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Abstract. We present infrared spectra of gas-phase CO, around 15 ym toward 14 deeply embedded massive protostars obtained
with the Short Wavelength Spectrometer on board the Infrared Space Observatory. Gas-phase CO, has been detected toward
8 of the sources. The excitation temperature and the gas/solid ratio increase with the temperature of the warm gas. Detailed
radiative transfer models show that a jump in the abundance of two orders of magnitude is present in the envelope of AFGL 2591
at T > 300 K. No such jump is seen toward the colder source NGC 7538 IRS9. Together, these data indicate that gas-phase
CO, shows the same evolutionary trends as CO, ice and other species, such as HCN, C,H,, H,0, and CH3;0H. The gas-phase
CO, abundance toward cold sources can be explained by gas-phase chemistry and possible freeze-out in the outer envelope.
Different chemical scenarios are proposed to explain the gas-phase CO, abundance of 1-2 x 1076 for 7 > 300 K and of ~107%
for T < 300 K toward AFGL 2591. The best explanation for the low abundance in the warm exterior is provided by destruction
of CO, caused by the passage of a shock in the past, combined with freeze-out in the coldest part at 7 < 100 K. The high
abundance in the interior at temperatures where all oxygen should be driven into H,O is unexpected, but may be explained
either by production of OH through X-ray ionization leading to the formation of abundant gas-phase CO,, or by incomplete

destruction of evaporated CO, for 7' > 300 K.

Key words. stars: formation — ISM: abundances — ISM: molecules — infrared: ISM — ISM: lines and bands —

molecular processes

1. Introduction

Carbondioxide is predicted to be among the more abundant
carbon- and oxygen-bearing gas-phase species in massive
star-forming regions (e.g. Charnley 1997). However, the lack
of a permanent dipole moment restricts observations of this
molecule to infrared wavelengths. Due to its ubiquitous pres-
ence in the Earth’s atmosphere, it was not until the launch
of the Infrared Space Observatory (ISO) that a systematic
search for CO, toward star-forming regions could be per-
formed. Van Dishoeck et al. (1996) made the first search for
gas-phase CO; in absorption toward a few deeply embedded
massive protostars. Since then, ISO has detected gas-phase
CO,; toward many astronomical objects, including other mas-
sive protostars (Dartois et al. 1998; van Dishoeck 1998), plan-
etary atmospheres, and Asymptotic Giant Branch stars (e.g.
Lellouch et al. 2002; Justtanont et al. 1998; Cami et al. 2000).

Send offprint requests to: A. M. S. Boonman,
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* Based on observations with ISO, an ESA project with instruments
funded by ESA Member States (especially the PI countries: France,
Germany, The Netherlands and the UK) and with the participation of
ISAS and NASA.

Van Dishoeck et al. (1996) derive tentative gas-phase CO,
abundances of ~1077 averaged over the line of sight. Somewhat
higher abundances of a few times 1077 are found in the direc-
tion of Orion-IRc2/BN, whereas more than an order of magni-
tude lower abundances are found toward the shocked regions
Peak 1 and 2 (Boonman et al. 2003). Envelope models by Doty
et al. (2002) predict abundances of a few times 1078 for tem-
peratures 100 K and a few times 1077-107° for T ~ 100—
300 K. Hot core models by Charnley (1997) also predict abun-
dances of ~1077-107° for T ~ 200-300 K. On the other hand,
Charnley & Kaufman (2000) show that shocks containing a
high H/H, ratio can destroy CO,, giving a possible explana-
tion for the lower abundances found for the Orion shocked re-
gions. Similarly, low gas-phase CO, abundances of ~107% are
predicted by gas-grain chemistry in the post-shock gas for dark-
cloud type environments (Charnley et al. 2001).

In addition to gas-phase CO,, abundant CO; ice has been
seen toward intermediate- to high-mass star-forming regions
(de Graauw et al. 1996; D’Hendecourt et al. 1996; Gerakines
et al. 1999; Nummelin et al. 2001). Abundances up to ~1075
have been found, much higher than the gas-phase CO, abun-
dances. The ice abundances are highest for the coldest sources,
implying that grain-mantle evaporation is important for the
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Table 1. Observed sources and their properties.

Source RA (2000) Dec (2000) Observation ID* 15 um Flux” Luminosity Distance Reference®
dy) (10° Lo) (kpc)
AFGL 2591 20"29m24%7 +40°11’19” 02899582 790 0.2 1 1,1
14200503
19301928
AFGL 2136 18"22m2683 —13°30/08” 12000925 260 0.7 2 1,1
12800302
AFGL 4176 13M43m0251 —62°08’52” 11701404 400 1.8 4 2,3
30601344
MonR2 IRS3 06"07™482 —06°22'55" 71101802 540 0.13 0.95 4,5
NGC 7538 IRS 1 23"13m454 +61°28'09” 28301235 420 1.3 2.8 1,1
NGC 7538 IRS 9 23" 14m0156 +61°27'20” 09801533 110 0.4 2.8 1,1
NGC 2024 IRS 2 05"41m4558 —01°54'34"” 66701228 40 1 0.4 6,
AFGL 2059 18"04™530 —24°26'45” 49302585 160 0.16 1.5 2,3
G 333.3-0.4 16"21m3089 —50°25'07” 45800340 190 6 3.9 2,8
NGC 3576 11" 11™539 —61°18'25” 29200143 380 35 2.4 ,
S1401IRS 1 22M19™M 182 +63°18'47” 26301731 630 0.2 0.9 1,1
W33 A 18"14m394 —17°52/01” 12501301 50 1.0 4 1,1
12501406
32900920
33201806
46700521
46700801
W3IRS 4 02"25m3089 +62°06'21” 61601103 140 -2 2.2 10,1
W3IRS 5 02025™4089 +62°05'52” 42701224 860 1.7 2.2 1,1

¢ For sources where multiple IDs are listed, the spectra presented in this paper are a combination of all of these.
b Continuum flux at ~15 pm in the ISO-SWS aperture, obtained by extrapolating the continuum flux in the 14.5-14.8 ym region.

¢ The first reference refers to the luminosity, the second to the dista

nce.

References: 1. van der Tak et al. (2000b); 2. Lahuis & van Dishoeck (2000); 3. Henning et al. (1990); 4. Henning et al. (1992);
5. Giannakopoulou et al. (1997); 6. Thompson et al. (1981); 7. Anthony-Twarog (1982); 8. Azcarate et al. (1986); 9. Persi et al. (1987);

10. Helmich et al. (1994).

chemistry in warmer sources (van Dishoeck 1998). One of the
main questions is whether abundances of gas-phase CO, as
high as ~107> are observed in any star-forming region.

In this paper, observations of the v, ro-vibrational band of
gas-phase CO; around 15 uym toward 14 embedded massive
young stars are presented. All sources in our sample have lu-
minosities between ~10*—~10° Ly, and do have complementary
ISO data on ices and other gas-phase molecules (e.g. Lahuis &
van Dishoeck 2000; Gerakines et al. 1999; Keane et al. 2001b).
The observations and reduction of the data are summarized in
Sect. 2. Section 3 describes the analysis, using pure absorption
models to derive abundances and gas/solid ratios. Radiative
transfer effects are taken into account in Sect. 4 and the results
are discussed in Sect. 5. Finally, the conclusions are presented
in Sect. 6.

2. Observations and reduction

The v, ro-vibrational band of gas-phase CO, around 15 um
has been observed with the Short Wavelength Spectrometer
(SWS) in the AOT6 grating mode toward all sources. The spec-
tra have been reduced using the ISO-SWS Interactive Analysis
System SIA using the ISO Off-line Processing (OLP ver-
sion 10) software modules and calibration files. In addition,
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Fig. 1. ISO-SWS spectrum of AFGL 2136 between 14.5 and 16 um.
The dashed line shows the adopted continuum, the solid line a good
fitting ice mixture of polar + annealed ice (H,O:CO:CO, = 100:3:20+
H,0:CH;0H:CO; = 1:1:1 respectively) to the observed CO, ice band
(Gerakines et al. 1999).

the instrumental fringes have been removed by a combina-
tion of an optimized spectral response calibration and robust
sine wave fitting (Lahuis & van Dishoeck 2000). The spec-
tra have been rebinned to an effective spectral resolution of
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Fig. 2. Normalised ISO-SWS spectra in the region of the gas-phase CO, v, bending mode for all sources. The solid CO, feature has been

removed (see text).

AA = 0.0085 um. The S/N ratio on the continuum is typically Analysis have improved significantly since 1996. In addition
50-100 in the final spectra. for AFGL 2136, AFGL 2591, and AFGL 4176, the spectra
The v, ro-vibrational band of gas-phase CO, has been of multiple independent observations of the same source have

detected toward the sources AFGL 2136, AFGL 2591, been combined, leading to an additional increase in the final
AFGL 4176, MonR2 IRS3, NGC 7538 IRS1, NGC 7538 IRS9, S/N ratio.
W 33 A, and W 3 IRSS5. The spectra of AFGL 2136, An example of the resulting spectra is shown in Fig. 1 to-
AFGL 2591, AFGL 4176, and NGC 7538 IRS9 have been gether with a fit to the CO; ice band, using an ice mixture simi-
analysed previously by van Dishoeck et al. (1996). The re- lar to that found by Gerakines et al. (1999). Although the labo-
duced spectra presented here are however of much higher qual-  ratory ice fit follows the solid-state feature quite well, it shows
ity. Both the instrument calibration and the reduction routines some small deficiencies, which could be due to the presence
within the ISO-SWS pipeline as well as the SWS Interactive of other solid-state features that are not accounted for in the
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Fig. 3. The strength of the CO, (0220) « (01'0) hotband (thick line)
compared to the fundamental (01'0) « (00°0) band (thin line) for
different excitation temperatures, using b = 3 km s™! and N = 1 x
10'® cm™2.

ice fit. Therefore the final spectra have been divided by a man-
ual fit to the CO, ice band, resulting in the normalised spectra
presented in Fig. 2. Different fits to the continuum have been
made to investigate their effect on the shape and depth of the
gas-phase CO, band and these have been taken into account in
the analysis of the spectra.

3. Analysis
3.1. Homogeneous pure absorption models

The modeling of the spectra has been performed by comput-
ing synthetic spectra using the method described in Lahuis &
van Dishoeck (2000). In this method, the source is assumed
to be a homogeneous sphere with a single temperature 7x and
column density N. Here it is assumed that only absorption takes
place and that emission can be neglected. The effects of adopt-
ing a non-homogeneous source and including emission are dis-
cussed in Sect. 4. The models are not sensitive to the CO, line
width as long as the lines are not saturated, which becomes
important only for » $ 1 km s~'. A mean Doppler b-value of
3kms!is adopted (see also Boonman et al. 2003), but values
up to b = 10 km s~! have been explored. Similar values are
used in the modeling of other observed ro-vibrational absorp-
tion lines in the same wavelength region toward these sources
(e.g. Lahuis & van Dishoeck 2000; Keane et al. 2001a). For
comparison, Mitchell et al. (1990) derive line widths of b ~ 4—
7 km s~! from high-resolution observations of the CO ro-
vibrational band around 4.7 um. The resulting synthetic spectra
have been convolved to the nominal spectral resolution of the
ISO-SWS spectra for comparison with the data.

The molecular line data have been taken from the HITRAN
2000 database (http://www.hitran.com). The model in-
cludes the fundamental (01!0) « (00°0) band at 14.983 um,
the hotbands (0220) « (01'0) and (02°0) « (01'0) at 14.976
and 16.18 um respectively, and the (10°0) « (01'0) band at
13.87 um. The (02°0) « (01'0) and (10°0) « (01'0) bands are
not detected. The (0220) « (01'0) hotband coincides with the
fundamental Q-branch, making it difficult to detect. Figure 3
shows the shape and strength of the CO, fundamental and the
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Fig. 4. Example of a good fitting model for the observed CO, spectrum
toward AFGL 2136, using the best fit parameters from Table 2 (dashed
line). The dotted line shows the contribution of the (0220) « (01'0)
hotband. The solid line is the observed ISO-SWS spectrum divided by
the continuum. The P, Q, and R-branches of the CO, v, ro-vibrational
band are indicated.
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Fig. 5. Example of the y? distribution for AFGL 2136. The star indi-
cates the minimum )(2 and the contours are 2.5, 5, 10, and 22.5% above
the minimum y?. The latter contour roughly corresponds to a 30" de-
viation of the model from the observed CO, band for this source.

(02%0) « (01'0) hotband for different excitation temperatures.
This shows that for Tex 2 300 K the (0220) « (01'0) hot-
band starts to play a role. This hotband was not included in the
previous modeling of the CO, spectra by van Dishoeck et al.
(1996).

The best fit to the data has been determined using the re-
duced X%-method. Since the P-branches of the C,H, vs and
HCN v, ro-vibrational bands extend into the region of the CO,
v, band, these bands are included in the modeling, using the
best fit parameters from Lahuis & van Dishoeck (2000). For all
sources, their contribution is less than the noise level, but they
are included for consistency. The best fitting model parameters
are listed in Table 2 for all sources. The uncertainty in the ex-
citation temperature includes errors due to different continuum
fits.
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Table 2. Model parameters for the v, band of CO,.

Source Tx(CO,) N(CO,) NH,)* x(CO,)
K 10'°cm™2 102cm™2 1077
AFGL 2591 550*1%  2.6+0.5 9.6 2.7
AFGL 2136 30071%  3.2+0.7 11. 2.9
AFGL 4176 45072%  1.7+0.5 8.0 2.1
MonR2 IRS3 225718 1.0+£03  4.9° 2.0
NGC 7538 IRS1 450717 1.3+04 8.6 1.5
NGC 7538 IRS9 20012 1.4+06 49 2.9
NGC 2024 IRS2¢ 45 <1.0 3.5 <29
AFGL 2059 500¢ <0.8 4 <2.0
G 333.3-0.4 300/ <0.5 15 <0.3
NGC 3576 500¢ <0.8 8 <1.0
S 140 IRS1 3909 <0.8 3.7 <22
W33 A 100730 32+1.0 13. 2.5
W 3 IRS4" 55 <0.5 11. <0.5
W 3 IRS5 25012 0.9+0.2 13. 0.7
Orion BN/KL! 2207 6.0+12 8-30 1.6-8.9

From Lahuis & van Dishoeck (2000), unless otherwise noted.
N(CO,)/N(Hy).

Using N('3CO) from Giannakopoulou et al. (1997).

Using T (?CO) and N(H,) from Lacy et al. (1994).
Tox(H,0) from Boonman et al. (2000).

Tex(CoH,) from Lahuis & van Dishoeck (2000).

T ("*CO) from Mitchell et al. (1990).

Using Ty, and N(CO) from Helmich & van Dishoeck (1997).
" From Boonman et al. (2003).

N

= Q@ = a8

The results show that warm CO, gas at T > 200 K is de-
tected toward half of the sources and suggest that for the hottest
sources, AFGL 2591, AFGL 2136, and AFGL 4176, also the
(0220) « (01'0) hotband contributes. The gas-phase 13Co,
band near 15.4 um is not detected in our sources.

A good fitting CO, model is presented in Fig. 4. Figure 5
shows an example of y2 contours for the source AFGL 2136. It
illustrates that the column density of the gas-phase CO; is well
constrained, but that the excitation temperature shows a larger
spread.

Comparison of our results for AFGL 2136 to those by
Sandford et al. (2001) shows a lower excitation temperature
than their Tx of 580 K. Also, their column density in the
580 K gas is more than an order of magnitude higher than that
found here. This discrepancy is likely caused by the low signal-
to-noise in the spectrum presented by Sandford et al. (2001),
which is also hampered by the presence of instrumental fringes.
These fringes are carefully removed in our spectra. In addi-
tion, our AFGL 2136 spectrum shows the detection of a few
P- and R-branch lines (Fig. 4), which poses an extra constraint
on the excitation temperature and column density. The fact that
the CO; ice fit shown in Fig. 1 does not match the observed
continuum very well between 14.6 and 14.8 um introduces an
uncertainty of ~100 K in the excitation temperature, which is
accounted for in the results in Table 2. Therefore, the newly
reduced spectra presented here allow a more reliable estimate
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Fig.7. The CO, gas-phase abundances from Table 2 (left panel) and
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denote typical error bars for T.x * 200 K. For MonR2 IRS3 and
S 140 IRS1 the '*CO temperatures from Giannakopoulou et al. (1997)
and Mitchell et al. (1990) respectively, are plotted.

of the excitation temperature and column density of the CO; v,
ro-vibrational band.

Figure 6 presents a comparison of the CO, excitation tem-
perature Tex(CO,) and that of C;H>, a good tracer of the warm
gas (Lahuis & van Dishoeck 2000). It is seen that T (CO,) in-
creases with Tex(CyHy), indicating that CO, also traces warm
gas. However, the increase is not as strong as for C;H, (Fig. 6).
Note that for NGC 7538 IRS1 a C,H, excitation temperature
of ~500 K is found from a new, updated reduction of the spec-
tra, much lower than the T (C,H;) = 800 K listed in Lahuis &
van Dishoeck (2000).

3.2. Abundances

The CO, column densities have been converted into abun-
dances, using the total H, column densities (cold + warm
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squares fit to the CO, gas/solid ratios and the dashed line the least-
squares fit to the H,O gas/solid ratios from Boonman & van Dishoeck
(2003).

components) derived from infrared observations of '*CO (e.g.
Mitchell et al. 1990). A '2CO/"3CO ratio of 60 and a >*CO/H,
ratio of 2 x 10~ have been assumed (Lahuis & van Dishoeck
2000; Lacy et al. 1994). Typical derived CO, abundances are
a few x1077 (Table 2). The inferred abundances do not show
a clear trend with temperature (Fig. 7). Using the H, column
densities in the warm gas only increases the gas-phase CO,
abundance by a factor of ~2 for most sources, but does not
change the lack of a trend with temperature. The abundances
differ by less than a factor of ~4 between the sources, except for
G 333.3-0.4 (Fig. 7). However, for G 333.3-0.4 the H, column
density is determined from the C'70O J = 2-1 submillimeter
transition, resulting in an upper limit on the H, column density,
and consequently a rather uncertain CO, abundance.

The derived CO, abundances for AFGL 2591, AFGL 2136,
and AFGL 4176 are a factor of ~2.5—4 higher than the tentative
values from van Dishoeck et al. (1996). For NGC 7538 IRS9
the tentative value falls within the error bars of the CO,
abundance derived here. The inferred CO, abundances agree
well with the abundance range found toward Orion IRc2/BN
(Table 2).

3.3. Gas/solid ratios

Gas/solid ratios can be determined by combining the derived
gas-phase CO; column densities with those for CO, ice for the
same sources from Gerakines et al. (1999) (see Fig. 7). This ra-
tio increases with temperature, consistent with the location of
CO; in the warm inner part of the envelope, above the evapora-
tion temperature (Fig. 8). However, the increase is less strong
and the ratios are lower than for H,O, although pure CO, ice
is more volatile than H,O (Fig. 8; Boonman & van Dishoeck
2003). This is probably due to the fact that toward our
sources CO; ice is mostly embedded in a H,O ice matrix and
that its column density is only 10-23% of that of H,O ice

A. M. S. Boonman et al.: Gas-phase CO, toward massive protostars

(Gerakines et al. 1999). In addition, gas-phase H,O abundances
of up to ~107* are easily formed above T > 230-300 K, thus
rapidly increasing the H>O gas/solid ratios (Charnley 1997).

4. Radiative transfer effects
4.1. Filling in by emission

In this section, the effect of possible emission along the line
of sight on the derived CO, column densities and abundances
is investigated. To this purpose a similar excitation model as
that described in Boonman et al. (2003) has been set-up. This
excitation model includes energy levels for CO, up to J = 40
in both the v, = 0 and 1 vibrational states. The level popu-
lations are calculated adopting a Boltzmann distribution using
Tex from Table 2. As a central radiation source, a blackbody
with 7 = 300 to 600 K has been explored.

Adopting a homogeneous source as before, but including
both absorption and emission along the line of sight, shows
that the CO, column densities needed to match the observa-
tions are up to ~30% higher than those listed in Table 2 as long
as the excitation temperature is less than ~250-300 K. This is
within the listed error bars. The emission only becomes im-
portant for Tex = 250-300 K, i.e. for the sources W 3 IRSS,
AFGL 2136, AFGL 4176, NGC 7538 IRS1, and AFGL 2591
(see also Boonman et al. 2003). For these sources, the CO; col-
umn density that best matches the observations can be up to a
factor of ~3 higher than that derived from the pure absorption
models (Table 2). Note that this model does not include other
radiative transfer effects, such as infrared pumping, nor does it
include temperature and density gradients, so that the derived
CO, abundances within this model are not very accurate.

4.2. Temperature and density gradients: Jump models

Van der Tak et al. (2000b) show that a density and temperature
gradient is present in their sample of deeply embedded mas-
sive young stars, which is a sub-set of the sample studied here.
Since radiative transfer effects are expected to be largest for the
warmer sources, AFGL 2591 is taken as a test case. Adopting
the physical model for AFGL 2591 derived by van der Tak et al.
(2000b), the level populations and radiative transfer are calcu-
lated with the Monte Carlo code of Hogerheijde & van der Tak
(2000) on a grid of concentric shells, assuming spherical ge-
ometry. The calculations include energy levels up to J = 40 in
both the v, = 0 and v, = 1 states, the same as in the excitation
model described in Sect. 4.1. The collisional rate coefficients
used are taken from Allen et al. (1980). Radiative excitation
through the 15 ym band due to warm dust mixed with the gas
is included, using grain opacities from Ossenkopf & Henning
(1994) and assuming Tqust = Tgas. No external radiation field
apart from the 2.73 K cosmic background radiation was ap-
plied. The resulting level populations are used in the excitation
model described above to calculate a synthetic model spectrum
including both emission and absorption along the line of sight.
As a central radiation source a blackbody at T > Ty in the in-
nermost shell is chosen. The resulting model spectrum is then
compared with the observed absorption spectrum.
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Fig. 9. Results from the detailed radiative transfer models including
temperature and density gradients (see Sect. 4.2). The solid line shows
the data, the dashed line the model spectrum. a) Model spectrum for
AFGL 2591 using a constant CO, abundance of n(CO,)/n(H,) = 3 X
1077 throughout the envelope, similar to that inferred from the pure
absorption models in Sect. 3.2. b) Model spectrum for AFGL 2591
using n(CO,)/n(H,) = 2 x 107 for T > 300 K and n(CO,)/n(H,) =
1x 1078 for T < 300 K. ¢) Model spectrum for NGC 7538 IRS9 using
a constant CO, abundance of n(CO,)/n(H,) = 7 x 1078.

For AFGL 2591 it is found that a constant CO, abundance
x(CO,) = n(COy)/n(Hy) throughout the envelope produces a
synthetic spectrum with a Q-branch that is too narrow com-
pared to the observations (Fig. 9). This indicates that the con-
stant abundance model is dominated by absorption from gas at
T < 300 K. Therefore a model with a jump in the abundance
at T = 300 K has been tried. It is found that a model spec-
trum with a CO, abundance of ~1-2 x 107 for T > 300 K
and 1078 for T < 300 K can reasonably explain the observed
spectrum (Fig. 9). Applying a jump at lower temperatures, €.g.
at 7T = 200 K or T = 100 K produces a Q-branch that is
too narrow. This indicates that the observed Q-branch repre-
sents warm CO; gas from the inner part of the molecular en-
velope at T > 300 K, in agreement with that inferred from
the pure absorption models. It also shows that the CO, abun-
dance in the outer envelope is much lower, about two orders of
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magnitude. Similar jumps in the abundance have been seen for
other molecules toward AFGL 2591, such as HCN, H,O, and
SO, (Boonman et al. 2001; Boonman & van Dishoeck 2003;
Keane et al. 2001a; van der Tak et al. 2003).

Similarly one of the colder sources, NGC 7538 IRS9, is
modeled for comparison using the physical model derived by
van der Tak et al. (2000b). It is found that a constant CO,
abundance of ~7 x 1078 can reproduce the observed spectrum.
A model with a jump in the abundance at 7 = 100 K and
x(COy) = 2x 1077 for T > 100 K and x(CO,) = 1 x 107°
for T < 100 K gives a similarly good fit in terms of y2. This
indicates that for NGC 7538 IRS9 no evidence for a jump in
the abundance at temperatures 7 > 300 K is found. The result
that a jump in the abundance at T = 100 K fits the observed
spectrum equally well as the constant abundance model may
suggest that most of the CO, is frozen-out onto the grains be-
low this temperature.

The corresponding CO, column densities for the best
fit models for AFGL 2591 and NGC 7538 IRS9 are a
factor of ~2-4 and ~1.5-2 higher than those listed in
Table 2 respectively. On the other hand, the abundance toward
NGC 7538 IRS9 is somewhat lower than that derived from the
pure absorption models (Table 2).

The above results indicate that a jump in the CO, abun-
dance is present for the warmer, more evolved sources, but that
no such jump is seen toward the colder objects. This suggests
that also for AFGL 2136, AFGL 4176, and NGC 7538 IRS1 a
jump in the CO, abundance is present.

Observations of the intermediate-mass protostars
AFGL 490 and AFGL 7009S show CO, abundances of a
few x1077, similar to those derived from the pure absorption
models in Sect. 3.2 (Schreyer et al. 2002; Dartois et al. 1998).
These CO, abundances do not show a clear trend with temper-
ature (Fig. 7). However the results from the detailed radiative
transfer models indicate much higher CO, abundances in the
warm inner part of the envelope for the more evolved sources.
Combined with the somewhat lower CO, abundance toward
the cold source NGC 7538 IRS9Y, this suggests that the CO,
abundance increases with temperature and evolutionary state.

5. Discussion
5.1. CO; as an evolutionary tracer

In Sect. 3 it is shown that Tex(CO,) increases with Tex(C,Hp),
indicating that it is a tracer of the warm gas. The gas/solid ra-
tio also increases with the temperature of the warm gas and the
CO; ice abundance decreases (Figs. 7 and 8). The higher ratios
for the warmer sources suggest that they are in a later evolu-
tionary stage than the sources with low gas/solid ratios, with
the higher temperatures due to dispersion of a larger fraction of
the molecular envelope (van der Tak et al. 2000b; van Dishoeck
& van der Tak 2000).

Although the abundances derived from the pure absorption
models do not show a clear trend with temperature, the results
from the jump models in Sect. 4.2 suggest that the CO, abun-
dance increases with temperature. In addition, the same sources
with a high CO, excitation temperature and correspondingly a
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higher gas/solid ratio also show evidence for thermal process-
ing of 13CO, and CO; ice (Boogert et al. 2000; Gerakines et al.
1999). Together, this shows that CO; can be used as an evolu-
tionary tracer.

5.2. Chemistry in cold sources: NGC 7538 IRS9

Envelope models by Doty et al. (2002) predict gas-phase CO,
abundances of a ~1077-107% at T < 300 K for t ~ 3 x 10—
10° yrs. This indicates that pure gas-phase chemistry can ex-
plain the observed abundances toward the colder sources, such
as NGC 7538 IRS9Y, that show no evidence for a jump in the
abundance for 7' 2 300 K (Sect. 4.2).

In the colder sources, the high CO; ice abundances and
low gas/solid ratios indicate that a large fraction of the enve-
lope still contains cold material. This suggests that the observed
gas-phase CO, absorption is dominated by the colder outer en-
velope where evaporation has not yet taken place. However,
these sources may still hide a small region in the inner enve-
lope containing hot, abundant gas-phase CO,, which cannot be
detected with the present observations, e.g. due to continuum
optical depth effects.

5.3. Chemistry in warm sources: AFGL 2591
5.3.1. Comparison to hot core and shock models

The high inferred gas-phase CO, abundance in the inner en-
velope of AFGL 2591 for T > 300 K but lack of a jump at
T ~ 100 K in Sect. 4.2 is unexpected. Such a jump is observed
for simple ice constituents such as H,O and CH30H in hot-core
type objects (e.g. van der Tak et al. 2000a; Maret et al. 2002),
which is due to evaporation of H,O-rich ices around T ~ 90—
110 K (Fraser et al. 2001). Since most of the CO, ice is embed-
ded in H,O ice, it will evaporate around the same temperature
(Fig. 10). The high gas/solid ratio and low CO; ice abundance
of 1.7 x 107® (Gerakines et al. 1999) toward AFGL 2591 in-
dicate that evaporation of CO, ice does occur (see also Fig. 7,
right panel). The lack of a jump around 100 K then indicates
that CO, must be rapidly destroyed in the gas phase after evap-
oration in the 7" ~ 100-300 K zone. At T > 300 K, either the
CO; is only partially destroyed or it has quickly reformed in
the gas-phase.

Second, the CO, solid-state abundances toward the cold
sources with little or no ice evaporation are an order of mag-
nitude higher than the gas-phase CO, abundance in the inner
hot envelope of AFGL 2591 (Fig. 7). This suggests that CO,
is originally formed on grain surfaces, and not simply due to
freeze-out of CO, gas. The discrepancy between the observed
gas-phase and solid-state CO, abundances provides further ev-
idence for rapid destruction of CO; in the gas-phase after evap-
oration from the grains. Charnley & Kaufman (2000) propose
that shocks can be responsible for this.

A study of the Orion shocked regions Peak 1 and 2 shows
gas-phase CO, abundances of ~0.3-6x 1078, which are best ex-
plained by destruction of the CO; in a shock containing a high
H/H; ratio of ~0.01, and subsequent reformation in the gas-
phase (Boonman et al. 2003). A similar abundance of ~1078
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Fig.10. Gas-phase CO, abundances in the envelope of AFGL 2591
for chemical ages of 3 x 10%, 3 x 10%, 3 x 10%, and 3 x 10° yrs (after
Doty et al. 2002). a) Gas-phase chemistry including evaporation of
CO, ice for T ~ 100 K. The initial CO, abundance of 3 x 107> for
T 2 100 K and the cosmic ray ionization rate of /cg = 5.6 x 10717 57!
from Doty et al. (2002) have been adopted. b) Gas-phase chemistry
adopting n(CO,)/n(H,) = 0 initially, {cg ~ 1072 s™! for T < 200 K,
and an ionization rate of £ = 2 x 107! s7! for 7 > 200 K.

is found in the envelope of AFGL 2591 for T < 300 K in
Sect. 4.2. This suggests that the outflow may have (partially)
destroyed the CO; in the envelope of AFGL 2591 in the past,
and that it has not yet been reformed. However, such a shock
model cannot explain the high abundance in the inner envelope
at 7 > 300 K, unless destruction is much less efficient in the
densest inner part due to e.g. a lower H/H; ratio.

Doty et al. (2002) propose that a heating event can also
destroy CO, through the reaction CO, + H, — CO + H;O.
Recent calculations by Talbi & Herbst (2002) however show
that this reaction is not likely to play a dominant role in the
interstellar medium.

The primary formation route of CO; in the gas-phase is
through the reaction CO + OH — CO, + H which proceeds
rapidly at 7 > 100 K (Charnley 1997). Above T ~ 230-300 K
most of the OH is driven into H, O, thus reducing the formation
of CO, through gas-phase reactions. This formation route pre-
dicts gas-phase CO, abundances of ~107% at 7 = 100 K to a
few x10~7 at T = 300 K (Charnley 1997). This is much lower
than the inferred CO, abundance of 1-2 x 107 for T > 300 K
toward AFGL 2591. On the other hand, gas-phase CO; can also
be formed through the reaction of CO + H,O, but this reaction
has an energy barrier of ~5.2 x 10* K, preventing production of
significant CO, in the molecular envelope.

5.3.2. Comparison to UV, cosmic- and X-ray models

Alternatively, the UV flux from the protostar may be high
enough in the inner envelope to produce OH through direct
photodissociation of H,O. This could maintain sufficient OH
in the gas-phase to form abundant gas-phase CO; in the inte-
rior at T 2 300 K. However, photodissociation is estimated to
play a role only up to » ~ 10" c¢m from the central source,
much smaller than the inner radius of the physical model used
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in Sect. 4.2. Doty et al. (2002) suggest that cosmic-ray or X-ray
ionization can also produce significant OH, which is then chan-
nelled into CO,. Using the chemical model from Doty et al.
(2002) for AFGL 2591 and adopting a zero initial gas-phase
CO, abundance corresponding to the destruction of CO; by a
shock, indeed predicts enhanced CO, abundances of ~107°—
1073 in the interior for T > 200 K if a high ionization rate of
2 x 10716 57! is adopted (Fig. 10). This illustrates that a high
ionization rate in the inner envelope can produce a jump in the
CO, abundance at temperatures larger than 100 K as found for
AFGL 2591. This model adopts an artificially low cosmic-ray
ionization rate of {ck ~ 1072 s~! in the outer envelope, predict-
ing gas-phase CO, abundances of ~107% for T < 200 K, consis-
tent with that found in Sect. 4.2. Adopting {cg = 5.6 x 177 57!
as derived by van der Tak & van Dishoeck (2000) from HCO*
observations results in much higher abundances of ~1070-107>
for T ~ 100-200K and ~1077 for T < 100 K, somewhat higher
than that found for AFGL 2591. However, freeze-out of CO,
onto the grains is likely to play a role for 7 < 100 K, which is
not included in the model.

Doty et al. (2002) note that the ionization rate needs to be
at least on the order of = 5.6 x 10~'7 57! in the interior, in
order to account for the high gas-phase HCN abundances for
T 2 300 K. This is consistent with our proposed chemical sce-
nario of a high ionization rate in the inner envelope, explain-
ing the jump in the CO, abundance for 7 2 300 K. Although
the production of CO, through X-ray ionization involves de-
struction of gas-phase H,O and CO, the predicted enhanced
CO,; abundances in Fig. 10 are $10% of those predicted for
H,0 and CO. In addition, abundant gas-phase H,O and CO are
observed in the warm inner envelope from infrared absorption
(e.g. Boonman et al. 2000; Mitchell et al. 1990), suggesting that
these molecules are not significantly affected by X-rays. Since
the cosmic-ray ionization rate is expected to be roughly con-
stant or potentially decreases inward within the molecular en-
velope, the enhanced ionization rate in the warm interior seems
more likely caused by X-rays from the young star than cosmic
rays from outside the molecular envelope. Using the photoion-
ization cross section from Wilms et al. (2000), it is estimated
that X-rays of a few keV can affect the chemistry up to radii
at which T ~ 400 K in the envelopes of massive protostars.
Recently, X-ray emission within this energy range has been
detected toward MonR2 IRS3, one of our warm sources, fur-
ther suggesting that X-ray ionization may be important for the
CO; chemistry in the inner envelope of massive young stars
(Preibisch et al. 2002; Kohno et al. 2002).

5.3.3. Comparison to dynamical models

Another possibility is that gas-phase CO, in the interior results
from ice evaporation at T ~ 100 K in the past, and is subse-
quently heated as the protostar evolves to higher temperatures
at the same point in the envelope, without being destroyed.
However, material initially at 7 < 100 K will consequently be
heated to T > 100 K, where ice evaporation occurs almost in-
stantaneously (Fraser et al. 2001). This predicts gas-phase CO,
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abundances of ~107°=1073 between 100 and 300 K, contrary
to the inferred abundance of ~1078.

A second scenario to consider would be the dynamical
transport of gas-phase CO, formed between 100 and 300 K
inward to the 7 > 300 K region, e.g. through infall mo-
tions. In this case, however, the CO,-ice containing material
at T < 100 K would be transported inward to the 7 = 100—
300 K region. At this point, the CO, ice would evaporate im-
mediately, thus maintaining a large gas-phase CO, abundance
for T = 100-300 K.

At present, a combination of the destruction of CO, by a
past shock in the outflow, and either a high X-ray ionization
rate in the interior which rapidly reforms gas-phase CO, for
T > 300 K or incomplete destruction of evaporated CO, for
T > 300 K, seems the most likely explanation for the inferred
jump in the gas-phase CO, abundance for 7" > 300 K toward
AFGL 2591. As noted by Doty et al. (2002), more experimental
work on the chemistry of gas-phase CO, is needed to obtain a
better knowledge of the formation and/or destruction pathways
of gas-phase CO; in the envelopes of massive protostars.

6. Conclusions

The main conclusions of this work are:

— The CO, excitation temperature correlates well with that of
C,H,, a good tracer of the warm gas.

— Overall abundances of a few x1077 are inferred from the
pure absorption models, showing little trend with temper-
ature. However, a jump in the CO, abundance for 7 ~
300 K of about two orders of magnitude is seen toward
AFGL 2591, but not toward NGC 7538 IRS9. This sug-
gests that only the warmer, more evolved sources show a
jump in the CO, abundance.

— The results from the detailed radiative transfer models in-
cluding a temperature and density gradient indicate that the
CO,; abundance increases with temperature and evolution-
ary state. Together with the increasing gas/solid ratio and
CO, excitation temperature, this makes gas-phase CO; a
useful evolutionary tracer for massive protostars.

— The inferred gas-phase CO, abundance toward
NGC 7538 IRS9 can be explained by quiescent gas-
phase chemistry in the cold outer envelope with possible
freeze-out.

— The high observed gas-phase CO, abundance for T >
300 K in combination with the low abundance of ~1078
for T < 300 K toward AFGL 2591 cannot be explained by
grain-mantle evaporation or gas-phase chemistry. The low
abundance for 7 ~ 100-300 K is best explained by de-
struction of CO, through the passage of a shock in the past.
The high abundance in the interior is best explained by ei-
ther enhanced formation of OH through X-ray ionization,
producing abundant CO, through its reaction with CO, or
incomplete destruction of evaporated CO, for T > 300 K.

— The fact that the highest inferred gas-phase CO, abun-
dance is still a factor of ~10 lower than the observed CO,
ice abundances in cold sources where the ice has not yet
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evaporated, suggests that CO; is originally formed on grain
surfaces rather than by freeze-out of CO, gas.
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