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therein). Until this time the early ideas about “dirty ice” werdeen gained through careful studies of the resolved CO ice
mostly supported by observations of th@8um water band band structure and its relation to gas phase CO (Boogert et al.
and the extended red wing of this band, which was sugges@@D2b), using the higher sensitivity to probe new environments
to be due to NHSH,O complexes and CHDH (e.g. Gillett (Thi et al. 2002) and using th€CO band to constrain both
& Forrest 1973; Willner et al. 1982). The presence of botbomposition and grain shape corrections (Boogert et al. 2002a).
solid CO and XCN towards massive young stars was con- Here we present medium resolutioR € 5000510 000,
rmed by Lacy et al. (1984). The identi cation and subse- ~ = 0.450.2 cm™t) M-band spectra of 39 low mass young
quent study of the ices in general, and of the CO stretchisgellar objects obtained with the Infrared Spectrometer And
mode at 467 pm in particular, was aided by laboratory specArray Camera (ISAAC) mounted on the Very Large Telescope
troscopy of ices intended to simulate interstellar ices, such @&.T) ANTU telescope of the European Southern Observatory
those presented in e.g. Hagen et al. (1979); Sandford et @alCerro Paranal. These spectra have allowed us to obtain mean-
(1988); Schmitt et al. (1989) and more recently by Ehrenfreurigful statistics on the general shape of the CO ice pro le for
etal. (1997); Elsila etal. (1997) and Baratta & Palumbo (1998he rst time. In this work, we show that statistically there is
The typical spectral resolution of these studies was enormous advantage in using a large sample of fully resolved
100052000 (10S2.0 cm®t). However, at this resolving power spectra from a well-de ned set of young stellar objects. By us-
the2CO stretching mode as well as thO stretching mode ing the highest possible spectral resolution, we are able to cast
at 2092 cmi! are in general not fully resolved. This problemrmew light on the underlying ice structure from a detailed anal-
has caused diculties when interpreting both interstellar andssis of the CO stretching vibration pro le. THeband spectra
laboratory spectra. and the analysis of the gas phase CO lines seen iMthand

The laboratory studies have shown that some band pro lespectra will be presented in later articles.
and in particular that of the CO stretching vibration mode, are This article is organised as follows. In Sect. 2 the sample
sensitive to the presence of secondary species in the ice as webources is described including the adopted selection crite-
as to thermal and energetic processing of the ices, and attemji#sobservational procedures and main features in the spectra.
have been made to quantify some of theseas. For instance, Section 3 presents a phenomenological decomposition of the
the 467 um CO stretching vibration pro le has been used irCO ice band and the observational results of the decomposi-
attempts to constrain the concentration of species like,CQions are then discussed. A simple physical model is described
02, N7 and the degree to which the CO is mixed with the wan Sect. 4, which can partly explain the success of the phe-
ter component (Tielens et al. 1991; Chiar et al. 1994, 199%0omenological decomposition. The results from the observa-
1998). This information is otherwise hard or impossible to exions and the modeling are discussed in Sect. 5 and the astro-
tract from observations (Vandenbussche et al. 1999). It has afsiysical implications are outlined. Finally, Sect. 6 presents the
been suggested that the CO pro le may be used as an indicatonclusions and suggests further observations and laboratory
of the degree to which the ice has been thermally processeexjperiments which can be used to test the results presented in
di erentcomponents of the pro le correspondto CO ices in efthis work. Appendix A reviews the simplest mechanisms gov-
vironments of di erent volatility. For instance, pure CO may beerning solid state line shapes and Appendix B gives comments
expected to desorb at lower temperatures than CO mixed with individual sources in the sample.
water (Sandford & Allamandola 1988; Collings et al. 2003).
The laboratory simulations have been used for comparisons
with a large number of spectra from both high and low mags The sample
young stars and quiescent cloud lines of sight probed towar
background late-type giant stars, to constrain the ice mant
composition for a wide range of dérent cloud conditions. The primary objective was to perform a broad survey of the
Often these studies employ the full range of available labdominantice components on grains surrounding low-mass em-
ratory spectra in order to nd the best- tting combination ofbedded objects in the neare® (< 500 pc) star forming
ice mixtures to each source (Tielens et al. 1991; Kerr et alouds in the southern sky. Emphasis was put on obtaining good
1993; Chiar et al. 1994, 1995, 1998; Teixeira et al. 1998). Th&N ratios at the highest possible spectral resolution in order
approach is known to ser from serious degeneracies and i$0 study not just the main $© and CO features but also the
further complicated by the fact that pro les from ice mixturedainter ice species, probe sub-structure in the ice features, and
with a high concentration of CO are signi cantly acted by obtain a census of gas-phase ro-vibrational emission and ab-
the shape of the grains (Tielens et al. 1991). Consequently, 8@ption towards low mass young stars. The observed sample
detailed environment of solid CO in interstellar grain mantlesas primarily extracted from the list of sources to be observed
and its role in the solid state chemistry is not strongly comwvith the Space Infrared Telescope Facility (SIRTF) as part of
strained by observations. Clearly, a large, consistent sampletivdé Legacy projecFrom Molecular Cores to PlanetéEvans
lines of sight is necessary to obtain further information on tH2003), but was supplemented with additional sources. The ma-
“typical” structure of ices in space. jority of sources have luminosities bf,q; < 10L , with only a

Recent results from medium to high resolutioR (= few brighter sources being included for comparison. Embedded
5000525 000) spectrometers mounted on 8 m class telescomesirces are selected from their published Lada classes if no
are beginning to cast new light on th83pm region of proto- other information is available indicating youth. The sample in-
stellar and interstellar spectra. In particular, new insights hagkides class | sources as well as at spectrum sources de ned

g'l. Source selection
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by having a vanishing spectral index between 2.5 angirh5 expected to appear, namely arouni2$4.55 um and around
(Bontemps et al. 2001). In addition, the background star CK27654.80 um. In every case care was taken not to include gas
in Serpens was observed to probe the quiescent cloud matepalase lines and regions ected by strong telluric residual in

A number of the sources have publishedband spectra, the t.In cases of doubt the twas compared to the continuum
albeit at lower spectral resolution, coverage arfd tio and in the 40S4.2 um region and adjusted accordingly. However,
were re-observed in order to get a consistent sample. The iermally theL-band spectra were not used for the continuum
of observed sources and relevant observational parameterd.igdue to uncertainties in the relative ux calibrations between
given in Table 1. the two spectra.

2.2. Observations and data reduction 2.3. Features in the M band spectra

The ISAAC spectrometer is equipped with a 1084 The most prominent features in th&85.0 um region of low
1024 Aladdin array, which is sensitive in theéS83 um re- mass young stellar objects are the absorptions from the stretch-
gion. The pixel scale is .048 pixel* when using the ing mode of solid CO around.@7 pm and the multitude of
spectroscopic objective. The telescope was operated liges from the ro-vibrational fundamental band of gas-phase
ing a standard chop-nod scheme with typical chop-throf€O extending across the entiM-band. In addition, the re-
of 10520 . Both L and M-band spectra of each source wergion covers the CN stretching band aroun@il4um as well
obtained. The medium resolution grating was used for ti&s the bright Pf hydrogen recombination line at&6 pum
4.5354.90 um region, resulting in resolving powers ¢f = and the S(9) line from molecular hydrogen a687 um. The
5000510 000 (0450.2 cmSY). Here a single setting cover-VLT spectra in general show the presence of all these features,
ing 453 to 477 um was always observed and a second sedthough the shape and strength of each feature varies greatly
ting extending to 8554.90 um was obtained if necessary, e.gfrom source to source. For example, the ro-vibrational lines
because of the presence of strong gas phase lines in the @O are seen as both broad and narrow absorption lines and
setting. Often, it was possible to place a secondary sourced®broad and narrow emission lines. The broad absorption lines
the slit by rotating the camera. In this way spectra of both corafe often asymmetric indicating the presence of out ows and
ponents of all binaries with separations of more than were infall. The broad emission lines show a higher degree of sym-
obtained. metry and are clearly caused by hot gas as indicated by the
The data were reduced using our own IDL routines. THy€sence of CO molecules excited to the second and even third

individual frames were corrected for the non-linearity of thdibrational levels. One source showing narrow emission lines
Aladdin detector, distortion corrected using a startrace mfsg 301RS 1)is treated in detail in Pontoppidan et al. (2002).
and bad pixels and cosmic ray hits were removed before ¢d! the gas-phase CO lines will be analysed in a later paper
adding. Both positive and negative spectral traces were dontoppidan et al., in prep). At a resolving power/of = =
tracted and added before division by the standard star spectrdfi000 (30 km 8" = 0.2 c) all solid state features are com-
An optimal small shift and exponential airmass correction b@!€tely resolved, including the central parts of the main CO fea-
tween the source and the standard were applied by requirfte and the very narroW'CO feature. This is generally not the
that the pixel-to-pixel noise on the continuum of the nal speccase for previously obtained astronomical and laboratory spec-
trum is minimized. Before an exponential airmass correctidf@ at resolutions of = 100052000 (152 cm®?).
is applied, the detector and lIter response curve has to be re- The individual M-band spectra with detected CO ice
moved in order to obtain a spectrum of the true atmospheric ei¥e¢ shown in Figs. 1-7 on an optical depth scale. IRS 46,
sorption. The combined Iter and detector response curve w#8S 54, LLN 39 and LLN 47 have no or only marginally
obtained by tting an envelope to both the standard star spegetected CO ice bands and are not shown. The spectrum
trum and a spectrum of the approximate atmospheric transn$-GSS 30 IRS 1 is presented in Pontoppidan et al. (2002) and
sion and taking the ratio of the two envelopes. shows the presence of a very shallow CO ice band. The spec-
The spectrawere ux calibrated relative to the standard afgm of CRBR 2422.8-3423 is shown in Thi et al. (2002) and
wavelength calibrated relative to telluric absorption lines in tH@€ spectrum of LLN 1% IRAS 08448-4343 is shown in Thi
standard star spectrum. The uncertainty in the ux calibratidi#002)-
is estimated to be better than 30% for most sources and the
wavelength calibration is accurate t& km s>L. The high ac- 2 4. New detection of solid 2 CO
curacy in wavelength calibration is due to the large number of
well-de ned and separated telluric lines present in a mediurhe 2092 criit band of solid3CO has been detected in one
resolutionM-band spectrum. For some of the weaker sourcesgurce in the sample, namely IRS 51 in th®phiuchi cloud.
the wavelength calibration becomes considerably more inaghe source is a transitional Class I-Il object and shows a very
curate because of diculties in determining the small shift al-deep ( 5) 2CO ice band. Thé3CO band has an optical
ways present between the standard star spectrum and the Sogegsh of 0.12 and a width of2 cmS?. The detection is analysed
spectrum. in Sect. 4.4. This is only the secoréCO feature reported in
Finally, optical depth spectra were derived by tting athe literature after NGC 7538 IRS 9 (Boogert et al. 2002a) and
blackbody continuum to the regions where no features attee rsttowards a low mass source.
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3. Analytical bts surrounding HO, CH;OH and NH; molecules. Therefore,
) in the astronomically relevant case, the presence of hydro-
3.1. A phenomenological approach genated species is what physically distinguishes the red com-

. . . onent from the other two components and not their polarity.
One approach to the analysis of interstellar ice bands, espe-. L :

. . . L —Incidentally, the presence of hydrogen bindings in the red com-
cially in the case of the CO stretching vibration, is via a mix- ; o

. ponent also determines a number of known characteristics such
and-match scheme, whereby laboratory spectra oéritig " y L
. ", . . as lower volatility, ability to trap CO molecules in micropores

chemical composition, relative concentrations, temperature and e ) .

. . etc. Henceforth in this article we will refer to the two compo-
degree of processing are compared to astronomical Spec”%e%ts as hydrogen-bonding and van der Waals-bonding compo
nd the best ts (e.g. Chiar et al. 1994, 1995, 1998; Teixeira yarog 9 . nding comp

. ) . nents, which more accurately describes the chemical and phys-
et al. 1998). While the presence of solid CO can be unambigu- . .
) : . . cal structures in the ice mantles.
ously identi ed using the laboratory data, the mix-and-matc i ) i
approach is seriously @cted by the degeneracy introduced by A Simple way of treating dierent components of the
the dependency of the CO vibration pro le on many experiCo ice band is t_o_ postulate t_hat _the entire band is fundam_en-
mental parameters. In Sect. 5.3 we will return to this point arf@!ly @ superposition of contributions from CO stretching vi-

discuss the best strategies for comparing laboratory data to fi@tions where the CO is situated on or in a discrete number of
terstellar spectra. environments. The term environment is de ned in the broadest

nse and refers to an average con guration of nearest molec-

match CO ice bands in space with a database of interstellar lljcgrn?ﬁfh::;;%f t?]é:gb?nc:jlgiléleeg?:)?hge':/:n;é?éggs \?vz\llllg)sn;he
simulations, a more phenomenological approach is attempmr? P P

here. Results from laboratory work can then be applied Su%_ucture of the ice, such as phase, density, porosity etc. Each

sequently to explain the general trends identi ed using a phgpvwonment should give rise to a certain spectral line with a

nomenological method of analysis. Similar approaches to tﬁgnter frequency and a width determined by the average inter-

analysis of ice bands were used by Keane et al. (2001) for téggi?egeéggﬁgs?or?gnrgqllji%u;ztﬁ)nndilsts R/Z?]r?r?tsne%?h: c;lljc:i' A
6.85 um band, Boogert et al. (2002a) for the CO band and Thi J 9 ) g

(2002) for the 208 um water band, although for smaller Sam_\/\I/ith implications for the interpretation of the spectra presented
ples or for individual sources. in this paper.

The motivation is to drastically reduce the number of free
model parameters and at the same time break the degene®& The analytical model
by requiring the ice pro les of the entire sample to be de- )
scribed by a single model. The literature suggests that 3 distifé test the simple postulate on the large sample of YSO's ob-
components are fundamental to the CO stretching vibrati§&rved here, every CO ice band is assumed to be decomposec
prole. It is well known that the CO band can be decominto the three components mentioned in the literature. Since
posed into a narrow component centered around 2148 cnihe presence of discrete components suggests that only a small
and a broader red-shifted component situated somewherelinber of environments are fundamental to ice on interstellar
the region 21382138 cn! (Tielens et al. 1991). Furthermore grains, itis also required thaich of the three components has
Boogert et al. (2002b) detected the presence of a third narr@ugonstant central position and width such that only the rela-
blue component at 2143 cthin the spectrum of the low masstive intensities are allowed to vary from source to soulce
young star L1489 in Taurus. We will in the remainder of th@ractice the position (but not the width) of the middle compo-
text refer to the 2134 citt feature as the red component (rc)nentis allowed to vary freely because it is the most sensitive to
the 2140 cni! feature as the middle component (mc) and th@'ain shape eects. The derived center position may then serve
2143 cn¥! feature as the blue component (bc). to test the degeneracy of the problem. It is essential to note,
The qualitative identi cation proposed in the literaturdhat if the tted center positions of the middle component for

of the three components is as follows: the red componé entire sample vary by more than is allowed by the statistical
is traditionally identi ed as CO ice in a mixture with hy- uncertainty of the data, then either the t is degenerate or our

drogenated molecules such as@®or NHs, while the mid- aSSumptions are incorrect.

dle component is thought to be connected with pure CO Since there are sources in our sample where only one com-
or CO in a non_hydrogenated mixture Containing Specié@neﬂt in the CO ice dominates, it is Straightforward to deter-
such as G, N, or CO,. The physical dierence between the mine the best centers and widths for each component. In this
two components is that hydrogen-bearing species form pseudd®y TPSC 78, SVS 4-9, Cha INa 2 and RCrA IRS 7A are
chemical bonds between the hydrogen and the CO moleculdged to determine the position and width of the red compo-
while the non-hydrogenated mixture only interacts via weahkent, while L1489, Reipurth 50, IRS 63 and Elias 32 x the
van der Waals forces. Traditionally, in the astronomical liteparameters of the blue component.

ature the two components are referred to as “polar” and “ap- The fundamental analytical shapes which can be chosen for
olar”. However, while it is true that the traditional mixtureseach component are Gaussian and Lorentzian pro les. If three
used to reproduce the red component are dominated by pmrentz curves are used in the t, it quickly becomes clear that
lar molecules, the chemical mechanism governing the pro ke blue side of the CO band ts very poorly in all cases. This
of this component are bonds with the hydrogen atoms of tliee due to the steepness of the blue wing in the astronomical

Due to the degeneracy encountered when attempting St?)
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spectra. Since a Lorentz pro le has a very broad wing, it is ndable 2. Best tting CO ice pro le decomposition.
appropriate for the middle and the blue component and conse-

guently a Gaussian is adopted for these two components. At the Component  Center FWHME
same time, use of a Lorentz curve for the red component gives [cm] [cm3!]
signi cantly better results than using a Gaussian for all three

components. Consequently, two Gaussians and a Lorentzian R'_Ed 213®+03 106
were used for the blue, middle and red component, respectively. Middle 21399+ 016 3.5
Physical reasons for this choice are given in detail in Sect. 4.2. Blue 21437+03 3.0

In addition to the three components used for the CO ié&WHM of Lorentzian pro le for the red component and of Gaussian
band, a Gaussian is placed at aba@ti4im to account for pos- pro le for the middle and blue components.
sible absorption by OCN In this case our choice of a Gaussian
is not as signi cant as for the blue and the middle component.

A Gaussian gives in most cases a better t than a Lorentzi . .
but due to the weakness of the feature other types of proaipdbles 3 and 4 and the decompositions are shown overlaid on

cannot be ruled out. This last component does not overlap w e spectra in Figs. 1-7. The uncertainties on optical depths are

the CO band, and has rarely any in uence on the three com Iven as stat|st|cal_ 3errors. Due to the systematic errors intro-
nent t and thus both center and width of this component al ced by the continuum t, the presence of gas-phase CO lines

allowed to vary. andlth_e phenomeno!oglcal decomposmon we estimate that Fhe
Bef . he d " he d statistical uncertainties on the optical depths of the red, mid-
elore attempting to ,t the _ecomposmqn to the data @0 anqg plue components are underestimates of the total error
correction for the systemic velocity was applied to the mod

hen the features are strong. However, since the tting param-
The motion of the Earth in addition to the LSR velocity of th g gp

. %1 %ters for the &1 pm feature are left free and the feature is
sources can shift the spectrum by ug#0 km s>* correspond-

. N Tl The tsi - vwh not blended with other components, the statisticaketror on
ing to+0.29 cn". The 1s improve signi cantly when a proper (2175 cn¥t) is probably a good estimate of the total error. For

velocity correction is applied. Finally, the model spectra ar(,erT)nsistency reasons the errors on this quantity are also given as

convolved with a Gaussian to match the spectral resolution of ... <'i Table 4
he ISAA E = 4 cmPh) thi - - o .
the ISAAC spectra. Even &= 5000 ( 0.4 cm™ this correc The empirical ts are in general excellent, as is seen from

tion must be done to obtain consistent results. 9 . . ; .
) ) the reduced < values in Table 3 and by visual inspection.
The common presence of CO gas phase lines requires gl gistriution of tted positions of the middle component
care is taken when tling a Gaussian to th&Bpm band. g ohopn in Fig. 14. It is found to vary between 2188m3!

Especially when broad emission lines are present, a careful SRd 21401 cmS! which corresponds to a standard deviation
lection of una ected parts of the spectrum for the ice t must b%f 0.16 cmSl. Since the mean uncertainty of the positions
made. This is evident in e.g. IRS 43, Elias 32 and HH 100 IR 15 cnfl the scatter in the tted center positions is to a

and indeed in most of the sources to some extent. In genefglyq oytent caused by statistical uncertainties in the tting and
the CO gas-phase lines were identi ed and small areas betw necessarily by a real ect. An additional scatter may be

the lines were picked by eye for the tting. In Fig. 8 an ®Xintroduced from uncertainties in the velocity correction of the

ample is shown of the line identi cation. This also prompts &,,qe|. The accuracy of the velocity correction is illustrated
concern in the case of spectra of low signal-to-noise, Whig, 1o g erences between the velocity shift of the CO gas-
may contain a signi cant lling-in of the 461 um region from 1 ae jines and the calculated velocity shift. If no velocity cor-
gas phase_emlssmn lines, wh|ph individually may remain undﬁe’ction is applied, the spread in center positions of the mid-
tected. This may be the case in SVS 4-5, Cha IRN, Cha IRS &, component increases signi cantly to a standard deviation
RCrAIRS 7B and RCrA IRS 5B. _ of 0.20 cnP!. The parameters for the blue and the red com-
Only the points on the spectrum which are noeated by ponent are slightly more uncertain, since they are both shal-
CO gas-phase lines are used in the t of the phenomenologdwer and the red one signi cantly broader than the middle
cal ice band. In cases where broad emission lines with a COBmponent.
plex structure are present, it is especially dult to determine In view of the large number of lines of sight probed, the

which points Zto use for the t. This is in a few cases re ecteqyye range of source parameters and the great variety in CO ice
ina reduced “ value signi captly greater than unity. However, ro les, this result is highly surprising. In simple terms, it is
since most of the broad gas lines are very weak compared to Eé%n thall CO bands towards both YSOs and background

main ice features, the nal tting parameters are not expecteg, g can he well btted with an empirical model depending on

to be severely aected. Note that the broad lines are fully reg,,y 3 jinear parametersrherefore our original postulate from

solved and the selection of points will notimprove with highegect 3 1 that the CO stretching vibration mode can be decom-
spectral resolution. posed into a small number of unique components holds. This
strongly suggests that there is more physics contained in the
3.3. The CO ice band structure c_iecomposition '_chan previously assumed. The ap_proach of t-
ting the same simple structure to every astronomical spectrum
The common parameters adopted for the decomposition d@&s thus provided three fundamental, identical line components
shown in Table 2. The best t parameters are given ithat are common to all the lines-of-sight observed, and which
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Table 3.Best ts to the CO ice band.

Cloud Source center(mc)  (rc)*° (mepe (bcy Vel. corrd CO gas vef. 2
cmt kmst  km st
Oph IRS 42 21398+ 0.02 0072+ 0.006 053+ 0.02 005+ 0.01 +22 +20 082
IRS 43 21401+ 0.01 015+ 0.02 175+0.02 007+0.02 -20 - 176
IRS 44 214008+ 0.08 008+ 0.03 034+0.05 007+0.03 -20 S12 085
IRS 46 2144+ 0.43 009+ 0.03 011+ 006 008+ 006 520 - 181
IRS 48 213%7+0.07 001+ 0.01 011+002 003+0.01 S20 - 236
IRS 51 214012+ 0.01 042+ 0.02 454+0.15 033+0.03 +23 - 230
IRS 54 - <0.06 <0.12 <0.06 -20 - 189
IRS 63 21401+ 0.01 028+ 0.02 169+0.03 035+0.02 +23 +18 284
WL 6 213994+ 0.03 012+ 0.01 204+0.12 029+ 005 S20 — 145
WL 12 213982+ 0.03 011+ 0.02 079+ 0.04 007+0.04 S20 S9 210
GSS30IRS1 21392+ 0.32 006+ 0.02 007+£0.06 <0.04 +23 +20 057
CRBR 2422.8 21389+ 0.04 047+ 0.03 438+ 0.60" 0.13+0.07 S17 S9 235
Elias 32 213®5+ 0.01 039+ 0.02 176+0.05 014+0.03 S24 - 104
VSSG 17 21386+ 0.13 028+ 0.30 104+036 025+0.32 +22 +20 030
RNO 91 214®@5+ 0.27 043+ 0.02 025+ 0.02 015+0.04 S19 - 285
Serpens EC 90A 21407+ 0.01 024+ 0.01 209+ 0.03 006+ 0.02 S23 S35 984
EC 90B 21400+ 0.01 019+ 0.02 111+0.02 021+003 S23 $355120 512
EC 82 21382+ 0.12 <0.03 024+ 0.05 005+0.05 S22 318 072
EC 123 213%0+ 0.50 <0.12 045+ 0.15 <0.09 - - Q47
CK?2 214006+ 0.05 040+ 0.07 511+060 023+0.12 - — Q73
SVS 4-9 213®3+ 0.16 107+ 0.10 163+0.30 042+0.14 S22 - Q52
SVS 4-5 21389+ 0.07 059+ 0.09 332+0.71 023+0.14 S22 - Q60
Orion TPSC78 21403+ 0.04 021+ 0.01 012+0.01 006+0.01 +8 +8 5.98
TPSC1 2140+ 0.88 017+ 0.03 006+0.01 009+0.06 +8 +8 0.74
Reipurth 50 2142+ 0.01 0412+ 0.003 051+ 0.01 028+ 0.003 +7 +10 121
CrA HH 100 IRS 214M1+0.01 025+ 001 132+001 017+£001 -23 - 85
RCrA IRS7A 213982+ 0.06 039+ 0.04 141+0.17 048+0.11 -24 24 14
RCrA IRS7B 213%5+ 0.07 077+ 0.06 174+0.27 056+0.10 -24 24 o5
RCrA IRS5A 214008+ 0.02 042+ 0.02 333+£0.18 053+£0.04 -22 — 340
RCrA IRS5B 21398+ 0.10 033+ 0.06 234+0.57 047+x0.17 -22 - or7
Cha ChalINa2 - @7+0.02 <0.03 <0.06 +3 0 043
Cha IRN 213%4+0.16 017+ 0.05 031+0.10 005+ 0.07 +3 - 042
Cha IRS 6A 21382+ 0.05 055+ 0.06 322+047 028+0.11 +3 - 036
Vela LLN 17 214030+ 0.13 032+ 0.02 019+0.03 014+004 -15 — 100
LLN 20 213974+ 0.13 029+ 0.04 038+0.08 012+0.07 -10 — 205
LLN 33 213970+ 0.06 033+ 0.03 094+£0.09 021+£005 -10 - 104
LLN 39 213997+ 0.10 003+ 0.01 002+ 0.01 0004+ 0.003 -10 - 172
LLN 47 213878+ 0.43 <0.01 <0.02 <0.06 -10 -10 24
Taurus LDN 1489 IRS 21404+ 0.04 036+ 0.02 058+0.03 023+0.04 -11 -10 ®m9
Add. GL 2136 213950+ 0.06 017+ 0.01 015+£0.02 002+0.02 - - Q96
sources NGC 7538 IR$1214004+ 0.03 010+ 0.01 019+ 0.01 010+0.01 - - 209
RAFGL 70098 214019+ 0.04 089+ 0.02 066+0.06 019+0.03 - - 382
W33AS 214090+ 0.08 075+ 0.05 059+0.10 <0.05 - - 101
RAFGL 989 213990+ 0.30 018+ 0.03 044+0.10 014+£003 - - Q98

Solid CO column densities of the red component can be calculated using Eq. (4).

Solid CO column densities of the middle component can be calculated using Eqg. (3).

Uncertainties are 3.

Calculated absolute velocity shift of the spectra, including Earth motion and LSR velocity of the parent molecular cloud.

Measured absolute velocity shift of CO ro-vibrational gas phase lines, where available.

ISO-SWS archive data.

The optical depth given for the (saturated) CO band of CRBR 2422 &reit from that of Thi et al. (2002) since a laboratory pro le was
used rather than the emperical pro le presented here.

The goodness-of- t estimate for this source issated by broad CO gas phase emission lines.

o - o 2 o T o
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Source center
Ophiuchus

IRS 42 21757+ 25

IRS 43 21790+ 1.2

IRS 44 21748+ 25

IRS 46 21690+ 3.2

IRS 48 21943+ 8.6

IRS 51 217+ 1.2

IRS 54 -

IRS 63 2172+ 0.8

WL 6 -

WL 12 21752+ 1.3

GSS30 IRS1 -

CRBR 2422.8 2172+ 1.1

Elias 32 2175+ 0.8

VSSG 17 -

RNO 91 21712+ 0.4

Serpens

EC 90A 21706+ 0.7

EC 90B 21636+ 04

EC 82 -

EC 123 -

CK?2 -

SVS 4-9 21783+ 1.9

SVS 4-5 2166+ 3.4

Orion

TPSC 78 2168+ 0.2

TPSC1 2160+ 0.7

Reipurth 50 2172+ 0.1

Corona Australis

HH100 IRS 2172+ 0.2

RCrA IRS7A 21715+ 2.2

RCrA IRS7B 2160+ 1.2

RCrA IRS5A 21727+ 09

RCrA IRS5B -

Chameleon

ChalINa2 —

ChaIRN 21686+ 3.0

Cha IRS 6A 21694+ 2.1

Vela

LLN 17 21692+ 0.3

LLN 20 21662+ 2.6

LLN 33 21674+ 0.7

LLN 39 21734+ 1.3

LLN 47 -

Taurus

LDN 1489 IRS 217®@+ 1.2

Additional sources

GL 213@ 21644+ 0.2

NGC 7538 IRSh  —

RAFGL 700938 21682+ 0.2

W33AP 21657+ 0.1

RAFGL 989 21697+ 1.2

a 3 errors are given.
b |SO-SWS archive data.

Table 4.Best ts to the 2175 crit band.

FWHM

23+ 6
14+ 3
11+ 6
24+ 8
20+ 11
36+ 4

(2175 cntt)@

0.012+ 0.006
0.07+ 0.03
0.04+ 0.05
0.06+ 0.03
0013+ 0.015
0.089+ 0.006
<01

0.073+ 0.009
< 0.06

0.05+ 0.04

< 0.075
0.09+ 0.05
0.14+ 0.03
<0.2

0.125+ 0.009

0.073+ 0.009
0.10+ 0.02

< 0.06

<03

<015

015+ 0.10
010+ 0.10

0.111+ 0.006
0.18+ 0.03
0.129+ 0.003

0.072+ 0.006
0.10+ 0.06
0.15+ 0.08
0.08+ 0.02

< 0.09

< 0.09
013+ 0.07
015+ 0.14

013+ 0.01
0.09+ 0.04
019+ 0.04
0.010+ 0.003
< 0.03

0.09+ 0.02

013+ 0.01
< 0.03

047+ 0.02
119+ 0.03
0.04+ 0.01

3.4. The 4.61 um band

A weak absorption band between 2200 %m(4.55 pm)

and 2150 cm! (4.650 um) is detected towards 30 of the
39 sources. Absorption in this spectral region can be at-
tributed to the stretching mode of CN bonds. The most likely
species to contain the CN bond around young stars is the
OCN® ion (Schutte & Greenberg 1997; Pendleton et al. 1999;
Novozamsky et al. 2001). The derived band parameters along
with upper limits are given in Table 4. The widths and cen-
ter positions of the band seem to vary signi cantly. In par-
ticular, many of the bands are centered closer to 2175'cm
than to the 2165 cn¥! found for the bands discovered pre-
viously, mostly towards high-mass sources. Also laboratory
spectra give center positions of the OEMKand and for the
CN-stretch, which in general are located red-ward of many
of the observed center positions. For example Hudson et al.
(2001) and van Broekhuizen et al. (2003) nd that the centers
of the CN-stretch in interstellar ice analogs vary between 2158
and 2170 cm!. Most of the tted centers in our sample are
placed between 2170 and 2180 ¥mThere is a clear ten-
dency that the higher mass stars have reddét gm band
centers than lower mass stars. The average position for the in-
termediate mass stars Reipurth 50, LLN 20, LLN 33 together
with the low mass stars TPSC 1 and TPSC 78, which are lo-
cated only 30 from the trapezium OB association in Orion, is
2167+ 2 cnt. The rest of the detected bands have an average
position of 21734 cm>L. For simplicity the band will hereafter

be referred to as the 2175 éfband.

3.5. Correlations

Correlation plots for the derived optical depths of the compo-
nents of the decomposition are shown in Figs. 9-13. Possible
interpretations of the correlations, non-correlations and exclu-
sion regions are given in Sect. 3.6. All correlations except
Fig. 13 only show points with rm detections of the relevant
CO components. A decomposition of the CO ice band taken
from ISO-SWS ( 2000) archival spectra of the high-
mass stars W 33A, GL 989, GL 2136, NGC7538 IRS 1 and
RAFGL 7009S have been added to the sample for compari-
son. The parameters derived for these sources are included in
Tables 3 and 4. The error bars in the correlation plotstdre.

No correlation is found between the red and the middle
component (see Fig. 9). Sources exist where virtually only
the red component is visible, such as TPSC 78, TPSC 1
and Cha INa 2, while other sources are dominated by the mid-
dle component. However, no source with a deep middle com-
ponent has been found where the red component is altogether
absent. This eect is seen in the gure as an exclusion region
in the upper left corner where no points are located. The region
is indicated by a solid line.

In Fig. 10 the red component optical depth is plotted against
the ratio of the middle and red component optical depths.
Evidently no direct correlation is seen. However, the region in
the upper right corner of the gure is excluded, which means

must be taken into account in subsequent experimental and ttieat a deep red component results in a low strength of the mid-
oretical modeling of interstellar ice mantles.

dle component relative to the red component. This plot has
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Fig. 1. VLT-ISAAC M-band spectra of sources in theOphiuchi cloud. The spectra have been put on an optical depth scale by tting a
blackbody continuum to parts of the spectrum free of intrinsic features as well as deep telluric lines. In general, the continuum points are t
in the region 4.52—-85 pm and between 4.76-80 um. The thick solid curve shows the total phenomenological model t to the spectrum and
the thin solid, dashed and dot-dashed curves show the individual components (blue, middle and red, respectively). The inset gures sho
tin the region of the 2175 cit feature.

been included to investigate if the ratio between the two corfthe absence of sources in the lower right corner indicates that
ponents can be used as a processing indicator. a deep red component excludes a weak blue component.

The plot of the red and the blue component shown in Fig. 11 Figure 12 shows the depth of the middle component plotted
also shows that certain regions in parameter space are exclu@gainst the blue component. The curves indicate constant po-
as indicated by solid lines. However, it should be noted that tig¥isation fractions of the background source as required if the
blue component is the most susceptible to systematécts blue componentis assumed to be due to the LO-TO splitting of
created by the arti cial decomposition due to the dominatingrystalline CO as discussed in Sect. 4.7.
presence of the nearby middle component. Thus caution should Finally, a trend between the red component and the
be exercised when interpreting this correlation plot in are@475 cn®® component is evident in Fig. 13. In this correlation
where the blue component is weak. In essence, a strong bplet the sources have been divided into low-mass and high-
component is excluded if the red component is weak as se®ass stars to search for evidence for enhanced Damin-
by the absence of sources in the upper left corner of the gurdances around high-mass stars. High-mass stars have beer
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Fig.2. Ophiuchi sources, cont. Legend as in Fig. 1.

de ned as stars more luminous than BO (bolometric). This detection limits, there seems to be an almost one-to-one rela-
de nition is awed by the fact that the luminosity of a youngtionship between the presence of a 2175¢ifeature and the
star is dependent on age as well as inclination, but due to theiiad component of the CO ice.

herent di culties in determining spectral classes of embedded

stars no better de nition was found. Roughly, the de nition will
divide bona de embedded sources into young stars lighter an
heavier than 2 M , respectively. The low-mass stars exhibit an Sect. 3.5 the optical depths of the four separate solid state
nearly linear relat|on between the red component optical degtbmponents identi ed in the spectra have been plotted against
and the 2175 cft feature for (rc) up to 0.6 after which the each other. The regions of the parameter space covered by the
relation apparently saturates and attens out. However, the apbserved sources and especially the regions where no sources
tening in the relation only depends on a few points and shoulgll may provide clues to the nature and evolution of the
thus be interpreted with caution. Some of the high-mass statsmponents.

follow the same relation, but many show a dramatic excess ab- |f the middle component is ascribed to pure CO and the
sorption around 2175 ci. When including the massive youngred component to CO in a water-rich environment, one rele-
stars W 33A and RAFGL 7009S a rough correlation can als@nt question is how the volatile, pure CO interacts with the
be seen for the high-mass stars, although much steeper thaer-rich CO when the ice is thermally processed. If process-
for the low-mass stars. No sources are found signi cantly ufing causes the evaporation of some of the carrier of the mid-
der the best- tting line and no 2175 cth absorption bands dle component while the rest migrates into a porous water ice
are detected for sources without CO ice bands. Within ogelieved to be located below, such as has been suggested by

d6 Possible interpretation of correlations
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Fig. 3. Sources in the Serpens cloud. Legend as in Fig. 1.

Collings et al. (2003), an increase in red component opticadgions seen in Figs. 9 and 10 still provide useful constraints.
depth would be expected when the ratio of middle to red corihe fact that the sources with the deepest red components seem
ponent decreases. Due to drent absolute column densitiesto have the smallest middle components compared to the red as
along di erent lines of sight, this eect may be hard to detectshown with a solid line in Fig. 10 indicates that this redistri-
without comparing to an independent ice temperature indichdtion of CO may take place. If this holds then Fig. 9 would
tor, such as the.88 pm water band. However, the exclusionindicate that some redistribution of CO has taken place for all


































































