween 300 and 800 K TheM estimat 3_| 0) gyS X 104 -
difficult, so the determination of water column densities is not however. the interpretation gqc these Iiﬁeszshoald include radi-
straightforward. Nevertheless, ground-based observations Ofwateétive pu;nping fror[r)1 IR dust photons. A larger set of weaker
maser lines have been performed toward Orion KL. From VLBI . : . A : g
observations of thé,;—5,;, line ai22 GHz, Genzel et al. (1981) IR lines, including those of § O andfi O, is needed fo min

; : : ; . imize the opacity effects always associated wit}i H O lines.
determined the kinematics and an expansion velocity for the so-IOrli(z)n KL hgs el1lgo been ta;ge}[/ed with Ithe SI’\:\(/)II’%? Waveléngth

called low-velocity outflow {18 + 2 km s™). The widespread Spectrometer (SWS), tracing a smaller region than that probed
nature of water vapor has been probed with maps of thepy the LWS beam below45 um (van Dishoeck et al. 1998).
315=2, line at~183 GHz (Cernicharo et al. 1990, 1994). This Njneteen water absorption lines with energies between 200 and
was the first time that the water abundance was estimated in the;5g k were detected (Wright et al. 2000). These authors sug-
different large-scale components around Orion KL. In addition, gested that mid-IR water lines arise from the low-velocity out-
the high excitation conditions of the “plateau” gas (a mixture of fjow and estimateg(H,0) = (2-5) x 10* (for an assumed
outflows, shocks, and interactions with the ambient cloud) have emperature of 200-350 K). Most recently, thg-1,,  lines of
been revealed by observations of #)g-4,,  line-825 GHz ~ H1°0 and H®O have been observed with tBebmillimeter
(Menten et al. 1990; Cernicharo et al. 1999a). Due to their masenp/ayve Astronomy Satellite (SWAS) [x(H®O) = 3.5 x 1074
nature, the water abundance determination from these lines is quit@/elnick et al. 2000; Snell et al. 2000] ar@din [x(H1°0) =
involved. Even the observation of the;'H @:-2,, line at 107°to 10*; Olofsson et al. 2003]. In these observations, the
~203 GHz gives only poor estimates due to the overlap with other H1°0 ground-state line shows widespread emission ove'a
molecular lines (Jacq et al. 1988). The HDO species has also beefegion. In this Letter we present all water lines detected in the
detected and modeled toward Orion KL (Jacq et al. 1990; Pardofirst far-IR line survey toward Orion KL carried out with the
IO LWS (Lerate et al. 2006) and the radiative transfer models

" Based on observations witl8O, an ESA project with instruments funded  that fit the water data set (involving levels up to 2000 K).
by ESA Member States (especially the PI countries: France, Germany, the Neth-
erlands, and the UK) and with the participation of ISAS and NASA.
2 DAMIR, Instituto de Estructura de la Materia, Consejo Superior de Investi- 2. OBSERVATIONS AND DATA REDUCTION
gaciones Ciefficas, Serrano 121, 28006 Madrid, Spain; cerni@damir.iem.csic.es.
*LERMA, UMR 8112, CNRS, Observatoire de Paris and Ecole Normale All water lines within the range of th&O LWS (~43—197,u.m)
Supeieure, 24 Rue Lhomond, 75231 Paris 05, France. : : : :
4pRutherford Appleton Laboratory, Chilton, Didcot, Oxford 0X11 0QX, UK. were observed_ using Ipng Integrations with the FP Sp.eCtrometer
5 University College London, Gower Street, London WC1E 6BT, UK. (LO4 AQT), which provides the largest spectral resolution for the

® Leiden Observatory, PO Box 9513, 2300 RA Leiden, Netherlands. LWS instrument. Preliminary results were presented by Cernicharo
L33
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Fic. 1.—Summary of the 70 far-IR water lines detected by t88 LWS FP interferometer toward Orion KL. The ordinate corresponds to the continuum
normalized flux and the abscissa to the velocity (in ki s ). Transition rotational numbers, rest wavelengthks (ipper level energies (in K) and intrinsic line
strengths are shown in each box. The central inset showsStheWS-grating observations toward Orion at a resolutiod@\ ~ 300 . The ordinate corresponds
to the absolute flux (in W cnt um™™) and the abscissa to the wavelengthm). Main molecular features betweerl60 and~197 um are labeled in a zoom
to the grating spectrum. The full radiative transfer model for the far-IR continuum and water line spectrum is also shown in the upper inset.

et al. (1999b). In addition, a complete, less sensitive (LO3 AOT), KL, i.e., an extended outflow. Pure emissiopCHIines peak
far-IR line survey of Orion has been carried out. Adding both data aroundv = 20 km s' (the sourcg, 9 km s*; Scoville
sets,, more than 70 water lines have been detected (Lerate et akt al. 1983), but it is likely that the most opaque lines are red-
2006). The LWS circular aperture size~80’, although it slightly shifted due to self-absorption. On the other hand, water lines
depends on the particular LWS detector. In its FP mode the in-detected below-50 um are observed in pure absorption with a
strumental response is close to a broad-wing Lorentzian with avelocity peak ofv = —10 km s' (the same applies to most
spectral resolution 0f/AN ~ 6800—9700 . Processing of the water water lines observed bh80 SWS; Wright et al. 2000).

lines from AOT LO3 was carried out using the Offline Processing  The turnover point between absorption and emission lines is an
(OLP) pipeline and the LWS Interactive Analysis (LIA) package important clue to interpreting this large data set and determining
version 10. AOT LO4 spectra were analyzed using8®Spectral the relations between continuttine opacity, line strengths, spa-
Analysis Package (ISAP)The full description of the complex tial distribution of gas, and physical conditiohSO observations
data calibration and reduction process and associated target de@iearly show that most of the water vapor detected in the IR arises
icated time numbers, and all the tabulated line observations androm a flow of gas expanding @5 + 5 knt's . The inferred

spectroscopic parameters are given by Lerate et al. (2006).  expansion velocity is consistent with the low-velocity outflow
originally revealed by~22 GHz HO maser motions (Genzel et
3. RESULTS AND DISCUSSION al. 1981), but a contribution from the extended high-velocity out-

flow could be present (Cernicharo et al. 1994). However, no high-
velocity line-wing emission is observed lEO’s sensitivity and
signal-to-noise ratio. Similar conclusions have been found for the
OH excited rotational lines (Goicoechea et al. 2006).

’ The main problem with modelingSO data is the limited
spatial resolution, which makes it difficult to constrain the size
and origin of the water region. Besides, any detailed fit to the
data requires a detailed knowledge of the geometry and of the
relative distribution of dust continuum and water lines. For-
tunately, high angular resolution maps of water~a83 and

A summary of the resulting water lines is shown in Figure 1.
From these far-IR observations it is clear that water lines show
a complicated behavior. For wavelengths abe®60um, H;°O
lines are observed in emission. However, for shorter wavelengths
lines arising from energy levels belowl000 K and with large
line strengths show P Cygni profiles with emission covering a
large velocity range. However, those with weak line strengths
or those arising from higher energy levels are observed in pure
emission. B O lines also show P Cygni-type profiles below
~100um. In the H? O case, the absorption component is deeper : : ooeee @
than in the analogousi O transition.pSince optﬁ:al depth effchJ:ts~325 GHz lines do reveal the spatial and velocity distribution

are much less severe ifH O lines, the associated P Cygni—typéc):f watehr in Ori(én (Cernkicha[jo etal. dlgg|4, 19?9"’1)' dl.rf‘f particular,
profiles trace the main origin of far-IR water lines toward Orion “€rhicharo and coworkers detected at least four difterent water

components: the extended “ridge” (extended quiescent gas),
"1SAP is a joint development by the LWS and SWS Instruments Teams and the plateau (IndUde the hlgh- and Iow-velocny OUtﬂO.WS)'

Data Centers. Constributing institutes are CESR, IAS, IPAC, MPE, RAL, and @nd the very narrow and strong features associated with the

SRON. small water bullets observed a2 GHz (Genzel et al. 1981).



No. 1, 2006 WATER VAPOR ABUNDANCE IN ORION KL L35

ETT T T ro Ts T T T T T T

H

FITTTTTTTTTT[TTH WARNRRREERERRE AR ET T T T

1y
TTH

101 B4y Hod o 1.1 E4g8, 3 1143, q 104 o7, E
1.005 E_ss.o,m _E . 11.05 F567.6um 4 1.05 %58.7;.“1: —; 1.02 r83.3 i
1 ;_ ; L : 1 ; ....... ; 1 % é 1 f_ _____ E
0.995 F 3 j095EF 4095 3 - g
Boalionilinilnd 099 bbbl hed 0.9 Eauliwilinitd 0.9 T RTINS 02 B S PR VRN i
—-100 0 100 —100 0 100 —100 0 100 —-100 0 100 —100 0 100
1_15:8.,....,....,...E 1.04 :.:?.,.é..,....,...: LA RE L ARl RAR e 1.1 e
F Y5 “1a E '8 s ] 3
1.1 b5z 7 1.02 e6.14um = u 3
1.05 el ‘j“ﬂm F ]
O 40.98 [ - : ]
P P sibieelieniles T ST n bl il 995 bl el d
—100 0 100 —100 0 100 —-100 0 100 —100 0 100 —100 0 100
::?|||6|||||||||||: T T T T TTY :|5|||5||||||||'|||: T 1,15 :46|||5||||||||[||_E
Sy i e (B 3 L S5 ] ] £ 6 ]
| P 1102 Fes  J105F L s
1.02 F - E E C 1 E ] ]
E 41.05 F ] C ] 1105 3
1F 3 £ 1 1p oe— 1 1 g
: |1k ; i ] : 1 1ped :
098\ . Etiitinnnld 0.98 bl bt 0.95 bl sl cn T
—-100 0 100 —100 0 100 —-100 0 100 —-100 0 100 —-100 0 100
ARIRARARRERSI RAL: T T 1.3 T g5 e
11 E85% J 12 4 12 3 12 F 251y 3 F 6ot 6as 3
"+ Fe46um E E . 3 *~ F101 pm 4 1.1 F104pum -
1.05 | 1 11 4 11 1 11E J105EF E
: ] L] et R : - ]

1 ... .} - 7 E 1 1 == ... ...
Booliounlenealyd LBt T T A T Y i ST N
—100 0 100 —100 0 100 —-100 0 100 —-100 0 100 —100 0 100
5 AR LARMI RS AN LAY SALMARMI A
£ 1.3 F3s 3 1.4 B453, E
] 1.4 o E 126 um E 1.3 F145um 4
—: 1.2 ‘ g E 1'22_ _z
el |1 E 11f |
- 1 7 \'h.. 1 Bl ieiil . d 1:. ..--.-.-r;-.-.-.-r-..:

—-100 0 100 —-100 0 100 —-100 0 100 —-100 0 100

_||||||||||||||||: Prrprrrrarrrrg 1_1 LE Frrprrrrg |||||_: W

] _ Y Y
1 1.05 F e > :_mo 315 -_lﬁﬂpm ]
] 1 ] 15k e ]

] Tt i 0.85 tn|||||ln||]||_; 1 3 Sl R i 5 1 ;;-n-l-z.-n-n-n-i-n

—100 0 100 —100 0 100 —-100 0 100 —100 0 100 —100 0 100

Fic. 2.—Radiative transfer model results discussed in the text. Selected synthetic line psofitesufves) are shown over the observe8D LWS FP detections
(histograms). Model parameters argH3;°0) = 3 x 10°° n(H,) = 3.5x 10° ch afgd=80 HKue) andx(H;°0) = 2 x 10°°,n(H,) = 2.5 x 10° cm?, and
T, = 100K (red). The ordinate corresponds to the continuum normalized flux and the abscissa to the velocity (ih km s ). Synthetic line profiles have been
convolved with a Gaussian beam of’&nhd with a spectral resolution characterized by a Lorentzian with a width of 33 kmSse thle electronic edition of the
Journal for a color version of this figure.]

In addition, the newly detected far-IR water lines associated nicharo 1993) and has been recently improved to take into
with the highest energy levels may have a contribution from account a more sophisticated description of the dust emissivity
the “hot core” (dense and hot inner regions). However, the and radiative transfer (F. Daniel et al. 2006, in preparation).
large far-IR line-plus-continuum opacity will probably hide The dust continuum emission has a crucial role in the radiative
most of the hot core emission. Finally, radiative transfer effects excitation of light species such as,@ or OH with transitions
in the most opaque lines, for example, self-absorption and/orin the far-IR and has to be correctly taken into account. In our
scattering by a lower density diffuse halo may possibly occur model, level populations are consistently computed in statistical
at velocity scales not resolved bgO. equilibrium considering collisional excitation and pumping by
In order to estimate the water abundance and the physicalline and continuum photons. Collisional rates were scaled from
conditions prevailing in the expanding gas, we have modeledthose of HO-He collisions (Green et al. 1993). A three-com-
the first 30 rotational levels of both ortho- and parg®Hising ponent model resembling the hot core, the plateau, and the
the same nonlocal code for lines and dust continuum as in theridge is adopted. In this work we assume that most of the far-
analysis of HO toward Sgr B2 (Cernicharo et al. 2006). The IR water lines arise only from the plateau. Of course, a minor
code has been described elsewhere (Glezzalfonso & Cer- contribution in the lowest excitation water lines may come from
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the more extended regions (producing narrow line emission),beam and probably indicates that water can be locally more
which we do not model here. A low water abundance of abundant, for example, in the warmer interaction surfaces
(1-8) x 10°® has been estimated in these regions fIBNMAS where the expanding gas shocks the dense ambient material.
andQdin observations (Snell et al. 2000; Olofsson et al. 2003), Larger angular resolution is needed to resolve the relative con-
and thus the expected contribution to far-IRxHines is small. tinuum and HO spatial distribution over this complex region.

In order to have the closest view of the IR radiation field seen Nevertheless, the inferred gas temperaturd€)0 K, are sig-

by water vapor, we have simultaneously tried to reproduce thenificantly below the gas temperature300 K) required to ac-

full SWS/LWSASO continuum emission betweer10 and tivate the gas-phase neutral-neutral reactions converting most
~197 um. We find that the continuum level far> 80 um is of the available oxygen into water (abundances larger than
well reproduced by considering an inner”1® continuum ~107* are then predicted). Taking into account the short dy-
source (the hot core) simulated by a graybody, with a color namical timescale of the outflow1000 yr, water vapor could
temperature of 200-250 K, which is optically thick in the far- have been formed by these neutral-neutral reactions if the gas
IR (r, = 10 x 150/\). The dust continuum emission from this in the plateau was previously (or is locally) heate@&00 K,

hot core is attenuated by the surrounding components that wefor example, by a C-shock passage (Bergin et al. 1998). How-
now describe. Taking into account the spatial extent of the 183 ever, if the plateau gas temperature has reached a maximum
and 325 GHz water emission observed at higher spatial resotemperature of only-100 K, other formation mechanisms are
lution (Cernicharo et al. 1990, 1994, 1999a), we model the required to explain the observed water vapor abundances. In
plateau as a~40" diameter unresolved shell expanding at particular, the temperature inferred frol8O observations is

25 + 5km s, where water molecules and dust grains coexist similar to the water-ice evaporation temperature; therefore, in
(T, = T, is assumed). The radiative effects caused by an ad-situ evaporation of water-ice grain mantles formed in an evo-
ditional, only dust, 5 diameter component (the ridge), with lutionary stage prior to the onset of the outflow(s) could now
T,= 25K andn(H,) = 10° cm®, have also been included to dominate the water vapor formation in the plateau. Finally, the
fully match the SWS/LWS continuum level. Dust absorption observed HO could have also been formed in the innermost
coefficients are computed from tabulated optical grain prop- and warmest regions (e.g., the hot core) and been swept up by
erties from Draine & Lee (1984), in both the plateau and the the outflow.

ridge. Due to the large optical depth of®H O linesinthe plateau, To conclude, despite the large number of detected far-IR
we have first modeled the;H O lines to obtain a more accurateexcited water lines, neither high gas temperature nor high-
estimate of the water abundance with less opacity constraintdensity conditions are required to populate the higher energy
and faster level population convergence**®/®0 abundance  water rotational levels. Radiative pumping due to the strong
ratio of 500 has been adopted. After a reasonable fit of thelR radiation field from the cloud is enough to populate these
H3%0 lines, we iteratively search for the best physical conditions levels, at least in the average picture giveri89 observations.

that enable to simultaneously reproduce th H O agdl H O Future observations witHerschel will allow one to map many
spectra. Figure 2 shows two representative models that qualfar-IR water resolved lines with improved angular resolution.
itatively and quantitatively reproduce the majority of observed It will then be possible to study in great detail the role of water
line profiles and intensities. The best models are found for ain star-forming regions.

plateau temperature, density, and water vapor abundance of

T, = 80-100 K, n(H,) = (2.5-3.5)x 10° cm™@, and We are grateful to the LWS teams for the quality of the
x(H3?0) = (2-3) x 1075, respectively. The physical condi- provided data. We thank our referee for useful comments and
tions inferred from water lines in the plateau are similar to suggestions. We thank the Spanish DGES and PNIE grants
those obtained from OH lines (Goicoechea et al. 2006), which AYA2000-1784, ESP2001-4516, and AYA2003-2785. J. R. G.
suggests that far-IR lines from both species trace the samds supported by dMarie Curie Intra-European Individual Fel-
expanding gas. The derived water vapor abundarc® x lowship within the European Community FP6, contract MEIF-
107°, is obviously an averaged value over the large L18S CT-2005-515340.
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