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Abstract. We report absorption features of solid €&retching of H,O, butalso containing carbon-bearing species such as CH
and bending modes in several lines of sight, including embedd&d;OH and CO (Whittet 1993). The relative abundance of CH-
young stellar objects and the Galactic Center source Sgr A*. Téwed CO-bonded carbon in the ices is an important (but currently
overall CQ abundanceinices is 15% relative to HO. Profile poorly constrained) parameter; this will affect chemical evolu-
shapes are consistent with the presence of grain mantles wiibm when the ices are subject to irradiation and warm-up with
distinct polar (HO-rich) and nonpolar (CO or C&xrich) layers. the onset of star formation.

In addition to the normal isotopic form, we report detection of Ground-based observations showed that CO is a ubiquitous
the stretching mode dfCO,; the °C/*C ratio is consistent constituent of grain mantles in cold, dense regions of molecular
with terrestrial and interstellar values. clouds (Chiar et al. 1995 and references therein). Its abundance
may range up te~ 50% of the HO abundance. The presence
Key words: ISM: molecules — dust, extinction — infrared: inof CO on grains naturally led to the prediction that Q@ight
terstellar: lines — stars: pre-main sequence — Galaxy: centeralso be present, as G@rms readily in laboratory ice analogues
containing CO when subject to energetic processing such as ul-
travioletirradiation or particle bombardment (e.g. d’'Hendecourt
et al. 1986; Sandford et al. 1988). Profiles of the 4.6VCO
feature in the spectra of several young stellar objects (YSOs)
1. Introduction are best fit by laboratory mixtures of CO and £@hiar et al.
1995), suggesting that energetic production oL, &) indeed,
A key problemin astrophysics is to understand the cosmic eg-curring in the vicinities of these embedded stars.
lution of carbon, from its creation by nucleosynthesis in post- Direct spectroscopic detection of interstellar O@as pre-

main-sequence stars to its inclusion in living systems on tUﬁ)usly hindered by the presence of £@bsorption in the
s_urface of th? Earth. Between these extrgmgs, dust grains Sith's atmosphere. Both the strong stretching-mode resonance
vide a repository for.condensed carbon in interstellar clou ?4.27,um (2340cnmd) and the bending-mode resonance at
and proto'planetary'dlsks. Ir] mplecular clouds, refractory C"’lr5.2um (660cnT?) require a satellite platform for detection.
bon and silicate grains acquire icy mantles, composed prlm"’“(g)éservations of the bending mode with the low resolution spec-

Send offprint requests t®.C.B. Whittet trometer of the Infrared Astronomical Satellite have been re-
* Based on observations with 1SO, an ESA project with instrumerf@rted (d’Hendecourt & Jourdain de Muizon 1989), but this

funded by ESA Member States (especially the Pl countries Frantstrument had insufficient spectral resolution to provide a very
Germany, the Netherlands and the United Kingdom) and with the paensitive diagnostic. Following the launch of the Infrared Space
ticipation of ISAS and NASA. Observatory (ISO; Kessler et al. 1996) it is possible to observe




L346 Th. de Graauw et al.. SWS observations of solicc@Onolecular clouds

LI B s S S L AL BN ML R R AR AL LN LIRS St M S et B S S B S S e S e S

Optical depth
Optical depth

X

(@) GL2136 ]

275”..n....|....||...|.‘.‘|...

0.1 T T

£ 01 ] £
[« I Q.
3 3
8 o2} | . 8
<] 5]
03| .
[ 06 | ] d *
] rA
i (c)GL 4176 | — J (d) Sg
04 - ] : 5
TV N VT YOS SR U [N SO TR SN WA SN SO SR S SR N S R S [ I WO S T 0,8 P RPN SRR N S ST O W ST SN NS WA AT ST ST WY WA S S S S S §
4.15 42 4.25 43 4.35 44 4.15 42 425 43 4.35 4.4
A (um) A (um)

Fig. 1. Optical depth spectra of tHéCO, stretching mode feature in (a) GL 2136, (b) GL 2591, (c) GL 4176 and (d) Sgr A*. Observational
data are represented by*symbols. Best-fitting models based on laboratory data (thick lines) are also shown; polar and nonpolar components
of the models are plotted separately as continuous and dashed lines, respectively.

both vibrational modes at appropriate resolving power. This L&t-Results and discussion
ter reports first detection of COn molecular clouds observed

by ISO; an accompanying paper (van Dishoeck et al. 1996) fhe stretching mode is detected in all five sources. The bending
ports a search for gas phase £@ four of the five sources mode is seen in GL 2136, NGC 7538 IRS9 and Sgr A* (but is
included here. too weak in Sgr A* for detailed profile analysis). Only upper
limits could be set on bending modes in GL 2591 and GL 4176.
Optical depth spectra are shown in Fig.1 (stretching mode)
and Fig. 2 (bending mode), together with fits described below.
The ISO shortwavelength spectrometer (SWS: de Graauw et 4ft€ that the stretching mode in NGC 7538 IRS9 (not shown)
1996) was used to obtain spectra in the regions of the C1 saturated. Opt|f:al depths_were calculated by fitting local con-
stretching and bending modes (4.1-#m and 14-1Gim, re- tinua through adjacent regions of the flux spectra (4.10-4.18
spectively). Four of the infrared sources included in this stuc%)"d 4.32-4.3pim for the stretch mode; 14.6-14.8 and 15.8-
GL 2136, GL 2591, GL 4176 and NGC 7538 IRS9, are thoughp-0«Mm for the bend mode). Positions, widths (FWHM) and
to be YSOs embedded in molecular clouds. For comparison, Rk optical depthi are listed in Table 1. Weak absorptions at
also discuss SWS data for the Galactic Center source Sgr A<9:m due to the°CO; stretching mode were also detected
reported by Lutz et al. (1996): although often used as a probé'?mGi-zZl%lfmax ~ 0.04) and NGC 7538 IRSOrfax ~ 0.1).
dust in the diffuse ISM, the presence of absorption by @i 11€”“CO/ C022 raglo is~40-70, comparable with terresrial
H,O ices implies the presence of molecular material in this lid9'd interstellat*C/*C ratios.

of sight. The four YSOs were observed in SWS grating mode Gas phase absorption lines may cause fine structure in the
AQOTO6, giving a mean resolving powgf A\ ~ 2000. Sgr A* solid state profiles. In the case of the stretch mode Afend

was observed in mode AOTO1 (full grating scan, speed 4), yiel®-branches of the ro-vibrational spectrum of gaseous €D-

ing resolution a factor 2 lower. The instrument, its calibration,not be easily distinguished from the solid state feature (van
and data reduction techniques are described in detail elsewhaighoeck et al. 1996). In the case of the bend mode, the unre-
in this volume. solved(@ branch causes excess absorption near 1498 the

2. Observations
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B Table 1. Positions, widths and optical depths of the obsertf&D,
0 B e T features. For the bending mode, the positions of the subpeaks are given

in GL 2136 and NGC 7538 IRS9. Units fop and Av are cm®. A
colon indicates an uncertain value.
£ 01
§ Source Stretching mode Bending mode
8 %) Av  Tmax Vo AV Tmax
Q.
ooz GL2136 23422 193 214 6559 245 0.28
662.4
% v (a) GL 2136 GL 2591 23448 258 071 — — <01
03 ’ ] GL4176 23453 197 037 — — <01
FUUNT S T SOV SRS S S BRSBTS S WSS S N7538 IRS9 2345 >20 >3 655.8 19.7 0.78
14.6 148 15 152 15.4 156 15.8 186 662.0
Sgr A* 23425 17.2 0.72 656.2 19: 0.07
0
0.2 Table 2. Solid state column densities 8#CO, from our results, to-
£ gether with values for kD and CO from the literature. All values are
§ 04 in units of 16" cm™2.
o
& 06 Source N(CO;) N(H:0) N(CO) Reference
Wik GL 2136 6.1 50 1.8 1,2
] 1 GL4176 1.2 9 <0.5 5
B N 7538 IRS9 12 80 10 2,6
146 14.8 15 15.2 15.4 15.6 158 16 Sgr A* 15 12 51.5 7

A (pm)

Fig. 2. Optical depth spectra of thé’CO, bending modes in References: 1. Schutte et al. (1996a); 2. Tielens et al. (1991);

(a) GL 2136 and (b) NGC 7538 IRS9. Lines and symbols have tBe Smith et al. (1989); 4. Lacy et al. (1984); 5. Ehrenfreund et al. (in
same meaning as in Fig. 1. Note that the model spectra do not atteRijgParation); 6. Schutte et al. (1996b); 7. McFadzean et al. (1989).
to fit narrow substructure in the profiles.

short-wavelength wing of the solid state feature: this structurefgg a substantial fraction of the inventory of detected molecules
clearly seenin GL 2136 and NGC 7538 IRS9 (Fig. 2). Estimatédinterstellar ices. This may be contrasted with the rather low
gas phase CQOcolumn densities are only a few percent of thabundance of CH bonded carbon in known species such as
solid state C@ column densities (van Dishoeck et al. 1996). CH3;OH (5—-10%) and Chl(~ 1%) (Whittet 1993; Boogertet al.
Solid state C@ column densities (Table 2) were calcu1996). Our current inventory is no doubt far from complete.
lated from the formulaV = [ 7(v)dv/A, whereA is the band Laboratory spectra for various ice mixtures containing CO
strength. The integration is carried out over the entire profile afid CQ at 10-80K (Ehrenfreund et al. 1996) were used to fit
the observed featurel.is only weakly dependenton the compothe observed Ceoprofiles. Model spectra were calculated using
sition of the matrix containing the GQGerakines et al. 1995), Mie theory for power-law size distributions of spherical particles
thus we effectively measu® (CO,) summed over all possi- in the small particle limit. The fitting routine selects the best
ble matrices. Also listed in Table 2 are results faGHand CO  fitting mixture or combination of mixtures by? minimization
in ices, estimated from data in the literature. Note tN§CO) from a suite of 47 calculated spectra. The method is the same as
towards Sgr A* is based on a tentative detection in IRS12 cqpreviously used to fit ground-based solid CO spectra (Chiar et al.
trasted with non-detections in IRS3 and IRS7 (McFadzean et 895). Results are summarized in Table 3 and plotted with the
1989); all three sources lie in the SWS beam. observed spectrain Figs. 1 and 2. Bestfits were obtained in every
The five objects in our sample halgCQO,)/ N (H,O) ratios case by combining a polar mixture (dominated byhiwith a
in the range 0.12-0.16. It is interesting that the Galactic Centempolar mixture (dominated by Gt temperatures 10-30 K,
source, presumably obscured by foreground clouds, yields esnsistent with studies of solid CO. However, it is generally the
sentially the same result as the embedded YSOs. The relatie@polar ices that contribute greatest optical depth in the CO
COabundanceislower, varying between 0.13 (NGC 7538 IRS&ature, whereas polar ices dominate the, @&atures. Hence,
and< 0.03 (GL 2591). No objectsin the present study have solide distribution of CO and C£between polar and nonpolarices
CO abundances approaching the highest values seen in samset be different. This is expected if CO in the more volatile
dark clouds (Chiar et al. 1995). Together, CO and:@€count nonpolar ices is partially desorbed in conditions that promote
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Table 3. Summary of best-fitting laboratory mixtures. References
- Boogert A.C.A., Schutte W.A., Tielens A.G.G.M., et al., 1996, A&A
Source Mixtures T (K)  Tmax this volume
Stretching mode: Chiar J.E., Adamson A.J., Kerr T.H., Whittet D.C.B., 1995, ApJ 455,
GL 2136 H0:C0;CO=100:8:8 30  2.02 234 _ ,
H,0:CO, = 1:10 10 0.89 de Graauw Th., Haser L.N., Beintema D.A., et al., 1996a, A&A this
GL 2591 H0:CO;CO=100:8:8 30  0.63 volume _
H,0:CO, = 1:10 10 0.42 d’'Hendecourt L.B., Allamandola L.J., Grim R.J.A., Greenberg J.M.,
GL4176 HO0:CO»CO=100:5:10 10  0.32 1986, A&A 158, 119
H,0:CO, = 1:10 10 0.18 d'Hendecourt L.B., de Muizon M.J., 1989, A&A 223, L5
Sgr A* H,0:CO,:CO = 100:8:8 30 0.60 Ehrenfreund P., Boogert A., Gerakines P.A., Schutte W.A., Jansen D.,
CO:CO = 100:50 10 0.30 van Dishoeck E.F., 1996, A&A this volume
Bending mode: Gerakines P.A., Schutte W.A., Greenberg J.M., van Dishoeck E.F.,
GL 2136 H0:CO;CO=100:510 10  0.20 1995, A&A 296, 810 .
H,0:CO;, = 1:10 10 0.19 Kessler M.F.,, et al., 1996, A&A this volume
N 7538 IRS9 HO:CO, = 100:20 10 0.53 Lacy J.H., Baas F., Allamandola L.J., et aI., 1984, ApJ 276, 533
H,0:CO, = 1:10 10 0.46 Lutz D., Feuchtgruber H., Genzel R, et al., 1996, A&A this volume

McFadzean A.D., Whittet D.C.B., Longmore A.J., Bode M.F., Adam-
son A.J., 1989, MNRAS 241, 873

Sandford S.A., Allamandola L.J., Tielens A.G.G.M., Valero, G.J.,
1988, ApJ 329, 498

CO, formation, whereas CO in the polar ices is converted mopghutte W.A., Gerakines P.A., Geballe T.R., van Dishoeck E.F, Green-
efficiently into CQ. berg J.M., 1996a, A&A 309, 633

) . Schutte W.A., Tielens A.G.G.M., Whittet D.C.B., et al., 1996b, A&A
The bending modes in GL 2136 and NGC 7538 IRS9 show this volume

considerable structure, with subpeaks at 15.10 and 1&2d  smith R.G., Sellgren K., Tokunaga A.T., 1989, ApJ 344, 413

a shoulder at 15.4-15.6n (Fig. 2). We interpret this structureTielens A.G.G.M., Tokunaga A.T., Geballe T.R., Baas, F., 1991, ApJ
in terms of a broad~ 0.5m) underlying component, peaking 381, 181

around~ 15.2um, with separate narrow component(s) respoMan Dishoeck E.F., Helmich F.P., de Graauw Th., etal., 1996, A&A
sible for the subpeaks. The broad component is well fit by es- this volume

sentially the same combination of polar and nonpolar mixturé4hittet D.C.B., 1993, in Dust and Chemistry in Astronomy, eds. T.J.
that fit the stretching mode (Table 3). The subpeaks might ariseMillar & D-A. Williams, (Cambridge University Press), p. 9

in a minor phase (containing 15% of the total CQ) which is

indistinguishable in the stretching region. Two classes of model

might explain them. First, bulk spectrafire CO, show split-

ting of the bending mode (this vibration is doubly degenerate

and splits when the axial symmetry is broken). However, parti-

cle shape influences the positions of the subpeaks (Ehrenfreund

et al. 1996), and good fits to the observed positions are only

obtained for a very restrictive set of parameters (oblate or pro-

late spheroids with axial ratios D+ 0.05). Alternatively, the

narrow subpeaks might reflect the presence of traces of CO

in an environment which allows multiple trapping sites: e.g., a

C0O:0,:C0O, =100:50:8 mixture shows subpeaks at 15.12 and

15.19um, near those in the interstellar spectra. However, the

subpeaks are very sensitive to matrix conditions and concentra-

tions (see Fig. 3 of Ehrenfreund etal. 1996). Thus, both explana-

tions for the substructure require very special conditions, either

in grain population or in mantle composition. It is clear that,

in principle, much information on interstellar ices is contained

within these features.
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