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ABSTRACT

We present 2.5—-30 pm spectra from the Short-Wavelength Spectrometer of the Infrared Space Observatory for a
total of 23 sources. The sources include embedded young stellar objects spanning a wide range of mass and
luminosity, together with field stars sampling quiescent dark clouds and the diffuse interstellar medium. Expanding
on results of previous studies, we use these spectra to investigate ice composition as a function of environment. The
spectra reveal an extremely rich set of absorption features attributed to simple molecules in the ices. We discuss the
observed properties of these absorption features and review their assignments. Among the species securely
identified are H,O, CO, CO,, CH;30H, and CH,. Likely identified species include OCS, H,CO, and HCOOH. There
is also evidence for NH3 and OCN™ ice features, but these identifications are more controversial.

Features that continue to defy identification include the 3.3-3.7 um ““ice band wing” and the bulk of the
6.8 um feature. In addition, we find evidence for excess absorption at 6.0 pm that cannot be attributed to H,O ice.
We examine the degree of intercorrelation of the 6.8 ym, 4.62 pym (“XCN”’) and 6.0 ym (excess) features. Our
results are consistent with the interpretation of the 6.8 and 4.62 um features as due to NH; and OCN~ ions,
respectively, though alternative explanations cannot currently be ruled out. We find that the optical depth
correlations are dependent on the profile of the 6.8 um feature but not on the mass of the YSO nor the ice
temperature along the line of sight. We discuss the implications for our current understanding of ice processing.
We briefly discuss the composition, origin, and evolution of interstellar ices.

Subject headings. dust, extinction — infrared: ISM — ISM: abundances — ISM: molecules — line: profiles

1. INTRODUCTION

Dramatic progress in understanding the nature and evolu-
tion of solids in the interstellar medium has been made since
the 1995 launch of the Infrared Space Observatory (ISO). The
Short-Wavelength Spectrometer (SWS) instrument on-board
ISO covered the entire 2.4—45 pm spectral range of interest
for studying vibrational modes of solid state molecules, at
resolving powers sufficient to extract the information con-
tained within the profiles. Regions of the infrared spectrum not
accessible from the ground because of telluric absorption were
explored for the first time.

The 2.4-45 pm spectra of sources hidden at visible wave-
lengths by large columns of dust contain absorption features
attributed to refractory solids (principally the Si—O stretching
and O—Si—O bending modes of silicates at 9.7 and 18 um,
respectively), upon which are superposed absorptions of mo-
lecular ices when the line of sight intersects a dense molecular
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cloud (e.g., Willner et al. 1982; Whittet 2003). The dominant
ice constituent is H,O, which displays a strong O—H stretching
mode at 3.05 um together with weaker bending and combi-
nation modes at 6.0 and 4.5 um, respectively, and a libration
mode blended with the silicate features near 13 ym. Whilst
H,0 appears to account for 60%—70% of the ice in most lines
of sight (e.g., Whittet 2003), other species detected spectro-
scopically include CO, CO,, '3CO,, OCS, CH;OH, CH,,
“XCN” (a C =N stretch possibly due to OCN™), and possibly
NH;. There are also several features that remain largely un-
identified, such as the 6.8 pum feature attributed to C-H de-
formation modes and/or NH;. The excess absorption in the
long-wavelength wing of the 3 yum water feature has also not
been satisfactorily explained.

Star formation is associated with regions of dense molecular
cloud material, and observations of species in the condensed
phase provide insight into chemical and physical processes in
such regions. Deep within these protected clouds temperatures
can drop as low as 10 K. At such temperatures, atoms and
molecules will collide with and stick to a grain surface,
forming an ice mantle coating. Subsequently, several pro-
cesses may act to modify the mantle. Atoms can thermally hop
from site to site over the ice matrix or undergo quantum
mechanical tunneling, eventually reacting with another atom
or molecule. Water and methanol are believed to form by this
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route, adding H atoms to an O atom and CO molecule on the
grain surface, respectively. Gas phase observations of mole-
cules such as HDO indicate enhanced abundances, which
cannot be explained by gas phase reactions and also indicate
ice mantle modification. Close to a forming protostar, in-
creasing temperatures and a higher flux of ultraviolet or X-ray
photons lead to high-energy processing of the ice mantle and
evaporation of the more volatile species. Studies of laboratory
analogs have shown that energetic processing of simple ices
leads to formation of more complex species such as OCN—,
NH,CHO, and C,HsOH (e.g., Bernstein et al. 1995) and or-
ganic refractory matter (ORM) (Greenberg et al. 1995) spec-
trally similar to an acid-dissolved residue (kerogen) from
Murchison and other carbonaceous meteorites (Cronin &
Pizzarello 1990).

Investigating how the composition and structure of ice
mantles varies as a function of physical environment is vital to
understanding chemical evolution in the envelopes of young
stars, protoplanetary disks, and comets. Thus far, most studies
have concentrated on a single species (i.e., Gerakines et al.
1999; Whittet et al. 2001) or a single spectral feature (i.e.,
Chiar et al. 1995; Schutte et al. 1998), while others have
concentrated on many features in a single source (i.e., van
Dishoeck et al. 1998; Gibb et al. 2000). To date, no compre-
hensive look at the entire 2.4—45 pm spectral region in a large
number of sources has been undertaken. With the ISO data-
base in the public domain, such a comprehensive study is
timely and much needed.

Observations and data reduction are discussed in § 2 and the
laboratory fits in § 3. The nature of each source in our study is
briefly reviewed in § 4. Results are discussed in § 5, and our
conclusions are summarized in § 6.

2. OBSERVATIONS AND DATA REDUCTION

The data used in this paper consist primarily of complete
grating scans from 2.4 to 45.2 um in AOT mode SO1 (speed 3
or 4) at a resolving power of ~R/4 and ~R/2, respectively
(where R, the full grating resolving power of the SWS, ranges
from 1000 to 2000). AOT mode S06 scans, which cover
limited spectral ranges with the full resolving power of the
SWS, were used when available. A detailed description of the
SWS and its mode of operation is given by de Graauw et al.
(1996). The observations used in this study are listed in Table 1.
They were chosen by searching the /SO SWS database for
spectra with SO1 speed 3 or higher resolution exhibiting ice
absorption features. The highly reddened hypergiant Cyg OB2
No.12 is also included as representative of sight lines that
sample the diffuse ISM (defined here as those in which no
significant ice is detected).

Data reduction was performed at the Space Research Or-
ganization of the Netherlands (SRON) in Groningen, The
Netherlands, using the standard SWS interactive analysis
package and pipeline processing version OLP9.0. Instrumental
fringing can be a problem, particularly longward of about
8 pum. We removed fringes when necessary by using the
RESP_INTER and FRINGES software routines. The ISO
spacecraft records spectra with a grating that scans from low to
high wavelengths and then from high to low wavelengths,
resulting in two scans (the “up” and “down” scans). These
scans were reduced separately. When flat-fielding, we made a
reference flat with the down scan, which is less affected by
memory effects, and applied this to the up scan. The final up
and down spectra were usually found to agree well in shape

and flux level and the final step was to average the two. When
multiple observations in the same grating mode of a single
source were available, an average was made. In cases of sat-
urated absorption features, as occurs at both 3 and 9 ym in
W33 A and AFGL 7009S, we applied a filter to the data. Points
with signal-to-noise ratio of less than 3 or flux density of less
than 0.1 Jy were removed (see Gibb et al. 2000 for details).

For each source, we fit a polynomial to the continuum
regions and used this to derive an optical depth plot. Regions
chosen to represent the continuum vary slightly from source to
source to avoid emission features that are present in some
lines of sight but not others. Typical regions are shortward of
2.7 pm, 4.1-4.15 pm, and 5.1-5.5 pum. To these we fit a
least-x? polynomial of up to fourth order. This method for
determining optical depth is inadequate for extracting the
6—8 um ice features since there are no reliable continuum
points between 5.5 and 30 um. For this reason, we used a
combination of a blackbody fit through the short-wavelength
side (5-5.5 pm) and a polynomial to the relatively smooth
30-45 pum region, as discussed in Keane et al. (2001c). The
lack of a continuum region until longward of the 18 pm
silicate feature that can be used to constrain a polynomial
necessitates this approach.

Once an optical depth spectrum was derived, we calculated
the column density from

N:/TdV/A, (1)

where 4 is the band strength (in molecules cm~2) as measured
in the laboratory, N is the column density in cm~2, and 7 is the
optical depth. Table 2 lists the positions, approximate widths
(FWHM), identifications, and band strengths for identified or
expected vibrational modes. We note that the precise position
and width for most species is a function of environment.
While many /SO sources in this study have been the subject of
previous investigations involving fits based on laboratory
analogs (Chiar et al. 1998; Whittet et al. 1998; Gerakines et al.
1999; Boogert et al. 2000; Gibb et al. 2000), several others
have not previously been studied in this way. In these cases,
we made a least-squares fit to the feature using both apolar and
polar laboratory spectra from the Leiden Molecular Astro-
physics database* as described in Nummelin et al. (2001). For
other features such as those at 3.46 and 9.75 um that are
superposed on a prominent absorption feature, we fitted a
polynomial along the wing of the deeper feature to extract the
weaker one as discussed in such works as Brooke, Sellgren, &
Geballe (1999) and Allamandola et al. (1992). The optical
depths, FWHM, and column densities derived for each species
are given on a source-by-source basis in Tables 2—24.

3. FITS WITH LABORATORY ICES

Laboratories designed for studies of interstellar ice analogs
have been well documented in the literature (Gerakines et al.
1995; Allamandola, Sandford, & Valero 1988; Sandford &
Allamandola 1990; Hudson & Moore 1995). The absorbance
spectra obtained from these investigations were used to fit the
spectra of sources in our study. For several sources with high-
quality spectra, we attempted to fit laboratory spectra of all
known ice constituents to the optical depth plots in Figure 1.
The ice mixtures used in the fits are given in Table 3.

4 See http://www.strw.leidenuniv.nl/ ~lab.



TABLE 1

SUMMARY OF OBSERVATIONS

Position (J2000)

Tint
SOURCE R.A. Decl. AOT UTC Date (s) FiLe

W3 IRS 5. 02 25 40.5 62 05 51.3 1.3 1997 Jan 17 3434 42701302
6 1997 Jan 17 5668 42701224

AFGL 490.......cccoovvuneee. 03 27 38.7 58 47 01.1 1.3 1997 Aug 17 3434 64001804
6 1997 Jul 31 6704 62301701

6 1997 Aug 14 1872 63702402

6 1998 Mar 27 11234 82301033

Elias 1 ..ccooeoinniccccne 04 18 40.7 28 19 16.0 1.3 1997 Sep 19 3434 67301306
Elias 16 ..ccoceiviirinene 04 39 38.8 26 11 26.8 6 1997 Oct 01 8682 68600538
Orion BN ...ccoovvecinnne 0535142 —05 22 23.6 6 1997 Oct 12 7598 69602521
Orion IRC2 ..c.oovvveeeinnne 0535143 —0522 31.6 6 1997 Sep 06 7654 66002132
Mon R2 IRS 2 06 07 45.7 —06 22 50.0 1.1 1997 Oct 27 1140 71102004
Mon R2 IRS 3 06 07 47.8 —06 22 56.8 1.3 1997 Oct 27 3454 71101712
06 07 48.2 —06 22 54.8 6 1997 Oct 27 4098 71101802

AFGL 989....cooiienne 06 41 10.1 09 29 35.8 1.3 1997 Oct 31 3454 72602619
AFGL 2136....cccceeenee 1122262 —13 30 08.3 1.3 1996 Oct 11 3454 33000222
6 1996 Mar 16 2994 12000925

6 1996 Mar 18 1012 12200841

6 1996 Mar 19 1244 12301305

6 1996 Mar 24 3732 12800302

6 1996 Sep 23 4391 31101023

6 1997 Apr 15 6324 51601403

6 1998 Apr 05 648 87200946

Elias 29 ..o 16 27 09.3 —24 37 21.1 1.3 1996 Aug 09 3454 26700814
6 1995 Aug 03 5668 29200615

SEr A¥ e 17 45 40.0 —29 00 28.6 1.4 1996 Feb 19 6528 09401801
6 1997 Feb 21 13114 46301102

6 1997 Feb 21 6716 46301201

6 1997 Feb 27 8486 46901903

6 1997 Mar 15 1086 48401630

6 1997 Mar 29 1808 49801104

GCS 3l 17 46 14.8 —28 49 34.0 1.3 1996 Aug 29 3454 28701246
6 1996 Oct 08 3226 32701543

17 46 15.7 —28 49 47.0 1.3 1996 Sep 09 3454 29702147

18 14 39.4 —175201.4 1.4 1996 Oct 10 6538 32900920

6 1996 Oct 14 7620 33201806

18 14 39.0 —17 52 04.0 6 1997 Feb 25 7506 46700801

18 14 39.4 —17 52014 6 1997 Apr 17 3328 51501601

AFGL 7009S.................. 18 34 20.6 —05 59 45.2 1.3 1996 Apr 17 3462 15201140
18 34 20.6 —05 59 45.0 6 1996 Mar 24 10802 12800406

6 1996 Sep 02 9559 29001801

6 1997 Mar 02 4910 47201201

RCrAIRS 2. 19 01 41.5 —36 58 28.5 1.4 1997 Apr 22 6538 52301201
19 01 41.4 —36 58 31.0 6 1997 Mar 25 6090 49500409

R CrA IRS Il....ccocceeaee 19 01 50.7 —36 58 9.9 1.4 1997 Apr 22 6538 52301106
AFGL 2591 ...ooveviene 20 29 24.6 40 11 19.1 1.3 1996 Nov 07 3454 35700734
20 29 24.7 40 11 19.0 6 1995 Dec 15 1972 02800582

20 29 24.5 40 11 19.0 6 1996 Apr 07 2908 14200503

20 32 41.0 4114 283 1.3 1997 Oct 17 3454 33504130

2219 18.2 63 18 47.6 1.4 1996 Jun 24 6538 22002135

2219 18.2 63 18 47.2 6 1996 Jul 06 5270 26301731

2313453 61 28 09.9 1.1 1996 Feb 16 916 09102647

1.3 1996 Dec 05 3454 38501842

6 1996 Aug 25 4102 28301235

6 1996 Dec 13 6484 38501937

NGC 7538 IRS 9........... 23 14 01.6 61 27 20.4 1.1 1996 Feb 28 916 09801532
6 1996 Feb 23 6894 09801533

6 1996 Sep 09 1802 28301334

6 1996 Dec 11 4502 39002336

6 1997 Jan 22 3136 43305704

6 1997 Jun 06 3328 56801802

6 1997 Dec 06 6264 75101049

6 1998 Mar 16 2435 85200455

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and

arcseconds.
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TABLE 2

SoME SoLID STATE TRANSITIONS OBSERVED IN THE INFRARED

A Av A
Molecule (ptm) (cm™1h) Vibration Mode (10~17 cm molecule~!) Reference
NH;3 o 2.96 45 —N-H stretch 1.1 1
HyO i 3.05 335 O-—H stretch 20 1,2
—-CH,—, —CH;...... 347 ~ 10 C—H stretch ~0.1-0.4 1
CH;0H........ccu.... 3.53 30 C-H stretch 0.76 1
CH;0H................. 3.95 115.3 C—H stretch 0.51 1
HoS o 3.95 45 S—H stretch 2.9 3
COgeeeevreeiene 4.27 18 C-O stretch 7.6 2
BCOyoiieeen, 4.38 12.9 13C-0 stretch 7.8 2
HyO oo 4.5 700 3y and/or vy + v 1.0 2
D (G} \\ L 4.62 29.1 CN stretch ~35 4
CO.oveeeeee 4.67 9.71 12CO stretch 1.1 2
BCO. e 4.78 13CO stretch 1.3 2
OCS..ccieveieieiens 491 19.6 C-S stretch 17 5
H,CO...oovvvee 5.81 21 C=0 stretch 0.96 6
HCOOH................ 5.85 65 C=0 stretch 6.7 7
CH;HCO.............. 5.83 C=0 stretch 1.3 7
HyO oo 6.02 160 H-O-H bend 0.84 1
HCOO™ .....ccoeuene 6.33 C-O stretch 10 7
Organics ............... 6.82 90 O-H bend, C-H deformation 1 1
HCOOH................ 7.25 16.8 C—H deformation 0.26 7
HCOO™ ... 7.25 19.8 C-O stretch 0.80 7
HCONH,.............. 7.22 C—H deformation 0.32 7
HCOO ..o 7.41 17.8 C-O stretch 1.7 7
CH3HCO.............. 7.41 10.6 C—H deformation 0.15 7
SO i 7.58 10-30 S—0 (v3) asymmetric stretch 34 8
7.70 8 C—H (v4) deformation 0.73 8
8.9 34 C—Hj3 rock 0.13 1
9.35 68 Umbrella 1.3 9
9.7 100 Si—O stretch
9.75 29 C—O0 stretch 1.8 1
13.3 240 Libration 2.8 5
153 18 0O-C-0 bend 1.1 2
18 0-Si—0 bend

Rererences.—(1) d’Hendecourt & Allamandola 1986; (2) Gerakines et al. 1995; (3) Salama et al. 1990; (4) Schutte &
Greenberg 1997; (5) Hudgins et al. 1993; (6) Schutte et al. 1993; (7) Schutte et al. 1999; (8) Boogert et al. 1997; (9) Kerkhof

et al. 1999.

Laboratory fits for CO, are from Gerakines et al. (1999) or
Nummelin etal. (2001). Those for CO are from Chiar, Adamson,
& Whittet (1996). When published fits were not available, we
followed the procedures outlined in these and other papers
whereby least-squares fits of laboratory spectra from the Leiden
Molecular Database and Hudgins et al. (1993) were made.
There are no appropriate laboratory spectra for the large
number of molecules present in most sources in this paper.
Most laboratory spectra are for mixtures of three or fewer
components. The ice mixture is known to strongly influence
the shape and position of many features, so a combination of
pure ice spectra is not a reliable way to simulate a mixture. For
example, the umbrella mode of pure NHj is at 9.3 ym but shifts
to 9.0 um when the NHj is a minor constituent in a polar
mantle. Also, interactions of NH3 with the H,O-ice matrix give
rise to a broad ammonium hydrate absorption near 3.5 pm.
This is obviously not present when a spectrum of pure am-
monia is used. Similarly, most CO, and CO features are con-
sistent with two components: polar and apolar ice mixtures.
For this reason, we extracted the ice features for a specific
mantle component by, for example, subtracting the water
features from a water/ammonia or water/methanol mixture and
scaling the resulting 2—45 ym NH; or CH30H spectrum to the
appropriate optical depth for that source. Then each ice con-

stituent is added together to build a laboratory spectrum tai-
lored to the source in question. This is not a rigorous method of
fitting a spectrum but serves the purpose of giving a general
picture of the degree to which current laboratory spectra ac-
count for measured absorption features. For ices that exhibit
multiple components, such as polar and apolar CO,, the ice
mixtures used are those found by fitting routines discussed by
Gerakines et al. (1999), Chiar et al. (1998), Schutte et al.
(1996), Palumbo, Geballe, & Tielens (1997), Gibb et al.
(2000), and Gibb, Whittet, & Chiar (2001). In addition to the
ices, we added an organic refractory component from Greenberg
et al. (1995) to sources with excess 6 um absorption as dis-
cussed in Gibb & Whittet (2002).

Fits of the optical depth spectra were attempted for selected
sources with deep ice features and good signal-to-noise ratio.
The selected sources are W33A, AFGL 7009S, Elias 29,
AFGL 2136, AFGL 2591, AFGL 989, NGC 7538 IRS 9, Mon
R2 IRS 3, S140, and W3 IRS 5. Results are shown in Figure 1.

4. THE SOURCES

4.1. W3 IRS 5

W3 IRS 5 is a doubly peaked, luminous (Ladd et al. 1993,
1.7 x 10° L) infrared source in the W3 H n/molecular cloud
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Fig. 1.—Plots of log; flux (Jy) vs. wavelength (1m) with the best-fit polynomial and the corresponding optical depth plot for all the sources in this study. The left
column shows the 2.4—5 um regions, while the right shows the 5-30 pm region (the 30—45 pm region is typically a smoothly rising continuum and is left out of the
plots to better exhibit the ice features). For the sources for which there is adequate signal-to-noise ratio, a composite spectrum has been fitted to all known ice
components as described in § 4.1. In each case a good fit is made to the principle ice components. We note that much remains to be learned about the infrared
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complex located in the Perseus arm, 2.3 kpc away (Georgelin &
Georgelin 1976). Ongoing star formation is indicated by
intense OH and H,O maser emission and outflows. Tieftrunk
et al. (1997) estimated that if each hypercompact continuum
source is being ionized by a single stellar object, then they are
of ZAMS spectral type B1-B3. The infrared spectrum ex-
hibits emission features due to Ne m, S 11, and Si i, as well
as the 3.3 um PAH emission. In addition to this, gas phase
absorption lines attributed to warm (7, =~ 400—500 K) C,H,,
HCN, CO, and H,O are present (Lahuis & van Dishoeck
2000; Boonman et al. 2003). Molecular abundances of gas
phase species toward this source are unusually low, except for
sulfur-bearing species (Lahuis & van Dishoeck 2000). The
1SO spectrum shows strong H,O and CO, features, but the CO
ice feature is weak. Absorptions associated with CH-bearing
molecules are present at 3.46 and 6.8 pm, but other species
have only upper limits.

4.2. AFGL 490

AFGL 490 is a ~2200 L, YSO (Mozurkewich, Schwartz,
& Smith 1986) in an isolated star-forming region about 1 kpc
away (Snell et al. 1984), lying behind 17-50 mag of visual
extinction (Rieke & Lebofsky 1985). Radio observations
show evidence of outflows of stellar wind (Mitchell et al.
1995). The ISO spectrum of this source shows a low column
density of ice species along this line of sight along with nu-
merous H 1 emission lines. Most upper limits are not well
constrained because of the low ice column density. Both CO
and CO, are well fit by purely polar mixtures, whereas most
high-mass star formation regions have a significant apolar
component.

4.3. Elias 1

Elias 1 is classified as a Herbig Ae star (Elias 1978) located
behind ~10.5 mag of extinction (Teixeira & Emerson 1999)
in the Taurus-Auriga complex. The ISO spectrum exhibits
silicate and PAH emission features in addition to absorption
features of H,0O, CO, and CO,. The silicate emissivity is
broader than the Trapezium emissivity traditionally used to
represent molecular cloud material and is also different from
that found in comets, peaking at a longer wavelength and
differing in overall shape. Hanner, Brooke, & Tokunaga
(1994) found that the silicate emissivity can be fit by optically
thin 1.5 um grains, indicating grain growth, though they do
not rule out the possibility of a different silicate composition
to account for the variation. Emission features at 11.06 and
11.22 pm are seen in both ISO and ground-based spectra and
may be attributable to crystalline silicates and aromatic
hydrocarbons, respectively. There is no evidence in the ISO
spectrum of the 11.6 and 11.76 um features tentatively iden-
tified in ground-based spectra by Hanner et al. (1994).

4.4. Elias 16

Elias 16 is a K1 III giant located behind the Taurus Mo-
lecular Cloud and about 23.5 mag of visual extinction (Teixeira
& Emerson 1999). The ices in the line of sight are believed
to be free from the influence of massive star formation and
may therefore represent material unmodified by energetic
processing. Because of the intrinsic faintness of this source,
SWS only obtained useful data in limited spectral regions
between 2.5 and 5 pm. Ground-based data, which match
well in flux level, have been used to fill in some regions not



TABLE 3

LaBoraTtory Ice Fits Usep to Fit SpEcTRA IN FIG. 1

Source Water CO, CcO CH;0H OCS NH; CHy
W3 IRS 5 oo H,0 10 K H,0:CH;0H:CO, C0:CO, 100:8 10 K
1:1:1 136 K
H,0:CO, 100:14 10 K
Mon R2 IRS 3 oo H,0 10 K H,0:C0»:CO
100:20:3 20 K
H,O 175 K H,0:CO, 1:100 10 K
AFGL 989 ..o H,0 10 K H,0:CO, 100:14 10 K H,0:CO:NH; CH;OH 10 K H,0:0CS H,O:NH; CH, 10 K
100:23:21 10 K 2:1 100K 100:6 12 K
HzO 175 K HzOICOZCOZ C02021C02
1:50:56 45 K 100:11:20 30 K
AFGL 2136 H,0 10 K H,0:CO:CO, H,0:C0»:CO CH;OH 10 K H,0:0CS CH, 10 K
100:3:20 20 K 100:20:3 20 K 2:1 100 K
Hzo 175 K H202CH3OHZC02 H202C0202
1:1:1 117 K 1:50:50 10 K
Eas 29 wovveeeeeeeeeeeoeeeeeeeeeeeeeeeeee H,0 10 K H,0:CO, 100:14 30 K H,0:C0»:CO
100:20:3 20 K
H202CH3OHZC02 HzOZCOZOZ
1:1:1 117 K 1:20:60 30 K
T 3 N H,0 50 K H,0:CO, 100:14 10 K Pure CO H,0:CH;0H:CO,
1.25:1.2:1.0 70 K H,0:0CS 2:1 100 K H,0O:NHj; H,0:CH,4 20:1 10 K
100:9 50 K
H,0:CH;0H:CO, H,0:CH;OH +irr
1:1:1 112 K 2:110K
AFGL 7009S..c... oo H,0 50 K H,0:CO, 100:14 10 K H,0:C0»:CO CH;OH 10 K H,0:0CS H,ONH; CH, 10 K
100:20:3 20 K 2:1 100 K 100:9 50 K
H,0:CH;0H:CO, H,0:C0:0,
I:1:1 112 K 1:20:60 30 K
AFGL 2591 ... H,O 10 K H,0:CO, 100:14 10 K CH;0H 10 K
H,0 175 K H,0:CH;0H:CO,
1:1:1 117 K
ST40 oo H,0 10K H,0:CO, 100:14 10 K
Hzo 175 K HzOCCH}OHICOZ
1:1:1 136 K
NGC 7538 IRS 9o H,0 10 K H,0:C0O:CO, CO:H,0 10:1 10 K H,0:CH;0H:CO,
100:3:20 20 K
1.25:1.2:1 10 K H,0:0CS 2:1 10 K H,ONH;
100:9 10 K
H,0:CH;0H:CO, H,0:CO 4:1 100 K

1:1:1 119 K
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TABLE 4

W3 IRS 5 SpEcTRAL FEATURES

A FWHM N N/N(H,0)
(cm™1) T Species (10'7 cm=2) *100 Reference
335 2.78(0.19) H,0 51(3.5) 100 1
37 PAH 2
95 0.133(0.019) HAC e . 3
30 <0.04 CH;0H <1.7 <33 2
115.3 <0.012 CH;0H <2.8 <5.6 2
20 >3 CO, 7.1(1.8) 13.9(3.5) 4
8.9 0.073(0.012) 13Co, 0.063(0.013) 0.12(0.025) 5
700 [0.069] H,0 [51] [100] 2
28 <0.02 XCN <0.12 <0.23 2
6.0 0.24(0.02) (0] 1.6(0.29) 3.1(0.57) 2
0.07 (Polar) 0.70 1.4 2
0.17 (Nonpolar) 0.99 1.9 2
20 <0.04 OCS <0.05 <0.1 2
21 <0.05 H,CO <0.59 <12 2
65 <0.05 HCOOH <0.62 <1.2 2
157 0.26(0.02) H,0 51(4) 100(8) 6
<0.03 Organic residue 2
<0.02 PAH? 6
99 0.22(0.02) Organics/NH, . 6
16.8 ~0.028 SO, gas 0.5(0.08) 7
17.8 <0.054 SO, gas .. .. 7
10 <0.046 CHy <0.67 <13 2
68 <0.055 NH; <29 <5.7 1
218 ~58 Silicate 2
30 <0.36 CH;0H <6.4 <125 2
240 [1.30] H,0 [51] [100] 2
24.6 0.37(0.01) CO, 7.1(1.8) 13.93.5) 4
(Polar) 6.2 12.2 4
(Nonpolar) 0.9 1.8 4
18 201 1.29 Silicate 2

Notes.—The up and down scans in the aot] spectrum do not match between 6.5 and 8 um. The down scan matches the aot6 spectrum, so
we used that instead. There are emission lines at 15.55 um (Ne m *P1—3P,), 18.71 pum (S m 3P,—3Py), 33.48 um (S m 3P,—3Py), and
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34.81 pm (Sin 2P3)—2P) ).
& Calculated from 3 pm feature.
® Gas phase CO.

Rererences.—(1) Gibb et al. 2001; (2) this work; (3) Brooke et al. 1996; (4) Gerakines et al. 1999; (5) Boogert et al. 2000; (6) Gibb &

Whittet 2002; (7) Keane et al. 2001c.

covered by SWS. The spectrum shows deep absorption at-
tributed to H,O, CO,, and CO (Whittet et al. 1998) as well
as a weak feature at 3.47 um attributed to hydrocarbons
(Chiar et al. 1996). Stellar photospheric absorption lines of
CO and OH are also present. There are low upper limits of
CH;0H (2.9%), XCN (1.5%), and OCS (0.27%) relative to
H,O. This supports the theory that CH;0OH and XCN are
formed by thermal or UV processing in the protostellar
environments where they are found to be more abundant.

4.5. Orion BN

BN is a luminous infrared source (~2500 L) in the Orion
Molecular Cloud complex suffering from ~17 mag of visual
extinction (Gezari, Backman, & Werner 1998). It is located
about 450 pc away and is probably illuminated by a B3—B4
star (Gezari et al. 1998), though there are many other sources
present in the 14" x 20" ISO SWS beam, including Orion
IRc2, which is ~8” away. Its infrared spectrum is rich in both
ice absorption and emission features caused by PAHs, H, and
H 1, and atomic fine structure lines from the foreground pho-
todissociation region (PDR) and H n region (van Dishoeck et al.
1998). The 3.1 pum water-ice feature exhibits narrow spectral
structure, indicative of warm temperatures and annealing.

4.6. Orion Irc2

Orion Irc2 is another luminous (~1000 L) object located in
the OMC complex behind about 60 mag of visual extinction
(Gezari et al. 1998). There are at least four sources within the
SWS beam (van Dishoeck et al. 1998). This region is one of
the best studied massive star formation regions to date. The
environment is complex with powerful, disrupting outflows
and intense UV radiation that gives rise to atomic fine struc-
ture lines. PAH emission features are present at 3.3, 6.2, 8.6,
and 11.3 ym and may originate on the front side of the pho-
ton-dominated region (Tielens et al. 1993). In addition to these
are ice absorption features due to H,O, CO,, and other minor
constituents and gas phase absorption features due to CO,
C,H,, HCN, and CO,. There are also over a dozen rotational
lines of H,O in absorption in the 25-45 pm region and OH
lines at 28.94 and 34.6 um, which probably originate in the
shocked plateau (van Dishoeck et al. 1998).

4.7. Mon R2 IRS 2

Mon R2 is a massive star formation region located 950 pc
from the Sun. Most of the infrared cluster, including IRS 2,
appears to be on the far side of the molecular cloud (Choi et al.
2000). IRS 2 is located within a hole in the molecular
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AFGL 490 SpECTRAL FEATURES

TABLE 5

A FWHM N N/N(H,0)
(cm™1h) T Species (10'7 cm—2) *100 Reference
432 0.32(0.01) H,0 6.2(0.3) 100 1
121 0.03 HAC 2
30 <0.015 CH;0H <1.25 <20 2
115 <0.004 CH;0H <1.26 <20 2
21.3 0.46(0.05) CO, 1.7(0.3) 27(5) 3
12.9 <0.056 13co, <0.099 <1.6 2
700 [0.009] H,O [6.2] [100] 2
29 <0.025 XCN <0.077 <1.2 2
4.15 0.34(0.03) (¢[0) 1.56(0.13) 25.1(2.4) 2
<0.02 (Polar) <0.25 <4 2
0.33 (Nonpolar) 1.53 24.6 2
20 <0.02 0OCS <0.026 <0.42 4
185 [0.034] H,0 [6.2] [100]
0.04(0.02) Organic residue .. ... 2
88 0.05(0.02) Organics/NH; e .. 2
16.8 <0.018 HCOOH <12 <19 2
17.8 <0.018 HCOO~ <0.20 <3.2 2
10.6 <0.018 CH;3;HCO <13 <21 2
7.70 <0.013 CHy <0.15 <2.4 2
34 [~0.003] CH;0H [~0.69] [11] 2
68 <0.02 NH; <1.0 <16 1
211 0.64(0.02) Silicate . . 2
30 0.039(0.014) CH;0H 0.69(0.25) 11(4) 2
240 [0.082] H,0 [6.2] [100] 2
222 0.08(0.02) CO, 1.7(0.3) 27(5) 3
(Polar) 1.7 27 3
(Nonpolar) <0.1 <1.6 3
I8 122 0.16(0.01) Silicate 2

Note.—There are emission lines at 2.626 pum (Brf), 4.052 um (Bra), 2.675 um (Pf9), 2.7572 pm (Pfn) 2.8719 pm (Pf(),
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3.037 pum (Pfe), and 3.296 um (Pf0).
? Calculated from 3 pm feature.
® Gas phase CO.

Rererences.—(1) Gibb et al. 2001; (2) this work; (3) Gerakines et al. 1999; (4) Palumbo et al. 1997.

emission and coincident with an H 1 region (IRS 1), greatest
molecular densities occurring just beyond the boundaries of
the H 1 region. The infrared spectrum shows strong PAH
emission features along with atomic fine structure emission.
H,O and CO, are the principle ice components, though XCN,
CH;0H, and CO are also present.

4.8. Mon R2 IRS 3

Mon R2 IRS 3, one of the brightest thermal infrared sources
in the galaxy, is another massive star-forming region in the
Mon R2 core. It is associated with the brightest and most
highly variable OH 4765 MHz maser in the sky as well as the
strongest H,O and CH;0H masers in the Mon R2 region
(Smits, Cohen, & Hutawaradorn 1998). There is evidence of a
molecular outflow associated with the maser and circumstellar
disk (Koresko et al. 1993). IRS 3 is the most active center of
star formation in Mon R2 and unlike the other sources in the
infrared cluster, IRS 3 appears to be on the nearside of a dense
clump of molecular material (Choi et al. 2000). The peak of
its 3 um H,O feature is narrow and shifted, indicating that
most of the ice along the line of sight is warm (~80 K) and
has undergone annealing. This spectrum is unusual in that
it has very deep excess absorption on both short- and long-
wavelength wings of the water feature (Smith, Sellgren,
& Tokunaga 1989) with a profile that is not matched by any
other known sources. This excess has yet to be explained but

may be caused by a combination scattering and absorption by
CH-bearing molecules. Most of the CO in this source has been
evaporated, which is not surprising given the high water
temperatures. Keane et al. (2001b) reported gas phase SO, in
absorption toward this and other YSOs.

4.9. AFGL 989

AFGL 989 is an intermediate-mass YSO surrounded by
embedded low-mass stars (Schreyer et al. 1997) located in the
NGC 2264 molecular cloud complex near the apex of the
Cone Nebula at a distance of 800 pc (Wynn-Williams 1982). It
is also known as NGC 2264 IRS 1 and Allen’s source. The
luminosity (Henning, Pfau, & Altenhoff 1990, 3.3 x 10° L.)
is consistent with a 9.5 M, B2 zero-age main-sequence star
(Allen 1972) with 20-30 mag of visual extinction (Thompson
et al. 1998). This source has an unusually high abundance of
CO;, ~34%, (Nummelin et al. 2001) about twice the average
found by Gerakines et al. (1999) in a variety of sources from
high-mass YSOs to background field stars.

4.10. AFGL 2136

AFGL 2136 is a luminous, 7 x 10* L, source at a distance
of about 2 kpc. This source is associated with a bipolar re-
flection nebula that suggests the presence of a circumstellar
disk as well as intense H,O maser emission (Minchin et al.
1991). Low abundances of apolar ice species (Sandford et al.
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TABLE 6

Erias 1 SpEcTRAL FEATURES

A FWHM N N/N(H,0)
(pum) (cm™1h) T Species (10'7 cm—2) *100 Reference
358 0.51(0.04) H,O 9.2(1.4) 100 1,2
44.6 . PAH emission 1
34 —0.24(0.02) HAC 3
24 —0.40(0.02) ? .. . 3
12.5 1.5(0.5) CO, 4.8(1.6) 52(19) 1
10 <0.15 3o, <0.20 <22 1
700 [0.013] H,O [9.5] [100] 1
28 <0.16 XCN <0.95 <10 1
9.48 0.14 Cco 0.8(0.2) 8.7(2.4) 4
0.04(0.03) (Polar) 0.3(0.2) 3.3(2.4) 4
0.10(0.03) (Apolar) 0.5(0.2) 5.4(2.4) 4
20 <0.13 OCS <0.16 <1.7 1
185 H,O
65 PAH emission 3
88 Organics
79 PAH emission 1
35.7 . PAH emission 1
324 —1.0(0.05) Silicate 1
. PAH emission e S 3
240 [0.086] H,O [9.5] [100] 1
22 0.14(0.02) CO, 3.0(0.9) 33(11) 1

Note.—There is an emission line at 4.05 pym (Bro).
4 Calculated from 3 pm feature.
® Poor S/N, PAH emission.
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Rererences.—(1) This work; (2) Whittet et al. 1983; (3) Hanner et al. 1994; (4) Chiar et al. 1995.

1988; Schutte et al. 1996) and modeling of submillimeter
flux densities (van der Tak et al. 1999) indicate that dust and
gas temperatures of ~30 K dominate along most of the line
of sight. This is consistent with the shape of the 3 um water
profile as well as the 9.75 um CH3;OH feature, which is
best fitted by a pure 50 K methanol laboratory spectrum.
Mitchell et al. (1990) find that while most of the CO gas is
hot (~580 K), there is also a substantial cold (~17 K) compo-
nent. Likewise, Boonman et al. (2003) and Lahuis & van
Dishoeck (2000) find substantial column densities of hot

(500-800K)H,0, C,H,,and HCN gas with only asmall cold gas
component.

4.11. Elias 29

Elias 29 is a low-mass (36 L) class I protostar located
behind ~47.8 mag of visual extinction (Teixeira & Emerson
1999) in the p Oph molecular cloud at a distance of ~160 pc.
This source is ideal for studying processes in low-mass star
formation regions as it is one of the most luminous protostars
in the p Oph cloud (Chen et al. 1995). The full 2.3-190 pm

TABLE 7
ELias 16 SpECTRAL FEATURES

J FWHM N N/N(H,0)
(um) (cm™1h T Species (10'7 cm~?) *100 Reference
NH;, <10 1
335 1.36(0.03) H,0 25(0.6) 100 12
<0.029 C-H stretch 3
60 0.032(0.002) HAC .. e 2
30 <0.02 CH;0H <0.72 <29 2
19.6 1.8(+0.5, —=02)  CO, 4.6(+13, —0.6) 24.2(6.8, —3.2) 4
(Polar) 46 242 4
(Apolar) <0.2 <0.8 4
8.5 0.060(0.017) 13Co, 0.047(0.015) 0.19(0.08) 5
700 [0.036] H,0 [25] [100] 1
28 <0.05 XCN <0.28 <15 6
475 1.31(0.03) co 6.5(0.3) 25 7
0.11(0.03) (Polar) 0.8(0.2)
1.22(0.03) (Apolar) 5.6(0.1)
491 20 <0.04 OCS <0.052 <0.27 8

# Calculated from 3 pm feature.

RerereNceEs.—(1) Gibb et al. 2001; (2) Chiar et al. 1996; (3) Sellgren

(6) Whittet et al. 2001; (7) Chiar et al. 1995; (8) Palumbo et al. 1997.

et al. 1994; (4) Gerakines et al. 1999; (5) Boogert et al. 2000;



No. 1, 2004

INTERSTELLAR ICE

OrioN BN SpecTrRAL FEATURES

TABLE 8

FWHM N N/N(H,0)
(cm™1) T Species (1017 cm=2) *100 Reference
353 1.44(0.04) H,O 25(0.7) 100 1
e PAH emission ...
78 0.034 HAC e . 2
29 <0.02 CH;0H <0.9 <4 3
115.3 <0.03 CH;0H <6.8 <27 3
21.6 0.96(0.04) CO, 2.9(0.1) 11.6(0.5) 3
(Polar) 0.97 39 3
(Nonpolar) 1.93 7.7 3
9.5 <0.021 13C0o, <0.037 <0.15 3
700 [0.034] H,O [25] [100]
28 <0.04 XCN <0.24 <0.95 3
... e CO S ...
19.6 <0.016 OCS <0.02 <0.08 3
172 [0.073] H,O [25] [100]
0.17(0.01) Organic residue . 3
60 . PAH emission
79 0.28(0.02) Organics/NH} . .. 3
16.9 0.04(0.01) HCOOH 2.4(0.6) 9.42.4) 3
HCOO~ 0.77(0.2) 3.1(0.8) 3
17.8 <0.052 HCOO~ <0.58 <23 3
10.6 CH;HCO <3.9 <16 3
10.4 <0.028 CHy <0.42 <1.7 3
68 <0.05 NH; <25 <10 1
304 1.59(0.02) Silicate e o 3
240 [0.22] H,O [25] [100]
C,H; gas e .
HCN gas
27.4 0.07(0.02) CO, 1.9(0.5) 7.6(2.2) 3
160 0.45(0.02) Silicate 3

Note.—There are emission features at 2.4065 ym (H,? 1-0), 2.4137 pm, 2.4238 pm (H, 1-0 O(3)), 2.4377 pum, 2.4548 pm,
2.4758 pm, 2.5004 pm, 2.625 pm (Brf), 2.676 um, 2.803 pum, 2.873 um (P£(), 2.974 um, 3.004 pm, 3.038 um (Pfe), 3.235 um
(Hy 1-0 O(5)), 3.296 pm (P£6), 3.501 pm, 3.739 pm (Pfy), 3.808 pum, 3.847 pm, 3.908 pm, 4.051 pm (Brav), 4.652 pm (P{3),
4.695 pm, 5.052 pm, 5.512 um (H, S(7)), 6.488, 6.523, 6.573, 6.594, 6.636 pm (Ni 1 2D3/2—2D5/z?), 6.676, 6.709, 6.724,
6.794, 6.829, 6.865, 6.911, 6.985 um (Ar 1t 2P1/272P3/2), 7.05, 7.348 um (SO,), 7.461 (H16-5), 7.66 pm (CHy), 8.991 pum
(Ar m *P—3P,), 9.665 (H,?), 10.510 um (S v 2P3/,—2Py ), 12.814 pum (Ne 1 2Py ,—2P35), 15.555 ym (Ne m *P1—>P;),
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18.713 pum (S m 2P, —>Py), 25.249 um (S1°P—>P;), 33.48 pm (S m *Py—>Py), and 34.819 pm (Sin 2Py ;,—2Py ).

4 Calculated from 3 pm feature.
® Gas phase CO.
¢ Affected by fringing.

RerereNceEs.—(1) Gibb et al. 2001; (2) Brooke et al. 1996; (3) this work.

spectrum was studied in detail by Boogert et al. (2000). This
source has a somewhat unusual spectral energy distribution
that is very flat up to ~100 pm. While hot (~500 K) H,O and
CO gas have been observed, the ices do not show signs of
thermal processing. There is also evidence of PAH material
with absorptions at 3.25, 3.49, and possibly 6.2 ym.

4.12. Sgr A*

Sgr A* is a Galactic center (GC) source suffering ~30 mag
of visual extinction (Lutz et al. 1996), which arises from both
diffuse and dense regions of the ISM (Chiar et al. 2002). The
14" x 20" SWS beam included H 1 regions, M giants, and
supergiants. The infrared spectrum has a strong absorption
feature at 2.96 pum, suggestive of the N-H stretch feature in
NH;, but whose true nature is unknown (Chiar et al. 2000;
Gibb et al. 2001). Other features include prominent H,O, CO,,
and CHy-ice absorption, and HAC absorption features at 3.4,
6.2, 6.8, and 7.25 pym (Chiar et al. 2000). Moneti, Cernicharo,
& Pardo (2001) find that most of the water along the line of
sight is in the solid phase, originating in dense molecular
clouds, and that most of the H,O that is in the gas phase is cold,

consistent with the conclusion of Gerakines et al. (1999) that
most of the CO, along the line of sight is colder than 50 K.

4.13. GCS 31 and GCS 4

GCS 31 and GCS 4 are in a region located approximately
40 pc from the Galactic center near the GC Radio Arc. These
sources are believed to lie behind ~29 mag of visual extinction
and are in a region known as the Infrared Quintuplet, containing
several bright and many faint IR sources whose nature is still
unknown (Chiar et al. 2000). Both spectra exhibit atomic fine
structure lines. As with Sgr A*, these lines of sight intercept
both dense clouds and diffuse-ISM dust. Ices in the dense-cloud
component are represented by features of H,O, CO,, and CO,
whilst hydrocarbon features at 3.28, 3.4, 6.2 and 6.8 um arise in
either diffuse-ISM or circumstellar material. The GC sources
also show excess absorption near 2.95 pm that might be in-
dicative of NHj along the line of sight (Chiar et al. 2000).

4.14. W33 4

W33 A is a massive, luminous (1.1 x 10° L) YSO located
~4 kpc from the Sun in the W33 H 1 molecular cloud
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TABLE 9
OrioN IRc2 SPECTRAL FEATURES

A FWHM N N/IN(H,0)

(pm) (cm™1) T Species (1017 em=2) *100 Reference
300 335 1.48(0.02) H,O 24.5(0.3) 100 1
33 o PAH emission . ..

3.53% 29 0.06(0.02) CH;0H 2.5(0.8) 10(3) 1
427 i 19.6 0.9(0.1) CO, 2.6(0.3) 10.6(1.2) 1
(Polar) 0.7 2.9 1
(Nonpolar) 1.9 7.8 1
9.5 0.06(0.01) 13Co, 0.078(0.013) 0.32(0.05) 1
700 [0.03] H,0 [24.5] [100]
28 ~0.08 XCN 0.48 2.0 1
7.64 ... (60) e e
23 <0.03 OCS <0.04 <0.2 1
172 [0.07] H,0 [24.5] [100]
0.17(0.02) Organic residue e .. 1
60 . PAH emission e o
79 0.32(0.02) Organics/NH; . . 1
10.4 . CH,4
297 1.87(0.05) Silicate e e 1
240 [0.22] H,O [24.5] [100]
274 CO,
213 0.75(0.02) Silicate 1

Note.—There are emission features at 2.4065 pum (H,? 1-0), 2.4137 pm, 2.4238 pum (Hy 1-0 O(3)), 2.4377 pm, 2.4548 pum,
2.4758 pm, 2.5004 pum, 2.625 pm (Brf3), 2.676 pm, 2.803 pm, 2.873 pm (P£(), 2.974 pum, 3.004 pm, 3.038 pum (Pfe), 3.235 um (H, 1-
0 O(5)), 3.296 pum (Pf5), 3.501 pm, 3.739 pum (Pfy), 3.808 pm, 3.847 um, 3.908 um, 4.051 pm (Bra), 4.652 um (Pff3), 4.695 pm,
5.052 um, 5.512 pm (H, S(7)), 6.488, 6.523, 6.573, 6.594, 6.636 um (Ni n2D; ,—2Ds2?), 6.676, 6.709, 6.724, 6.794, 6.829, 6.865,
6.911, 6.985 pum (Ar 1 2Py ;,—2P5)5), 7.05, 7.348 um (SO,), 7.461 (H 1 6-5), 7.66 um (CHy), 8.991 pum (Ar m 3P1—>P,), 9.665
(Hy?), 10.510 pm (S 1v 2P3/,—2P) ), 12.814 pm (Ne u 2Py 5—2P5 ), 15.555 pm (Ne m *P1—2P;), 18.713 pm (S m *P,—3Py),
25.249 pm (S 13P1—3P,), 33.48 um (S w *P1—>Py), and 34.819 um (Sin 2P, —2Py )2).

# Gase phase lines?

® Calculated from 3 pm feature.
¢ Gas phase CO.

4 Gas phase CH,4 emission.

¢ Gas phase CO,.
REFERENCES.—(1) This work.

complex and hidden by 50-150 mag of visual extinction
(Capps, Gillett, & Knacke 1978; Goss, Matthews, & Winneberg
1978; Mitchell et al. 1990). The infrared spectrum of W33 A
is particularly rich, being dominated by deep absorption
features attributed to solid H,O and silicates with detections
of sulfur-bearing species (OCS, SO,), CO, CO,, 13CO,, CHy,
NH;, and one of the highest abundances of CH;OH reported
to date (Gibb et al. 2000; Dartois et al. 1999). The spectrum
also has the deepest 4.62 ym (XCN) and 6.8 pum organic
features reported to date as well as a very deep wing longward
of the 3.1 um H,O feature. Most of the ice along the line
of sight is dominated by a cold component, though warmer
regions (~120 K) are also evidenced by a high abundance
of CO in the gas phase (Mitchell, Allen, & Maillard 1988;
Mitchell et al. 1990), the relative weakness of the pure
CO component, and annealing of the 15.2 ym CO, feature
(Gerakines et al. 1999). Evidence for energetic processing is
provided by the presence of abundant CH;OH and XCN. In
addition, W33 A has the deepest excess absorption at 6 pm,
which Gibb & Whittet (2002) attribute to an organic refractory
component, also formed by energetic processing of icy mantle
material. Lahuis & van Dishoeck (2000) report a detection
of cold C,H, (10 K) and HCN (80 K) gas.

4.15. AFGL 70098

AFGL 70098 is classified as an ultracompact H 1 region
and is one of the most massive YSOs studied to date, on a par

with W33 A. It is a class I YSO, either of late O or early B
type. The ISO spectrum is similar in many respects to that of
W33 A with deep 4.62 and 6.8 um features. It is also saturated
throughout the 3 pm H,O-ice feature. The H,O column den-
sity was estimated by d’Hendecourt et al. (1996) using both
the 6 and 13 um features. Gibb & Whittet (2002) also report
excess absorption at 6 pum attributable to an organic residue,
consistent with UV processing of the mantle material.

4.16. R CrA IRS 2

The Corona Australis molecular cloud complex is one of
the nearest star-forming regions at a distance of ~130 pc
(Marraco & Rydgren 1981). Wilking, Taylor, & Storey (1986)
identified IRS 2 as one of the protostellar regions based on its
spectral energy distribution. It has a bolometric luminosity of
~10 L, and lies behind ~32 mag of extinction. Longward of
5 pm, the SWS spectrum of this source has a high amount
of scatter and was not included in the analysis with the ex-
ception of an AOT6 observation of the 15.2 um CO, feature.

4.17.R CrA IRS 1

R CrA IRS 1, also known as HH100-IR, is an intermediate-
mass, pre—main-sequence Herbig Ae star obscured by about
25 mag of visual extinction (Whittet et al. 1996). It is highly
variable in the near-infrared and a strong far-infrared source.
The profiles of the H,O and CO ice features are consistent
with domination by cold ices, and the lack of a 4.62 yum
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TABLE 10
Mon R2 IRS 2 SpecTrRAL FEATURES

FWHM N N/N(H,0)
(em™1) T Species (10'7 cm™2) *100 Reference
335 1.77(0.32) H,0 35.6(6.4) 100 1
. PAH emission .
86.1 0.083(0.013) HAC ... .. 2
29 0.033(0.010) CH;0H 1.3(0.4) 3.7(1.1) 2
17.7 2.22(0.13) CO, 6.02(0.11) 16.9(0.31) 1
12.9 0.15(0.03) 13co, 0.26(0.05) 0.73(0.14) 1
700 [0.048] H,0 [35.6] [100] 1
23.5 0.05 XCN 0.14 0.39 3,4
6.73 0.47(0.02) cO 2.7(0.2) 7.6(0.6) 5
0.16(0.02) (Polar) 1.2(0.2) 3.3(0.6) 5
0.37(0.02) (Nonpolar) 1.6(0.1) 4.5(0.3) 5
23 0.015 OCS 0.013 0.037 6
150 [0.13] H,0 [35.6] [100] 1
150 ~0.29 Organic residue . 1
30 . PAH emission 1
152 0.47(0.04) Organics/NH 1
. PAH emission
280 2.54(0.1) Silicate ... . 1
13 . PAH emission e S 1
240 [0.38] H,0 [35.6] [100] 1
21.0 0.29(0.02) Co, 7.8(0.6) 4.6(1.7) 1
~1.0 Silicate . . 1

Note.—There are emission features at 4.051 pm (Bra), 4.652 pum (Pf5), 6.985 (Ar n 2P1/272P3/2), 12.814 pym (Ne 1
2P1/272P3/2), 18.713 pum (S m *P,—3Py), 33.48 pm (S m *P,—3Py), and 34.819 pm (Si 1 2P3/272P1/2).

* Calculated based on 3 um feature.

REererences.—(1) This work; (2) Brooke et al. 1999; (3) Whittet et al. 2001; (4) Demyk et al. 1998; (5) Chiar et al. 1998;

(6) Palumbo et al. 1997.

feature is consistent with low levels of energetic processing
along most of the line of sight. The 5-30 um spectral region
has been smoothed to a resolving power of 750.

4.18. AFGL 2591

AFGL 2591 is a luminous (2 x 10* L), massive (10 M..)
YSO approximately 1 kpc away behind 70 mag of visual
extinction (Carr et al. 1995). This source exhibits the presence
of an 11.2 pm polarization feature (Aitken et al. 1988), which
may indicate an annealed silicate grain component. This is
unusual in dark molecular clouds where the silicate is pri-
marily amorphous in form and requires high temperatures
(exceeding 1000 K) to anneal. Mitchell et al. (1990) found that
virtually all the CO in this line of sight is in the gas phase with
a significant portion at very high temperatures (~1010 K).
Hot H,O and CO, gas absorption lines are also present
(Boonman et al. 2003) with temperatures of 450 and 500 K,
respectively. In addition to this, Lahuis & van Dishoeck
(2000) find very hot (up to ~900 K) C,H, and ~600 K HCN
gas phase absorption lines. The 3 um H,O-ice feature shows
evidence of annealing. However, there is no evidence of an
organic refractory mantle component at 6 ym or the 4.62 ym
XCN feature thought to indicate processing by UV radiation.
Either no such processing has taken place or the processed
species have evaporated.

4.19. Cyg OB2 12

Cyg OB2 12 is a member of the Cyg OB2 association lo-
cated ~1.7 kpc away (Torres-Dodgen et al. 1991). This type
B5 Ia* star, one of the most luminous in the Galaxy, is more
reddened than any other member of the association, suffering
from 10.2 mag of visual extinction (Humphreys 1978). The

obscuring dust appears to be typical of the diffuse ISM
(Whittet et al. 1997), and the spectrum of this source is con-
sistent with a stellar photosphere modified by reddening.
There are no ices evident in the spectrum, but an absorption
feature of silicates at 9.7 um is present, as well as evidence
of hydrocarbons near 3.4 um. There is no evidence of XCN in
this source (Whittet et al. 2001), which indicates that this
material is volatile and does not survive diffuse ISM conditions.

4.20. §140

S140 is a ~2000 L, H 1 region located 0.9 kpc away
behind ~23 mag of visual extinction (Evans et al. 1989). This
region is currently undergoing both high- and low-mass star
formation (van der Tak et al. 1999). The infrared spectrum
exhibits ice features due to H,O, CO,, 13CO,, and CH,. Nearly
all the CO is in the gas phase, with both cold (28 K) and warm
(390 K) components (Mitchell et al. 1990). Upper limits of a
few percent or less were placed on several other species. The
shape of the 3.1 um H,O peak is indicative of a substantial
warm ice component. Only upper limits of gas phase C,H,,
HCN, CO,, and H,O are reported (Lahuis & van Dishoeck
2000; Boonman et al. 2003) with column densities at least an
order of magnitude less than those found toward AFGL 2591
and AFGL 2136. The H,0O-ice column densities, on the other
hand, are comparable for the three sources (to within about a
factor of 3).

4.21. NGC 7538 IRS 1

NGC 7538 IRS 1 appears to be the youngest and most
luminous (1.3 x 10° L) pre—main-sequence object in the H i
regions and molecular clouds that make up the NGC 7538
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TABLE 11

Mon R2 IRS 3 SpecTrAL FEATURES

A FWHM N NIN(H,0)
(cm™1) T Species (10'7 cm=2) *100 Reference
335 1.12(0.01) H,O 19 100 1
74 0.049(0.007) PAH, C-H stretch 2,3
76 0.036(0.005)  HAC o o 3
30 <0.022 CH;0H <0.92 <4.9 3
20 0.51(0.03) O, 1.6(0.1) 8.6(0.53) 4
12.9 <0.018 13Co, <0.32 <0.17 4
700 [0.026] H,0 [19] [100] 4
29 .. XCN ..
7.64 <0.05 CO S e
23 <0.01 OCS <0.013 <0.068 5
21 <0.04 H,CO <1.1 <6 4
65 <0.04 HCOOH <0.6 <3 4
141 0.07(0.02) H,0 19(5.4) 100(29) 1
420 0.15(0.02) Organic residue e e 1
71 0.32(0.02) Organics/NH, .. 1
11.45 0.04 SO, gas 0.4(0.008) 6
15 0.03 SO, gas 0.4(0.008) 6
10.4 <0.016 CHy <24 <12.8 4
68 <0.0094 NH; <0.49 <2.6 7
280 2.55(0.09) Silicate e e 4
30 <0.03 CH;0H <0.53 <2.8 4
22 0.037 PAH, C-H bend . e 8
240 [0.23] H,0 [19] [100] 4
27.4 0.0440.003)  CO, 13(0.3) 6.8(1.3) 4
217 0.68(0.02) Silicate e . 4

Vol. 151

# Calculated based on 3 pm feature.
® Gas phase CO.

REerERENCES.—(1) Gibb & Whittet 2002; (2) Brooke et al. 1999; (3) Sellgren et al. 1994; (4) this work; (5) Palumbo et al. 1997; (6) Keane

et al. 2001c; (7) Gibb et al. 2001; (8) Bregman et al. 2000.

complex (Strazzulla et al. 1998). It is 2.8 kpc away in the
Perseus arm of the galaxy. The SWS spectrum of this source is
very rich with PAH, hydrogen, and metal ion emission in
addition to absorption features of solid state H,O, CO,, CO,
and organics and gas phase CO. There are weak emission
features present at 3.46, 3.39, and 3.54 pm that may be due to
C-H stretch features in hydrogenated amorphous carbon
(HAC) molecules as discussed in Grishko & Duley (2000) or
aliphatic sidegroups on PAHs as discussed by de Muizon,
d’Hendecourt, & Geballe (1990).

4.22. NGC 7538 IRS 9

NGC 7538 IRS 9 is a highly embedded, compact, luminous
(4 x 10* L) infrared source located 2.7 kpc away (Werner
et al. 1979). CO J = 1-0 and J = 3-2 studies indicate dis-
continuous and distinct outflow events, including a bipolar
high-velocity outflow and a more recent extremely high-
velocity outflow (Mitchell & Hasegawa 1991). The infrared
spectrum exhibits strong absorptions of H,O-ice. It has a
4.62 pym XCN feature weaker than that found in W33 A or
RAFGL 7009S but stronger than in other sources, as well
as the first detection and one of the highest abundances of
NH;-ice found to date (Lacy et al. 1998).

5. DISCUSSION

Much has been learned in the past several years about in-
terstellar ices, as a direct result of the /SO mission, but many
questions still remain. Our fits of laboratory data to observed
spectra provide illustration of this. The fits include all ices

with positive identifications and well-constrained abundances.
We added contributions of H,O, CH3;0H, CH,4, OCS, CO,,
13C0,, CO, XCN, SO,, and NH; in abundances appropriate
for each source, as discussed in § 3. It is immediately obvious
from inspection of the relevant spectra in Figure 1 that there
are regions in which the fit is satisfactory, but also regions
containing absorptions that are unaccounted for. Note that be-
yond 8 pm the spectra are generally dominated by the 9.7 and
19 um silicate features (not included in our fits), upon which
weaker ice features (H,O, CO,, CH30H, etc.) are superposed.

5.1. Interstellar Ices

Here we give a brief overview of the principal components
of interstellar ices with firm or probable identifications in our
spectra. The column densities and mixing ratios (or upper
limits where appropriate) for each molecule is given for each
source in Tables 4—26. Parentheses indicate the uncertainties,
while values given in square brackets indicate that the value
was derived from another feature within the spectrum. For
example, the optical depth of the 13 pm libration mode of
water was determined from the fit to the 3 pm feature. See the
table notes for details.

5.1.1. Water

Water is the most abundant and least volatile of the common
ice species along lines of sight through dark molecular cloud
material. The SWS covered the 3.05 yum O—H stretch mode,
4.5 pm combination mode, 6.0 um H—O—H bending mode,
and the 13 pm libration mode, the latter blended with the 9.7 ym
silicate feature. In addition, the 45 pm transverse optical
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TABLE 12
AFGL 989 SpPECTRAL FEATURES

A FWHM N NIN(H,0
(m) (em™1) T Species (1017 cm=2) *100) Reference

3.0 335 1.43(0.04) H,0 24(1) 100 |
325 e 62 0.069 PAH 2
346 51 0.050 HAC . 3
115 0.069 PAH 20 2
70 0.055(0.006)  CH;OH 5.6(0.6) 23(2.5) 3
25 0.008(0.004)  CH,OH 0.4(0.2) 1.7(0.9) 3
12.8 3.95 co, 8.1(0.1) 34(3) 1
1.92 (Polar) 4.43 18.5 1
2.03 (Nonpolar) 3.73 15.5 1
438, 10 0.046(0.008)  13CO, 0.062(0.009) 0.26(0.05) 4
45 700 [0.034] H,0 [24] [100] 3

4.62° o, 29 0.022 XCN 0.07 0.3
46T, 7.64 0.52(0.02) co 4.48(0.2) 18.7(0.7) 3
0.23 (Polar) 3.25 13.5 3
0.24 (Nonpolar) 1.23 5.1 3
23 0.024 OCS 0.02 0.08 5
32 0.06(0.02) H,CO 0.56(0.22) 2.3(1.0) 3
65 HCOOH 0.16(0.22) 0.7(1.0) 3
. 185 [0.10] H,0 [24] [100] 3
6.0, 400 0.07(0.02) Organic residue . 3
6.85. e 38 0.09(0.02) Organics/NH; . e 3
7282 18 0.016(0.01) HCOOH 1.2(0.8) 5(3) 3
HCOO~ 0.38(0.24) 1.6(1.0) 3
TA14 e 17.8 <0.016 HCOO~ <0.18 <0.7 3
10.6 <0.016 CH;HCO <1.2 <5 3
9 0.036(0.01) CH, 0.46(0.13) 1.9(0.5) 3
68 0.021(0.007)  NH; 1.1(0.32) 4.6(1.3) 6
251 0.72(0.02) Silicate ... . 3
29 0.035 CH;0H 0.60 2.5 3
240 [0.30] H,0 [24] [100] 3
215 0.35(0.01) co, 9.6(0.4) 40(1.7) 3
156 0.21(0.02) Silicate ... . 3

Note.—Emission lines are present at 2.626 ym (Brf), and 4.052 ym (Bra).

4 Calculated from 3 pm feature.

® Gas phase CO?

REerFeRENCES.—(1) Nummelin et al. 2001; (2) Bregman & Temi 2001; (3) this work; (4) Boogert et al. 2000; (5) Palumbo et al. 1997;

(6) Gibb et al. 2001.
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vibrational band of water has been detected in SWS/LWS
spectra of several sources (Dartois et al. 1998). Our laboratory
fits over- or underestimated the strength of the 13 um feature in
some lines of sight by up to 20%; we attribute this to uncer-
tainty in the continuum since there are no true continuum points
between 5.5 and 30 pym. The 3 and 6 um features give dis-
crepant column densities in several sources, with the 6 pm
value systematically higher by a factor of up to 4 compared with
that derived using the 3 um feature (Keane et al. 2001c¢; Gibb
et al. 2000). We argue (§ 5.2.2 below) that this is most likely
caused by blending with the absorption of another species. Note
that a good understanding of the 6 ym feature will be of vital
importance for interpretation of SIRTF data, where the 3 pym
region will be unavailable.

5.1.2. CO and CO,

CO absorbs via its 4.67 um fundamental vibrational band.
The profile consists of a broad (polar) component peaking at
4.682 pum and a narrow (nonpolar) component peaking at
4.673 pm (Chiar et al. 1995, 1998). Typically, quiescent
regions are dominated by pure CO or CO in a nonpolar
mixture (Chiar et al. 1994, 1995). YSOs show evidence for
warm ices or irradiation, and in exceptionally warm environ-

ments, the CO is found primarily in the gas phase. In addition,
Boogert, Blake, & Tielens (2002) have reported a detection of
the 13CO ice feature at 4.78 um in NGC 7538 IRS 9.

CO; has two strong bands: the v3 4.27 pum asymmetric
stretching mode and the 15.2 ym v, bending mode in addition
to the weaker CO, overtone/combination band (reported in
S140 by Keane et al. 2001a). CO, was first detected via the
15.2 pum feature using IRAS LRS (low-resolution spectro-
graph) by d’Hendecourt & Muizon (1989). These features
were studied in detail in high-mass YSOs by Gerakines et al.
(1999) and in low- or intermediate-mass YSOs by Nummelin
et al. (2001). They found that generally CO,/H,O ~17 &+ 3%
with the exception of two unusual sources, AFGL 989 and
Elias 18, which exhibit very high (34%-37%) CO, concen-
trations. We also see evidence of comparably high concen-
trations of CO, in RCrA IRS 1 and RCrA IRS 2 and possibly
Elias 1, though the signal-to-noise ratio for the latter is poor.
The similarly high concentrations of CO, relative to H,O
observed toward field stars and low-mass YSOs indicates that
CO; is formed efficiently without processing by an embedded
source (Whittet et al. 1998). The 4.38 pum asymmetric
stretching mode of '3CO, was studied in low- and high-mass
YSOs, quiescent molecular cloud, and Galactic center sources
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TABLE 13

AFGL 2136 SpecTrRAL FEATURES

A FWHM N N/N(H,0)
(um) (cm™1) T Species (10'7 cm—2) *100 Reference

3.0 356 3.24(0.09) H,O 51 100 1
99.6 0.137(0.020) HAC . . 2
29 0.060(0.010) CH;0H 2.6(0.4) 5.1(0.8) 2
1153 <0.02 CH;0H <4.5 <8.9 3
18.5 2.40(0.08) CO, 7.8(0.3) 15.3(0.6) 4
10 0.071(0.008) 13co, 0.073(0.005) 0.14(0.01) 5

4.5 e 700 [0.07] H,O [51] [100]
. . 28 0.11(0.01) XCN 0.66(0.06) 1.3(0.1) 3
467 7.64 0.24(0.01) CO 2.68(0.25) 5.25(0.48) 3
(Polar) 2.68 5.25 3
(Nonpolar) <0.1 <0.2 3
23 0.030(0.007) OCS 0.43((0.01) 0.85(0.02) 3
47 0.08(0.03) H,CO 0.8(0.3) 1.6(0.6) 3
65 HCOOH 0.75(0.3) 1.5(0.6) 3

136 0.23(0.04) H,O 5109) [100]
<0.04 Organic residue 3
64 0.06(0.02) ? 3
80 0.18(0.02) Organics/NH; e e 3
16.8 <0.04 HCOOH <2.8 <54 3
19.8 CH;HCO <1.1 <2.1 3
17.8 <0.03 HCOO~ <0.33 <0.66 3
10.6 CH3HCO <23 <4.4 3
10.4 0.04(0.01) CH, 0.58(0.15) 1.1(0.3) 3
68 <0.021 NH; <1.1 <2.2 1
260 2.1(0.1) Silicate e . 3

25 0.20(0.05) CH;0H 3.0(0.8) 5.9(1.5) 3,6

240 [0.46] H,0 [51] [100]
245 0.30(0.01) CO, 7.8(0.3) 15.3(0.6) 4
(Polar) 6.2 12.2 4
(Nonpolar) 1.6 3.1 4
I8 185 0.72 Silicate 3

& Calculated from 3 pm feature.

REererReNces.—(1) Gibb et al. 2001; (2) Brooke et al. 1999; (3) this work; (4) Gerakines et al. 1999; (5) Boogert et al. 2000; (6) Skinner
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by Boogert et al. (2000) and gave consistent results with the
CO, studies.

5.1.3. CH;0H

CH;O0H has features at 3.53, 3.95, 6.8, and 9.75 um. W33
A and RAFGL 7009S both have strong CH30H absorptions
consistent with 15% and 30%, respectively, relative to H,O
(Dartois et al. 1999). In both cases the profile shape is
consistent with a combination of pure CH3;0H and a
H,0 : CH;0H mix. In most other sources, including any low-
mass star-forming regions or dark molecular clouds, methanol
is found to be a minor constituent, usually consistent with 5%
or less. Recently, Pontoppidan et al. (2003), in a study of 40
low-mass protostars, found three sources with high (15%-—
25%) methanol abundances. CH3OH is thought to form via
H atom addition on a grain surface (CO—HCO—H,CO—
CH;0H), but laboratory experiments to confirm this formation
route give discrepant results (Hiraoka et al. 2002; Watanabe &
Kouchi 2002).

5.1.4. CHy

CHy-ice has been detected via its v4 deformation-mode
feature at 7.67 pm in several sources at the 1%—-2% level
(Boogert et al. 1996), though AFGL 7009S is consistent with
~4% (d’Hendecourt et al. 1996, this work). The position and

shape of the profile is consistent with the presence of methane
in a polar matrix. The lack of a cold CH4 gas component and
a low gas:solid CHy ratio support the interpretation that
methane formed via H atom addition to atomic carbon on the
grain surface in the cold dense cloud phase when the atomic
C abundance was low (Boogert et al. 1998).

5.1.5. NH;

Ammonia has an N-H stretch at 2.96 um, an N-H defor-
mation mode at 6.15 um, and an umbrella mode at 9.3 um
(which shifts to 9.0 yum when NHj is a minor constituent in a
polar ice). In addition to these, mixing NH; and water pro-
duces a broad feature over the long-wavelength wing of the
3 pum water feature, arising from the formation of ammonium
hydrate groups. Each of the principal vibrational modes of
ammonia is blended with a much stronger absorption, i.c.,
with the water stretching and bending modes and the 9.7 um
silicate feature, and this greatly hinders detection and quan-
titative analysis. Nonetheless, several studies have in-
vestigated the 3 pum region to determine upper limits of
ammonia abundance in various lines of sight (Smith et al.
1989; Whittet et al. 1996; Chiar et al. 2000; Dartois &
d’Hendecourt 2001; Gibb et al. 2001; Dartois et al. 2002).
The 9 pm region has also been extensively studied and
detections or upper limits obtained (Lacy et al. 1998; Gibb
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A FWHM N N/N(H,0)
(m) (cm™1) T Species (10'7 cm™2) *100 Reference

3.0 e 335 1.85(0.08) H,0 34(6) 100 1
325 e 74 <0.03 C-H stretch . 2
88 0.085 PAH 21 3
349 e 94.3 0.089(0.007) HAC . 2
88 0.065 PAH 14 ... 3
30 <0.036 CH;0H <15 <4.4 1
115.3 <0.023 CH;0H <53 <15.6 4
17.1 2.77(0.2) CO, 6.7(0.5) 19.7(1.5) 5
10 0.071(0.009) 13C0, 0.083(0.005) 0.24(0.01) 1

700 [0.046] H,O [34] [100]
28 <0.01 XCN <0.067 <0.20 6
4.4 ~0.33 CcO 1.7(0.3) 5.0(0.88) 1
(Polar) ~0.2 ~0.6 1
(Nonpolar) ~ 1.5 ~4.4 1
23 <0.01 oCs <0.015 <0.044 1
21 <0.03 H,CO <0.6 <18 1
65 <0.03 HCOOH <0.3 <0.09 1

130 [0.16] H,0 [34] [100]
127 0.08(0.02) Organic residue . 4
116 0.12(0.03) Organics/NH; . ... 4
16.8 <0.004 HCOOH <0.3 <0.88 1
19.8 HCOO~ <0.1 <0.34 4
17.8 <0.03 HCOO~ <0.33 <0.98 4
10.6 CH3HCO <23 <6.6 4
10 <0.02 SO, <0.06 <0.18 4
11 <0.03 CHy <0.5 <15 1
64 <0.05 NH; <25 <73 7
242 1.32(0.06) Silicate . ... 4

240 [0.31] H,0 [34] [100]
23.1 0.33(0.02) CO, 6.7(0.5) 19.7(1.5) 5
(Polar) 6.2 18.2 5
(Nonpolar) 0.5 1.5 5
18ieeieeiiens 168 0.31(0.05) Silicate 4

* Calculated from 3 pm feature.

REFERENCES.—(1) Boogert et al. 2000; (2) Brooke et al. 1999; (3) Bregman & Temi 2001; (4) this work; (5) Gerakines et al. 1999;
(6) Whittet et al. 2001; (7) Gibb et al. 2001.
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et al. 2001; Girtler et al. 2002). Further constraints have re-
cently been placed by a search for a weak feature at 2.21 pym
(Taban et al. 2003), shortward of the wavelength range
covered by ISO-SWS. It is interesting and surprising that a
molecule predicted, on the basis of chemical models, to
be abundant in the solid phase in cold interstellar clouds
(Tielens & Hagen 1982) is found to have an upper limit
of ~5% in most lines of sight. This may indicate subsequent
processing either thermally or through energetic processing
(Pendleton et al. 1999). These results are nevertheless con-
sistent with NH3 abundances in comets, which are typically
~1% (Bockelée-Morvan et al. 2000).

5.1.6. XCN

The absorption feature at 4.62 um is, strictly speaking,
unidentified, but it is attributed with some confidence to
C =N bond vibrations in an organic molecule, most probably
a cyanate or the OCN~ ion (Whittet et al. 2001). The carrier is
linked, through laboratory work, to energetic processing of ices
by UV photons or ions, and the importance of the 4.62 um
feature is thus that it provides a diagnostic of such processing.
Amongst our sources, W33 A and AFGL 7009S have the
strongest 4.62 pum features, whilst several other massive
Y SOs show weaker absorption at this wavelength. The feature

is very weak or absent in low-mass YSOs, many high-mass
YSOs, dark clouds, and the diffuse ISM.

5.1.7. Other Minor Constituents

In addition to the species discussed above, there are addi-
tional absorptions at 5.83 and 5.85 pm attributable to HCOOH
and H,CO (Keane et al. 2001c¢). There are also weak features
at 7.24 and 7.41 pm, which have not been uniquely identified
but are consistent with the CH deformation mode of formic
acid and either the formate ion (HCOO™) or acetaldehyde
(CH3HCO), respectively (Schutte et al. 1999). Several sources
(W33 A, NGC 7538 IRS 9, Mon R2 IRS 3) exhibit ex-
cess absorption at 6.0 um (see below) that is not attribut-
able to water or other known ice constituents. A weak, broad
absorption feature seen at 6.2 ym may arise from absorption
by polycyclic aromatic hydrocarbons (PAHs) (Keane et al.
2001c¢).

5.1.8. Upper Limits on Amino Acids

Amino acids have long been discussed as a possible con-
stituent of interstellar matter. Previous searches have focused
on the gas phase (see Snyder 1997 for a review), but recent
work has emphasized the possibility that they might be a
minor constituent of ices that have been subjected to UV
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TABLE 15

FWHM N NI/N(H,0)
(cm™1) T Species (10'7 cm~2) *100 Reference
335 0.50(0.01) H,0 12.4(2.5) 100 1
<0.02 C-H stretch . 1
80 0.21(0.01) HAC ... . 1
30 <0.01 CH;0H <0.5 <4 1
115.3 <0.001 CH;0H <0.4 <3 1
16.7 0.70(0.01) CO, 1.7(0.2) 13.7(1.6) 2
7.2 <0.07 13Co, <0.12 <1 3
700 [0.017] H,0 [12.4] [100] 3
29 ~0.14 XCN ~0.83 ~6.7 4
7.64 (6(0) <l.5 <12 1
20 <0.03 0Cs <0.04 <0.3 3
21 H,CO <0.3 <24 1
185 [0.07] H,0 [12.4] [100] 3
<0.03 Organic residue ... e 3
60 0.05(0.01) ? 1
88 0.05(0.01) OrganicsNH . e 1
19 0.03(0.01) HCOOH 0.8(0.2) 6.5(1.6) 1
10.4 0.017(0.003) CHy 0.30(0.07) 2.4(0.56) 1
68 <0.012 NH; <0.61 <4.9 5
176 2.31(0.02) Silicate ... e 3
240 [0.11] H,0 [12.4] [100] 3
20.3 0.077(0.005) CO, 1.7(0.2) 13.7(1.6) 2
(Polar) 1.7 13.7 2
(Nonpolar) <0.1 <0.8 2
18 140 0.57(0.01) Silicate 3

Note.—There are emission features at 2.62 pum (Brf), 2.75 pm (Pfn), 2.87 um (Pf(), 3.03 pum (Pfe), 3.30 pum (P£6), 3.73 pum
(Pfy), 4.05 pm (Bra), 4.65 pum (Pf3), 5.34 pm (Fe 1, 4Fg/2—"D9/2?), 5.51 pm (Hy?), 591 pym (H 1 9-6), 6.64 pm (Ni 1
2D3/272D5/2), 6.91 pm (H,?), 6.98 pum (Ar 1 2P1/272P3/2), 7.35 pm (?), 7.46 pm (Pfa), 7.50 pum (Ni13F3—3F,?), 12.81 pym
(Ne 1w 2Py ,—2P3)5), 15.56 pym (Ne m *Py—3P,), 18.71 pm (S m 3P,—3Py), 22.93 pm (Fe m D3—>Dy), 25.91 pm (O v
2Py =Py 5), 33.04 pm (Fe i D,—>D;), 33.48 um (S m *Py—3Py), 34.81 pm (Si 1 2P3,—2P))5), 35.35 pm (°Ds),—°D;)5),
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and 36.01 um (Ne m 3P;—3Py).
& Calculated from 3 pm feature.

Rererences.—(1) Chiar et al. 2000; (2) Gerakines et al. 1999; (3) this work; (4) Moneti et al. 2001; (5) Gibb et al. 2001.

photolysis (Bernstein et al. 2002; Munoz Caro et al. 2002;
Woon 2002). The infrared vibrational spectra of amino acids
exhibit several features that might in principle yield detec-
tions (e.g., Ehrenfreund et al. 2001), but quantitative analysis
is inhibited by blending with other, far stronger, ice features in
interstellar spectra, most notably those of H,O.

The most prominent infrared feature in laboratory spectra
of the simplest amino acid, glycine (NH,CH,COOH), is the
C=0 (carbonyl) stretch: in an Ar matrix at 12 K this is
centered at ~5.62 um, i.e., on the short-wavelength side of
the 6.0 ym feature in astronomical spectra. Considering our
spectrum of W33A, we set an approximate upper limit of
Ts.62 < 0.05 on any discrete feature at this wavelength. As-
suming a band strength of ~3 x 107'7 cm per molecule
(Ehrenfreund et al. 2001) and a width ~20 cm~! (consistent
with the Ar matrix isolation spectrum), we estimate an upper
limit of 3 x 10'® cm~2 on the column density of glycine in
this line of sight, which is ~0.3% of the H,O column den-
sity. Note that if the feature is broadened, as expected for
inclusion in a water-dominated matrix, the estimated limit
will be less stringent.

5.2. Unidentified Features

5.2.1. The 3.2 — 3.8 ym Wing

In common with previously published results (see Smith
et al. 1989), all of our sources for which fits are presented

exhibit a wing on the long-wavelength side of the 3.1 yum O—H
stretch H,O-ice profile. Whilst there are constituents in our
mixtures—NH; (ammonium hydrate), CH;0H, and CH;—
that contribute to absorption in this spectral region, their
abundance is insufficient to account for the wing. Other
possibilities include organic residues that contribute C—H
stretching absorptions at ~3.4 um, and scattering. However,
a substantial contribution by organic refractories can be ex-
cluded for some sources by the weakness or absence of as-
sociated absorption in the 6 pm region (see below); even in
cases where this is thought to be present, the implied con-
tribution at 3.4 um is generally small (Gibb & Whittet 2002).
Similarly, attempts to account for the wing quantitatively in
terms of scattering by large core-mantle grains have met with
only limited success (see review by Whittet 2003). The long-
wavelength wing continues to defy an explanation.

5.2.2. Features Overlapping the 6.0 ym H,O Bending Mode

There has been much discussion in the literature concerning
the H,O column density toward W33 A and other sources
(Gibb et al. 2000; Keane et al. 2001c). We demonstrate in
Figure 1o and Table 18 that one can simultaneously fit the 3,
4.5, and 13 pm optical depths in W33 A with an H,O column
density of 1.1 x 10" cm~2, whereas fitting the 6 ym bending-
mode feature independently results in a much higher column
density. This discrepancy is greatest in W33 A but also present
to a lesser extent in several other sources (Keane et al. 2001c).
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TABLE 16
GCS 4 SpeEcTRAL FEATURES

A FWHM N NIN(H,0)
(um) (cm™1) T Species (10'7 cm—2) *100 Reference
3.0 335 0.16(0.01) H,0 3.0(0.3) 100 1
25 <0.05 e 1
80 0.15(0.01) 1
12.8 0.22(0.02)  CO, 0.7(0.2) 23.3(6.7) 2
700 [0.004] H,0 [3.0] [100]
28 <0.04 XCN <0.24 <8 3
7.64 CcO <0.9 <30 4
19.6 <0.02 OCS <0.02 <0.8 3
185 [0.013] H,0 3.0] [100]
60 0.08(0.02) C-C stretch ... . 1
88 <0.03 Organics/NH] . .. 1
19 <0.03 HCOOH <2 <67 3
10.4 <0.03 CH,4 <0.5 <17 1
68 <0.030 NH; <1.6 <53 5
. 197 2.8(0.3) Silicate . o 3
13.3% 240 [0.033] H,0 [3.0] [100]
1521 19 0.050.01)  CO, 0.7(0.2) 23.3(6.7) 2
(Polar) 0.5 16.7 2
(Nonpolar) <0.2 <6.7 2
174 i 113 0.42(0.1) Silicate 3

Note.—There are emission features at 4.05 um (Br o), 6.99 um (Ar 1, >Py,—>P32), 12.81 pum (Ne 1, 2Py ;,—2P52),
15.56 pum (Ne m, *P;—3P;), 18.72 pum (S m, 3P,—Py), 22.94 pm (Fe m, > D3—>Dy), 33.49 pum (S m, 3P, —3Py), 34.81 um

(Si m, 2P3;,—2Py)), and 36.03 um (Ne m, *Py—3Py).
# Calculated from 3 pm feature.

RereRENCES.—(1) Chiar et al. 2000; (2) Gerakines et al. 1999; (3) this work; (4) Chiar et al. 1998; (5) Gibb et al. 2001.

While it has been argued that the difference might be due to
scattering, the fact that the 13 pm libration mode is also
consistent with the fit at 3 and 4.5 pm and not consistent with
a column density more than 3 times greater argues against this
explanation, at least in W33 A and AFGL 7009S. This lends
support to the conclusion reached by Gibb & Whittet (2002)
that a substantial amount of the 6 um absorption can be at-
tributed to some component other than water in both W33 A
and AFGL 7009S.

The residual after subtracting the water component from the
6 um profile in W33 A and AFGL 7009S is well fitted by a
refractory organic residue. Examples of appropriate residues
include those synthesized by exposure of simple ices to UV
radiation (Greenberg et al. 1995) and organic material ex-
tracted from the Murchison meteorite. An organic refractory
component has been added to the ices for these sources in
Figure 1, to illustrate the improvement in fit. Additional weak
features remain at 5.8 and 6.2 pum, possibly caused by an ice
component with a C=0 stretch (such as HCOOH or H,CO)
and by PAH absorption, respectively. There is also evidence of
an organic refractory component in Mon R2 IRS 3 and NGC
7538 IRS 9 (Gibb & Whittet 2002). Other sources, such as
S140, W3 IRS 5, and Elias 29 do not require any organic
residue to account for the 6 um feature. Even those sources
that do not exhibit excess absorption at 6 pm, show evidence
for other minor constituents at 5.85 and 6.2 pm.

If organic refractory matter is responsible for excess ab-
sorption at 6 um, a correlation with the 4.62 um XCN feature
may be expected (§ 5.1.6). This is indeed the case, as shown in
Figure 2a. The correlation is dominated by two sources (W33 A
and AFGL 7009S) that have deep 4.62 um absorption and
relatively deep 6 um excesses. However, there are some
sources with no measurable 6 um excess that exhibit weak
XCN absorption, and conversely, so the correspondence is not

perfect. It may be that similar conditions are needed to syn-
thesize XCN and the carrier of the 6 um excess, but they are
not one and the same.

5.2.3. The 6.8 um Feature

Another persistent problem is the identification of the
6.8 pum feature. This feature has not been satisfactorily
explained by any available laboratory comparison spectrum. A
small percent of the area of the feature may be filled by
contributions from ices such as CH;0OH and CH;CHO, but
most of the feature cannot be explained by known ice con-
stituents. Identification is complicated by the fact that the peak
position and profile change from one source to another. Keane
et al. (2001c) interpreted the absorption to be due to the su-
perposition of two components, C1 and C2, with different
peak positions. Schutte & Khanna (2003) discuss NH as a
possible candidate. This molecule is easily produced in the
laboratory by processing of interstellar ice analogs and ex-
hibits an increase in peak position with increasing tempera-
ture. While their spectra were not perfect matches to the
interstellar bands, the similarity is certainly suggestive and
should be further investigated.

With the larger database of sources in this study, we in-
vestigated correlations of the 6.8 um feature with water (via
the 3 ym feature), the excess absorption at 6 um, and the 4.62 ym
XCN feature. Figure 2 shows the results of these correla-
tions. The pluses and diamonds indicate sources for which the
6.8 pm feature peaks at lower and higher wavelength, re-
spectively (C1 and C2 in Keane et al. 2001¢, or the low- and
high-temperature components of NH; of Schutte & Khanna
2003). The circles denote sources with weak and noisy 6.8 ym
features. The optical depths at 6.8 um were derived after
subtraction of the 6 pum water wing and CH3;0H when
appropriate.
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TABLE 17
GCS 31 SpeEcTRAL FEATURES

p FWHM N NIN(H,0)
(pem) (cm™h) T Species (10'7 cm~2) *100 Reference
335 0.23(0.02) H,O 4.7(0.4) 100 1
25 0.026(0.005) Aromatic HC ... 1
93 0.16(0.01) HAC 1
36 0.09 HAC ... ... 2
30 <0.03 CH;0H <1.3 <27 2
115.3 <0.01 CH;0H <23 <49 2
154 0.48(0.02) o, 1.1(0.1) 2342.1) 3
(Polar) 1.1 23.4 3
(Nonpolar) <0.1 <21 3
4 0.0420.015)  13CO, 0.021(0.004) 0.45(0.08) 4
700 [0.006] H,0 [4.7] [100] 2
28 <0.05 XCN <0.30 <6.3 2
7.64 <0.1 CO <0.9 <19 5
19.6 <0.04 0OCS <0.05 <1.0 2
185 [0.021] H,0 [4.7] [100] 2
34 0.10(0.02) C-C stretch .. 1
88 0.04(0.01) Organics/NH{ .. .. 1
16.8 <0.03 HCOOH <2.7 <57 1
19.8 HCOO~ <0.88 <19 1
17.8 <0.03 HCOO~ <0.33 <71 2
10.6 CH;HCO <22 <48 2
10.4 <0.02 CHy <0.3 <6.4 1
68 <0.034 NH; <1.8 <38 6
224 2.38 Silicate ... ... 7
240 [0.05] H,0 [4.7] [100] 2
211 1.32(0.04) Silicate ... .. 2

Note.—There are emission features at 6.986 um (Ar 1 2Py /,—2P35), 12.815 pum (Ne 11 2Py ;,—2P35), 18.718 pm (S m 2P,—3Py),

33.48 pum (S m 3P;—3Py), and 34.81 pm (Sin 2P3/272P1/2).
# Blended with HAC.
® Calculated from 3 pm feature.
¢ Gas phase CO.

RErFERENCES.—(1) Chiar et al. 2000; (2) this work; (3) Gerakines et al. 1999; (4) Boogert et al. 2000; (5) Chiar et al. 1998; (6) Gibb

et al. 2001; (7) Schutte et al. 1998.

Figure 2b shows the optical depth at 3 pm versus that of the
6.8 um feature. While both features increase in optical depth,
there is not a single line correlation. Rather, there is a group of
five objects (Mon R2 IRS 3, NGC 7538 IRS 1, Orion BN,
Orion IRc2, and Mon R2 IRS 2) that have much stronger
6.8 um features (by a factor of 2 or more) than other sources
of comparable water column density. For example, Mon
R2 IRS 3 and S140 have the same water column densities and
similar profiles, both exhibiting evidence of annealing of the
3 pum water band. Yet S140 has a 6.8 pm feature that is 2.6
times weaker than that of Mon R2 IRS 3. Both sources peak at
the same position, with similar profiles that indicate domi-
nance by the long-wavelength (or higher temperature in the
case of NHJ) component, so temperature alone cannot ap-
parently account for the abundance variation. While all five
sources that have the higher 6.8 pm absorption are high-mass
objects, the remaining sources are a mix of high-, low-, and
intermediate-mass objects. The correlation of optical depths is
also independent of the temperature of ice along the line of
sight as indicated by annealing of the 3 um H,O or 15.2 um
CO, features or peak position of the 6.8 pum feature and could
indicate, for example, different starting abundances of the
molecule(s) giving rise to the feature.

We also investigated the correlation of the 6.8 um feature
with that at 4.62 um (Fig. 2¢). OCN~ and NH; are both formed
under similar laboratory conditions. With the possible excep-
tion of Orion IRc2 (which has gas phase CO at 4.62 um

superposed on an underlying weak feature we attribute to
XCN), all the sources dominated by the long-wavelength
component (diamonds) are lacking XCN. If the XCN carrier is
OCN-, which is stable in a vacuum to more than 200 K
(Hudson, Moore, & Gerakines 2001), and if the long-wave-
length component is due to hot NH; (180-240 K), as sug-
gested by Schutte & Khanna (2003), then a weak XCN feature
for the sources represented by diamonds in Figure 2¢ may be
an indication of temperatures exceeding ~200 K in regions
where these ions are formed. The sources with the shorter
wavelength C1 component (fit by the cooler NH spectra)
generally exhibit increasing XCN with increasing optical depth
of the 6.8 um feature. Sources such as Mon R2 IRS 3 and NGC
7538 IRS 9 have very similar 6.8 um optical depths but peak at
different positions. NGC 7538 IRS 9 has a substantial XCN
feature, while the “warmer”” Mon R2 IRS 3 does not. Hence,
the 4.62 um feature is not inconsistent with the interpretation
of NH; as the principle carrier of the 6.8 pm feature.

One concern with this interpretation is that OCN™~ provides
an inadequate source for negative counterions to balance the
positively charged NH}, and no other negative ions have been
conclusively identified. Schutte & Khanna (2003) discuss how
these counterions were only apparent after sublimation of
water ice in their laboratory experiments. Nevertheless,
without firm upper limits or a conclusive detection of other
negatively charged ice species, this remains a concern for
identification of the 6.8 pm absorption. Another reason for
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TABLE 18
W33A SpPECTRAL FEATURES

A FWHM N N/N(H,0)
(um) (cm™1) T Species (1017 cm—2) *100 Reference
3.0 e 335 5.5(1.5) H,O 110(30) 100 1
347 i 80.7 0.290(0.040) HAC . ... 2
353 e 29 0.27(0.05) CH3OH(pure) 11.9(2.2) 10.8(2.0) 2
29 0.07(0.02) Polar 2.7(0.8) 2.5(0.7) 2
395 e 115.3 0.5 CH;0H 18.5 16.8 3
42T oo, 20 >5 Co, 14.5(1.3) 13.2(1.2) 4
(Polar) 12.3 11.2 4
(Nonpolar) 2.2 2.0 4
9.5 0.225(0.015) 13Co, 0.274(0.021) 0.249(0.019) 5
700 0.1(0.05) H,0 70(40) 64(36) 1
24.7 1.3 XCN 6.9 6.3 6,7
7.64 1.30(0.05) CO 8.9(0.5) 8.1(0.5) 8
0.68(0.05) (Polar) 6.6(0.5) 6.0(0.5) 8
0.79(0.05) (Nonpolar) 2.3(0.2) 2.1(0.2) 8
15 <0.02 13co <0.25 <0.23 9
23 0.14 OCs 0.2 0.2 10
21 0.14(0.07) H,CO 3.45(1.7) 3.1(1.6) 9
65 0.32(0.07) HCOOH 4.12(0.9) 3.7(0.8) 9
172 0.49(0.07) H,0 110 100 11
420 1.12(0.07) Organic residue ... 11
60 0.22(0.07) PAH? ? ? 11
79 1.07(0.07) Organics/NH .. . 11
19 0.10(0.02) HCOOH 7.8 7.1 12
HCONH, 6.3 5.7 12
T Al 15 0.10(0.03) HCOO~ 0.93 0.85 12
CH3;HCO 10.8 9.82 12
27.7 0.082(0.005) SO, 1.74(0.90) 1.58(0.82) 13
10.4 0.120(0.005) CHy 1.7(0.2) 1.5(0.2) 13
34 0.1 CH;0H 15 14 1
68 0.45(0.10) NH; 17(4) 15(4) 1
295 7.84(0.12) Silicate " .. 14
30 0.9(0.2) CH;0H 15(4) 14(4) 1
240 [1.2] H,0 [110] [100] 9
27.4 0.58(0.01) CO, 14.5(1.3) 13.2(1.2) 4
(Polar) 123 112 4
(Nonpolar) 2.2 2.0 4
18eeeeeeeeccerreesrn 200 1.20(0.02) Silicate 9

Note.—Emission features are present at 3.8195 ym (H 1 16-6), 3.9075 um (H 1 15-5), and 4.0523 ym (Bra).

# Calculated based on 3 pum feature.

REerereNcEs.—(1) Gibb et al. 2000; (2) Brooke et al. 1999; (3) Dartois et al. 1999; (4) Gerakines et al. 1999; (5) Boogert et al. 2000;
(6) Whittet et al. 2001; (7) Demyk et al. 1998; (8) Chiar et al. 1998; (9) this work; (10) Palumbo et al. 1997; (11) Gibb & Whittet 2002;
(12) Schutte et al. 1999; (13) Boogert et al. 1996; (14) Willner et al. 1982.

concern is the apparent lack of NH; in interstellar ices along
these lines of sight. NH; is needed in laboratory studies to
produce NH; and the work of Hudson et al. (2001) indicates
that OCN™ originates in a polar mantle from irradiation of an
NH; mixture. In most lines of sight, the NH3 abundance is
inferred to be less than 5%. Analysis of the 9 um region in
W33 A and NGC 7538 IRS 9 indicates abundances of
~10%—15%, in contradiction to the results of Taban et al.
(2003) for W33 A, who infer an upper limit of 5%. More work
must be done to answer this question of the nitrogen com-
ponent of interstellar ices. An alternative explanation is that
the 6.8 pum feature can be attributed to two independent car-
riers and that XCN is correlated with C1 but not with C2 of
the 6.8 pm feature. We are unable to distinguish between these
two interpretations at the current time.

If the 6 um excess is due at least in part to NH; as sug-
gested by Schutte & Khanna (2003) then it would correlate
with the 6.8 pm feature (see Fig. 2d). What is found is that for

sources with comparable contributions from both C1 and C2
as per Keane et al. (2001c) (denoted by plus signs in Fig. 2),
increasing optical depth at 6.8 um generally corresponds to an
increase in the 6 um excess. The sources lacking a 6 pym
excess are more problematic. It is unclear how two sources
with very similar 6.8 um profile shapes and optical depths,
such as W3 IRS 5 and Orion BN, can have more than a factor
of 4 difference in the 6 um excess if both features are due to
the same absorber. Perhaps some fraction of the excess at 6 ym
could be due to NHJ, the remainder being due to a different
species, such as an organic refractory component as suggested
by Gibb & Whittet (2002).

5.3. Overall Ice Composition

Previous studies (e.g., Gibb et al. 2000) have discussed an
evolutionary sequence for ice mantle compositions in varying
lines of sight. In general, increased processing leads to sub-
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TABLE 19

AFGL 7009S SpECTRAL FEATURES

A FWHM N NIN(H,0)
(cm™1) T Species (10'7 cm—2) *100 Reference
335 . H,0 o o
115.3 0.09 CH;0H 35.5 323 1
12.8 co,
7.2 13Co, 0.4 0.36 2
700 [0.15] H,0 [110] [100] 2
32 0.65 XCN 4.2 3.8 3,4
7.64 cO 18 16.4 2
273 0.0650.033)  OCS 0.11(0.06) 0.10(0.05) 5
47 0.56(0.06) H,CO 3.3(0.61) 3.0(0.56) 6
150 1.2(0.1) H,0 110 100 2
0.53(0.06) Organic residue 6
58 0.10(0.06) ? 6
85 0.93(0.06) Organics/NH; .. . 6
12.5 0.11(0.02) HCOOH 5.2(1.1) 47(1.0) 5
HCOO- 1.7(0.4) 1.5(0.4) 5
T 14.1 0.09(0.02) HCOO- 0.79(0.16) 0.72(0.15) 5
CH;HCO 9.0(1.8) 8.2(1.6) 5
10.4 ~0.3 CH,4 43 3.9 2
68 ~0.5(0.2) NH; ~19(8) 17.3(7.3) 7
308 4.0(0.3) Silicate o . 5
240 1.2 H,0 110 100 2
27.4 CO, 25 22.7 2
184 23(0.1) Silicate 5

& Saturated.

Rererences.—(1) Dartois et al. 1999; (2) d’Hendecourt et al. 1996; (3) Whittet et al. 2001; (4) Demyk et al. 1998; (5) this work;

(6) Gibb & Whittet 2002; (7) Gibb et al. 2001.

limation of more volatile species and production of more
complex species, such as XCN and CH;OH. This sequence is
for the most part supported by the current study with some
minor differences.

Table 27 gives a concise comparison of compositions in
varying lines of sight, according to the gross properties of the
environment (mass of YSOs and evidence of strong or weak
processing). Typically, cool quiescent regions that have not
undergone significant processing of the icy mantle material

start with a polar (H,O, CO,, NH;? bearing) mantle coated by
a CO rich apolar mantle. Only upper limits for CH;0H, XCN,
and NHj3 have been determined in these regions using ISO
data. Low-mass star formation regions show a similar com-
position to the quiescent dark molecular cloud medium, in-
dicating that little processing has occurred along much of the
line of sight. CO, and CO are found primarily in the polar and
apolar mantles, respectively, in both environments, and this
trend has been consistently observed in several lines of sight.

TABLE 20

R CrA IRS 2 SpecTrRAL FEATURES

2 FWHM N NIN(H,0)
(ecm™1) T Species (107 cm~2) *100 Reference
335 1.14(0.07) H,0 238 100 1
77 0.041(0.011) HAC e . 2
30 <0.19 CH;0H <8 <35 1
115.3 <0.044 CH;0H <10.4 <46 1
14 [3.1] o, [8.3] [36] 1
7 0.13(0.02) 130, 0.117(0.009) 0.513(0.04) 3
700 [0.031] H,0 [22.8] [100]
28 <0.015 XCN <0.084 <0.37 4
322 4() co 123) 53(13) 5
0.01(0.01) (Polar) 0.6(0.7) 2.6(3.1) 5
4(1) (Nonpolar) 11(3) 48(13) 5
49T, 23 <0.22 0oCS <0.32 <1.4 1
15200 18.8 0.44(0.03) Co, 8.3(1.2) 36(5) 1
(Polar) 54 24 1
(Apolar) 32 14 1
# Saturated.

® Calculated based on 3 pm feature.
Rererences.—(1) This work; (2) Brooke et al. 1999; (3) Boogert et al. 2000; (4) Whittet et al. 2001; (5) Chiar et al. 1998.



TABLE 21

RCrA IRS 1 (HH 100 IR) SpEcTRAL FEATURES

i FWHM N NIN(H,0)
(pem) (cm™1) T Species (10'7 cm—2) *100 Reference
335 1.44(0.06) H,0 24(1) 100 1
57 0.032(0.010) C-H stretch 2
103 0.041(0.005)  HAC . . 2
30 <0.09 CH;0H <3.8 <15 3
12.8 ~23 CO, ~7.2 ~30 3,4
10 <0.14 3o, <0.25 <0.95 3
700 [0.032] H,0 [24] [100] 3
29 <0.05 XCN <0.30 <1.2 5
3.67 1.55(0.05) co 6.5(0.6) 27(2.5) 6
0.21(0.05) (Polar) 2.5(0.6) 10.4(2.5) 6
1.40(0.05) (Nonpolar) 41(02) 17.1(0.8) 6
25 0.066(0.038)  OCS 0.10(0.06) 0.42(0.25) 3
185 [0.089] H,0 [24] [100] 3
65 0.1(0.06) Organic residue 3
88 0.08(0.04) Organics/NH . e 3
8.4 0.05(0.02) CH, 0.6(0.2) 2.6(1.0) 3
64 <0.06 NH; <3 <13 1
192 0.61(0.05) Silicate . . 3
240 [0.21] H,0 [25.9] [100] 3
24 0.40(0.02) co, 7.2(0.6) 303) 3
175 0.20(0.04) Silicate 3

& Saturated.

® Calculated based on 3 pm feature.
Rererences.—(1) Whittet et al. 1996; (2) Brooke et al. 1999; (3) this work; (4) Nummelin et al. 2001; (5) Whittet et al. 2001;

(6) Chiar et al. 1998.

TABLE 22

AFGL 2591 SpecTRAL FEATURES

A FWHM N NIN(H,0)

(um) (cm™h) T Species (10'7 ¢cm=2) *100 Reference
3.0 407 0.74(0,02) H,0 12(0.3) 100 1
325 e, 56 0.026 PAH 2
3464.......cuee. 111.3 0.045(0.005) HAC 3

PAH? ... . 2
354, 30 0.0390.007)  CH;OH 1.7(0.3) 14(2) 4
395 1153 <0.008 CH;0H <1.8 <14.8 4
42T oo 24.0 0.55(0.01) o, 1.6(0.2) 13.3(1.7) 4
438 e 7 0.034(0.005) 130, 0.026(0.003) 0.22(0.03) 6
45 700 [0.016] H,0 [12] [100]
29 XCN
7.64 . CcO . ...
91.. 23 0.024 OCS 0.02 0.17 7
6.02% oo 185 [0.041] H,0 [12] [100]
6.85 i 88 ~0.04 Organics/NH e o 4
7243 e 16.8 <0.03 HCOOH <2.1 <17 4
19.8 <0.03 CH;HCO <0.79 <6.6 4
TAL4 e 17.8 <0.01 HCOO~ <0.11 <0.93 4
10.6 <0.01 CH;HCO <0.75 <6.2 4
10.4 <0.02 CHy4 <0.33 <2.7 4
68 <0.0051 NH; <0.27 <23 8
259 2.25 Silicate ... 4
240 [0.11] H,0 [12] [100]
25.1 0.073(0.005)  CO, 1.6(0.2) 13.3(1.7) 5
(Polar) 1.2 10 5
(Nonpolar) 0.4 33 5
I8 e 245 0.86 Silicate 4

Note.—There are gas phase absorption lines throughout the 5—-8 pm region.

@ Calculated from 3 pm feature.
® Gas phase CO.

REerERENCES.—(1) Gibb et al. 2001; (2) Bregman & Temi 2001; (3) Brooke et al. 1999; (4) this work; (5) Gerakines et al. 1999;
(6) Boogert et al. 2000; (7) Palumbo et al. 1997; (8) Gibb et al. 2000.
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TABLE 23
CygNus OB2 12 SpECTRAL FEATURES

A FWHM N
(um) (em™1) T Species (1017 cm=2) Reference

<0.02 H,0 <0.40 1

80.7 0.040.01)  HAC . 2

<0.02 CO, <0.05 2

24.7 <0.015 XCN <0.084 3

60 0.06(0.04) ? 2

79 <0.034 Organics/NH e 4

320 0.54(0.06) Silicate 15 2

20 <0.0067 HMT <0.27 1

RerereNces.—(1) Bowey et al. 1998; (2) Whittet et al. 1997; (3) Whittet et al. 2001; (4) this work.

However, a recent study by Pontoppidan et al. (2003) has
reported large (~15%) abundances of CH;OH in several low-
mass YSOs, possibly indicating that the conditions required
for production of CH30H are not limited to high-mass YSOs.

Conditions in intermediate-mass star formation regions
(i.e., AFGL 989 and R CrA IRS 1) seem to give rise to the
production of large amounts of CO, relative to other regions,
close to 30% as compared to the ~17% found in most other
lines of sight (Gerakines et al. 1999; Nummelin et al. 2001).
The reasons for this are unknown. The profiles are consistent
with significant contributions from both polar and apolar
components. CO is primarily in the polar component in some

sources, though others seem to have retained a significant
apolar contribution, perhaps reflecting differences in temper-
ature and hence evaporative loss of the apolar mantle. Modest
amounts of CH;0H may be expected to form in these regions,
though the /SO data result in abundances consistent with those
found for low-mass YSOs. Further study of such intermediate-
mass regions is of great interest.

High-mass star formation regions can be divided into two
distinct groups: those that show significant processing of the ice
mantles and those that do not. Both groups have CO, abun-
dances consistent with those found for low-mass and quiescent
regions and are typically dominated by a polar component,

TABLE 24

S140 IRS 1 SpecTrRAL FEATURES

2 FWHM N N/N(H,0)
(cm™1h T Species (10'7 cm~2) *100 Reference
335 1.12(0.02) H,0 19(0.3) 100 1
74 0.036(0.007) C-H stretch . 2
68 0.050 PAH 9.4 3
89 0.048(0.01) HAC . e 3,4
30 <0.03 CH;0H <1.5 <7.7 4
115.3 <0.01 CH;0H <2.5 <133 4
23.9 1.25(0.04) Co, 42(0.1) 2 5
5 0.050(0.005) 13C0, 0.038(0.003) 0.16(0.02) 6
700 [0.026] H,0 [19] [100]
28 ~0.024 XCN ~0.14 ~0.75 4
7.64 <0.1 CcO e e 7
23 <0.02 OCS <0.05 <0.3 4
157 0.084(0.01) H,0 192) 100(11) 8
124 0.02(0.01) Organic residue 8
76 0.087(0.01) Organics/NH; ... . 8
16.8 <0.010 HCOOH <0.69 <3.6 4
19.8 CH;HCO <0.26 <l.4 4
17.8 <0.005 HCOO~ <0.056 <0.29 4
10.6 CH;HCO <0.38 <2.0 4
10 0.012(0.003) CH, 0.17(0.04) 0.92(0.2) 4
68 <0.013 NH; <0.68 <3.6 1
266 1.51(0.02) Silicate . ... 4
240 [0.23] H,0 [19] [100]
16.3 0.24(0.02) CO, 4.2(0.1) 22 5
(Polar) 2.1 11 5
(Nonpolar) 2.1 11 5
| 173 0.40(0.03) Silicate 4

# Calculated from 3 pm feature.
° Gas phase CO.

Rererences.—(1) Gibb et al. 2001; (2) Brooke et al. 1999; (3) Bregman & Temi 2001; (4) this work; (5) Gerakines et al. 1999; (6) Boogert
et al. 2000; (7) Tielens et al. 1991; (8) Gibb & Whittet 2002.
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TABLE 25

NGC 7538 IRS 1 SpecTrAL FEATURES

69

A FWHM N N/N(H,0)
(m) (em™1) T Species (10'7 cm=2) *100 Reference
3.0 335 1.27 H,O 22 100 1
74 0.078(0.013) C-H stretch 2
49 .. PAH emission 3
16.6 e HAC emission 3
80 —0.046 HAC . . 3
30 <0.02 CH;0H <l <4 3
395 s 115.3 <0.01 CH;0H <23 <10 3
16.4 2.03(0.11) CO, 5.1(0.2) 23(0.9) 4
7.2 0.09 13Co, 0.11 0.5 3
4.5% s 700 [0.03] H,O [22] 100 3
29 <0.02 XCN <0.1 <0.5 3
7.64 0.26 CcO 1.8 8.2 3
0.07 (Polar) 0.99 4.5 3
0.15 (Nonpolar) 0.86 3.9 3
491 23 <0.01? OCS <0.01? <0.05 3
6.02% ..o 185 [0.08] H,O0 [22] [100] 3
6.0, ~0.18 Organic residue? . 3
. PAH emission
105 0.27(0.01) Organics e . 3
T273 e 254 0.046(0.007) HCOOH 4.8(0.7) 22(3) 3
HCOO~ 1.6(0.2) 7.3(1) 3
TAl4 e 17.8 0.034(0.006) HCOO~ 0.38(0.07) 1.7(0.3) 3
10.6 CH;HCO 2.6(0.5) 12(2) 3
7676 10.4 0.022(0.007) CH4??? 0.33(0.1) 1.5(.5) 3
68 <0.071 NH; <3.7 <17 1
9.7 i 307 1.98(0.06) Silicate . . 3
13.3% e 240 [0.30] H,O [22] 100 3
1520 e 243 0.21(0.01) CO, 5.1(0.2) 23(0.9) 4
(Polar) 4.5 20 4
(Nonpolar) 0.6 2.7 4
18 230 0.62(0.02) Silicate 3

Norte.—There are emission features at 2.626 pum (Br/3), 2.757 pm (Pfn), 2.872 pm (P£(), 3.037 um (Pfe), 3.296 um (P£5), 3.741 pm
(P£y), 4.052 pum (Bra), 4.653 pm (PB), 6.981 pm (Ar u 2Py ,—2P5), 7.458 um (Pfer), 8.989 pm (Ar w 3P1—3P,), 12.808 um
(Ne 2Py ,—2P55), 18.710 pim (H 122-12, S m 3P,—3P?), 33.474 pum (Si m *P1—>Py?), and 34.805 pum (Si n 2P3,—2Py 7).

4 Calculated from the 3 um feature.

RErereENcES.—(1) Gibb et al. 2001; (2) Brooke et al. 1999; (3) this work; (4) Gerakines et al. 1999.

though a significant apolar component is suggested by the
profiles of many of these objects. CO in these regions is pri-
marily in the gas phase, though many sources have retained a
significant CO mantle with both polar and apolar components,
probably originating in the cool envelope surrounding the YSO.
The weakly processed objects are similar to lower mass YSOs
in their NH3 and CH5OH abundances, though processing has
given rise to detectable 4.62 ym XCN features in several of
these objects. Intensive processing, as for the regions W33 A,
AFGL 70098, and NGC 7538 IRS 9, leads to large abundances
of CH30H (~15% or more) and the formation of significant
(2%—6%) abundances of XCN. Large abundances of NHj
(~15%) may also be present along these lines of sight.

5.3.1. Carbon and Nitrogen Ice Component

In general, the principle carbon-bearing species in the
polar mantle in all lines of sight is CO, with the possible
exceptions of those sources (W33 A and AFGL 7009S) with
high methanol abundances. The total contribution of polar
CO and CO, is typically 10%-30% that of the dominant
component, water, though for the high CO,, intermediate-
mass YSOs (such as R CrA IRS 1) the percentage can be as
high as 40%. For most sources in this study, these are the

only carbon-bearing species for which firm abundances are
known. Other carbon-bearing ices (CH;0H, HCOOH, CH,,
and H,CO) may contribute no more than ~10% in most
lines of sight. The exceptions to this are the strongly processed
massive YSOs for which CH;0H+CH4+HCOOH+H,CO
may contribute up to an additional 20%, bringing the total
contribution of carbon-bearing ices in the polar mantle to
nearly half that of water. The apolar mantle varies strongly,
depending critically on the temperature profile through the
line of sight.

Nitrogen, on the other hand, is apparently far less abundant
on the grain surface. In most lines of sight, the total possible
contribution from ammonia and XCN is less than 10% and
frequently less than 5%. The only exceptions to this are the
strongly processed massive YSOs for which NH3;+XCN could
contribute as much as 15%-20% relative to water. Presum-
ably, most of the nitrogen in the ices is in the form of Ny,
which lacks infrared signatures.

5.3.2. Implications for Grain Surface Chemistry

Keane (2002) investigated grain surface chemistry in inter-
stellar clouds. In particular, it was determined from five high-
mass YSOs that the high abundance of solid H,O and the
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TABLE 26

NGC 7538 IRS 9 SpecTRAL FEATURES

J FWHM N NIN(H,0)
(um) (cm™1) T Species (10'7 cm=2) *100 Reference
3.0 439 3.1(0.25) H,0 70(6) 100 1,2
98.8 0.130(0.017) HAC . A 3
29 0.07(0.01) CH,OH 3.0(0.4) 43(0.6) 3
1153 <0.012 CH;0H <29 <4.2 1
20 >5 o, 16.3(1.8) 23.3(2.6) 4
10.4 0.15(0.01) 13CO, 0.203(0.012) 0.290(0.017) 5
700 [0.094] H,0 [70] [100] 1
20 0.21 XCN 1.2 1.7 6,7
475 2.6(0.2) co 12(1) 17(1) 8
0.2(0.1) (Polar) 1.4(0.8) 2.0(1.1) 8
2.50.2) (Nonpolar) 11(1) 16(1) 8
17.6 0.05(0.01) 0cs 0.055(0.044) 0.079(0.063) 1
30 0.06(0.02) H,CO 1.5(0.5) 22(0.7) 9
65 0.05(0.02) HCOOH 0.69(0.28) 0.98(0.40) 9
158 0.31(0.02) H,0 70(4.5) 100(6.4) 9
0.18(0.02) Organic residue . .. 9
83 0.34(0.02) Organics/NH} .. ... 9
16.8 <0.016 HCOOH <1.1 <1.6 1
19.8 CH;HCO <0.42 <0.60 1
TAL4.e 17.8 <0.016 HCOO~ <0.18 <0.26 1
10.6 CH;HCO <1.2 <1.7 1
758 27.7 <0.06 SO, <0.55 <0.79 10
10.7 0.092(0.005)  CH, 1.05(0.03) 1.5(0.04) 11
34 [0.011] CH,OH [~3.0] [~43] 1
68 0.20(0.04) NH, 10.5(1.9) 15(2.7) 12
242 2.23 Silicate e . 1
30 [0.18] CH;OH [3.0] [4.3] 1
240 [0.63] H,0 [70] [100] 1
211 0.766(0.005)  CO, 16.3(1.8) 23.3(2.6) 4
(Polar) 10.8 15.4 4
(Nonpolar) 55 7.9 4
) £ S 217 0.56 Silicate 1

% Water values calculated from 3 pm feature and CH;OH values from the 3.54 um feature.

REerereNcEs.—(1) This work; (2) Allamandola et al. 1992; (3) Brooke et al. 1999; (4) Gerakines et al. 1999; (5) Boogert et al. 2000;
(6) Whittet et al. 2001; (7) Demyk et al. 1998; (8) Chiar et al. 1998; (9) Gibb & Whittet 2002; (10) Boogert et al. 1997; (11) Boogert

et al. 1996; (12) Gibb et al. 2001.

CO,:CO and CH30H:CO ratios imply that both oxygenation
and hydrogenation reactions are important for determining ice
mantle compositions. Our results are consistent with this in-
terpretation. The CO,:CO ratio is found to range from about 1-4
in all our sources, including quiescent and low/intermediate-
mass regions. CH;OH:CO is found to range from 0.11 or less
to ~1. When compared with the model of Keane (2002)
we deduce that the observed ice mantle composition in a wide
range of physical environments requires a high O, abun-
dance, a conclusion reached by Keane (2002) for high-mass
YSOs alone.

6. CONCLUSION

Our understanding of interstellar ices has clearly come a
long way since the launch of the pivotal Infrared Space
Observatory. While H,0, CO, CO,, CH;30H, and CH4 seem to
be well characterized in many lines of sight, there are still
many mysteries regarding the nitrogen component of the grain
mantle. Such features as the 4.62 ym XCN and 6.8 um
organic/NH are thought to originate primarily via processing
of NHj-bearing ices, yet there is much controversy and
contradiction in the literature concerning the abundance of
ammonia in ices. The water-ice features at 3 and 6 um contain

structure and/or blended features that are still not fully un-
derstood. Clearly, much more work needs to be done to
characterize ice composition in a variety of lines of sight, from
the diffuse ISM to quiescent clouds and through the range of
star formation environments. While many advances are being
accomplished with the use of ground-based instrumentation
(i.e., Dartois et al. 2002; Boogert et al. 2002; Taban et al.
2003; Pontoppidan et al. 2003), another space-based mission
with high resolving power (>2000) and greater sensitivity to
improve studies of low-mass and quiescent environments is
needed to fully understand the volatile component of the
interstellar medium.

E. L. G. and D. C. B. W. gratefully acknowledge financial
support from NASA under grants NAG5-7598 and NAGS-
9148. E. L. G. also gratefully acknowledges support from
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Associateship. The data presented were analyzed with the
support of the Dutch ISO Data Analysis Centre (DIDAC) at
the Space Research Organization Netherlands (SRON) in
Groningen, the Netherlands.



TABLE 27
Ice ComposITION AS A FUNCTION OF ENVIRONMENT

Source Type H,O CO, CO NH; CH;0H XCN 6.0 um Excess Sources

Quiescent environment ......................... 100 ~25 ~25 <10 <3 <1.5 Elias 16

Low-mass YSO....cccocevevenieirieieenne. 100 ~20 ~5 <5 <5 <0.2 Intermediate Elias 29

Intermediate-mass YSO..........cccveneene. 100 ~30-35 18-50 <5 <5 ~0.3 Intermediate AFGL 989, R CrA IRS 1, R CrA IRS 2

High-mass YSO, weak processing....... 100 ~7-22 ~3-8 <5 <5-10 0.3-2 Weak to strong W3 IRS 5, AFGL 490, Orion BN, Orion IrC2,
Mon R2 IRS 2, Mon R2 IRS 3, AFGL 2136,
AFGL 2591, S140, NGC 7538 IRS 1,
NGC 7538 IRS 9

High-mass YSO, strong processing ..... 100 ~13-23 8-17 ~15 ~15-30 2-6 Strong W33A, AFGL 70098
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Fic. 2.—Correlation plots showing the peak optical depths of (a) the excess absorption at 6.0 um vs. XCN, (b) the 3.0 um H,O feature vs. the 6.8 um feature,
(c) the 6.8 pm feature vs. XCN, and (d) the 6.8 pm feature vs. the excess at 6.0 um. The excess at 6.0 m was determined by subtracting the water contribution as
determined from the 3.0 um feature. The 6.8 um optical depth was determined after subtraction of known contributions due to H,O and CH3OH. The diamonds are
sources for which the 6.8 m feature peaks at higher wavelength, while the plus signs represent sources with substantial contributions from both components in Keane
et al. (2001c). The circles are sources for which the 6.8 um feature is weak and noisy.
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