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therein). Until this time the early ideas about “dirty ice” were
mostly supported by observations of the 3.08 µm water band
and the extended red wing of this band, which was suggested
to be due to NH3ŠH2O complexes and CH3OH (e.g. Gillett
& Forrest 1973; Willner et al. 1982). The presence of both
solid CO and XCN towards massive young stars was con-
�rmed by Lacy et al. (1984). The identi�cation and subse-
quent study of the ices in general, and of the CO stretching
mode at 4.67 µm in particular, was aided by laboratory spec-
troscopy of ices intended to simulate interstellar ices, such as
those presented in e.g. Hagen et al. (1979); Sandford et al.
(1988); Schmitt et al. (1989) and more recently by Ehrenfreund
et al. (1997); Elsila et al. (1997) and Baratta & Palumbo (1998).
The typical spectral resolution of these studies was�/ � � �
1000Š2000 (1.0Š2.0 cmŠ1). However, at this resolving power
the12CO stretching mode as well as the13CO stretching mode
at 2092 cmŠ1 are in general not fully resolved. This problem
has caused di� culties when interpreting both interstellar and
laboratory spectra.

The laboratory studies have shown that some band pro�les,
and in particular that of the CO stretching vibration mode, are
sensitive to the presence of secondary species in the ice as well
as to thermal and energetic processing of the ices, and attempts
have been made to quantify some of these e� ects. For instance,
the 4.67 µm CO stretching vibration pro�le has been used in
attempts to constrain the concentration of species like CO2,
O2, N2 and the degree to which the CO is mixed with the wa-
ter component (Tielens et al. 1991; Chiar et al. 1994, 1995,
1998). This information is otherwise hard or impossible to ex-
tract from observations (Vandenbussche et al. 1999). It has also
been suggested that the CO pro�le may be used as an indicator
of the degree to which the ice has been thermally processed if
di� erent components of the pro�le correspond to CO ices in en-
vironments of di� erent volatility. For instance, pure CO may be
expected to desorb at lower temperatures than CO mixed with
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 mass
young stars and quiescent cloud lines of sight probed towards
background late-type giant stars, to constrain the ice mantle
composition for a wide range of di� erent cloud conditions.
Often these studies employ the full range of available labo-
ratory spectra in order to �nd the best-�tting combination of
ice mixtures to each source (Tielens et al. 1991; Kerr et al.
1993; Chiar et al. 1994, 1995, 1998; Teixeira et al. 1998). This
approach is known to su� er from serious degeneracies and is
further complicated by the fact that pro�les from ice mixtures
with a high concentration of CO are signi�cantly a� ected by
the shape of the grains (Tielens et al. 1991). Consequently, the
detailed environment of solid CO in interstellar grain mantles
and its role in the solid state chemistry is not strongly con-
strained by observations. Clearly, a large, consistent sample of
lines of sight is necessary to obtain further information on the
“typical” structure of ices in space.

Recent results from medium to high resolution (R =
5000Š25 000) spectrometers mounted on 8 m class telescopes
are beginning to cast new light on the 3Š5 µm region of proto-
stellar and interstellar spectra. In particular, new insights have

been gained through careful studies of the resolved CO ice
band structure and its relation to gas phase CO (Boogert et al.
2002b), using the higher sensitivity to probe new environments
(Thi et al. 2002) and using the13CO band to constrain both
composition and grain shape corrections (Boogert et al. 2002a).

Here we present medium resolution (R = 5000Š10 000,
� �̃ = 0.4Š0.2 cmŠ1) M-band spectra of 39 low mass young
stellar objects obtained with the Infrared Spectrometer And
Array Camera (ISAAC) mounted on the Very Large Telescope
(VLT) ANTU telescope of the European Southern Observatory
at Cerro Paranal. These spectra have allowed us to obtain mean-
ingful statistics on the general shape of the CO ice pro�le for
the �rst time. In this work, we show that statistically there is
enormous advantage in using a large sample of fully resolved
spectra from a well-de�ned set of young stellar objects. By us-
ing the highest possible spectral resolution, we are able to cast
new light on the underlying ice structure from a detailed anal-
ysis of the CO stretching vibration pro�le. TheL-band spectra
and the analysis of the gas phase CO lines seen in theM-band
spectra will be presented in later articles.

This article is organised as follows. In Sect. 2 the sample
of sources is described including the adopted selection crite-
ria, observational procedures and main features in the spectra.
Section 3 presents a phenomenological decomposition of the
CO ice band and the observational results of the decomposi-
tions are then discussed. A simple physical model is described
in Sect. 4, which can partly explain the success of the phe-
nomenological decomposition. The results from the observa-
tions and the modeling are discussed in Sect. 5 and the astro-
physical implications are outlined. Finally, Sect. 6 presents the
conclusions and suggests further observations and laboratory
experiments which can be used to test the results presented in
this work. Appendix A reviews the simplest mechanisms gov-
erning solid state line shapes and Appendix B gives comments
on individual sources in the sample.

2. The sample

2.1. Source selection

The primary objective was to perform a broad survey of the
dominant ice components on grains surrounding low-mass em-
bedded objects in the nearest (D < 500 pc) star forming
clouds in the southern sky. Emphasis was put on obtaining good
S/N ratios at the highest possible spectral resolution in order
to study not just the main H2O and CO features but also the
fainter ice species, probe sub-structure in the ice features, and
obtain a census of gas-phase ro-vibrational emission and ab-
sorption towards low mass young stars. The observed sample
was primarily extracted from the list of sources to be observed
with the Space Infrared Telescope Facility (SIRTF) as part of
the Legacy projectFrom Molecular Cores to Planets(Evans
2003), but was supplemented with additional sources. The ma-
jority of sources have luminosities ofLbol < 10 L� , with only a
few brighter sources being included for comparison. Embedded
sources are selected from their published Lada classes if no
other information is available indicating youth. The sample in-
cludes class I sources as well as �at spectrum sources de�ned



K. M. Pontoppidan et al.: 3Š5 µm VLT spectroscopy of low mass YSOs I 983

by having a vanishing spectral index between 2.5 and 15µm
(Bontemps et al. 2001). In addition, the background star CK 2
in Serpens was observed to probe the quiescent cloud material.

A number of the sources have publishedM-band spectra,
albeit at lower spectral resolution, coverage and S/N ratio and
were re-observed in order to get a consistent sample. The list
of observed sources and relevant observational parameters is
given in Table 1.

2.2. Observations and data reduction

The ISAAC spectrometer is equipped with a 1024×
1024 Aladdin array, which is sensitive in the 1Š5 µm re-
gion. The pixel scale is 0.148�� pixelŠ1 when using the
spectroscopic objective. The telescope was operated us-
ing a standard chop-nod scheme with typical chop-throws
of 10Š20�� . Both L and M-band spectra of each source were
obtained. The medium resolution grating was used for the
4.53Š4.90µm region, resulting in resolving powers of�/ � � =
5000Š10 000 (0.4Š0.2 cmŠ1). Here a single setting cover-
ing 4.53 to 4.77 µm was always observed and a second set-
ting extending to 4.85Š4.90µm was obtained if necessary, e.g.
because of the presence of strong gas phase lines in the �rst
setting. Often, it was possible to place a secondary source in
the slit by rotating the camera. In this way spectra of both com-
ponents of all binaries with separations of more than� 1�� were
obtained.

The data were reduced using our own IDL routines. The
individual frames were corrected for the non-linearity of the
Aladdin detector, distortion corrected using a startrace map,
and bad pixels and cosmic ray hits were removed before co-
adding. Both positive and negative spectral traces were ex-
tracted and added before division by the standard star spectrum.
An optimal small shift and exponential airmass correction be-
tween the source and the standard were applied by requiring
that the pixel-to-pixel noise on the continuum of the �nal spec-
trum is minimized. Before an exponential airmass correction
is applied, the detector and �lter response curve has to be re-
moved in order to obtain a spectrum of the true atmospheric ab-
sorption. The combined �lter and detector response curve was
obtained by �tting an envelope to both the standard star spec-
trum and a spectrum of the approximate atmospheric transmis-
sion and taking the ratio of the two envelopes.

The spectra were �ux calibrated relative to the standard and
wavelength calibrated relative to telluric absorption lines in the
standard star spectrum. The uncertainty in the �ux calibration
is estimated to be better than 30% for most sources and the
wavelength calibration is accurate to� 5 km sŠ1. The high ac-
curacy in wavelength calibration is due to the large number of
well-de�ned and separated telluric lines present in a medium
resolutionM-band spectrum. For some of the weaker sources,
the wavelength calibration becomes considerably more inac-
curate because of di� culties in determining the small shift al-
ways present between the standard star spectrum and the source
spectrum.

Finally, optical depth spectra were derived by �tting a
blackbody continuum to the regions where no features are

expected to appear, namely around 4.52Š4.55 µm and around
4.76Š4.80µm. In every case care was taken not to include gas
phase lines and regions a� ected by strong telluric residual in
the �t. In cases of doubt the �t was compared to the continuum
in the 4.0Š4.2 µm region and adjusted accordingly. However,
normally theL-band spectra were not used for the continuum
�t, due to uncertainties in the relative �ux calibrations between
the two spectra.

2.3. Features in the M band spectra

The most prominent features in the 4.5Š5.0 µm region of low
mass young stellar objects are the absorptions from the stretch-
ing mode of solid CO around 4.67 µm and the multitude of
lines from the ro-vibrational fundamental band of gas-phase
CO extending across the entireM-band. In addition, the re-
gion covers the CN stretching band around 4.61 µm as well
as the bright Pf� hydrogen recombination line at 4.65 µm
and the S(9) line from molecular hydrogen at 4.687 µm. The
VLT spectra in general show the presence of all these features,
although the shape and strength of each feature varies greatly
from source to source. For example, the ro-vibrational lines
of CO are seen as both broad and narrow absorption lines and
as broad and narrow emission lines. The broad absorption lines
are often asymmetric indicating the presence of out�ows and
infall. The broad emission lines show a higher degree of sym-
metry and are clearly caused by hot gas as indicated by the
presence of CO molecules excited to the second and even third
vibrational levels. One source showing narrow emission lines
(GSS 30 IRS 1) is treated in detail in Pontoppidan et al. (2002).
All the gas-phase CO lines will be analysed in a later paper
(Pontoppidan et al., in prep). At a resolving power of�/ � � =
10 000 (30 km sŠ1 = 0.2 cmŠ1) all solid state features are com-
pletely resolved, including the central parts of the main CO fea-
ture and the very narrow13CO feature. This is generally not the
case for previously obtained astronomical and laboratory spec-
tra at resolutions of�/ � � = 1000Š2000 (1Š2 cmŠ1).

The individual M-band spectra with detected CO ice
are shown in Figs. 1–7 on an optical depth scale. IRS 46,
IRS 54, LLN 39 and LLN 47 have no or only marginally
detected CO ice bands and are not shown. The spectrum
of GSS 30 IRS 1 is presented in Pontoppidan et al. (2002) and
shows the presence of a very shallow CO ice band. The spec-
trum of CRBR 2422.8-3423 is shown in Thi et al. (2002) and
the spectrum of LLN 17= IRAS 08448-4343 is shown in Thi
(2002).

2.4. New detection of solid 13CO

The 2092 cmŠ1 band of solid13CO has been detected in one
source in the sample, namely IRS 51 in the� Ophiuchi cloud.
The source is a transitional Class I-II object and shows a very
deep (� � 5) 12CO ice band. The13CO band has an optical
depth of 0.12 and a width of 1.2 cmŠ1. The detection is analysed
in Sect. 4.4. This is only the second13CO feature reported in
the literature after NGC 7538 IRS 9 (Boogert et al. 2002a) and
the �rst towards a low mass source.
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3. Analytical Þts

3.1. A phenomenological approach

One approach to the analysis of interstellar ice bands, espe-
cially in the case of the CO stretching vibration, is via a mix-
and-match scheme, whereby laboratory spectra of di� ering
chemical composition, relative concentrations, temperature and
degree of processing are compared to astronomical spectra to
�nd the best �ts (e.g. Chiar et al. 1994, 1995, 1998; Teixeira
et al. 1998). While the presence of solid CO can be unambigu-
ously identi�ed using the laboratory data, the mix-and-match
approach is seriously a� ected by the degeneracy introduced by
the dependency of the CO vibration pro�le on many experi-
mental parameters. In Sect. 5.3 we will return to this point and
discuss the best strategies for comparing laboratory data to in-
terstellar spectra.

Due to the degeneracy encountered when attempting to
match CO ice bands in space with a database of interstellar ice
simulations, a more phenomenological approach is attempted
here. Results from laboratory work can then be applied sub-
sequently to explain the general trends identi�ed using a phe-
nomenological method of analysis. Similar approaches to the
analysis of ice bands were used by Keane et al. (2001) for the
6.85 µm band, Boogert et al. (2002a) for the CO band and Thi
(2002) for the 3.08 µm water band, although for smaller sam-
ples or for individual sources.

The motivation is to drastically reduce the number of free
model parameters and at the same time break the degeneracy
by requiring the ice pro�les of the entire sample to be de-
scribed by a single model. The literature suggests that 3 distinct
components are fundamental to the CO stretching vibration
pro�le. It is well known that the CO band can be decom-
posed into a narrow component centered around 2140 cmŠ1

and a broader red-shifted component situated somewhere in
the region 2130Š2138 cmŠ1 (Tielens et al. 1991). Furthermore,
Boogert et al. (2002b) detected the presence of a third narrow
blue component at 2143 cmŠ1 in the spectrum of the low mass
young star L1489 in Taurus. We will in the remainder of the
text refer to the 2134 cmŠ1 feature as the red component (rc),
the 2140 cmŠ1 feature as the middle component (mc) and the
2143 cmŠ1 feature as the blue component (bc).

The qualitative identi�cation proposed in the literature
of the three components is as follows: the red component
is traditionally identi�ed as CO ice in a mixture with hy-
drogenated molecules such as H2O or NH3, while the mid-
dle component is thought to be connected with pure CO
or CO in a non-hydrogenated mixture containing species
such as O2, N2 or CO2. The physical di� erence between the
two components is that hydrogen-bearingspecies form pseudo-
chemical bonds between the hydrogen and the CO molecules,
while the non-hydrogenated mixture only interacts via weak
van der Waals forces. Traditionally, in the astronomical liter-
ature the two components are referred to as “polar” and “ap-
olar”. However, while it is true that the traditional mixtures
used to reproduce the red component are dominated by po-
lar molecules, the chemical mechanism governing the pro�le
of this component are bonds with the hydrogen atoms of the

surrounding H2O, CH3OH and NH3 molecules. Therefore,
in the astronomically relevant case, the presence of hydro-
genated species is what physically distinguishes the red com-
ponent from the other two components and not their polarity.
Incidentally, the presence of hydrogen bindings in the red com-
ponent also determines a number of known characteristics such
as lower volatility, ability to trap CO molecules in micropores
etc. Henceforth in this article we will refer to the two compo-
nents as hydrogen-bondingand van der Waals-bonding compo-
nents, which more accurately describes the chemical and phys-
ical structures in the ice mantles.

A simple way of treating di� erent components of the
CO ice band is to postulate that the entire band is fundamen-
tally a superposition of contributions from CO stretching vi-
brations where the CO is situated on or in a discrete number of
environments. The term environment is de�ned in the broadest
sense and refers to an average con�guration of nearest molec-
ular neighbours to a CO molecule for a given ice. The environ-
ment depends on the abundance of other species as well as the
structure of the ice, such as phase, density, porosity etc. Each
environment should give rise to a certain spectral line with a
center frequency and a width determined by the average inter-
action between a CO molecule and its nearest neighbours. A
detailed discussion and justi�cation is given in Sect. 5 along
with implications for the interpretation of the spectra presented
in this paper.

3.2. The analytical model

To test the simple postulate on the large sample of YSO’s ob-
served here, every CO ice band is assumed to be decomposed
into the three components mentioned in the literature. Since
the presence of discrete components suggests that only a small
number of environments are fundamental to ice on interstellar
grains, it is also required thateach of the three components has
a constant central position and width such that only the rela-
tive intensities are allowed to vary from source to source. In
practice the position (but not the width) of the middle compo-
nent is allowed to vary freely because it is the most sensitive to
grain shape e� ects. The derived center position may then serve
to test the degeneracy of the problem. It is essential to note,
that if the �tted center positions of the middle component for
the entire sample vary by more than is allowed by the statistical
uncertainty of the data, then either the �t is degenerate or our
assumptions are incorrect.

Since there are sources in our sample where only one com-
ponent in the CO ice dominates, it is straightforward to deter-
mine the best centers and widths for each component. In this
way TPSC 78, SVS 4-9, Cha INa 2 and RCrA IRS 7A are
used to determine the position and width of the red compo-
nent, while L1489, Reipurth 50, IRS 63 and Elias 32 �x the
parameters of the blue component.

The fundamental analytical shapes which can be chosen for
each component are Gaussian and Lorentzian pro�les. If three
Lorentz curves are used in the �t, it quickly becomes clear that
the blue side of the CO band �ts very poorly in all cases. This
is due to the steepness of the blue wing in the astronomical
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spectra. Since a Lorentz pro�le has a very broad wing, it is not
appropriate for the middle and the blue component and conse-
quently a Gaussian is adopted for these two components. At the
same time, use of a Lorentz curve for the red component gives
signi�cantly better results than using a Gaussian for all three
components. Consequently, two Gaussians and a Lorentzian
were used for the blue, middle and red component, respectively.
Physical reasons for this choice are given in detail in Sect. 4.2.

In addition to the three components used for the CO ice
band, a Gaussian is placed at about 4.61µm to account for pos-
sible absorption by OCNŠ. 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 Lorentzian,
but due to the weakness of the feature other types of pro�le
cannot be ruled out. This last component does not overlap with
the CO band, and has rarely any in�uence on the three compo-
nent �t and thus both center and width of this component are
allowed to vary.

Before attempting to �t the decomposition to the data a
correction for the systemic velocity was applied to the model.
The motion of the Earth in addition to the LSR velocity of the
sources can shift the spectrum by up to±40 km sŠ1 correspond-
ing to±0.29 cmŠ1. The �ts improve signi�cantly when a proper
velocity correction is applied. Finally, the model spectra are
convolved with a Gaussian to match the spectral resolution of
the ISAAC spectra. Even atR = 5000 (� 0.4 cmŠ1) this correc-
tion must be done to obtain consistent results.

The common presence of CO gas phase lines requires that
care is taken when �tting a Gaussian to the 4.61 µm band.
Especially when broad emission lines are present, a careful se-
lection of una� ected parts of the spectrum for the ice �t must be
made. This is evident in e.g. IRS 43, Elias 32 and HH 100 IR,
and indeed in most of the sources to some extent. In general,
the CO gas-phase lines were identi�ed and small areas between
the lines were picked by eye for the �tting. In Fig. 8 an ex-
ample is shown of the line identi�cation. This also prompts a
concern in the case of spectra of low signal-to-noise, which
may contain a signi�cant �lling-in of the 4.61 µm region from
gas phase emission lines, which individually may remain unde-
tected. This may be the case in SVS 4-5, Cha IRN, Cha IRS 6,
RCrA IRS 7B and RCrA IRS 5B.

Only the points on the spectrum which are not a� ected by
CO gas-phase lines are used in the �t of the phenomenologi-
cal ice band. In cases where broad emission lines with a com-
plex structure are present, it is especially di� cult to determine
which points to use for the �t. This is in a few cases re�ected
in a reduced� 2 value signi�cantly greater than unity. However,
since most of the broad gas lines are very weak compared to the
main ice features, the �nal �tting parameters are not expected
to be severely a� ected. Note that the broad lines are fully re-
solved and the selection of points will not improve with higher
spectral resolution.

3.3. The CO ice band structure

The common parameters adopted for the decomposition are
shown in Table 2. The best �t parameters are given in

Table 2.Best �tting CO ice pro�le decomposition.

Component Center FWHMa

[cmŠ1] [cmŠ1]

Red 2136.5 ± 0.3 10.6

Middle 2139.9 ± 0.16 3.5

Blue 2143.7 ± 0.3 3.0
a FWHMof Lorentzian pro�le for the red component and of Gaussian
pro�le for the middle and blue components.

Tables 3 and 4 and the decompositions are shown overlaid on
the spectra in Figs. 1–7. The uncertainties on optical depths are
given as statistical 3� errors. Due to the systematic errors intro-
duced by the continuum �t, the presence of gas-phase CO lines
and the phenomenological decomposition we estimate that the
statistical uncertainties on the optical depths of the red, mid-
dle and blue components are underestimates of the total error
when the features are strong. However, since the �tting param-
eters for the 4.61 µm feature are left free and the feature is
not blended with other components, the statistical 1� error on
� (2175 cmŠ1) is probably a good estimate of the total error. For
consistency reasons the errors on this quantity are also given as
3� errors in Table 4.

The empirical �ts are in general excellent, as is seen from
the reduced� 2 values in Table 3 and by visual inspection.
The distribution of �tted positions of the middle component
is shown in Fig. 14. It is found to vary between 2139.7 cmŠ1

and 2140.1 cmŠ1 which corresponds to a standard deviation
of 0.16 cmŠ1. Since the mean uncertainty of the positions
is 0.12 cmŠ1, the scatter in the �tted center positions is to a
large extent caused by statistical uncertainties in the �tting and
not necessarily by a real e� ect. An additional scatter may be
introduced from uncertainties in the velocity correction of the
model. The accuracy of the velocity correction is illustrated
by the di� erences between the velocity shift of the CO gas-
phase lines and the calculated velocity shift. If no velocity cor-
rection is applied, the spread in center positions of the mid-
dle component increases signi�cantly to a standard deviation
of 0.20 cmŠ1. The parameters for the blue and the red com-
ponent are slightly more uncertain, since they are both shal-
lower and the red one signi�cantly broader than the middle
component.

In view of the large number of lines of sight probed, the
large range of source parameters and the great variety in CO ice
pro�les, this result is highly surprising. In simple terms, it is
seen thatall CO bands towards both YSOs and background
stars can be well Þtted with an empirical model depending on
only 3 linear parameters.Therefore our original postulate from
Sect. 3.1 that the CO stretching vibration mode can be decom-
posed into a small number of unique components holds. This
strongly suggests that there is more physics contained in the
decomposition than previously assumed. The approach of �t-
ting the same simple structure to every astronomical spectrum
has thus provided three fundamental, identical line components
that 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)a,c � (mc)b,c � (bc)c Vel. corr.d CO gas vel.e � 2

cmŠ1 km sŠ1 km sŠ1

� Oph IRS 42 2139.78 ± 0.02 0.072± 0.006 0.53± 0.02 0.05± 0.01 +22 +20 0.82
IRS 43 2140.01 ± 0.01 0.15± 0.02 1.75± 0.02 0.07± 0.02 –20 – 1.76
IRS 44 2140.08 ± 0.08 0.08± 0.03 0.34± 0.05 0.07± 0.03 –20 Š12 0.85
IRS 46 2140.24 ± 0.43 0.09± 0.03 0.11± 0.06 0.08± 0.06 Š20 – 1.81
IRS 48 2139.47 ± 0.07 0.01± 0.01 0.11± 0.02 0.03± 0.01 Š20 – 2.36
IRS 51 2140.12 ± 0.01 0.42± 0.02 4.54± 0.15 0.33± 0.03 +23 – 2.30
IRS 54 – <0.06 <0.12 <0.06 –20 – 1.89
IRS 63 2140.01 ± 0.01 0.28± 0.02 1.69± 0.03 0.35± 0.02 +23 +18 2.84
WL 6 2139.94 ± 0.03 0.12± 0.01 2.04± 0.12 0.29± 0.05 Š20 – 1.45
WL 12 2139.82 ± 0.03 0.11± 0.02 0.79± 0.04 0.07± 0.04 Š20 Š9 2.10
GSS30 IRS1 2139.22 ± 0.32 0.06± 0.02 0.07± 0.06 <0.04 +23 +20 0.57
CRBR 2422.8 2139.89 ± 0.04 0.47± 0.03 4.38± 0.60h 0.13± 0.07 Š17 Š9 2.35
Elias 32 2139.95 ± 0.01 0.39± 0.02 1.76± 0.05 0.14± 0.03 Š24 – 1.04
VSSG 17 2139.86 ± 0.13 0.28± 0.30 1.04± 0.36 0.25± 0.32 +22 +20 0.30
RNO 91 2140.25 ± 0.27 0.43± 0.02 0.25± 0.02 0.15± 0.04 Š19 – 2.85

Serpens EC 90A 2140.07 ± 0.01 0.24± 0.01 2.09± 0.03 0.06± 0.02 Š23 Š35 9.84
EC 90B 2140.00 ± 0.01 0.19± 0.02 1.11± 0.02 0.21± 0.03 Š23 Š35/Š120 5.12�

EC 82 2139.82 ± 0.12 <0.03 0.24± 0.05 0.05± 0.05 Š22 Š18 0.72
EC 123 2139.50 ± 0.50 <0.12 0.45± 0.15 <0.09 – – 0.47
CK 2 2140.06 ± 0.05 0.40± 0.07 5.11± 0.60 0.23± 0.12 – – 0.73
SVS 4-9 2139.93 ± 0.16 1.07± 0.10 1.63± 0.30 0.42± 0.14 Š22 – 0.52
SVS 4-5 2139.89 ± 0.07 0.59± 0.09 3.32± 0.71 0.23± 0.14 Š22 – 0.60

Orion TPSC 78 2140.13 ± 0.04 0.21± 0.01 0.12± 0.01 0.06± 0.01 +8 +8 5.98
TPSC 1 2140.60 ± 0.88 0.17± 0.03 0.06± 0.01 0.09± 0.06 +8 +8 0.74
Reipurth 50 2140.02 ± 0.01 0.412± 0.003 0.51± 0.01 0.28± 0.003 +7 +10 12.1

CrA HH 100 IRS 2140.01 ± 0.01 0.25± 0.01 1.32± 0.01 0.17± 0.01 –23 – 82.5�

RCrA IRS7A 2139.82 ± 0.06 0.39± 0.04 1.41± 0.17 0.48± 0.11 –24 –24 1.14
RCrA IRS7B 2139.55 ± 0.07 0.77± 0.06 1.74± 0.27 0.56± 0.10 –24 –24 0.75
RCrA IRS5A 2140.08 ± 0.02 0.42± 0.02 3.33± 0.18 0.53± 0.04 –22 – 3.40
RCrA IRS5B 2139.98 ± 0.10 0.33± 0.06 2.34± 0.57 0.47± 0.17 –22 – 0.77

Cha Cha INa 2 – 0.27± 0.02 <0.03 <0.06 +3 0 0.43
Cha IRN 2139.54 ± 0.16 0.17± 0.05 0.31± 0.10 0.05± 0.07 +3 – 0.42
Cha IRS 6A 2139.82 ± 0.05 0.55± 0.06 3.22± 0.47 0.28± 0.11 +3 – 0.36

Vela LLN 17 2140.30 ± 0.13 0.32± 0.02 0.19± 0.03 0.14± 0.04 –15 – 1.00
LLN 20 2139.74 ± 0.13 0.29± 0.04 0.38± 0.08 0.12± 0.07 –10 – 2.05
LLN 33 2139.70 ± 0.06 0.33± 0.03 0.94± 0.09 0.21± 0.05 –10 – 1.04
LLN 39 2139.97 ± 0.10 0.03± 0.01 0.02± 0.01 0.004± 0.003 –10 – 7.72
LLN 47 2138.78 ± 0.43 <0.01 <0.02 <0.06 –10 –10 3.24

Taurus LDN 1489 IRS 2140.04 ± 0.04 0.36± 0.02 0.58± 0.03 0.23± 0.04 –11 –10 0.99
Add. GL 2136f 2139.50 ± 0.06 0.17± 0.01 0.15± 0.02 0.02± 0.02 – – 0.96
sources NGC 7538 IRS1f 2140.04 ± 0.03 0.10± 0.01 0.19± 0.01 0.10± 0.01 – – 2.09

RAFGL 7009Sf 2140.19 ± 0.04 0.89± 0.02 0.66± 0.06 0.19± 0.03 – – 3.82
W33Af 2140.90 ± 0.08 0.75± 0.05 0.59± 0.10 <0.05 – – 1.01
RAFGL 989f 2139.90 ± 0.30 0.18± 0.03 0.44± 0.10 0.14± 0.03 – – 0.98

a Solid CO column densities of the red component can be calculated using Eq. (4).
b Solid CO column densities of the middle component can be calculated using Eq. (3).
c Uncertainties are 3� .
d Calculated absolute velocity shift of the spectra, including Earth motion and LSR velocity of the parent molecular cloud.
e Measured absolute velocity shift of CO ro-vibrational gas phase lines, where available.
f ISO-SWS archive data.
h The optical depth given for the (saturated) CO band of CRBR 2422 is di� erent 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 is a� ected by broad CO gas phase emission lines.
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Table 4.Best �ts to the 2175 cmŠ1 band.

Source center FWHM � (2175 cmŠ1)a

� Ophiuchus
IRS 42 2175.7 ± 2.5 23± 6 0.012± 0.006
IRS 43 2175.0 ± 1.2 14± 3 0.07± 0.03
IRS 44 2174.8 ± 2.5 11± 6 0.04± 0.05
IRS 46 2165.0 ± 3.2 24± 8 0.06± 0.03
IRS 48 2194.3 ± 8.6 29± 11 0.013± 0.015
IRS 51 2170.2 ± 1.2 36± 4 0.089± 0.006
IRS 54 – – < 0.1
IRS 63 2176.2 ± 0.8 26± 2 0.073± 0.009
WL 6 – – < 0.06
WL 12 2175.2 ± 1.3 11± 3 0.05± 0.04
GSS30 IRS1 – – < 0.075
CRBR 2422.8 2175.2 ± 1.1 9± 2 0.09± 0.05
Elias 32 2175.1 ± 0.8 29± 2 0.14± 0.03
VSSG 17 – – < 0.2
RNO 91 2171.2 ± 0.4 28± 1 0.125± 0.009
Serpens
EC 90A 2170.5 ± 0.7 17± 2 0.073± 0.009
EC 90B 2163.6 ± 0.4 10± 1 0.10± 0.02
EC 82 – – < 0.06
EC 123 – – < 0.3
CK 2 – – < 0.15
SVS 4-9 2171.3 ± 1.9 14± 4 0.15± 0.10
SVS 4-5 2166.6 ± 3.4 19± 8 0.10± 0.10
Orion
TPSC 78 2165.3 ± 0.2 20± 1 0.111± 0.006
TPSC 1 2167.9 ± 0.7 26± 2 0.18± 0.03
Reipurth 50 2170.2 ± 0.1 27± 1 0.129± 0.003
Corona Australis
HH100 IRS 2173.2 ± 0.2 19± 1 0.072± 0.006
RCrA IRS7A 2171.5 ± 2.2 23± 5 0.10± 0.06
RCrA IRS7B 2167.0 ± 1.2 12± 2 0.15± 0.08
RCrA IRS5A 2172.7 ± 0.9 16± 2 0.08± 0.02
RCrA IRS5B – – < 0.09
Chameleon
Cha INa 2 – – < 0.09
Cha IRN 2168.6 ± 3.0 22± 6 0.13± 0.07
Cha IRS 6A 2169.1 ± 2.1 14± 4 0.15± 0.14
Vela
LLN 17 2169.2 ± 0.3 27± 1 0.13± 0.01
LLN 20 2166.2 ± 2.6 31± 9 0.09± 0.04
LLN 33 2167.4 ± 0.7 17± 2 0.19± 0.04
LLN 39 2173.4 ± 1.3 24± 3 0.010± 0.003
LLN 47 – – < 0.03
Taurus
LDN 1489 IRS 2176.9 ± 1.2 29± 3 0.09± 0.02
Additional sources
GL 2136b 2164.4 ± 0.2 24± 2 0.13± 0.01
NGC 7538 IRS1b – – < 0.03
RAFGL 7009Sb 2168.2 ± 0.2 25± 1 0.47± 0.02
W33Ab 2165.7 ± 0.1 26± 1 1.19± 0.03
RAFGL 989b 2169.7 ± 1.2 23± 3 0.04± 0.01

a 3� errors are given.
b ISO-SWS archive data.

must be taken into account in subsequent experimental and the-
oretical modeling of interstellar ice mantles.

3.4. The 4.61 µm band

A weak absorption band between 2200 cmŠ1 (4.55 µm)
and 2150 cmŠ1 (4.650 µm) 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
OCNŠ 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 cmŠ1

than to the� 2165 cmŠ1 found for the bands discovered pre-
viously, mostly towards high-mass sources. Also laboratory
spectra give center positions of the OCNŠ band 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 cmŠ1. Most of the �tted centers in our sample are
placed between 2170 and 2180 cmŠ1. There is a clear ten-
dency that the higher mass stars have redder 4.61 µm 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 cmŠ1. The rest of the detected bands have an average
position of 2173±4 cmŠ1. For simplicity the band will hereafter
be referred to as the 2175 cmŠ1 band.

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 plots are±1� .

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 e� ect 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
that a deep red component results in a low strength of the mid-
dle component relative to the red component. This plot has
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Fig. 1. VLT-ISAAC M-band spectra of sources in the� Ophiuchi 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 taken
in the region 4.52–4.55 µm and between 4.76–4.80 µm. 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 show the
�t in the region of the 2175 cmŠ1 feature.

been included to investigate if the ratio between the two com-
ponents can be used as a processing indicator.

The plot of the red and the blue component shown in Fig. 11
also shows that certain regions in parameter space are excluded
as indicated by solid lines. However, it should be noted that the
blue component is the most susceptible to systematic e� ects
created by the arti�cial decomposition due to the dominating
presence of the nearby middle component. Thus caution should
be exercised when interpreting this correlation plot in areas
where the blue component is weak. In essence, a strong blue
component is excluded if the red component is weak as seen
by the absence of sources in the upper left corner of the �gure.

The absence of sources in the lower right corner indicates that
a deep red component excludes a weak blue component.

Figure 12 shows the depth of the middle component plotted
against the blue component. The curves indicate constant po-
larisation fractions of the background source as required if the
blue component is assumed to be due to the LO-TO splitting of
crystalline CO as discussed in Sect. 4.7.

Finally, a trend between the red component and the
2175 cmŠ1 component is evident in Fig. 13. In this correlation
plot the sources have been divided into low-mass and high-
mass stars to search for evidence for enhanced OCNŠ abun-
dances around high-mass stars. High-mass stars have been
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Fig. 2. � Ophiuchi sources, cont. Legend as in Fig. 1.

de�ned as stars more luminous than 50L� (bolometric). This
de�nition is �awed by the fact that the luminosity of a young
star is dependent on age as well as inclination, but due to the in-
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 and
heavier than� 2 M� , respectively. The low-mass stars exhibit a
nearly linear relation between the red component optical depth
and the 2175 cmŠ1 feature for� (rc) up to 0.6 after which the
relation apparently saturates and �attens out. However, the �at-
tening in the relation only depends on a few points and should
thus be interpreted with caution. Some of the high-mass stars
follow the same relation, but many show a dramatic excess ab-
sorption around 2175 cmŠ1. When including the massive young
stars W 33A and RAFGL 7009S a rough correlation can also
be seen for the high-mass stars, although much steeper than
for the low-mass stars. No sources are found signi�cantly un-
der the best-�tting line and no 2175 cmŠ1 absorption bands
are detected for sources without CO ice bands. Within our

detection limits, there seems to be an almost one-to-one rela-
tionship between the presence of a 2175 cmŠ1 feature and the
red component of the CO ice.

3.6. Possible interpretation of correlations

In Sect. 3.5 the optical depths of the four separate solid state
components identi�ed in the spectra have been plotted against
each other. The regions of the parameter space covered by the
observed sources and especially the regions where no sources
fall may provide clues to the nature and evolution of the
components.

If the middle component is ascribed to pure CO and the
red component to CO in a water-rich environment, one rele-
vant question is how the volatile, pure CO interacts with the
water-rich CO when the ice is thermally processed. If process-
ing causes the evaporation of some of the carrier of the mid-
dle component while the rest migrates into a porous water ice
believed to be located below, such as has been suggested by
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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 optical
depth would be expected when the ratio of middle to red com-
ponent decreases. Due to di� erent absolute column densities
along di� erent lines of sight, this e� ect may be hard to detect
without comparing to an independent ice temperature indica-
tor, such as the 3.08 µm water band. However, the exclusion

regions seen in Figs. 9 and 10 still provide useful constraints.
The fact that the sources with the deepest red components seem
to have the smallest middle components compared to the red as
shown with a solid line in Fig. 10 indicates that this redistri-
bution of CO may take place. If this holds then Fig. 9 would
indicate that some redistribution of CO has taken place for all












































