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Abstract. We present the first detection of absorption lindsampered by the fact that usually only a single line is observed,
within the bending vibration of water in the interstellar mediurwhich is insufficient to constrain the excitation. Also, the lines
using the ISO—-SWS. More than 30 lines between 5.5 andi®.6 are seen in emission in large beams, ranging frerQ’ for
are detected toward the bright infrared source GL 2591, whighound-based telescopes up to arcminutes for airborne observa-
arise most likely in the dense molecular cloud core surrounditagies.
the young stellar object. Comparison with model spectra indi- The Short Wavelength Spectromet8WS) (de Graauw
cates a high excitation temperatufi@,( > 200 K) and a high et al., 1996) on board thimfrared Space Observator{fSO,
abundance [BO]/[H2] ~ (2 — 6) 107°. We speculate on the Kessler et al., 1996) provides an unique opportunity to study the
origin of the hot water, and the consequences for the chemistosvibrational fundamental bands of water in absorption against
brightinfrared continuum sources. In contrast with the emission
Key words: ISM: abundances — ISM: molecules — ISM: clouddata, only a pencil beam to the infrared source is probed, which
—ISM: individual: AFGL 2591 minimizes the complications due to the small-scale physical
and chemical heterogeneity of star—forming regions, as revealed
by millimeter interferometers (e.g., Blake et al. 1996). Because
lines from all rotational levels are present within a vibrational
band, the complete spectrum yields a direct estimate of the level
1. Introduction populations along the line of sight. The main limitation of ISO
Due to the large amount of water vapour in the Earth’s atm's—ItS spectral resolving powet/AX ~ 1350 at gum, since the

e ines are intrinsically much narrower. This limits the sensitivity
sphere, water has been been an extremely difficult molecule to ) o
that only high column densities can be detected and com-

ini Il . i ith Ch l. (1 . . ; X .
detect n Interste ar space Starting with Cheung e.t al. ( 96%DI’C61IES the interpretation because detectable lines will often be
maser lines at radio wavelengths were long considered to

sg urated.

the only sign-posts of (non—thermal) water. Advancements’i .
infrared instrumentation and the availability of the Kuiper Air- GL 2591 has beenapopular targetat near—and mid-—infrared

borne Observatory (KAO) resulted in aBc detection of water wavelengths, folloyving the discovery of strong gas—p_hase in-
toward Orion through its; ro-vibrational band by Knacke et al_frared absorption lines of CO by Lacy et al. (1984). High res-

(1988) and Knacke & Larson (1991). At sub-millimeter waye/|tion ground-based spectroscopic data of CO @0 by

lengths ground-based, air— and balloon—borne observation(';?ﬁa"e & Wade (1985) and Mitchell etal. (1989, 1990), and of

H1%0 and H20 lines have been used to infer the presence%f 2and HCN by Carretal. (1995), have revealed several com-

water and obtain an estimate of its abundance (e.g., Waters e‘?%’[‘e”ts along the line of sight, containing both cold gas with

1980; Phillips et al. 1980; Wannier et al. 1991; Jacq et al, 193%2?;‘{;”;1;”: ar giisc"(vj't:‘stl’;‘:ad gggscun?_tg #f’]g @)S
Cernicharo et al. 1990, 1994; Gensheimer et al. 1996; Zmuidz- y ge, :

inas et al. 1996; Tauber et al. 1996). These observations 9l gervations are particularly sensitive to the warm, broad-line
) ' ' ' component.
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2. Observations and reduction 350

Water has three infrared—active vibrational modes.zpH®end- i
ing mode at Gum was chosen for observations, because it has | G #591
the largest oscillator strength and contains lines which are well
shifted from the water ice band. Also, the infrared continuum?00- B
of the embedded young stellar objects is much stronger at.6 | 1
pm than around 2.am, where the symmetric and asymmetrie‘? I
stretch occur. E ]
The observations of GL 2591 were performed during thezso- .
ISO Performance Verification Phase in revolution 28 (Decem- 1
ber 15, 1995). The measurements consist of SWS AOT06 ob- |
servations of a small, selected wavelength range between 5.68 | |
and 6.63um. The resolving power of the spectrometer is 1350,,,| |
at 6um and changes only slightly over the observedrange. The bL—— L 0l ol
apertureis 14x 20" in this setting and observations are diffrac- A(um)
tion limited. A single infrared source, GL 2591 IRS1, dominates
the infrared continuum emission, although many weak infrar&: 1. ISO-SWS spectrum of GL 2591 (Coordinates (B1950.0): 20
sources surrounding IRS1 are present in the beam. Since 35:8 +40°01' 14.0"). The multitude of water absorption lines is

2591 is very bright~ 300 Jy at 6um, the shortest integra-c early visible. The broad absorption features at 6.2 angu5mnay
. . L . L o bF due to other gas— or solid state features (see text).
tion time per grating setting was sufficient, resulting in a tota

integration time of about 10 minutes.

Data reduction was performed in the standard mode. Coftengths and line positions were taken from the HITRAN data
parison with both PHOT-S and ground-based data by the Sib&se (Rothman et al. 1992), but were checked against the mea-
(SWS Instrument Dedicated Team) suggests that the photonséfements of Camy—Peyret & Flaud (1976).
ric calibration is within 20% (Schaeidt et al. 1996). Note that this In the simplest model, itis assumed that the water level pop-
uncertainty does not affect our results, since only the relativkations can be characterized by a single excitation temperature,
absorption is used in the analysis. which should be close to the kinetic temperature if LTE con-

As a last step, the data are rebinned on a grid with a cahitions exist. This allows calculation of the column dengity
stant spacing in wavelength. A spectral resolution of 1350 wi#iseach level for a given total column density. The spectrum is
used with an oversampling of 3. The spectral resolution wien obtained using a Voigt profitgA — \o) for each line. The
determined from unresolved lines in other observing prografAgppler parametels is related to the full width half maximum
(Valentijn et al. 1996). The final spectrum hasAV on the throughbp = Av/2v/In 2. The optical depth can be expressed
continuum of~40. as:7(A\) ~ Zj N;fio(A — Xo). Optical depths are converted
to relative intensity througlp = e~ 7. Finally, the spectrum is
convolved with a gaussian function of width equal to the instru-
mental resolution. Models were run for different combinations

Figure 1 shows the resulting ISO—SWS spectrum of GL 2591% excitation temperature, Doppler parameter and column den-
the 5.68-6.63m range. Many features are seen, which absortY-
5-15% of the continuum and are significant at the®ievel.
The true noise in the spectum is best seen in the 6.25—643
wpm region. Virtually all of the features can be ascribed t@©H ™
absorption lines in the, bending mode. The position of lines, 1 H,O excitation
originating from the lowest®, 1o1, 110 and 41 H,O levels are
indicated by tickmarks in the spectrum, and coincide with tiégure 2 shows the normalized ISO-SWS spectrum toward GL
strongest features in the spectrum. In total, at least 20 lines @91, compared with model spectra for three different exci-
to ortho—HO and 14 lines to para—@ can be identified. No tation temperatures. The best fit to the data is obtained using
lines of H80 or vibrationally—excited KD are seen. Tex =~ 300 K. The low temperature model clearly has fewer wa-
Due to the fact that water is a non—linear molecule, its roter lines than observed. The features around 5.718, 5.897 and
tional energy level structure is very complex. This is reflectéd968 um arising from lower levels 4 (396 K), 44 (324 K)
directly in the ro-vibrational spectrum, which is very differand 33 (205 K) are particularly revealing in this respect. The
ent from the regular spectrum of a linear molecule such as @000 K model has enough lines, but their relative strengths do
(see van Dishoeck et al. 1996). This makes it difficult to anaet compare well with the observed spectrum. Note that the
lyze the measured spectrum without a detailed model. Here steength of observed features above i is less reliable due
follow the approach taken in Helmich (1996) to obtain simue the uncertain placement of the continuum (see Figure 1). The
lated spectra. The necessary molecular data such as oscillata@in of the dip around 6.pm is unclear, but it coincides with

3. The model water spectrum

%nalysis
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o ‘ CL2591 HOvp . ‘ density must be very higm(H) ~ 10° cm~2 or more. Con-
- . sider the processes that affect the population of thde¥el:
H n spontaneous transitions to lower states occur with a summed
rate of 0.29 s, while the collisionally induced transitions out
L 1 of this level have a summed rate2 x 10~1%(H,) atT = 300
0.8 K, based on the He—4® collision rates of Green et al. (1993)
scaled by a factor of 1.5 for H The near—infrared continuum
LT, =300 K 1 of GL 2591 around §:m can be fit with a dust temperature of
0.6 300-350 K, whereas the far—infrared emission at 50;300s
:T _ask U U I 1 consistent with a lower dust temperature of 40-100 K and a total
L ] extinction of a few hundred magnitudes. Continuum radiation
ﬁ with a brightness temperature of 300 K gt will induce ab-

Rel. Intensity

0.4

sorptions out of 2; at a rate of & 102, while radiation with an
‘ L N E N even lower brightness temperature of 40-100 K at wavelengths
5.8 6 6.2 6.4 6.6 oy . . . .
Am) 50-200um will induce both absorptions and emissions at a to-
tal rate of 0.023 to 0.353. Thus the observed high rotational
Fig. 2. From top to bottom: Normalized ISO-SWS spectrum ohsycitation could be achieved either by collisions in 300 K gas
served towarc_ilGL 2591; theoretical specitlra with, = 300 K, at very high densityp(Hz) > 10° cm™3, or by radiative ex-
bo =75km s ; Tex = 38 K, bo = 5.3 km s andTex = 1000 K, = iiniinn in a less dense region of dust with the observed range
bp = 7.8 km s, shifted by—0.2, —0.4, and—0.6 respectively. All " Z 3
model spectra havly(H;0) = 2 10® cmi-2, pf color temperatures. At the densitiefH,) ~ 3 x 10’ cm
inferred from the analyses of HCN andi; (Carr et al. 1995)
the position of thes band of CS. No plausible identification and of3CO (Mitchell et al. 1989), a mixture of radiative and
of the dip around 6.2m has yet been found. collisional processes must almost certainly be at work here. In
The high excitation temperature of water of 300 K is corerder to assess the role of@l as a coolant, these radiative and
firmed by a crude rotation diagram. Here the lines are assuneetlisional contributions must be better understood.
to be optically thin, and their depth to be representative of the The complicated excitation of#D (e.g. Neufeld & Melnick
equivalent widths (i.e., constant line width). Although 88V 1991) permits strong maser action at 22 GHz and weaker ampli-
of the data is limited, multiple lines out of the same lower levéication in submillimeter transitions (Melnick etal. 1993). In our
are observed, so that the resulting populations are more refyectra, weak lines arising out of levels as high;gstbe upper
able. For both ortho— and para—water an excitation temperatstate of the 22 GHz maser line, may be visible, but data of higher
of 250— 400 K is found. S/N are needed to confirm this. Resolved absorption line data
The temperatures chosen in the model spectra in Figurgv@uld constrain maser models and help determine whether the
correspond to the temperature components found in the @®@sers are radiatively or collisionally pumped. Maser emission
observations of Mitchell et al. (1989, 1990). Those data weaé22 GHz has been observed toward GL 2591 most recently by
of much higher spectral resolution than the present ISO resulisfani et al. (1995).
Mitchell et al. derive three different velocity and temperature
components from th&3CO lines: (i) a cold component with
T=38 K andbp ~ 5.3 km s%; (ii) hot gas withT=1000 K,
bp =~ 7.7 km s~ at virtually the same velocity; and (i) warm For a given value obp, the depth of the absorption is directly
gas with7'=200 K andbp ~ 7.5 km s7%, shifted by =20 kms! related to the column density, even in the optically thick case.
in velocity. These three components have comparable coluRoT Te,=300 K andbp = 7.5 km s71, N(H,0) = 2 108 cm—2
densities of3CO of 10 cm2. In addition, a much smaller provides the best fit to the observed spectrum. Because so many
amount of warm, blue—shifted gas with more than 100 krh slines are detected with different intrinsic line strengths and op-
line width andT" ~ 500 K is seen. None of these componentgal depths, the uncertainty in this value is less than a factor of
can be distinguished at the resolution of the ISO data. Carr ettalo. Differentbp values between 5 and 12 km'salso do not
(1995) observed £, and HCN infrared absorption, and founadthange the results by more than 50%.
the two species present in both warm and hot components, butlt is difficult to put limits on the amount of §O in the
notin the cold gas. Their average excitation temperature is 3afbd and hot components. Because the lines out of the lowest
400 K, similar to that found here ford®. Thus, itis likely that levels are somewhat optically thick, a®l column density up to
the HO originates in the same warm and hot components. 5. 10 cm~2could be hidden inthe cold componentfgr= 5.3
The fact that the deviation from a uniformy,@ excitation km s~1. The best determination of the relative amount goH
temperature of 300 K is not large places constraints on the #xthe hot 1000 K gas will come from observations outside the
citation conditions. The strong rotational transitions of water imavelength range observed here. Such observations are planned
the far-infrared and the, vibrational transitions near/@m cou- but have not yet been taken.
ple its rotational levels readily to the radiation field. In order for The3CO column density for the 200 K component found by
collisional processes to compete with radiative processes, Migchell et al. (1989) of 11 10t” cm~2 implies N (H,)=3.3 10%?

4.2. HO abundance and chemistry



L176 F.P. Helmich et al.: Detection of hot, abundant water toward AFGL 2591

cm~2, using F*COJ/[*?C0O]=60 and CO/K=210"* based on ISO-LWS observations will be especially interesting, since
Lacy et al. (1994). This would result in a }B]/[H>] abun- many of the low-lying pure rotational lines should be excited
dance of 6 10°, which is higher than the value of 1Binferred in emission. High spectral resolution data are needed, however,
for several “hot core" regions from¥0 submillimeter lines to detect these lines on top of the strong continuum emission.
by Zmuidzinas et al. (1996) and Gensheimer et al. (1996).Tibgether these observations should provide a more complete
both the 200 and 1000 K components contribute to the watéew on the environment of this and other YSO's.
spectrum this value decreases to 310

The question of the relative amount of®lin the warm and Acknowledgementdle are indebted to N.J. Evans, J.H. Lacy and G.A.

hot gas also relates directly to the physical environment. GaSike for many useful discussions conceming GL 2591. This work
1000 K must be close to the YSO if it is radiatively heated. as supported by the Netherlands Organization for Scientific Research
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such high temperatures and densities, most of the oxygen hot ©)
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5. Conclusions



