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Abstract. Observations of gas–phase C2H2 and HCN along the
line of sight toward a large sample of deeply embedded massive
young stellar objects (YSOs) have been performed using the
Short Wavelength Spectrometer on board the Infrared Space
Observatory. Theν5 vibration–rotation band of C2H2 around
13.7 µm and theν2 band of HCN around14.0 µm have been
detected for most lines of sight. These wavelength regions are
heavily affected by instrumental fringing and a detailed dis-
cussion of the data reduction techniques is given. Comparison
with model spectra allows the excitation temperatures and the
abundances of the molecules to be determined. The inferred ex-
citation temperatures range from< 100 to 1000 K, and correlate
well with each other, indicating that the two molecules probe
the same warm gas component. The C2H2 and HCN column
densities increase by more than an order of magnitude with in-
creasing excitation temperature, and with the amount of heating
of the ices. The corresponding abundances of C2H2 and HCN
in the warm gas increase from∼ 10−8 to ∼ 10−6 with increas-
ing temperatures. The enhanced abundances are compared with
a variety of chemical models. The observed gas–phase C2H2
most likely results from direct evaporation of interstellar ices,
where C2H2 must be present at an abundance of∼ 0.1 − 0.5 %
with respect to H2O ice. This abundance is consistent with the
measured amount of C2H2 in cometary ices. The observed gas–
phase HCN abundance shows a stronger increase with temper-
ature and results from a combination of evaporation of ices and
high–temperature gas–phase chemistry in the hot core.
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1. Introduction

Infrared absorption spectroscopy of gas–phase molecules can
provide important complementary information on the physi-
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cal and chemical structure of sources compared with submil-
limeter emission line data (Mitchell et al. 1990, Evans et al.
1991, Carr et al. 1995). Molecules without dipole moments
such as C2H2 and CH4, which are among the most abundant
carbon–bearing molecules, can only be observed through their
vibration–rotation infrared spectra (Lacy et al. 1989, 1991). An
additional advantage of infrared spectroscopy is that the full ro-
tational population distribution of the molecule in its lowest vi-
brational state is obtained in a single infrared spectrum, whereas
multiple frequency settings are needed at submillimeter wave-
lengths, often involving different telescopes and/or receivers.
This allows direct constraints on the excitation conditions, in
particular the temperature and density structure of the region.
The infrared absorption data refer to pencil–beam lines of sight
toward bright infrared sources, most of which are deeply embed-
ded massive young stellar objects (YSOs). Such observations
are therefore powerful probes of the chemical evolution of the
gas and dust during the earliest stages of star formation (see
van Dishoeck & Blake 1998, Langer et al. 2000, van Dishoeck
& Hogerheijde 1999 for recent reviews). In this paper, obser-
vations of two molecules, C2H2 and HCN, obtained with the
Short Wavelength Spectrometer (SWS) (de Graauw et al. 1996)
on board the Infrared Space Observatory (ISO) (Kessler et al.
1996) are used to probe the chemistry and temperature structure
of the warm gas close to the massive YSOs.

The ISO–SWS provides the first opportunity for vibration–
rotation spectroscopy of gas–phase molecules above the Earth’s
atmosphere. Although the low resolving powerR = λ/∆λ ≈
2000 of the grating spectrometer prevents the detection of minor
gas–phase species, abundant molecules such as H2O, CO2 and
CH4 have been seen with the SWS (e.g., Helmich et al. 1996, van
Dishoeck & Helmich 1996, Boogert et al. 1998, van Dishoeck
1998, Dartois et al. 1998, Boonman et al. 1999). The obser-
vations of C2H2 and HCN presented here provide significant
complementary information. C2H2 forms an important building
block in the gas–phase formation of large organic molecules. For
example, reactions of C2H2 with C+, C and small radicals lead
to long unsaturated carbon chains, whereas reactions with CN
produce cyanopolyynes such as HC3N (Herbst 1995). HCN is
one of the more abundant nitrogen–bearing molecules in dense
clouds, and has, in contrast with C2H2, a large dipole moment.
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Table 1.Summary of observed sources

Target R.A. (2000) Dec (2000) Observation ID Flux (Jy)a L/L� (105) d (kpc) References

AFGL 2136 18h 22m 26s.3 −13◦ 30′ 08′′ 12000925 280 0.7 2 b

AFGL 2591 20h 29m 24s.7 +40◦ 11′ 19′′ 19301928 910 0.2 1 b

AFGL 4176 13h 43m 02s.1 −62◦ 08′ 52′′ 11701404 430 1.8 4 cf

AFGL 4176 13h 43m 02s.1 −62◦ 08′ 52′′ 30601344 360 1.8 4 cf

NGC 3576 11h 11m 53s.9 −61◦ 18′ 25′′ 29200143 280 3.5 2.4 df

NGC 7538 IRS 1 23h 13m 45s.4 +61◦ 28′ 09′′ 28301235 360 1.3 2.8 b

NGC 7538 IRS 9 23h 14m 01s.6 +61◦ 27′ 21′′ 28301334 80 0.4 2.8 b

W 33 A 18h 14m 39s.4 −17◦ 52′ 01′′ 46700521 50 1.0 4 b

W 3 IRS 5 02h 25m 40s.9 +62◦ 05′ 52′′ 42701224 750 1.7 2.2 b

S 140 IRS 1 22h 19m 18s.2 +63◦ 18′ 47′′ 26301731 520 0.2 0.9 b

G 333.3–0.4 16h 21m 30s.9 −50◦ 25′ 07′′ 45800340 150 6 3.9 ef

AFGL 2059 18h 04m 53s.0 −24◦ 26′ 45′′ 49302585 160 0.16 1.5 cf

The references quoted in the last column refer to the listed luminosities and distances.
a average flux level at 13.5 to 14µm derived from ISO–SWS spectra.
b van der Tak et al. (1999, 2000)
c Distance from Henning et al. (1990)
d Distance from Persi et al. (1987)
e Distance from Azcarate et al. (1986)
f Luminosity derived from ISO spectra.

Since HCN can also be observed at submillimeter wavelengths,
the combination of the infrared and submillimeter data provides
important constraints on the source structure (Carr et al. 1995,
van der Tak et al. 1999, 2000).

A major strength of infrared spectroscopy is that not only
gas–phase molecules, but also the complementary solid–state
species can be detected for the same line of sight. The gas/solid
ratios of H2O, CO2 and CH4 provide a new probe of the tem-
perature structure and the evolutionary state of the objects (van
Dishoeck et al. 1996, Boogert et al. 1998, Dartois et al. 1998,
van Dishoeck 1998). Moreover, the structure of the ice bands,
in particular that of solid CO2, gives a direct indication of the
thermal history of the ices (Ehrenfreund et al. 1997, Gerakines
et al. 1999, Boogert et al. 2000). Solid C2H2 and HCN have not
yet been detected, but limits are available from ground–based
and ISO data (Boudin et al. 1998, Schutte 1998, private com-
munication).

Some infrared lines in theν5 C2H2 bending mode at13.7 µm
andν2 HCN bending mode at14.0 µm have been previously ob-
served from the ground at high spectral resolutionR = λ/∆λ ≈
10, 000 by Lacy et al. (1989), Evans et al. (1991) and Carr et al.
(1995) in a few sources. These bands have been selected ow-
ing to their large oscillator strengths and because the infrared
sources are up to an order of magnitude brighter at14 µm than at
3 − 4 µm, where the corresponding stretching vibrations occur.
The lower–resolution ISO data presented here cannot resolve
the individual vibration–rotation lines, but can be used to de-
tect the strongQ–branch without atmospheric interference in a
much larger number of objects. Comparison with model profiles
allows the physical conditions to be constrained over a wider
range of parameters (Helmich 1996). Unfortunately, the effi-
ciency of the higher–resolution Fabry–Pérot of the ISO–SWS

was too low to survey a large number of sources in HCN and
C2H2 in a reasonable integration time.

In the following, we discuss first the observational data for
C2H2 and HCN, with special emphasis on the data reduction
techniques that have been used to extract the very weak lines
(Sect. 2). We subsequently compare the observations with the-
oretical profiles constructed using a simple excitation model
(Sect. 3). The resulting excitation temperatures are compared
with each other and with those found for other molecules
(Sect. 4). Finally, the inferred abundances are discussed in the
context of the physical and chemical evolution of the sources
(Sect. 5). An initial account has been given by Lahuis & van
Dishoeck (1997).

2. Observations and data reduction

2.1. Observations and sources

Table 1 summarises the sources and the observational data
used in this study. All objects are deeply embedded massive
young stars with luminosities ranging from104 − 2 × 105 L�
for which complementary ISO data on ices and other gas–phase
molecules are available. In addition, high–resolution gas–phase
CO and13CO data have been obtained for most of the sources
by Mitchell et al. (1990), from which information on the to-
tal column densities and excitation temperatures of both the
hot and the cold gas along the lines of sight can be derived.
Orion IRc2/BN is not included in this study, but is discussed
separately by Boonman et al. (1999).

All observations were performed with the ISO–SWS mode
AOT06 at full grating resolution (de Graauw et al. 1996). The
wavelength range scanned was typically12 − 16 µm (AOT–
band 3A). The spectral region used in the analysis of the C2H2
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and HCN bands is only13.4 − 14.4 µm, but the larger ob-
served spectral range is necessary for a proper removal of in-
strumental fringes. The resolving power at these wavelengths is
R ≈ 1800, corresponding to∼ 165 km s−1. Thus, the lines are
not resolved.

2.2. Data reduction

Our reduction is performed within the SWS Interactive Analy-
sis systemIA3 developed and used within the ISO–SWS con-
sortium. For a detailed description ofIA3 see Roelfsema et
al. (1993), Wieprecht et al. (1998) and Lahuis et al. (1998).
The adopted reduction method uses a combination of standard
pipeline software (version 7) and additionalIA3 software. The
pipeline software is identical to the software used in the ISO
Standard Product Generation software which generates the data
products distributed to the ISO observers and contained in the
ISO data archive.

The depth of the C2H2 and HCN features is less than10 % of
the continuum (for some observations of the order of1−2 %) at
the resolution of the ISO–SWS grating. The ISO–SWS grating
spectra in this spectral region are heavily affected by instrumen-
tal fringing which makes the identification and analysis of weak
features very difficult. Special data reduction techniques need
to be applied in order to extract these weak features.

2.2.1. Fringe removal

The main problem is the application of the Relative Spectral
Response Function (RSRF), which is dominated by instrumen-
tal fringing in this wavelength region. This fringing is the result
of the Fabry–Ṕerot effect within the ISO–SWS instrument at a
number of locations in the light–path. Some of the properties
of these interferences, in particular their shape and amplitude,
change depending on the orientation and location of the source
in the ISO–SWS aperture and are therefore different from source
to source. The RSRF was derived in the laboratory using a fully
extended blackbody source, whereas our astronomical sources
are not fully extended and thus have a different fringe pattern.
The net result of these effects is that it is difficult to correct for
the fringes in the standard pipeline processing.

The amplitude of the remaining fringe–residuals after the
application of the RSRF can be reduced significantly, however,
by applying (any or a combination of) the following reduction
methods withinIA3:

– correcting for shifts caused by pointing or wavelength cali-
bration inaccuracies via a cross–correlation of the data and
the RSRF

– enhancing the amplitude of the RSRF to match the amplitude
of the fringes in the data

– removing the fringe–residuals by fitting sinusoids or by
Fourier filtering

For our reduction, we first made a shift and amplitude correc-
tion to the RSRF before applying it. Subsequently, we removed
the residual fringes by fitting sinusoids. The two dedicatedIA3

Fig. 1. Example of the impact of fringes in the13.4 − 14.4 µm (band
3A) part of the spectrum for AFGL 2136. In the top plot, the raw signal
from the twelve detectors covering this spectral range is shown, in
which the instrumental fringing is evident. The middle plot shows the
result for all twelve detectors as produced with standard processing:
large fringe residuals remain making the detection of weak spectral
features very difficult. In the bottom plot, the result of improved data
reduction is shown. Note the different flux scale. The fringe residuals
are low and allow detection of spectral features of only a few percent.
The vertical lines indicate the positions of theν5 vibration–rotation
band of C2H2 and theν2 vibration–rotation band of HCN.

routinesRESPINTER andFRINGEShave been used for this
purpose.

In principle this procedure allows removal of the fringe
residuals to a level of less than1 %, resulting in spectra with
a signal–to–noise ratio on the continuum of 100 or better. How-
ever the presence of spectral features may complicate the ap-
plication of these tools, especially if they have some regularity
such as theP– andR–branches of molecular spectra. To test
the stability of this procedure on the C2H2 and HCN molecular
data, tests were made using synthetic spectra at a few differ-
ent temperatures (and thus with more or less prominentP– and
R–branches). The relative effect of the fringe removal on the
synthetic spectra is small, of the order of1 − 2 % (i.e.≤ 0.1 %
in the continuum subtracted spectra assuming a depth of the
features of10 % or less), provided a large enough wavelength
range is used.

With the current status of the calibration and data analy-
sis, the unresolvedQ–branches of C2H2 and HCN are clearly
detected in most sources. However, it is not possible to analyse
the correspondingP– andR–branch lines separately, since they
have an absorption depth of approximately0.5 − 1 % or less.
In most cases this is close to the noise level and the amplitude
of the fringe–residuals after the fringe removal. Individual lines
may match with observed features and are probably real, but
they cannot be used as a decisive argument in favour of a par-



702 F. Lahuis & E.F. van Dishoeck: ISO–SWS spectroscopy of gas–phase C2H2 and HCN toward massive YSOs

Fig. 2. The Q–branch and lowestP– andR–branch lines of HCN
at a resolving power of 30,000 and 1800 (reflecting the approximate
resolutions of the ISO–SWS FP and grating in this spectral region), an
excitation temperature of 300 K and a column density of1. 1016 cm−2

and b = 5km s−1. The P– andR–branch lines are marked in the
spectra.

ticular model. They can, however, help to constrain the fits in
some cases, e.g. to exclude a temperature or column density on
the basis of the lack of detectedP– andR–branch lines.

3. Model spectra and fits

Fig. 2 illustrates the synthetic spectra of the HCNν2 = 1–0 band
atR ≈ 30, 000 and 1800 for an excitation temperature of 300 K,
a typical column density of1. 1016 cm−2 andb = 5 km s−1. The
Q–branch in the lower resolution spectrum is clearly unresolved
and less deep than in the higher resolution spectrum and theP–
andR–branch lines become weak, making their detection diffi-
cult. However, theQ–branch consisting of many blended lines
results in strong enough absorption to be detected, even at the
lower resolution. The asymmetric shape of theQ–branch and
the relative strength of theQ–branches originating from vibra-
tionally excited levels can be used to constrain the excitation
temperature (compare the spectra in Fig. 4). The depth is then
used to determine the column density. It is these features which
make vibrational bands of molecules with aQ–branch partic-
ularly well suited for low–resolution observations. The same
holds for theQ–branch of the C2H2 ν5 band presented in this
paper. Another excellent example is provided by theν2 bending
mode of CO2, which has itsQ–branch at14.98 µm (e.g., van
Dishoeck et al. 1996, Boonman et al. 1999).

3.1. Synthetic spectra

Model C2H2 and HCN spectra have been constructed assuming
that the population distribution is in local thermodynamic equi-

Table 2.HCN fundamental transitions and low–lying vibrational states
of theν2 band

fundamental transitions ν2 vibrational states

transition νi (cm−1) di state νi (cm−1)a di

ν1 (1000)b 3311.5 1 (0110) 711.98 2
ν2 (0110)a 711.98 2 (0200) 1411.41 1
ν3 (0001)c 2096.8 1 (0220) 1426.53 2

(0310) 2113.45 2
(0330) 2143.76 2

ν2 H13CNa
705.97

ν2 HC15Na
711.03

a Duxbury and Gang (1989)
b Choe et al. (1986)
c Choe et al. (1987)

librium (LTE). For a rotational levelJ in the ground vibrational
state,

NJ

N
=

gn(2J + 1)e−EJ/kT

Q(T )
(1)

with N the total column density,EJ the energy of levelJ , and
gn the nuclear statistical weight withgn = 1 for evenJ and
gn = 3 for oddJ in the case of C2H2, andgn = 1 for all J in
the case of HCN. The partition function,Q(T ), is the product
of the rotational partition function,Qr(T ),

Qr =
∑

J

gn(2J + 1)e−EJ/kT (2)

summed over all levelsJ , and the vibrational partition function,
Qv(T ), which can be approximated by the product

Qv ≈
∏

i

[1 − e−Evi
/kT ]−di (3)

over all fundamental vibrational transitionsvi. Table 2 lists the
frequenciesνi and degeneraciesdi of all fundamental transitions
of HCN and of the lower vibrationally excited levels of the HCN
ν2 mode. At low temperatures,T � 300 K, Qv goes to unity
and thus the fraction of molecules in the vibrationally excited
levels is negligible.

The fractional population in a vibrationally excited level is:

xvi
=

die
−Evi

/kT

Qv
. (4)

Line oscillator strengths are derived from the transition
probabilities listed in the HITRAN database (edition 1992,
Rothman at al 1992).

ful = 4.701755 × 10−7νRul (5)

with the transition probabilityRul in Debye2.
Using the populations in each level, the optical depths are

calculated assuming a Voigt profile function. The final spectrum
is reduced to the resolution of the observed ISO–SWS grating
spectrum using a Gaussian profile.
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Fig. 3. Column densities at which the strongest C2H2 and HCN ab-
sorption lines become optically thick (τ = 1) for Doppler parameters
b of 1.5, 5 and 10 km s−1 at excitation temperatures from 10 to 1000
K.

Fig. 3 illustrates the column densities at which the strongest
C2H2 and HCN lines in the bands become optically thick for
Doppler parametersb of 1.5, 5 and 10 km s−1. Typical column
densities for our sources range from a few×1015 to a few×1016

cm−2 (see Sect. 4). Thus, optical depth effects become signif-
icant only for C2H2 in cold sources withb < 5 km s−1 and
N (C2H2)> 1015 cm−2. Our sample contains only one such
object (W 33A, see Sect. 4.4), and for this source an accurate
knowledge of theb value is needed to derive reliable column
densities. In all other cases, the excitation temperatures are high
and the results are not sensitive to the adopted value ofb.

More detailed discussions on ro–vibrational lines and the
use of band strengths, line strengths and partition functions can
be found in Evans et al. (1991) and Helmich (1996). They also
list various conversions between units and notations used in the
literature.

3.2. Hot bands

Some of the observed spectra (see Sect. 4) show evidence for
gas at high temperatures up to 1000 K. At these temperatures the
contribution of absorption from vibrationally excited states has
to be considered, resulting in so–called “hot bands”. To illus-
trate the effect of hot bands, Fig. 4 shows the synthetic spectra of
C2H2 and HCN at temperatures of 10, 300 and 1000 K. Table 3
lists the relative populations in the vibrationally excited levels
and the strengths of the hot bands with respect to the funda-
mentalνi = 1–0 band at temperatures of 100, 300 and 1000 K
for both HCN and C2H2. Theνi = 2–1 bands are ofΣ − Π
and∆ − Π –type and are split in two close–lying transitions at
720 cm−1 (13.89 µm) and729 cm−1 (13.72 µm) for C2H2 and
699.4 cm−1 (14.30 µm) and714.5 cm−1 (14.00 µm) for HCN.
It is seen that for HCN, the hot bands have nearly 75% of the
intensity of the fundamental band atT ≈ 1000 K and signifi-
cantly affect the spectra. For C2H2, the effect is smaller, but is

Table 3.Fractional populations ofνi = 1 and relative
intensities of the C2H2 and HCN hot bands

C2H2 ν5 = 1

Tex (K) 100 300 1000
population 0.00006 0.051 0.09
Sa (720 cm−1) 0.00005 0.042 0.08
Sa (729 cm−1) 0.00004 0.023 0.05

HCN ν2 = 1

Tex (K) 100 300 1000
population 0.00007 0.062 0.28
Sa (699.4 cm−1) 0.00008 0.035 0.28
Sa (714.5 cm−1) 0.00011 0.071 0.55

a Relative intensity with respect to fundamental band

still detectable at the∼ 15 % level at the higher temperatures.
Note that although the relative strength of the C2H2 hot band
at 13.89 µm with respect to the fundamental band is small, its
relative strength with respect to the HCN bands is larger since
the C2H2 band is a factor of∼ 5 stronger than the HCN band.
It is therefore important to include the C2H2 hot bands in the
construction of the complete synthetic spectra.

The contribution of higher vibrational levels is small and
the strength of theνi = 3–2 bands is too small to be detected in
these data. Thus, in the construction of the synthetic spectra no
levels higher than theνi = 2–1 bands are included. However, in
calculating the population of the ground vibrational level, the
populations of the higher levels are taken into account, since the
population of the third vibrationally excited level can amount
to 10% for HCN.

3.3. Model fits

The parameters that enter the model fits are the excitation tem-
perature(s) in K, the total column density in each tempera-
ture component in cm−2, and the Doppler broadening param-
eterb of each component in km s−1. The latter values can be
constrained from high spectral resolution submillimeter lines
of these sources, which indicate typical FWHM line widths
∆V = 1.665 b of 3 − 4 km s−1 for molecules such as C17O and
HCN (van der Tak et al. 1999, 2000). Comparison with high res-
olution infrared spectra indicates that the latter lines are gener-
ally broader than the submillimeter lines. Thus,b = 1.5 km s−1

is taken as a lower limit in the model spectra, but values up
to b = 10 km s−1 have been explored. The resultingQ–branch
spectra show no significant variation over this range ofb–values.
Most of the presented spectra useb = 5 km s−1. At this value of
b the C2H2 and HCN features stay optically thin at the inferred
column densities and temperatures (see Sect. 3).

Fits of the model spectra to the observational data are made
within the IDL package using the Powell optimisation routine.
Different fits to the surrounding continuum were explored be-
cause of the uncertainty in the RSRF global shape. In some cases
this improved the fits, but it had no major impact on the derived
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a C2H2 ν5 = 1–0 fundamental andν5 = 2–1 hot bands. b HCN ν2 = 1–0 fundamental andν2 = 2–1 hot bands.

Fig. 4a and b. Examples of the fundamental 1–0 band and the 2–1 hot bands of theν5 C2H2 band (Fig. 4a) and theν2 HCN band (Fig. 4b). For
both molecules the synthetic spectra are shown for temperatures of 10, 300 and 1000 K at a column density of1. 1016 cm−2, R = 1800 and
b=5 km s−1. The shaded regions indicate the hot band absorptions (see Tables 2 and 3 for details). Note the difference in scale between Fig. 4a
and 4b. In particular, note theν5 = 2–1 C2H2 hot band at13.89 µm. Although it is relatively weak compared to the fundamentalν5 = 1–0
C2H2 band its strength is of the same order as theν2 HCN bands.

Fig. 5. Example ofχ2 distribution in the case of AFGL 2136. Plotted
are the minimumχ2 (solid symbol) and the contours at 1.5, 2.5, 5, 10,
25, 50 and 100% of the minimumχ2. At the sampling of the spectrum
used for this fit aχ2 increase of 2.5% corresponds roughly to a3σ
deviation of the model to the observed spectral feature.

parameters. For each spectrum, fits were made with both a sin-
gle temperature and with two temperature components. In the
latter case, the two temperatures were taken from the Mitchell
et al. (1990) study of CO and the column densities in each of the
components were adjusted to give the best match to the spec-
trum. For the column densities involved, the absorptions of the
two components are not saturated and can be added together in
optical depth before convolution with the ISO–SWS Gaussian
resolution.

Fig. 5 shows theχ2 distribution for one of the best sources,
AFGL 2136. Illustrated here is a fit in HCN temperature and
column density keeping the temperature and column density

of C2H2 fixed at predefined values. Note that there is a clear
correlation between the inferred temperature and column den-
sity. Asuming a higher temperature results in a higher inferred
column density and vice versa.

It should be emphasised that the ISO–SWSQ–branch spec-
tra are of sufficiently high quality to allow the detection of even
small amounts of C2H2 and HCN with column densities of a few
×1014 cm−2 in very cold gas withT = 10− 20 K and smallb–
values of less than2 km s−1. This is in contrast with asymmetric
rotors such as H2O without aQ-branch, where the ISO–SWS
ν2 data at6 µm are primarily sensitive to much higher column
densities in the warmer and/or less quiescent gas (Helmich et
al. 1996).

4. Results

Table 4 summarises the best fit results for all targets, whereas
the final spectra are presented in Fig. 7. The left part of Table 4
lists the best single temperature fit in which the excitation tem-
perature and the column density are free parameters. The right
part gives a two temperature fit, in which the excitation temper-
atures are fixed at those found for CO by Mitchell et al. (1990)
and the column densities are varied. Two component models in
which both the temperature and column density are free param-
eters have been run as well, and provide slight improvements to
the fits in some cases. However, the significance of the fit pa-
rameters for the second component is low and is therefore not
given. The accuracy of the results for the low temperature com-
ponent withTex fixed is also not high, but the results provide a
good indication of the relative contributions from the cold and
warm gas. Table 4 includes the 3σ error bars on the tempera-
tures and column densities derived from theχ2 fits for the single
component fits and from comparison of different model fits.

For sources without a detection, the upper limits are based
on an assumed temperature. Where available, this is taken to
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Table 4.C2H2 and HCN excitation temperaturesTex (in K) and column densitiesN (in 1016 cm−2) derived from model fitsa

Target C2H2
b HCNb Fit using CO temperaturesc

Tex N Tex N T c
cold NC2H2 NHCN T c

hot NC2H2 NHCN

AFGL 2136 800±150
100 1.5±0.3 600±75

50 3.5±0.6 17 0.1 0.1 580 1.4 3.3
AFGL 2591 900±150

120 2±0.3 600±75
50 4±0.6 38 < 0.1 0.2 ∼ 1000 2.1 4.5

AFGL 4176 #1 700±170
100 1±0.2 500±40

30 2±0.4 – – – ≥ 500d 0.9 2.1
AFGL 4176 #2 700±250

150 1±0.2 500±50
50 2±0.4 – – – ≥ 500d 0.8 2.0

NGC 3576 500±100
60 0.4±0.1 400±50

40 0.8±0.3 – – – ≥ 500d 0.4 1.2
NGC 7538 IRS 1 800±250

150 0.8±0.2 600±50
40 1±0.2 25 < 0.05 < 0.05 176 0.3 0.4

NGC 7538 IRS 9 300±100
75 0.2±0.1 340±75

65 0.8±0.3 26 0.05 < 0.01 180 0.1 0.2
W 33 A 10±10

5 0.5±0.2 80±100
40 0.3±0.2 23 0.1 0.03 120 0.2 0.3

W 3 IRS 5 500±75
65 0.3±0.1 400±50

40 0.5±0.1 66 < 0.01 0.03 577 0.3 0.6
S 140 IRS 1 – – – – 28 < 0.005 < 0.01 390 < 0.1 < 0.1
G 333.3–0.4 300e < 0.1 300e < 0.3 – – – – – –
AFGL 2059 10e 0.04±0.04 10e 0.03±0.03 – – – – – –

a For all fits, a Doppler parameterb=5 km s−1 has been adopted
b Single component fits with both temperature and column density as free parameters
c Two component fits with temperatures fixed at the cold and hot temperatures found for CO by Mitchell et al. (1990)
d Temperature fixed at value indicated by the ISO–SWS CO spectrum
e Temperature fixed at assumed value

be the temperature of the warm CO given by Mitchell et al.
(1990). In the case of G333.3–04,Tex = 300 K is assumed. For
AFGL 2059, the C2H2 spectrum hints at the presence of a cold
gas component for whichTex could be as low as a few K. The
listed values assumeTex = 10 K for both C2H2 and HCN to
give an indication of the amount of cold gas, even though the
uncertainty will be high.

No positive detection of H13CN at 14.165 µm has been
made. A nominal ratioH12CN/H13CN = 60 would yield an
absorption due to H13CN of only 0.5 − 1 %. This is close to
or below the limit at which a positive detection of an isolated
spectral feature can be made at this wavelength. The absence of
any H13CN absorption at the level of∼ 2 % provides an inde-
pendent confirmation that theQ–branch features are not highly
optically thick.

In the following, the individual sources and spectra will be
discussed in more detail, before turning to the more general
discussion in Sect. 5.

4.1. AFGL 2591

The C2H2 and HCNQ–branches are clearly detected in the
ISO–SWS data toward AFGL 2591. This is consistent with the
ground–based results of Carr et al. (1995), who observed a num-
ber of low–J Q– and/orR–branch lines of C2H2 and HCN
toward this object at higher spectral resolution. The inferred ex-
citation temperatures and column densities are different, how-
ever. Carr et al. (1995) derivedTex = 410 K and 340 K for
C2H2 and HCN respectively, with column densities of1.2 1016

and2.5 1016 cm−2. The top plot of Fig. 6 shows the ISO–SWS
spectrum compared to a model spectrum based on these temper-
atures and densities. It is clear that this model reproduces well
the absorption of lines arising from lowerJ levels, but that an

Fig. 6. The upper plot illustrates a model fit for AFGL 2591 based on
inferred temperatures and column densities by Carr et al. (1995). The
lower plot illustrates a model fit based on temperatures and column
densities inferred from the ISO–SWS spectrum (see Table 4).

additional strong blue wing is seen in the ISO spectra for both
molecules. The best–fitting single temperature results from the
ISO data give 900 and 600 K, respectively, and the column den-
sities are increased by a factor of two. The high temperatures
are confirmed by the presence of hot bands in the spectra.

The ISO spectra of AFGL 2591 (see Fig. 6 bottom plot),
in particular the spectrum of C2H2, hint at the presence of a
cold gas component (10 K< Tcold < 100 K) in addition to the
dominant hot (∼ 1000 K) component. At low temperatures the
lower R–branch lines (for C2H2 at 13.625 and13.67 µm) be-
come more dominant (see Fig. 4a). The temperature and column



706 F. Lahuis & E.F. van Dishoeck: ISO–SWS spectroscopy of gas–phase C2H2 and HCN toward massive YSOs

Fig. 7. The final normalised spectra for all sources listed in Table 1. The positions of theν5 vibration-rotation band of C2H2 and theν2

vibration-rotation band of HCN are indicated.
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density of this cold gas are highly uncertain, however, because
of the fringe residuals present in the spectrum. Nevertheless, the
conclusion that the column density of the cold gas component
for both C2H2 and HCN is only a small fraction (≤ 10 %) of
that of the hot component is robust. A low temperature com-
ponent with a significantly higher column density would have
been readily detected (see the case of W 33 A).

4.2. AFGL 2136

The13 − 15 µm ISO–SWS spectrum toward AFGL 2136 has
been discussed previously by Boonman et al. (1999) in com-
parison with Orion IRc2/BN. Like AFGL 2591, this spectrum
shows the presence of very warm C2H2 and HCN along the line
of sight at temperatures of 800 and 700 K, respectively, with hot
bands readily detected. The shape of the AFGL 2136 spectrum
again hints at the presence of a small cold gas component with
C2H2 and HCN column densities that are at most 10% of those
of the hot gas.

4.3. AFGL 4176

Two independent ISO–SWS spectra separated by almost one
year have been taken toward the southern massive star–forming
region AFGL 4176. The spectra agree well within the uncertain-
ties of the calibration and data–reduction. Hot C2H2 and HCN
are obviously present in both spectra, and the fit results agree
within 10% in derived temperature and column density. The
only difference is the∼ 50% higher error on the temperature
derived from the second observation.

4.4. W 33 A

W 33 A is one of the most luminous and massive objects in our
sample, and lies in the direction of the Galactic center. Its in-
frared spectrum is characterised by very strong absorptions from
interstellar ices seen from the ground (e.g., Willner et al. 1982,
Allamandola et al. 1992) and by the ISO–SWS (e.g., Schutte et
al. 1999, Gibb et al. 2000).

The13 − 15 µm region of this object is interesting since it
is the only case which shows a clear detection of cold C2H2
with Tex ≈ 10 K and possibly cold HCN atTex ≈ 80 K. The
inferred value ofN (C2H2) is sensitive to the adoptedb-value (cf.
Fig. 3), and is increased by a factor of 2 ifb=1.5 km s−1 rather
thanb=5 km s−1 is adopted. There is no definite detection of a
warm component although it cannot be excluded. Upper limits
on the warm C2H2 and HCN are a factor of 10 less than the
column densities of warm gas found toward AFGL 2136 and
AFGL 2591.

4.5. W 3 IRS 5

W 3 IRS 5 is also among the most luminous objects with a strong
mid–infrared continuum. Large column densities of hot and cold
CO have been detected along the line of sight by Mitchell et
al. (1990), but the amount of hot and cold C2H2 and HCN is

surprisingly low, nearly a factor of 5 less than found toward
AFGL 2136 and AFGL 2591. A detailed JCMT 345 GHz line
survey has been performed for this object by Helmich & van
Dishoeck (1997), which also reveals low molecular abundances
in general, except for sulfur–containing species.

4.6. NGC 7538 IRS 1 and IRS 9

The bright infrared sources in the massive star–forming region
NGC 7538 provide an opportunity to compare the results for
two massive YSOs which originate from the same parent cloud.
The line of sight toward NGC 7538 IRS 9 is very rich in ices
(e.g., Willner et al. 1982, Whittet et al. 1996), whereas that
toward NGC 7538 IRS 1 has a much larger fraction of warm
gas (Mitchell et al. 1990). This difference is also reflected in
the C2H2 and HCN results: the excitation temperatures of both
species are about a factor of 2 lower toward IRS 9. Nevertheless,
the column densities of warm C2H2 and HCN are comparable in
the two sources. Cold HCN seems to have very low abundances
in both cases.

4.7. Other sources

Of the remaining sources, only the southern object NGC 3576
shows a clear detection of hot C2H2 and HCN, in agreement
with the detection of hot CO along this line of sight in the ISO
spectra. The spectrum of AFGL 2059 shows absorption peaks
at the wavelengths of C2H2 and HCN and bluewards, which
may indicate the presence of a cold component. However the
quality of the spectra is insufficient to determine reliable tem-
peratures and column densities. Column densities are derived at
an assumed temperature to give an indication of the amount of
cold gas. The upper limits on the column densities toward S 140
and G333.3–0.4 are about an order of magnitude lower than the
column densities found toward AFGL 2136 and AFGL 2591.

5. Discussion

A few general conclusions are apparent from the above results
(see Table 4). First, gas–phase C2H2 and HCN are detected for at
least two–thirds of the sources. Second, where detected, the sin-
gle temperature fits indicate high temperatures of300−1000 K.
The only clear exception is formed by W 33 A. Third, the col-
umn densities of cold C2H2 and HCN in the two temperature
fits are generally an order of magnitude lower than the column
densities found in the hot component. The main exception is
again W 33 A. Fourth, the column densities and abundances
increase with increasing excitation temperature, but there is no
correlation with luminosity of the object. In the following, the
results on the excitation temperatures and column densities are
discussed in more detail.

5.1. Excitation temperature

In Figs. 8 and 9, the inferred C2H2 and HCN excitation temper-
atures are compared with each other and with the temperatures
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Fig. 8. Derived C2H2 excitation temperature versus derived HCN ex-
citation temperature.

determined from the CO infrared observations of Mitchell et al.
(1990). Except in the case of W 33 A, the temperature of the
hot CO component is used in the comparison, since mostly hot
C2H2 and HCN is observed. The derived C2H2 and HCN exci-
tation temperatures correlate well with each other (a correlation
coefficient of 0.98), whereas the correlation with the CO exci-
tation temperatures is lower (correlation coefficients of 0.69 for
C2H2 and 0.62 for HCN). C2H2 and HCN are probably cleaner
tracers of the hot gas than CO, because their abundances are en-
hanced by two orders of magnitude compared with the cold gas
(see Sect. 5.2). In contrast, the CO abundance is not expected
to vary by more than a factor of two between the cold and hot
components, as long as the temperature is high enough (> 20 K)
to prevent freeze–out of the molecule.

The differences in excitation temperature may also reflect
different excitation mechanisms of the molecules. The two prin-
cipal processes are collisional excitation in warm, dense gas and
radiative excitation by infrared radiation due to warm dust. In
contrast with C2H2, HCN has a large dipole moment so that its
rotational energy levels can relax rapidly through spontaneous
emission. Thus, any non–LTE effects on the excitation are ex-
pected to be much larger for HCN. The fact that the HCN and
C2H2 excitation temperatures are similar indicates that either
the density is much above the critical density of the high–J lev-
els or that the radiative excitation rates are much more rapid than
relaxation rates, so that the excitation temperatures reflect the
colour temperature of the radiation field rather than the kinetic
temperature. Both HCN and C2H2 can be efficiently pumped
through theν2 andν5 bands at14 µm. In contrast, CO can only
be pumped through its vibrational transition at much shorter
wavelengths around4.6 µm.

A rough estimate of the relative importance of the collisional
and radiative rates can readily be made. Consider as an example
a high–J level of HCN, sayJ = 10, which lies at 234 K above
ground. In gas with temperatures> 100 K, collisional excitation
occurs at a rate of∼ 2 × 10−10 n s−1. The spontaneous emis-
sion rate to lower levels isA(J = 10 → 9) = 4.6 × 10−2 s−1.

Fig. 9. Inferred C2H2 and HCN excitation temperatures versus ob-
served excitation temperature of the hot CO component (except for
W 33A) by Mitchell et al. (1990). The C2H2 excitation temperatures
are plotted as asterisks and the HCN excitation temperatures as dia-
monds.

The mid–infrared continuum of the observed sources is due to
emission from warm dust and can be fitted by blackbody emis-
sion with temperatures ranging from 50 K at long wavelengths
to 700 K at the shorter wavelengths. At 300 K, the radiative
excitation rate of HCN through theν2 vibrational band with
A1→0 = 3.2 s−1 is ∼ 10−1 η s−1, whereη is a geometrical
dilution factor. The HCN rotational excitation can therefore ei-
ther be produced by collisions in warm gas with densities of
order109 cm−3 or by radiative excitation in lower density gas.
In the power-law density model of AFGL 2591 by van der Tak et
al. (1999), the density reaches109 cm−3 only at unrealistically
small distances of<10 AU, so that radiative pumping likely
dominates. For C2H2, the infrared pumping rate is comparable.
For CO, however, the radiative excitation rate at4.6 µm is at
least two orders of magnitude lower, so that collisional exci-
tation dominates over a larger fraction of the envelope for this
molecule, leading to more direct constraints on kinetic temper-
ature and density.

The low HCN and C2H2 excitation temperatures for W 33 A
compared with other sources of similarly high luminosity are
puzzling. The CO data indicate warm gas toward this source,
but with temperatures only up to∼ 120 K. The detection of
high excitation lines of CH3OH at submillimeter wavelengths
indicates that warm gas withTex ≈ 150 K is present in the inner
region (van der Tak et al., in preparation). Either the source has
only just started to evaporate the ices, or the more massive enve-
lope results in a high optical depth at mid–infrared wavelengths,
preventing observations of the inner, warmer gas.

5.2. Column densities and abundances

In Fig. 10, the inferred column densities of C2H2 and HCN are
shown as functions of the derived excitation temperatures of
the molecules. Both species show a clear increase by nearly
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Table 5.Derived C2H2 and HCN abundances. The abundances are given with respect to the total column density of H2 and that of hot H2.

Target H2
totala xhot

b C2H2 abundance(10−7) HCN abundance(10−7)
(1022 cm−2) total H2 hot H2 total H2 hot H2

AFGL 2136 11. 0.68 1.4±0.3 2.0±0.2 3.2±0.6 4.7±0.8
AFGL 2591 9.6 0.63 2.1±0.3 3.3±0.5 4.2±0.6 6.6±1.0
AFGL 4176 #1 8.0 0.5e 1.3±0.3 2.5±0.5 2.5±0.5 5.0±1.0
AFGL 4176 #2 8.0 0.5e 1.3±0.3 2.5±0.5 2.5±0.5 5.0±1.0
NGC 3576 8c 0.5e 0.5±0.1 1.1±0.3 1.0±0.4 2.0±0.8
NGC 7538 IRS 1 8.6 0.48 0.9±0.2 1.9±0.5 1.2±0.2 2.4±0.5
NGC 7538 IRS 9 4.9 0.02 0.4±0.2 20±10 1.6±0.6 80±30
W 33 A 13. 0.53 0.5±0.2 1.0±0.4 0.2±0.1 0.4±0.3
W 3 IRS 5 13. 0.48 0.3±0.1 0.5±0.2 0.5±0.1 0.8±0.2
S 140 IRS 1 3.7 0.60 < 0.5 < 1.0 < 2.0 < 3.0
G333.3–0.4 15c 0.5e < 0.1 < 0.2 < 0.2 < 0.4
AFGL 2059 4d 0.5e 0.1±0.1 0.2±0.2 0.1±0.1 0.2±0.2

a From13CO observation (Mitchell at al. 1990), assuming12CO/13CO = 60 and12CO/H2 = 2. 10−4.
b xhot = Nhot(H2)/Ntot(H2)
c From SEST C17O 2–1 data
d Based on 9.7 optical depth (Willner et al. 1982)
e Estimate

Fig. 10. Column densities of C2H2 and HCN as functions of their
excitation temperature. The column densities of C2H2 are shown as
asterisks and the column densities of HCN as diamonds.

two orders of magnitude in the warmer gas. The corresponding
abundances in the warm gas have been determined using the
column densities of warm H2 derived from the13CO column
densities of Mitchell et al. (1990) assuming an abundance ratio
13CO/H2 = 3.3 × 10−6. For sources not observed by Mitchell
et al., the total H2 column density has been constrained from the
C17O 2–1 emission line observed with the 15m SEST telescope
and/or from the silicate optical depth observed by Willner et al.
(1982). Since these sources are among the hottest sources, it is
assumed that at least 50% of the gas is in the “warm” component.

Table 5 list the total H2 column densities, the fraction of
hot H2, and the corresponding C2H2 and HCN abundances.
Figs. 11a and b include the abundances of the molecules as

functions of excitation temperature. The C2H2 and HCN abun-
dances increase from10−8 to 10−6, with HCN a factor of a few
more abundant than C2H2. At the highest temperatures, these
molecules are among the most abundant carbon– and nitrogen–
bearing molecules. The largest deviations are provided by NGC
7538 IRS1 and W 3 IRS5, where the HCN and C2H2 abun-
dances are remarkably low for the high inferred excitation tem-
peratures. For NGC 7538 IRS1, the HCN and C2H2 abundances
would be consistent with the relation found for other sources if
the lower excitation temperature of 180 K derived from CO
is adopted. The data for G 333.3–0.4 are upper limits with an
assumed temperature of 300 K.

The column densities and abundances of C2H2 and HCN in
the cold gas component are only poorly constrained by our low–
resolution data, but are at least an order of magnitude lower than
those in the hot component. From detailed modeling of the sub-
millimeter line emission, van der Tak et al. (1999, 2000) derive
typical HCN abundances of a few×10−9 in the extended enve-
lope, similar to the values found here. The inner, warm region
around AFGL 2591 has been probed with the OVRO millimeter
array in the HCN 1–0 emission line. The fact that these interfer-
ometer data do not show enhanced HCN abundances indicates
that the source size of the abundant HCN seen by ISO is re-
stricted to less than 300 AU (van der Tak et al. 1999).

5.3. Chemistry

Steady–state gas–phase chemistry models of cold, dense clouds
give typical HCN abundances of a few×10−9 and C2H2 abun-
dances ranging from10−9−10−8, depending on the importance
of destruction by neutral–neutral reactions with atomic C (Lee et
al. 1996, Millar et al. 1997). These model results are consistent
with our observed abundances in the cold gas.
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a C2H2 abundance b HCN abundance

Fig. 11a and b. The C2H2 and HCN abundances as functions of excitation temperature. The abundances are shown with respect to the hot H2

component (diamonds) and the total H2 (asterisks).

Increasing the temperature in these pure gas–phase mod-
els to∼ 200 K does not significantly affect the abundances of
the molecules in steady–state. Higher abundances are found in
time–dependent models at early times, if the gas is initially
atomic carbon rich. However, neither C2H2 nor HCN reach
abundances as high as a few×10−7 in these models. Also, the
limits on the observed atomic carbon column density for these
sources rule out these models (van der Tak, private communi-
cation).

More relevant for the chemistry in the warm gas are the so–
called ‘hot core’ models, in which ice mantles are sublimated
from the grains into the gas (e.g., Millar et al. 1991, Charn-
ley et al. 1992, Helmich 1996, Charnley 1997). The evaporated
molecules subsequently drive a rapid gas–phase chemistry in
the dense, warm gas resulting in complex organic molecules
for a period of∼ 105 yr. None of these hot core models shows
efficient C2H2 production in the warm gas, however. Thus, in or-
der to explain the observed high C2H2 abundances of10−7, the
molecule must originally be present in the ices on the grains.
Solid C2H2 has not yet been detected, but the observed lim-
its are not very stringent, since C2H2 mixed in H2O ice does
not have strong spectral signatures (Boudin et al. 1998, Schutte
1998, private communication). The inferred ratio for the ices,
C2H2/H2O < 0.1, corresponds tox(C2H2) < 10−5. Our ob-
served C2H2 abundances of∼ 10−7 are1 − 2 orders of magni-
tude lower. They can be explained if the molecule is present at
an abundance of0.1−0.5 % relative to H2O in the ices and if the
time scale since evaporation is less than105 yr. C2H2 has been
observed in cometary ices with an abundance of0.1 − 0.9 %
with respect to H2O (Brooke et al. 1996, Bockelée-Morvan et
al. 2000), providing support for this picture.

Solid HCN has also not been detected in interstellar ices, at
abundances down to∼ 3 % of H2O ice (Schutte 1998, private
communication, using data from Bernstein et al. 1995). The
corresponding abundance with respect to H2 of a few ×10−6

is somewhat higher than the highest observed gas–phase HCN
abundances in this work. If the molecule were present at the
level of ∼ 0.5 % in the ices, evaporation could explain our ob-
served abundances. The observed HCN abundance in comets is
slightly lower, 0.05–0.25% (Irvine & Bergin 2000, Bockelée-
Morvan et al. 2000). In contrast with C2H2, HCN does par-
ticipate actively in the high–temperature gas–phase chemistry.
Indeed, van der Tak et al. (1999) argue from their HCN in-
terferometer results that the high gas–phase HCN abundances
observed by ISO cannot just be the result of grain mantle evap-
oration but that gas–phase chemistry must play a role as well.
At high temperatures> 300 K, a large fraction of the oxygen is
thought to be driven into gas–phase H2O through theO + H2
and OH + H2 reactions. This results in a low gas–phase O2
abundance, one of the principal destroyers of atomic C. The
gas–phase HCN abundance is significantly increased with en-
hanced atomic C and N abundances. An alternative mechanism
to enhance HCN would be through evaporation of NH3 from
the ices, followed by subsequent gas–phase reactions leading
to HCN, similar to the case of the Orion hot core (Charnley et
al. 1992). More detailed modeling of the HCN chemistry in hot
cores up to temperature of 1000 K is needed to further interpret
the results.

The sources with the highest HCN and C2H2 abundances
are also those with the highest gas–phase H2O abundances (e.g.,
van Dishoeck 1998) and those which show the largest fraction
of heated ice (Boogert et al. 2000, Gerakines et al. 1999). Since
these diverse phenomena involve a range of temperatures from
< 100 K to 1000 K, this indicates that the enhanced tempera-
tures are communicated to both the inner and the outer parts of
the envelope. Van der Tak et al. (2000) suggest that this ‘global
heating’ results from the gradual dispersion of the envelope with
time, resulting in a lower ratio of envelope mass to stellar mass
and higher temperatures throughout the envelope.
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6. Conclusions

The main conclusions of our work can be summarised as fol-
lows:

1. Gas–phase C2H2 and HCN have been detected toward
two–thirds of the high–mass YSOs studied in this work.

2. Where detected, the excitation temperatures of C2H2 and
HCN are high, up to 1000 K. The only exception is formed by
W 33A. The temperatures derived from the C2H2 and HCN data
correlate well with each other (with a correlation coefficient of
0.98). The correspondence with the CO excitation temperature
is slightly worse, indicating that these two molecules may be
better probes of the hot core gas in massive YSOs.

3. Except for W 33A, the C2H2 and HCN column densities
in the cold (< 80 K) gas are at least an order of magnitude lower
than those in the hot gas.

4. The C2H2 and HCN abundances in the hot gas show a clear
increase with excitation temperature from10−8 to 10−6. For
C2H2, such high abundances are plausibly explained by a pas-
sive hot core model, in which C2H2 is directly evaporated from
the ices. The required C2H2 ice abundance of0.1 − 0.5 % with
respect to H2O ice is consistent with that found for cometary
ices. For HCN, a combination of ice evaporation and high tem-
perature gas–phase reactions likely plays a role.

The gas–phase HCN and C2H2 data presented here
strengthen the picture based on other ISO observations that the
heating of the surrounding envelope by the YSO and evapora-
tion of ices play a dominant role in the physical and chemical
evolution of these massive YSOs.
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