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ABSTRACT. The evolution of interstellar ices is closely related to the formation and
evolution of protostars, by the effects of heating, ultraviolet irradiation, and shocks
induced by protostellar outflows. Observations of the 12CO2 and 13CO2 bands to-
ward deeply embedded, high mass sources with a hot core, indicate that the ices in
these sight-lines are thermally processed (Gerakines et al. 1999; Boogert et al. 1999). To
further investigate this, we analyze in this study observations of the solid 12CO2 bend-
ing mode toward a larger and more varied sample of high and low mass protostars.
Unexpectedly, we find that ultra-compact H II regions, thought to be more evolved
than hot core sources, have band profiles similar to the least evolved hot core sources.
We discuss the possible consequences for current models of massive star formation.
Furthermore, variations in the long wavelength wing of the 12CO2 bending mode in-
dicate different ice mantle compositions (presumably the CH3OH/CO2 ratio) in the
various lines of sight, indicating different CO, O and H abundances at the time of ice
mantle formation. Thus, the 12CO2 bending mode proves to be a powerful diagnostic
for both the thermal history, and the composition of interstellar ices.

5.1 Introduction
Space based observations have revealed that the CO2 molecule, along with species
such as H2O, CH3OH, and CO, is an important constituent of molecular clouds
and star forming regions (d’Hendecourt & de Muizon 1989; de Graauw et al. 1996;
d’Hendecourt et al. 1996; Gürtler et al. 1996; Whittet et al. 1998; Gerakines et al.
1999). The IRAS and ISO satellites have shown the prominent absorption bands
at 4.27 and 15.2 �m of the stretching and bending modes of solid 12CO2 toward
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protostars and quiescent molecular clouds. The derived solid 12CO2 abundance
is so large, typically 20% of H2O ice, that solid 13CO2, at a factor of � 70 lower
abundance, was detected in many sources as well (Boogert et al. 1999).

The profiles of the 12CO2 and 13CO2 bands were shown to vary significantly
from source to source (Gerakines et al. 1999; Boogert et al. 1999). In particular,
many sources show sharp substructures. Detailed modeling with laboratory ice
spectra has revealed that these are most likely the result of heating of the polar ice
(CO2 embedded in a matrix of H2O and CH3OH) by the nearby protostar. Thus,
the CO2 bands are a tracer of the thermal history of interstellar ices. Furthermore,
the band profile indicates that both CH3OH, and H2O must be mixed with CO2.
The relative abundance of these species provides important information on the
gas phase abundances of CO, atomic O, and H in the molecular cloud, during the
formation of these molecules on the surface of the grains. The information on the
mantle composition can also be used to constrain the at present highly uncertain
reaction efficiencies to form CH3OH and CO2 from CO (Tielens & Whittet 1997).

Previous studies have concentrated on deeply embedded, massive protostars,
in an early evolutionary stage, in or before the “hot core” phase. Sources with
more evolved hot cores were shown to have had a larger ice heating time. In the
study presented in this paper, we further investigate this result for a larger sample
of protostars, including the more evolved ultra-compact (UC) H II regions and a
number of low mass protostars.

The 14–16.5 �m observations are presented in Sect. 5.2, along with a description
of the data reduction technique. The laboratory results, discussed in Sect. 5.3, are an
essential tool to study the interstellar solid 12CO2 bending mode. The continuum
determination for the 12CO2 bending mode is particularly difficult in the presence
of deep silicate bands. This is discussed in Sect. 5.4.1. The band profile of the
interstellar band, and the variations seen between the various objects are described
in Sect. 5.4.2. The source to source variations are ascribed to differences in heating
time and ice mantle composition (Sect. 5.5).

5.2 Observations

We present 20 spectra of the 12CO2 bending mode (14–16.5 �m) toward a sample
of low, intermediate, and high mass protostars (Tables 5.1 and 5.2). We compare the
band profiles with 5 high mass objects, which were presented in Gerakines et al.
(1999; NGC 7538 : IRS9, W 33A, W 3 : IRS5, GL 2136, S 140 : IRS1). The spectra
were obtained with the Short Wavelength Spectrometer on board of the Infrared Space
Observatory (ISO–SWS; de Graauw et al. 1996; Kessler et al. 1996). Most spec-
tra were observed in the high resolution grating mode (R = �=∆� �1500; “SWS
AOT 06”), in a selected wavelength range (� 14� 16:5 �m). For most objects also
low resolution 2–45 �m spectra (“SWS AOT 01”) were available, and used for con-
tinuum determination for the 12CO2 bending mode (Sect. 5.4.1). For four objects in
our sample only low resolution spectra were available (Table 5.1). The data reduc-
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TABLE 5.1— Observed lines of sight

Object RA (1950.0) Dec (1950.0) Date RA

(h m s) (o ’ ”)

IRAS 18162-2048 18 16 13.0 �20 48 48 1997 Apr 14 1500
IRAS 18479-0005 18 47 57.0 �00 05 33 1997 Oct 31 1500
IRAS 19110+1045 19 11 00.4 +10 45 43 1997 Mar 29 250
DR 21/1 20 37 14.1 +42 09 04 1997 Oct 15 1500
DR 21/2 20 37 13.5 +42 09 01 1997 Apr 29 1500
IRAS 19442+2427 19 44 13.7 +24 28 05 1997 Apr 25 1500
K 3-50 19 59 50.2 +33 24 19 1996 Dec 04 800
NGC 2024 : IRS2 05 39 14.3 �01 55 58 1997 Sep 13 1500
NGC 6334 : IRS1 17 17 32.3 �35 44 04 1996 Feb 19 250
W 3 : IRS4 02 21 43.4 +61 52 49 1997 Feb 13 1500
Cep A : IRS6a 22 54 19.7 +61 45 57 1998 Mar 07 250
Elias 1 04 15 34.6 +28 12 01 1997 Sep 19 400
Orion IRC 2 05 32 46.8 �05 24 24 1997 Sep 06 1500
W 28 17 57 27.0 �24 03 54 1997 Mar 17 1500
R CrA : IRS2 18 58 19.0 �37 02 50 1997 Mar 25 1500
HH 100 : IR 18 58 28.1 �37 02 29 1997 Mar 25 1500
L 1551 : IRS5 04 28 40.2 +18 01 41 1997 Sep 17 1500
CK 1 18 27 25.2 +01 12 01 1996 Mar 25 1500
R CrA : IRS7 18 58 32.8 �37 01 39 1996 Mar 20 1500
Sgr A-W : IRS3 17 42 28.9 �28 59 13 1997 Mar 14 1500

A resolving power �=∆�

tion was performed with the ISO–SWS Interactive Analysis (IA) package at SRON
Groningen in June-July 1998, corresponding to version 6 of the pipeline. The 14-
16.5 �m region is heavily affected by instrumental fringing. We removed these by
fitting a series of sine and cosine curves, using the “fringes” routine in IA. The steps
after the pipeline processing, such as sigma clipping, flat-fielding and re-binning,
are described in Boogert et al. (1998). Particular care was taken in removing large
cosmic ray hits and signal jumps (“pop-corn” noise), by comparing the different
detector scans. Some scans were so much affected, that they were removed from
the data, before averaging the scans to the final spectrum. The fully reduced, con-
tinuum subtracted (Sect. 5.4.1), spectra are presented in Figs. 5.4 and 5.5.

5.3 Laboratory CO2 studies

To analyze the interstellar 12CO2 absorption band profiles, we compare to labor-
atory spectra of solid CO2 in various ices at a range of temperatures (Ehrenfreund
et al. 1997; 1998b; in prep.). The absorption shape of the 12CO2 bending mode is
very sensitive to both ice temperature and composition. In pure CO2, the vibration
is doubly degenerate, and there are two peaks, at 654.7 and 659.9 cm�1, not de-
pending strongly on temperature. These peaks disappear in mixtures with apolar
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FIGURE 5.1— The 12CO2
bending mode of the ice
H2O:CH3OH:CO2=1:1:1 at a
range of temperatures, showing
the segregation behavior dis-
cussed in Sect. 5.3. The spectrum
at high temperatures resembles
the typical double peaked profile
of pure CO2 ice.

molecules, such as CO, O2, and N2, but the profile can broaden with more than a
factor of 2, up to FWHM�12 cm�1. A much larger broadening of the profile, up
to FWHM�25 cm�1, occurs in mixtures with polar molecules, such as H2O, and
CH3OH. A particularly strong long wavelength wing, extending from 15.35 �m
to at least 16.0 �m (652–625 cm�1), is present in mixtures containing CH3OH. It is
attributed to the formation of stable CH3OH.CO2 complexes, where the CO2 mo-
lecules act as a Lewis acid (Ehrenfreund et al. 1998b). If the CH3OH/CO2 mixing
ratio is large enough (� 1) this “wing” is very pronounced and peaks at�650 cm�1

(15.40 �m). This peak is stronger in mixtures with higher alcohols, such as C2H5OH
(Ehrenfreund et al. 1998b). When the temperature is increased to over 100 K in the
laboratory, this long wavelength wing disappears. The two peaks characteristic for
pure CO2 ice appear upon heating of these polar ices (Fig. 5.1). This behavior is in-
terpreted as ice segregation, in which the polar molecules form a strong hydrogen
bonding network, and the CO2 molecules are forced in clusters by themselves. The
detailed origin of these spectroscopic changes are at present under investigation,
although it seems likely that after heating a polar CO2 ice a spatial separation ex-
ists between the polar molecules and CO2. Crystalline phases of H2O ice enclosing
0.1 �m size pockets of CH3OH were observed in heated H2O:CH3OH ices as well
(Blake et al. 1991).

Apart from the effects of temperature and ice composition, the shape of a strong
absorption band such as the 12CO2 bending mode, depends on the size and shape
of the ice particle. For this, accurate optical constants of the ice are needed. At
present, the optical constants presented in various studies are very different and
the importance of corrections for the grain shape is uncertain. The different avail-
able optical constants for the 12CO2 bending mode (as well as the stretching modes
of CO and CO2), and the effect on the band profile are discussed in Chapt. 6. It has
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FIGURE 5.2— The 12CO2 bend-
ing mode of the heated segreg-
ated ice H2O:CH3OH:CO2=1:1:1
at T =136 K (solid line) compared
with (top, dotted line) the profile
of a pure CO2 ice (T=80 K) as ob-
served in the laboratory. The dot-
ted lines in the three lowest pan-
els represent the calculated profile
for a pure CO2 particle (T=80 K) in
a medium of H2O/CH3OH ice: a
sphere, an oblate spheroid, and a
CDE model. We have not attemp-
ted to fit the long wavelength
wing, since it is ascribed to inter-
actions with CH3OH molecules.

been suggested in the literature that particle shape effects do not play an import-
ant role, since good fits to the 12CO2 bending mode are obtained by the laboratory
transmission spectra (Ehrenfreund et al. 1998b). This may imply that the stud-
ies which derive the “weakest” optical constants are applicable (lowest n2 � k2;
Chapt. 6). A perhaps more interesting explanation may be that the structure of
the laboratory ice, i.e. clusters of CO2 ice embedded in H2O and CH3OH matrices,
closely resembles that of interstellar ice. Particle shape effects could then play an
important role in the laboratory as in space, and indeed, good fits to the 12CO2

bending mode are obtained by heated, segregated ices (Ehrenfreund et al. 1998b;
Gerakines et al. 1999). At the interface of the CO2 clusters with the surrounding
medium, surface modes will arise due to the difference in polarizability of these
ices. Then the 12CO2 absorption bands are modified in a way described in Chapt. 6,
depending on the shape of the CO2 clusters. We have tested this hypothesis, by
calculating the 12CO2 absorption band profile for pure CO2 particles with vari-
ous shapes, embedded in an H2O/CH3OH medium. Unlike the pure CO2 profile
observed in the laboratory, the calculated profiles (using the optical constants of
Ehrenfreund et al. 1997) match the spectrum of the heated, segregated ice very well
(Fig. 5.2). The optical constants of the surrounding H2O/CH3OH medium depend
on the H2O/CH3OH ratio and the temperature, but do not influence significantly
the shape of the absorption profile. However, the CO2 temperature is much more
important. The short wavelength wing of the segregated ice is best fitted when
using the optical constants of heated pure CO2 ice (T = 80 K), as expected. While
the peak positions are well matched, the width of the 661 cm�1 peak is too low,
when assuming spherical CO2 clusters. Better fits are obtained with prolate and
oblate spheroids with an axis ratio of �0.5. An equally good fit is obtained with a
continuous distribution of ellipsoids (CDE), suggesting that the CO2 clusters are ir-
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FIGURE 5.3— (a) the continuum de-
termination of the 12CO2 bending
mode. Two sources are shown, one
with a deep (NGC 7538 : IRS9), and
one with a very weak silicate band
(IRAS 19442). The dotted line is the as-
sumed global continuum. The dashed
line in the top spectrum is the silicate
band of the source GC 3 added to the
global continuum, indicating the pres-
ence of a long wavelength wing in the
CO2 ice band. After division by these
continua, the bottom panel (b) shows
a focus on the optical depth spectra.
Note that in panel (a) we give the low
resolution spectra (R = 250), and in
panel (b) the high resolution (R=1500)
spectra, which have better signal-to-
noise and show the presence of the
long wavelength wing

regularly shaped. Unfortunately, no high temperature pure CO2 optical constants
are available from the studies of Baratta et al. (1999) and Trotta (1996), but it is
clear that the constants of Trotta (1996) are so weak, that the band profile of the
segregated ice cannot be reproduced for any cluster shape.

5.4 Results

5.4.1 Continuum determination and CO2 column densities

The continuum determination for the 12CO2 bending mode is not straightfor-
ward for those sources showing deep silicate absorption bands (Gerakines et al.
1999). It is important to investigate a proper continuum choice, both for analyzing
the band profile and for determining column densities (which for example affects
the solid 12CO2/ 13CO2 ratios; Chapt. 4). Drawing a local straight line continuum
between the sharp edges of the CO2 band at 14.7 and 15.8 �m can give up to�25%
lower integrated depths compared to more sophisticated methods to correct for
the shape of the underlying silicate absorption bending mode. In Gerakines et al.
(1999), the continuum is determined by fitting a low order polynomial to the spec-
tral regions at 14–14.5 �m and 22–25 �m, and then removing the silicate band by
fitting a Gaussian to it. This reveals the presence of a long wavelength wing to
the CO2 ice band extending to at least 16.0 �m, in agreement with the laboratory
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spectra. To further investigate this issue, we have compared the profile of the silic-
ate bending mode with sources not showing strong CO2 ice absorption, such as
the Galactic Center source GC 3 and OH–IR objects. Although the silicate band
profile changes in different sources, we find that indeed there is good evidence
for the presence of a long wavelength wing on the 12CO2 ice band (Fig. 5.3). Fur-
thermore, the UC H II sources in our sample (except IRAS 18479) show very weak
silicate bands, but still there is evidence for a long wavelength wing in the CO2 ice
band (Fig. 5.3). The precise extent of the wing is rather uncertain (Gerakines et al.
1999), since the intrinsic shape of the silicate band is unknown, and may vary from
source to source. And also, in several cases the signal-to-noise is too low to detect
the wing. Generally, using these results, we proceed by fitting a low order poly-
nomial to the regions 13.0–14.6 �m, and 25.6–27.8 �m, and fitting two Gaussians,
with reference to the silicate spectrum of GC 3, to find a proper continuum. For
some sources, such as W 3 : IRS4, and L 1551 : IRS5 only data in a limited spectral
range was available. However, in the flux spectrum the short and long wavelength
sides of the CO2 band do match quite well, suggesting that the silicate band is not
very deep in these sources.

From the optical depth spectra, we calculate column densities by integrating
the optical depth, and dividing by the 12CO2 bending mode band strength A =
1:1 10�17 cm molecule�1 (Gerakines et al. 1995). The given errors (Table 5.2) include
systematic differences between the two ISO–SWS scans. For sources with deep
silicate bands, the continuum determination is the largest uncertainty. It mainly
affects the massive “hot core” sources, and the given errors include an estimate of
this uncertainty (Table 5.2; Gerakines et al. 1999).

5.4.2 Band profile of the interstellar 12CO2 bending mode

The bending mode of solid interstellar 12CO2 extends over the frequency range
625–675 cm�1 (14.8–16.0 �m). The profile varies significantly between the 20 ob-
served lines of sight. Eight sources show two sub-peaks, one appearing at 655.8�
0.5 cm�1 (15.25�0.01 �m) and one at 661�1 cm�1 (15.13�0.02 �m). The 655.8 cm�1

peak does not shift between the sources, but the 661 cm�1 peak is shifted by+2 cm�1

for Cep A and W 3 : IRS4. In four sources with good signal-to-noise spectra these
two peaks are clearly absent (Sgr A-W : IRS3, NGC 2024 : IRS2, R CrA : IRS2,
and R CrA : IRS7). Additionally, the depth of the wing at frequencies less than
�653 cm�1 varies in the various lines of sight. Sometimes (e.g. DR 21, S 87) a third
peak is present in this wing at �650 cm�1 (15.38 �m).

To quantify the variations seen in the band profiles, we determine the depth
of the 655.8 cm�1 peak relative to the local minimum at �658 cm�1, as well as the
depth of the long wavelength wing at 650 cm�1, relative to the 655.8 cm�1 peak at
optical depth scale. Subsequently we have subdivided the sources in three groups,
with low, medium, and high 655.8 cm�1 peak depths. We find that within each
group, the long wavelength wing varies considerably (�20%). Thus, we conclude
that the depths of the 655.8 cm�1 peak and the long wavelength wing are not well
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Figure 5.4: a–c the observed 12CO2 bending mode on optical depth scale, normalized by multiplication with the given
factor. Panel (a) shows the sources with the weakest 655.8 cm�1 peak, panel (b) the sources with stronger peaks, and
panel (c) the strongest peaks. In each panel, the sources are ordered with increasing relative depth of the shoulder at
650 cm�1. Objects indicated with a (�) were presented in Gerakines et al. (1999).
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Figure 5.5: same as in Fig. 5.4, but here for sources not showing the sharp peaks (Panel (a)), again ordered with
increasing depth of the long wavelength wing. Panel (b) shows the sources with spectra that suffer from low signal-to-
noise, systematic errors or continuum determination problems and could not be properly classified.



100 CHAPTER 5. OBSERVATIONS OF THE SOLID 12CO2 BENDING MODE

correlated.

These observed variations in the band profile of the bending mode of 12CO2

can be explained by a combination of different ice temperature and composition.
In Fig. 5.6 we have plotted the depth of the 655.8 cm�1 peak as a function of the
depth of the long wavelength wing, as described above, for a number of laborat-
ory experiments. The varying depth of the 655.8 cm�1 peak can be ascribed to a
different temperature of the polar ice (Figs. 5.7– 5.10). At a given 655.8 cm�1 peak
depth, the variations of the wing depth in the various sources indicate different
ice compositions. Clearly, the long wavelength wing cannot be fitted to any of the
observed sources by a CO2–rich ice (H2O:CO2=1:6). Polar ices are needed to fit the
long wavelength wing. In particular, CH3OH-containing ices show a prominent
wing, and good fits are obtained with CH3OH:CO2�0.5:1. However, CH3OH:CO2

ices do not fit the short wavelength wing, which is achieved by adding H2O to the
ice. Since H2O:CO2 ices also show absorption at the long wavelength wing, the
exact ratio of H2O/CH3OH in the ice cannot be easily determined from the band
profile alone. Given a very constant H2O/CO2 column density ratio in a large num-
ber of sight lines (Gerakines et al. 1999), the variations in the wing are presumably
caused by variations in the CH3OH abundance in the ice (see also Sect. 5.5.2). As-
suming that H2O/CO2=1, most sources are well fitted by H2O:CH3OH:CO2=1:1:1.
Several sources (e.g. R CrA : IRS2, NGC 7538 : IRS9, Cep A : IRS6a) can only be
fitted at lower CH3OH concentrations (CH3OH/CO2�0.5). We conclude that both
the ice temperature and ice composition vary in the observed lines of sight.

Thus far we have considered that the 12CO2 bending mode is caused by a single
ice at one temperature. It is however possible that, as for solid CO (Tielens et al.
1991), ices with a different composition and/or temperature are present along the
line of sight. The observed 655.8 and 661 cm�1 peaks then could be caused by
strongly heated ice near the protostar, superposed on a much broader component.
The underlying broad component can either be a cold, un-segregated polar ice,
or a hot polar, CO2-poor ice. To investigate this, we constructed synthetic spectra
with a varying contribution of the segregated component to the total optical depth
(Figs. 5.7– 5.10). At each ratio we determined the strength of the 655.8 cm�1 peak
and the long wavelength wing at 650 cm�1, similar to the interstellar spectra. For
the segregated ice we took the mixture H2O:CH3OH:CO2=1:1:1 at T=125 K. For the
non-segregated component we used several ices, and also investigate the possible
effect of particle shape on the absorption profile. For the ice H2O:CO2=14:1, as also
used in Gerakines et al. (1999), good fits to the long wavelength wing are obtained
after particle shape corrections only. The same is true for other H2O–rich ices, such
as H2O:CH3OH:CO2=1.7:0.64:1, and 7:0.6:1. For the H2O–poor ice H2O:CO2=0.8:1,
good fits are only obtained without particle shape corrections. Thus, if the op-
tical constants that we used are correct, which is sustained by the calculations in
Sect. 5.3, we can conclude that, in this two component model, the underlying broad
component is H2O–rich. The segregated/total optical depth ratios for the various
sources can be read from Fig. 5.6. The highest ratios of �0.50 are obtained for
S 140 : IRS1 and W 3 : IRS4. The high mass objects GL 2136, W 3 : IRS5, and
Cep A: IRS6a have a ratio of � 0:25. All other objects, including low mass pro-
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FIGURE 5.6— depth of the 15.25 �m (655.8 cm�1) peak versus depth of the long wavelength wing
at 15.39 �m (650 cm�1), as defined in Sect. 5.4.2, for all sources with reliable spectra. The open
circles are for sources with upper limits to the 655.8 cm�1 peak depth. The solid and dashed lines
in the top panel represent the laboratory spectra for different ice compositions and temperatures.
The lines in the bottom panel indicate the depth of the 655.8 and 650 cm�1 peaks for a synthetic
spectrum, composed of the indicated mixture and an increasing relative amount of hot, segregated
ice as given by the numbers. For the hot component we took H2O:CH3OH:CO2=1:1:1 at T = 125 K.
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tostars, the Galactic Center, and the UC H II regions have even lower segregated
ice fractions. Note that the difference with the ratios obtained for high mass pro-
tostars (e.g. W 33A) in Gerakines et al. (1999; their Table 6) is caused by the use of
different temperatures for the segregated component.

5.5 Discussion

5.5.1 Thermal processing of CO2 ices

The solid 12CO2 bending mode profiles indicate that interstellar ices are affected by
thermal processing. Our observations allow us to determine the thermal history of
the ice toward a sample of protostars at a range of luminosities and evolutionary
stages. Not only does this provide information on the evolution of interstellar ices,
it may also be useful as an indicator of the evolutionary stage of protostars.

In the formation process of a high mass star, the heat-up starts when after a
period (� 105 yr) of free-fall collapse, an optically thick, hydrostatic core is formed.
The core grows and further heats by accretion of matter from the surrounding en-
velope until it is hot enough to start nuclear burning and the main sequence is
reached. At this stage, the star is still deeply embedded in the parental molecular
cloud. The immediate surrounding high density material is heated sufficiently by
the central star to evaporate the ice mantles. This is the hot core phase, in which
a rich gas phase chemistry is driven, and lasts for a period of � 3 104 yr (Charn-
ley et al. 1992). As the density near the star becomes sufficiently low, perhaps
through clearing by the stellar wind, an ultra-compact H II (UC H II) region is
formed. These ionized regions have a size typically � 0:03 pc, electron density
ne > 104 cm�3, and an emission measure EM> 107 pc cm�6 (Churchwell 1991).
Many, perhaps all, UC H II regions are associated with a bow shock, created by
the massive star moving with a few kilometers per second through the molecular
cloud. When the star has moved out of the dense cloud core, or when it has des-
troyed most of the natal cloud, its radiation creates a much larger, “classical”, H II
region, or a “blister” when it is at the edge of the molecular cloud.

Our sample contains a number of hot core sources, as well as UC H II regions.
The hot core sources show a range of strengths of the substructure in the CO2

ice bands, corresponding to a heating time difference between the least (W 33A,
NGC 7538 : IRS9), and most (S 140 : IRS1) evolved hot core sources comparable to
the lifetime of the hot core (� 3 104 yr.; Chapt. 4). In this evolutionary picture, one
would expect that UC H II regions are at the end of this heating sequence. How-
ever, the 12CO2 band profile resembles the earliest phase of this thermal processing,
i.e. similar to W 33A. This could have several possible explanations. First, the ice
along the line of sight of hot cores may be composed of a heated, segregated, and
a cold component. In the evolution to an UC H II region, the heated component
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FIGURE 5.7— Fits of laboratory ice spectra to the bending mode of interstellar solid 12CO2. From
top to bottom the sources with a weak 655.8 cm�1 peak are shown (as in Fig. 5.4a). The right panel
for each source gives the laboratory ice H2O:CH3OH:CO2=1:0.92:1 at the indicated temperature
(thick line). The left panel always shows a synthetic spectrum (thick line), composed of the se-
gregated ice H2O:CH3OH:CO2=1:1:1 at T = 125 K (dashed line) and the polar ice H2O:CO2=14:1,
corrected for CDE grain shapes. In both cases, no attempt was made to fit the long wavelength
wing in detail, but may be achieved by changing the CH3OH abundance.



104 CHAPTER 5. OBSERVATIONS OF THE SOLID 12CO2 BENDING MODE

FIGURE 5.8— Same as Fig 5.7, but here for the sources with a larger 655.8 cm�1 peak (as in
Figs. 5.4b and c).
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FIGURE 5.9— Same as Fig 5.7, but here for the sources without sub-peaks (as in Fig. 5.5a).
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FIGURE 5.10— Same as Fig 5.7, but here for the sources with lower quality spectra (as in Fig. 5.5b).
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TABLE 5.2— Solid CO2 column density and physical parameters of observed sources

Object Lbol N(CO2)A N(CH3OH)
N(CO2) Notes

L� 1017 cm�2

Compact H II regions:
IRAS 18162-2048 2 104 7.7 (0.3) - -
IRAS 18479-0005 1.8 106 4.5 (0.4) - -
IRAS 19110+1045 1 106 3.7 (0.4) - -
DR 21/1 <5 105 11.2 (0.2) - -
DR 21/2 <5 105 9.3 (0.2) - -
IRAS 19442+2427 5 104 9.9 (0.2) - -
K 3-50 > 106 1.1 (0.1) - -
W 28 : A2(1) 3 105 1.5 (0.1) - -
High mass “hot core” regions:
NGC 2024 : IRS2 1 103 4.1 (0.4) - Herbig Be
NGC 6334 : IRS1 5 104 2.2 (0.1) - -
W 3 : IRS4 1 104 3.3 (0.2) - -
Cep A : IRS6a 2.4 104 11.6 (0.3) - -
Orion IRC 2 5 104 1.9 (0.1) - -
W 33A 1.1 105 14.5 (1.3) 1.4 [1], [5]
NGC 7538 : IRS9 9.2 104 16.3 (1.8) 0.2 [1], [5]
W 3 : IRS5 4.7 105 7.1 (1.8) < 0:1 [1], [5]
GL 2136 7.2 104 7.8 (0.3) 0.3 [1], [5]
S 140 : IRS1 3 104 4.2 (0.1) < 0:5 [1], [5]
GL 7009S 2 104 25 1.5 [2], [3]
Low mass protostars:
R CrA : IRS7 2.3 17.7 (1.2) - Class 0
R CrA : IRS2 12 8.2 (0.1) < 0:24 Class I, [4]
HH 100 : IR 14 5.9 (0.3) - Class I
L 1551 : IRS5 33 11.6 (2.0) - Class I
CK 1 <30 7.2 (0.9) - Class I
Elias 1 38 2.9 (0.2) - Class I
Galactic Center:
Sgr A-W : IRS3 - 2.32 (0.02) - -

A solid CO2 column density from bending mode
References: [1] Gerakines et al. (1999); [2] Dartois et al. (1998b);
[3] Ehrenfreund et al. (1998b); [4] Chiar (priv. comm.); [5] Chiar et al.
(1996)
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may have evaporated in the warm dust cocoon and we see only the cold compon-
ent in the foreground. However, in this scenario, one would expect that the solid
CO2 column densities toward UC H II regions are significantly smaller compared
to hot cores, which is clearly not the case (Table 5.2). Second, the UC H II regions
may have been formed on a time scale short compared to the thermal processing
time scale. Or, those objects that show the latest stage of thermal processing (e.g.
S 140 : IRS1), somehow delayed the formation of an UC H II region. These early
stages are not well understood, but may be related to the properties of the stellar
wind, cleaning the circumstellar environment and setting the stage for the forma-
tion of the UC H II region. Alternatively, the formation of the UC H II region may
be related to the motion of the protostar in the parental molecular cloud core. In
this case, the protostars that show the most extensive thermal processing, are those
that move the slowest and have not yet escaped the high density of their birth sites.
At this stage, we cannot separate these different scenarios. In any case, studies of
ices may provide important constraints on the formation and evolution of massive
stars.

None of the low mass objects in our sample shows strong substructures in the
12CO2 bending mode, thus indicating that the ice in these sightlines is not strongly
affected by thermal processing. This cannot be simply attributed to the 3 orders of
magnitude lower luminosity, compared to the high mass protostars. The temperat-
ure and density gradients in protostellar envelopes are scale-free, i.e. independent
of the luminosity of the central source (Ivezic & Elitzur 1997). Instead, the infrared
spectrum, and thus the relative amount of heated ice near the protostar, is determ-
ined by the total column along the line of sight. Indeed, all low mass objects in our
sample have CO2 column densities higher than the high mass objects showing the
largest effect of heating (W 3 : IRS4, S 140; Table 5.2). All our low mass objects are
in an early evolutionary stage (Class 0 or I) and, besides unprocessed CO2 ice, also
show large amounts of volatile, apolar ices (e.g. Chiar et al. 1998). These low mass
objects are located in large molecular cloud complexes and a large fraction of the
ice along the line of sight may not be directly associated with and heated by the
protostar. Of particular interest is the featureless 12CO2 band toward the Galactic
Center source Sgr AW : IRS3. Most likely, we see quiescent molecular cloud ma-
terial along the line of sight to the Galactic Center. However, unlike the low mass
protostars, no solid CO has been detected toward the Galactic Center (e.g. Lutz et
al. 1996), indicating that the dust temperature must be larger than the interstellar
solid CO sublimation temperature of 17 K (e.g. Tielens & Whittet 1997). In sup-
port of this, we note that the dust in the Galactic Molecular ring has a temperature
T = 21� 1 K, whereas it is T = 18� 1 K in the local ISM (Sodroski et al. 1997).

5.5.2 Ice mantle composition

We detect source to source variations in the strength of the long wavelength
wing of the CO2 ice band. These variations are independent of the depth of the
656 and 661 cm�1 peaks, and thus are likely not the effect of heating. Instead, they
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may well indicate different ice mantle compositions in the various lines of sight.
An important contributor to the wing is the presence of CH3OH in the CO2 ice,
and thus different CH3OH concentrations can explain the variations (Fig. 5.6). Re-
latively high CH3OH/CO2 ratios (� 1) are needed, for example, for W 33A, and
GL 7009S, and at least a factor of 2 less for NGC 7538 : IRS9, R CrA : IRS2, and
W 3 : IRS5. This explanation is supported by the much lower ratio of directly meas-
ured CH3OH/CO2 column densities for the latter sources, compared to W 33A and
GL 7009S (Table 5.2). An exception is GL 2136 for which a CH3OH/CO2 ratio of
at least 1 would be expected in the ice, but the column densities indicate a much
lower ratio of 0.3 (Table 5.2). GL 2136 is otherwise remarkable in the sense that it
has the strongest 650 cm�1 (15.38 �m) peak in our sample. Such a distinct peak is
not seen in CH3OH:CO2 ices, but is more pronounced in mixtures with other bases
such as C2H5OH (ethanol; Ehrenfreund et al. 1998b). Then for GL 2136 perhaps ad-
ditional molecules besides CH3OH are responsible for the long wavelength wing
and the 650 cm�1 peak in the 12CO2 bending mode. This may also be the case for
the sources DR 21, GL 7009S, and perhaps L 1551 : IRS5, which show the 650 cm�1

peak as well (Fig. 5.4; Ehrenfreund et al. 1998b). It seems however unlikely that
C2H5OH is a viable candidate, since it is at least a factor of 5 less abundant than
CH3OH in the ice (Boudin et al. 1998). Furthermore, no gas phase C2H5OH was
found in the hot core of GL 2136 (Boonman et al., in prep.). An important test will
be the observation of solid CH3OH in more lines of sight, since, in this picture, the
CO2 bending mode predicts a high CH3OH abundance for example in L 1551 : IRS5
(CH3OH/CO2> 1), and a low abundance for Cep A : IRS6A (CH3OH/CO2�0.5).

We finally note that a higher H2O concentration in the H2O:CH3OH:CO2 ice
decreases the strength of the long wavelength wing. H2O molecules form hydrogen
bonds with CH3OH, thus inhibiting the formation of CO2.CH3OH bondings, and
resulting in a weaker long wavelength wing (Fig. 5.6). However, the presently
available laboratory data indicates that the H2O/CO2 mixing ratios must vary with
at least a factor of 5 between the observed sources. In contrast to CH3OH/CO2,
the H2O/CO2 column density ratios, directly determined from the observed band
strengths, are very similar for many sources (5.9�0:3; Gerakines et al. 1999), and
thus it seems unlikely that different H2O concentrations are responsible for the
observed source to source variations.

The different CH3OH/CO2 ratios may indicate that the physical conditions dur-
ing ice mantle formation in the observed lines of sight were not the same. Gas
phase CO condensed on the grains may react with atomic H or O to form either
CH3OH or CO2. Thus, for objects with a high solid CH3OH/CO2 ratio (W 33A,
IRAS 19442) the gas phase H/O ratio may have been higher during ice mantle
formation compared to objects such as NGC 7538 : IRS9, and R CrA : IRS2.

5.5.3 Local variations

Several of our observed sources are located within the same molecular cloud,
and local variations of the CO2 ice column density, heating history, and mantle
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composition can be studied. In the W 3 cloud, the object IRS4 has a factor of 2
lower CO2 column density compared to IRS5, and the profile is fitted with a hot-
ter laboratory ice. This indicates an older hot core in IRS4 that has had more time
to heat the surrounding ice. This was also suggested by gas phase observations
and modeling (Helmich & van Dishoeck 1997). Within the DR 21 complex, we also
see small variations. The DR 21/2 pointing shows somewhat more pronounced
substructures and a lower CO2 column density compared to DR 21/1, again indic-
ating a larger effect of heating. DR 21/1 coincides with UC H II region ‘B’, which
was found to have a larger visual extinction (AV > 130; Righini-Cohen et al. 1979)
compared to UC H II region ‘A’ (AV = 118), which is close to DR 21/2. The lower
dust column toward DR 21/2 then may explain the larger effect of heating. Fur-
thermore, DR 21/2 shows a more pronounced 650 cm�1 peak, perhaps indicating a
different ice mantle composition in this line of sight.

5.6 Conclusions

We have presented observations of the bending mode of solid 12CO2 toward a
sample of 20 massive and low mass protostars, and we compared the band profile
with the massive hot core sources of Gerakines et al. (1999). All massive objects
show two peaks at 655.8 and 661 cm�1, most likely caused by heating of a polar
CO2 ice. Although UC H II regions are generally thought to have evolved from hot
core sources, the strength of these peaks indicates a heating time comparable to the
least evolved hot core sources (e.g. W 33A). Perhaps UC H II objects have evolved
faster than the hot core sources in our sample. Or perhaps UC H II have moved
away from the birth site, on a timescale comparable to or less than the thermal
processing timescale, and we see quiescent molecular cloud material. None of the
low mass objects in our sample shows strong effects of heating, which is consistent
with the large abundances of apolar ice seen in these lines of sight. In contrast to the
luminous protostars, much of the ice observed towards low mass objects may be
associated with the surrounding molecular cloud. The interstellar 12CO2 bending
mode also shows a long wavelength wing. The depth varies between the sources,
independent from the depth of the 655.8 and 661 cm�1 peaks, suggesting that this
is not an effect of heating. Instead, the variations in the wing may be caused by
different ice compositions, and thus different CO, O and H abundances at the time
of the mantle formation. Given the rather constant H2O/CO2 column density ra-
tio for different sightlines, we suggest that it is caused by different CH3OH/CO2

mixing ratios. Indeed, sources with a deeper long wavelength wing also have sig-
nificantly larger CH3OH/CO2 column density ratios. Finally, some sources in our
sample show a distinct peak at 650 cm�1, which may indicate that other species,
such as C2H5OH, are present in the CO2 ice as well. We conclude that the 12CO2

bending mode has proven to be a powerful diagnostic for the thermal history and
composition of interstellar ices.



5.7 Future work 111

5.7 Future work

This study of interstellar solid CO2 initiates the need for new astronomical and
laboratory observations. Determinations of the CH3OH column density, e.g. from
the 3.54 �m C–H stretching mode, in more lines of sight are needed to further test
the hypothesis that the CH3OH/CO2 mixing ratio varies from source to source. To
improve the fits to the 12CO2 band, laboratory spectra of ices with a larger range of
H2O:CH3OH:CO2 mixing ratios need to be observed. The optical constants of these
mixtures will allow to further investigate the effect of particle shape on the CO2

band profile. Evidently, the controversy on optical constants (see Chapt. 6) needs
to be solved. Furthermore, candidate, probably basic, molecules (Ehrenfreund et
al. 1998b), responsible for the 650 cm�1 peak need to be searched for in the ISO–
SWS spectra and need to be tested by laboratory heating experiments.
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