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ABSTRACT

We present gas-phase abundances of species found in the organic-rich hot core G327.3—0.6. The data
were taken with the Swedish-ESO Submillimetre Telescope (SEST). The 1-3 mm spectrum of this source
is dominated by emission features of nitrile species and saturated organics, with abundances greater than
those found in many other hot cores, including Sgr B2 and OMC-1. Population diagram analysis indi-
cates that many species (CH;CN, C,H;CN, C,H,CN, CH;OH, etc.) have hot components that originate
in a compact (~2") region. Gas-phase chemical models cannot reproduce the high abundances of these
molecules found in hot cores, and we suggest that they originate from processing and evaporation of icy
grain mantle material. In addition, we report the first detection of vibrationally excited ethyl cyanide and
the first detection of methyl mercaptan (CH;SH) outside the Galactic center.

Subject headings: ISM: abundances — ISM: individual (G327.3—0.6) — ISM: molecules —
line: identification — radio lines: ISM

1. INTRODUCTION

1.1. General

Hot cores are compact, warm (~100-300 K), dense
(~107 H nuclei cm~3) clouds of gas and dust associated
with recent high-mass star formation. The hot-core phase is
thought to last about 10° yr (van Dishoeck & Blake 1998)
and represents the most chemically rich phase of the inter-
stellar medium. The complex chemical and physical pro-
cesses occurring in these regions are not well understood.
To date, the chemistry of few hot cores has been studied in
detail. Those that have been include the cores within Sgr B2
(Turner 1991; Nummelin et al. 1998a), OMC-1 (Blake et al.
1987; Sutton et al. 1995), G34.3+0.15 (Macdonald et al.
1996), and W3 (Helmich & van Dishoeck 1997). There
appear to be significant differences in physical and chemical
conditions among these hot cores. A high abundance of
complex saturated organic molecules could indicate evapo-
ration of molecules processed on dust grains. Varying abun-
dances of sulfur-bearing species could be an indication of
evolutionary state (Charnley 1997; Hatchell et al. 1998).
More sources need to be added to the inventory of studied
hot cores before their chemical evolution can be under-
stood.

The composition of the gas in hot cores is intimately
related to the composition of dust grains. These dust grains
consist of a refractory core covered by a volatile icy mantle
that forms as gaseous molecules and atoms collide and stick
to the refractory core in the cold, protected dark clouds.
The ice composition may be modified by processes on or in
the mantles themselves, and material may be released back
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into the gas phase by radiative heating, starting with the
most volatile molecules (Ehrenfreund et al. 1998). Sub-
sequent high-temperature reactions in the gas phase among
the sublimated molecules and the preexisting gas species
result in a very rich chemistry (Charnley, Tielens, & Millar
1992; Caselli, Hasegawa, & Herbst 1993). Infrared obser-
vations are sensitive enough to detect molecules with an
abundance ~ 1% that of water. Millimeter observations can
detect molecules with abundances ~10~!! that of H,.
Assuming an average water abundance in hot cores of
~1073 that of H, (Gensheimer, Mauersberger, & Wilson
1996), it is obvious that the greater sensitivity of millimeter
observations allows an opportunity to indirectly study trace
constituents of grain mantles that are otherwise unde-
tectable.

Studies of icy mantles in dark clouds have been greatly
aided by the recent Infrared Space Observatory (ISO)
mission. The mantles themselves consist of two distinct
phases. The first is a polar (H,O-rich) layer, which may be
covered by the second phase, a nonpolar (CO-rich) mantle.
Thus far, detected molecules in the icy mantle include H,O,
CO,, CO, OCS, CH;0H, CH,, NH;, organics, and
“XCN,” a feature that is due to the C=N stretch mode of a
species that has not yet been firmly identified. The simplest
species are modified by a combination of surface reactions
and/or processing by UV photons, cosmic rays, X-rays, and
thermal polymerization. Laboratory UV irradiation experi-
ments show a variety of formation products. Polar mixtures
composed of H,O, CH;OH, and traces of NH; yield
H,CO, CH,, CO,, moderately complex organic molecules,
and CN-bearing species (Bernstein et al. 1995; Sandford,
Allamandola, & Bernstein 1997). Nonpolar mixtures com-
posed of N,, O,, CO, and CO, produce such molecules as
CO,, N,0, O3, and CO; (Sandford et al. 1997). Warming of
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these ices results in sublimation of the most volatile, such as
CO, N,, and O,, and allows neighboring reactive species to
interact to form new complex molecules such as ethanol,
formamide, and acetamide (Bernstein et al. 1995). The
warming that occurs in the formation of hot cores will
evaporate most of the mantle molecules to the gas phase to
drive the complex gas-phase chemistry referred to above,
before the cloud is eventually dispersed by stellar winds.

1.2. G327.3—-0.6

We have studied the hot-core position in the south-
ern molecular cloud G327.3—0.6 (hereafter G327,
R.A.(1950) = 15"49™15%6, decl.(1950) = — 54°28'07"), located
at a kinematical distance of 2.9 kpc (Simpson & Rubin
1990). Both OH and H,O masers indicate recent or on-
going massive star formation. Bergman (1992) analyzed
CH;CN and CH;CCH maps of G327 and determined the
presence of two molecular cores separated by 60", or 0.8 pc.
One is cold (7, = 30 K) and the other hot (T, ~ 150 K). The
physical characteristics of the latter are shown in Figure 1.
Our data show the existence of a dense, hot core that is
extremely rich in emission lines at millimeter wavelengths,
making this source excellent for astrochemical studies. The
lines are also relatively symmetric, Gaussian in shape, and
narrower (~5 km s~ !) than in sources such as Sgr B2
(~15-20 km s~ !; Nummelin et al. 2000), so that blending
and line confusion is much less of a problem. This paper is
based on data collected during ground-based millimeter-
wave searches for several complex organic molecules (see
§2.1).

Observed millimeter continuum flux densities and the
rich molecular spectrum detected toward G327 support the
presence of an ultracompact H 11 region. The FWHM size of
the hot-core region determined by Bergman (1992) using a
homogeneous large velocity gradient (LVG) model based
on emission from vibrationally excited CH;CN is 7 x 10'°
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cm (0.02 pc) in diameter and is within the range expected for
ultracompact H 11 regions (Wood & Churchwell 1989). The
kinetic temperature seems to be high throughout the
compact region. Since T, < T; in the hot IR region, the
molecular gas is probably thermally decoupled from the
dust. Under the assumption that the 2C'8O emission is
optically thin and fills the beam, Bergman (1992) estimated
the mass of the ultracompact core in his three-component
model to be of the order of 20 M with T, = 150-200 K.
The outer hot core is somewhat cooler with a diameter of
2 x 1017 cm. This is surrounded by a cool (40-60 K)
envelope. A range of hydrogen densities in each region was
determined by Bergman (1992) (see Fig. 1) and the implica-
tions are discussed in § 6.

The Infrared Space Observatory (ISO) also observed
G327 with both its Short Wavelength Spectrometer (SWS)
and Long Wavelength Spectrometer (LWS). The spectrum
is dominated by polycyclic aromatic hydrocarbon (PAH)
emission and ionized metal lines. Using the ratio of the S m
lines at 33 and 19 um and the O m1 lines at 88 and 52 um,
Ehrenfreund et al. (1997) estimated the effective temperature
of the star illuminating the H 1 region to be 36,000
40,000 K.

2. OBSERVATIONS AND DATA REDUCTION

2.1. Observations

The millimeter observations used in this study were taken
during the course of four observing runs at the 15 m
Swedish-ESO Submillimetre Telescope? (SEST; Booth et
al. 1989) at La Silla, Chile, in 1998 June, 1997 October, 1998
October, and 1999 October. We used the SESIS 100/150
GHz and the IRAM 115/230 GHz SIS receivers to obtain

2 The Swedish-ESO Submillimetre Telescope is operated jointly by
ESO and the Swedish National Facility for Radio Astronomy, Onsala
Space Observatory, at Chalmers University of Technology.

F1G. 1.—Physical structure of the hot core in G327.3 —0.6, as derived by Bergman (1992) based on modeling of the CH;CN and CH,CCH emission
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spectra of several hot cores as part of a search for ethylene
oxide (¢-C,H,O; Nummelin et al. 1998b), vinyl alcohol
(CH,CHOH), cyclopropenone (c-HCCOCH), and furan
(c-C3H,O; Dickens et al. 2000). The system was calibrated
using the standard chopper wheel method (Kutner & Ulich
1981).

System temperatures in the 1997 October observing run
were ~200 K at 3 mm up to 500 K at 1 mm. In 1998
October, they were ~200 K for 2 mm to ~425 K for 1 mm.
Pointing was checked regularly using the SiO masers VX
Sgr or IRSV 1540. All observations were performed in dual
beam switching mode with a beam separation of 12’ on the
sky, producing flat spectral baselines. A spectrometer band-
width of about 1 GHz and 1440 channels provided a
resolution of 1.4 MHz. We assumed an emission velocity
with respect to the local standard of rest, Vg = —45.0 km
s~ 1, for G327. Since weak lines were searched for during
these observing runs, the resulting spectra have an excep-
tionally high signal-to-noise ratio with a noise rms of 5-25
mK (T%). A sample spectrum is shown in Figure 2.

In 1999 October, maps of the J = 12, ;, — 11, ;, line at
105.47 GHz and the J = 26 — 25 band around 233.2 GHz
of ethyl cyanide were obtained in the dual receiver mode.
The angular resolutions were 48” and 22", respectively, at
these frequencies. A 90” x 90" area was sampled at 10"
spacing. Typical system temperatures were between 200 and
400 K. In order to minimize the effects of pointing varia-
tions within a map, short integration times (usually 60 s)
and several reruns with pointing checks between the maps
were used throughout the observing run. First- or second-
order baselines were removed from the spectra during the
data reduction.

The data were reduced and analyzed using the XS soft-
ware package written by Per Bergman at Onsala Space
Observatory.

2.2. Line Identification

We compared the frequencies of our detected lines with
several catalogs of predicted and laboratory-measured fre-
quencies. For most molecules, we used the catalogs com-
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Fi1G. 2—Sample spectrum around 151.6 GHz, with suggested line iden-
tifications marked. The majority of the emission lines are from asymmetric
organic species such as CH;OH, CH;OCHO, C,H;CN, C,H;CN, and
CH,SH. Approximately one-half of the lines in this band—unmarked in
the figure—are as yet unidentified.
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piled by Lovas (1985), Spectral Line Atlas of Interstellar
Molecules (SLAIM; Lovas 1984), and the JPL molecular
line catalog (Pickett et al. 1998). To be considered as a
possible assignment, the lines in the catalogs had to be
within ~1.5 MHz of the measured line positions. These
catalogs are incomplete for several molecules, and for these
we used other laboratory studies. For methanol (CH;OH)
we used Anderson, Herbst, & De Lucia (1987); 13C meth-
anol (:*CH,;OH) transitions are from Anderson, De Lucia,
& Herbst (1990); methyl formate (CH;OCHO) lines were
taken from a recent paper by Oesterling et al. (1999); lab
assignments for dimethyl ether (CH;OCH;) were taken
from Groner et al. (1998) and methyl mercaptan (CH;SH)
from Bettens et al. (1999). We eliminated from our analysis
lines that were blended or that could be assigned to more
than one likely molecule.

3. DATA ANALYSIS

3.1. The Population Diagram Method

For molecular species with three or more detected tran-
sitions spanning a sufficiently large range of energies above
the ground state, column densities and rotational tem-
peratures were derived using the population diagram
method outlined by Goldsmith & Langer (1999). In its sim-
plest form it assumes that (1) the population of all molecular
energy levels is in equilibrium at a certain temperature,
referred to as the rotational temperature, T,,,, (2) the emis-
sion is optically thin (ie, optical depth 7 <1 and
1 — e " & 1), (3) the source is homogeneous and fills the
antenna beam, and (4) the influence of the background radi-
ation field can be neglected. Given these assumptions, it can
be shown that

8mkv2 J ) (N >
Inl— | T,,,dVi | = In| —
<hc3Aul gu ° LSR gu

N E,
=ln <Z(T,m)> iT, W

where k and h are Boltzmann’s and Planck’s constants,
respectively, ¢ is the speed of light, v, is the frequency of the
transition u— 1, A, is the corresponding Finstein A-
coefficient, g, is the statistical weight of the upper level, Ty,
is the main-beam brightness temperature, and V¢ is the
emission velocity with respect to the local standard of rest.
E, is the energy of the upper state, and N and N, are the
total column density and the column density in level u,
respectively. By plotting the left-hand quantity of equation
(1) against E, for each observed line and fitting a straight
line to the data, T, can be found as the negative inverse of
the slope and 1n(N/Z(T,,)), and thus also N, as the intercept
of the y-axis.

The rotational partition function at temperature T,,,

Z(T,,) is given by

( ot) - zog e_E,/kTmt > (2)
where g; = 2i + 1 is the rotational statistical weight. For a
linear molecule, the partition function was approximated by
(Blake et al. 1987 ; Turner 1991)

k T;ot
WB 3)

Zlin(Tl'"ot) X



312 GIBB ET AL.

TABLE 1

Lower LiMITS ON THE COLUMN DENSITIES FOR SPECIES WITH
ONE OR Two DETECTED LINES

v(rest) E,/k N
Species (GHz) (K) (cm™2) N(x)/N(H,)*

CUO. v, 112.359 5 21(16) 6.6(—8)

NS coooreeen, 253.970 40  22(15) 6.9(—9)

SO coeveee 254574 100 1.1(15) 3.4(—9)

SOt 86.094 19  40(14) 1.3(—9)

3480 eeven 135.755 16 29(13) 9.1(—11)
3480 e 84.411 19  3.6(13) 1.1(—10)
CH*S v, 96.413 7 63(13) 2.0(—10)
C3*S o, 241.016 35 42(13) 1.3(—10)
OCS..ooeveen.. 97.301 21 6.0(14) 1.9(—9)

CCS v, 86.181 23 61(12) 1.9(—11)
CCS v, 93870 20  6.8(12) 2.1(—11)
HDO............ 225.897 168 2.2(14) 6.9(—10)
¢-SiCC.......... 93.064 11 2412 74(—12)
¢-SiCC.......... 94.245 19 3112 9.6(—12)
SIO i, 217.105 31 87(12) 27(—11)
NH* oo 93.174 5 1.6(14) 5.0(—10)
CH,NH ........ 225.554 11 13(13) 4.0(—11)
CH,NH ........ 250.161 97 1.0(14) 3.1(—10)
H,CO........... 225.698 33 45014 1.4(—9)

H,CO........... 101.333 83 22(15) 6.8(—9)

HNCO.......... 240876 113 5.1(13) 1.6(—10)
HC;N........... 136.464 52 2.3(14) 7.2(—10)
HC,N........... 254700 177 7.8(13) 2.4(—10)
HCI3CCN...... 135.886 52 1.8(13) 5.6(—11)
HCCU“CN...... 135.898 52 3.5(13) 1.1(—10)
HYCN ......... 86.339 4 84(13) 2.6(—10)
H3CO* ........ 86.754 4 8612 2.7(—11)

NoTE—a(b) = a x 10°.
* Assuming N(H,) = 3.2(23).

Symmetric and asymmetric top molecules were approx-

imated by
m (KL’ @
ABC\ h )~

where A, B, and C are the rotational constants (in hertz) of
the molecule such that A > B > C. In the case of symmetric
top molecules, A = B. In addition, factors due to spin
weights (e.g., ortho/para) were accounted for where appro-
priate. The approximations above are valid when hB < kT.

Two of the simplifying assumptions used to derive equa-
tion (1) may not be valid, complicating the analysis. The
first is that the optical depths are not necessarily small for
all molecules and transitions. As was shown by Goldsmith
& Langer (1999), if a line is optically thick the intensity will
be below its optically thin value by a factor equal to the
inverse of the photon escape probability,

(T *

Q=1_eﬂ, (5)

and therefore, if the optical depth can be determined, the
ordinate of the population diagrams can be corrected by
adding an amount In(C,).

The second complication is that the discussion so far has
assumed that the source fills the antenna beam. If the extent
of the emitting gas does not completely fill the antenna
pattern or if the source is clumpy, the observed antenna
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temperature has to be multiplied by the dilution factor
(AQ,/AQ,), which is the ratio of the solid angle of the
antenna beam to that subtended by the source. In the case
of single-dish observations, the dilution factor may be large
(>10%) for hot-core emission, and, if not accounted
for properly, this will lead to severely underestimated
column densities and optical depths (Wyrowsky, Schilke, &
Walmsley 1999; Nummelin et al. 2000; Schilke, Phillips, &
Mehringer 1999).

Taking the finite optical depth and beam dilution into
account, the modified relationship will then be

4 AQ,\ N \ E,
1“( g >+ n(C) +In (AQ) =ln (Z(Tm)> KT,

(6)

where y, is the combination of constants relating integrated
intensity and upper level column density given by

_ 8mkvy,
" hedAy,

Vu ™)
and W is the integrated line intensity.

We find the set of free parameters T,,, N, and AQ,/AQ
that best fitted the data to a straight line in the population
diagram by trying all possible values of the free parameters
and finding the combination that minimizes the y*-value.
Assuming the gas is thermalized, the rotation temperature
thus derived should be equal to the kinetic temperature.
Care must be used in this interpretation. For instance, if the
H, density is insufficient to thermalize some or all of
the transitions, subthermal temperatures are deduced
(Goldsmith & Langer 1999). Also, it is possible that the
fitting procedure can give false minima for T,,, and N. For
example, when the source size is left as a free parameter, the
minimum y? for C,H;OH (see § 4.1.3) occurs at a physically
unreasonable temperature of 4 K and a column density
exceeding that of H,. In this case, we kept only the beam-
filled fit, as the scatter in the data did not warrant a more
detailed analysis.

For molecules with only one or two detections, we calcu-
lated a lower limit to the beam-averaged column density by
using E,/k for the rotation temperature, assuming negligible
optical depth and setting AQ,/AQ = 1. It can be shown
(Hatchell et al. 1998) by setting the derivative of the
temperature-dependent component of equation (1) equal to
zero that the turning point of the temperature is T,,, = E,/k
for linear molecules and T, = 2E,/3k for symmetric and
asymmetric top molecules. Taking the second derivative
shows that this is a minimum. These results are shown in
Table 1.

4. RESULTS

4.1. Rotation Temperatures, Column Densities, and
Source Sizes

The rotational temperatures and molecular column den-
sities derived from the population diagram analysis are
summarized in Tables 2 and 3 and the lower limits in Table
1. Table 2 shows the results under the assumption that the
gas is extended beyond the size of the SEST beam. The
population diagrams corresponding to this table are shown
in Figure 3. Table 3 shows the data for the hot-core mol-
ecules for which high rotation temperatures and small
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TABLE 2
BEAM-AVERAGED COLUMN DENSITIES

Number E,/k T N
Molecule of Lines (K) (K) (cm™32) N(x)/NH,)?
CH,O0H.......... 25 19-692 180*14 1.68(16)* 51 5.3(—8)
13CH,0H ....... 20 7-307 93*1s 1.70(15)%53 5.3(—9)
C,H;OH......... 13 13-229 66* 3t 8.32(14)%5:8 2.6(—9)
CH,0CH;....... 19 8-313 82+8 1.1517)%51 34(-7)
CH,OCHO...... 83 8-556 375%82 1.62(16)*9:3 5.0(—8)
CH,CHO........ 11 15-93 45*10 1.62(14)%53 5.0(—10)
HCOOH......... 6 14-88 71454 8.51(13)17-2 2.7(—10)
CH,CCH ........ 5 86-201 7222 2.19(15)* 54 6.9(—9)
CH,CN .......... 11 80-942 952*612 1.00(16)*3-2 3.1(—98)
CH}*CN......... 5 114-658 252178 1.46(14)*5:S 4.6(—10)
13CH,CN........ 9 25-440 28271125 2.40(14)* 23 7.5(—10)
C,H,CN......... 37 22-575 303733 7.76(14)*3:3 24(-9)
C,H,CN......... 85 14-614 208* 31 2.48(15)%5:2 7.8(—9)
NH,CHO........ 5 10-269 208+ 158 1.01(14)*5:2 3.1(—10)
OCS®.....c.evee. 6 16-134 106*79 7.27(15)%8:3 2.3(—98)
H,CS............. 5 23-164 5312 3.98(14 +g 7 1.2(—-9)
SO, eiiiiiennne. 7 15-163 130+59 74114)% 53 2.3(—9)
CH,SH .......... 11 20-95 68+43 1.17(15)% 59 3.7(—9)

NoTE—a(b) = a x 10%.

* Assuming N(H,) = 3.2(23) (Bergman 1992).

> The fit was obtained using both isotopomers and assuming [!2C]/[*3C] = 40 and

[32S]/[3*S] = 22 for [OC3*S]/[013CS] = 1.82.

source sizes are deduced. Figure 4 shows the population
diagrams for these species with the source size set to 27, the
average size determined for the hot-core molecules in Table
3. The following section outlines the results of the diagrams,
with discussion and implications in § 6.

Population diagrams are shown for molecules with at
least three detected transitions in Figures 3 and 4. The rota-
tion temperatures and beam-averaged column densities are
shown in Table 2. All errors are 1 ¢ errors derived from the

boundaries of the 68% confidence regions
1 < Lo min + ALY ®)
where
Ayi = x/(N — P) ©

and where N is the number of data points, P is the number
of fitted parameters (7, N, 6,), and x equals 1.0, 2.3, and

TABLE 3

COLUMN DENSITIES AND ABUNDANCES FOR HOT-CORE MOLECULES

FREE SOURCE SIZE

2" SOURCE SIZE*

NUMBER T, N Source Size T, o N
MOLECULE OF LINES E/k (K) ) (arcsec) (K) (cm~?) Abundance

CH,OH® .............. 28 60-692  102%19  550(19)*3:2 2384018 118*8  6.03(19)*1:2 2—5)
CH,OCH, ............ 19 8-313 50*18 5.13(19)* 2 3 6.29+1-19

CH,OCHO ........... 83 8-556 170+18 5.1317)* “ ° 1.91+0-6 162781 4.79(18)+9:3 2(—6)
SO, wiveeeeeiin 7 15-163  112*]8 3. 09(17)t 33 2247199 134447 4, 68(17)’: : 2(=7)
HCN®........cooeeeet. 1 4 150 4.4(18) 1(—6)
HNCO®C................ 1 113 150 9.2(15) 3(—9)
HCNC......oooie 1 177 150 8.0(13) 3(—11)
CH,CN® .............. 25 25-942  162%1% 1.74(18)* 98 2.11%9:98 164+12  2,09(18)*9:2 (=7
C,H,CN .............. 37 22-575  131%13 261(18)F “ ° 1.39%0-08

C,H,CN (grnd)?...... 25 22-229 49+7 3 16(17)’: 14 2.55%920 69*3 5.25(17)*1:8 2(=7)
C,H,CN (vib)® ....... 12 369-575  186+193  437(18)*3%* 0.94%9-31 22537 479(17)*% ° 2A=7)
C,H,CN .............. 85 14-614  138%] 1.60(18)* 94 1855011 135%3 1.27(18)* +° 1 4—7)
NH,CHO ............. 5 10-269 72¥32 6, 46(16)*530 2.01+112 7317 6, 31(16)t5_6 2(—8)

Note.—a(b) = a x 10%
* Assuming N(H,) = 3 x 10?*. See discussion in § 4.2.

® The fit was obtained simultaneously using both the **C and *2C isotopomers and assuming [*2C]/[*3C] = 40.

¢ Estimated assuming an optically thin transition with T,

rot

=150 K and [*2C]/[*3C] = 40 as outlined in § 4.1.1. Since HC,N is a cold-gas

tracer with a possible hot component, we used only the 177 K transition to estimate the hot-core component.
4 The rotational and vibrationally excited lines for vinyl cyanide were treated separately, as they probably represent different physical

components of the gas. See § 6.1.1 for details.
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3.5 for 1, 2, and 3 free parameters,
Margon, & Bowyer 1976).

4.1.1. Nitriles
Nitriles are one of the dominant

respectively (Lampton,

sources of emission in

our data. We have detections of isocyanic acid (HNCO),

hydrogen cyanide (H!3CN), cyanoacetylene (HC;N,
HC'3CCN, HCC!CN), methyl cyanide (CH,CN,
CH3}3CN, '*CH,CN), vinyl cyanide (C,H;CN), and ethyl
cyanide (C,H;CN). Most of these molecules (the unsatu-
rated HC;N being an exception) are tracers of hot cores and
are predicted to be strongly peaked toward a compact
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region with a large rotation temperature. This is supported
by the 174-2"1 (0.02-0.03 pc) source sizes and 128-162 K
temperatures derived from the population diagrams for
CH;CN, C,H;CN, and C,H;CN. In addition, energies
above the ground state ranging from 14 to 614 K for
C,H;CN, 22 to 575 K for C,H;CN, and 80 to 942 K for
CH;CN require a very hot gas component for excitation.
For HNCO, H'3CN, and HC;N only lower limits on the
column density were obtained, since not enough transitions

were observed to define an accurate population diagram. If
we assume that the lines are optically thin, the emission
comes from a 2" source, and the rotation temperature is
similar to that for the other nitriles (~ 150 K), we deduce
column densities of 9.2 x 10'> cm~2 and 1.1 x 10'7 cm™?
for HNCO and H'3CN, respectively. We analyzed HC;N
and two of its 3C isotopes (HC'*CCN and HCC!3CN) by
assuming a 2” source size and [12C]/[13C] = 40 as deter-
mined by Bergman (1992) by comparing the column
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density ratio N(C'80)/N(*3C*80) and compensating for a
12C18Q (J =2—0) optical depth of ~0.5. This gives
N =69 x 10! cm~2 and T,,, = 155 K, though the best fit
is for a large source (T,,, = 54 K) and gives a column density
of 7.9 x 103 cm ™2, which is more consistent with its role as
a tracer of cold gas.

The three isotopes of CH3;CN when analyzed separately

give a wide range of temperatures, from 252 to 952 K for

beam-averaged fits and 124 to 390 K for small source sizes
(see Tables 2 and 3). The higher, poorly constrained tem-
perature for the main isotope is likely due to insufficient
opacity corrections for the optically thick low-energy tran-
sitions, which will also result in an underestimated column
density. 1*CH;CN and CH}*CN give similar temperatures
of ~150 K for compact source sizes. A rotational tem-
perature of 150 K is also consistent with that derived using
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the homogeneous LVG best-fit models for the 6 —» 5 and
13 —» 12 transitions of CH;CN and 6 — 5 transitions of
CH}3CN and '3CH;CN (Bergman 1992). Better results are
obtained by fitting all isotopomers simultaneously,
assuming ['2C]/[!3C] = 40. The results are shown in
Tables 3 and Figure 4.

We detected 37 lines of C,H;CN, including 12 transitions
in the first excited CCN bending mode (Nummelin &
Bergman 1999). We detected 85 lines of C,H;CN in G327,
including 13 a-type R-branch lines in the lowest CCN
bending mode and the methyl torsional mode at 297 and

TABLE 4

IDENTIFIED LINES OF METHYL MERCAPTAN AND VIBRATIONALLY
ExcIteD ETHYL CYANIDE

Frequency Ay E/k
(MHz) Transition (™Y (K)

Methyl Mercaptan

101284.36...... 4,53, E 8.69(—6) 20
151303.27...... 6. ,-5 E 3.12(—5) 32
151660.04...... 60— 50 A 3.23(—5) 25
151654.22...... 60— 5, E 323(—5 29
151720.70...... 6,5, A 1.80(—5) 95
151723.14 ... 6,5, 4 288(—5) 45
15173791...... 6,5, A 243(—5) 66
151759.76......... 6,55, E 288(—5) 45
151794.86...... 6,5, A 288(—5) 45
226286.87...... 9,58, E 1.09(—4) 61
250148.09...... 10, 59, A 1.48(—4) 71

Vibrationally Excited Ethyl Cyanide

2236804 ....... 26, 2526 = 2510025 680(—4) 444
2238100....... 260 56 = 250 25 681(—4) 444
223964.5....... 25g 1015 = s 1610 539(—4) 521
2239755 ....... 25, 1510247 1005 565(—4) 504
2240089 ....... 2501610 X150 SO0N(—4) 541
2240499 ....... 25,0156 2ionans  AT2A—4) 563
2240939 ....... 25,1145 = 211150 436(—4) 587
2241429 ....... 25,5508 = Qa1 399(—4) 614
2254483 ... 395 36137 = 395,38 160(—5) 543
2257153 ... 25, 51— 24, 50 6.71(—4) 454
2391710 ....... 28, 55 =275 56 558(—5) 473
2404437 ... 27, 55— 26, 5, 805(—4) 469
2407182 ....... 28,55 = 270, 8.18(—4) 467

Note.—a(b) = a x 10%.

303 K above the ground state, respectively (see Table 4).
This is the first reported detection of vibrationally excited
ethyl cyanide (transition frequencies from 223.68 to 240.72
GHz). We find similar rotation temperatures to that
obtained for CH;CN (see Table 3) for both these species.
Abundances for each of these species are a few times 10~ in
the small hot-core region (see Table 3).

4.1.2. Sulfuretted Molecules

Sulfuretted molecules identified in G327 include sulfur
monoxide (SO, **S0), carbon monosulfide (C3#S), nitrogen
monosulfide (NS), dicarbon monosulfide (CCS), carbonyl
sulfide (OCS, O13CS, OC3#S), sulfur dioxide (SO,), thiofor-
maldehyde (H,CS), and the first detection of methyl mer-
captan (CH;SH) outside the Galactic center (see Table 4 for
transitions). While most of these molecules have only one or
two transitions for which lower limits on relative abun-
dances were calculated (see Table 1), population diagram
analysis was performed for O!3CS, OC34S, SO,, H,CS, and
CH;SH. Rotation temperatures for extended emission of
53-68 K were derived for H,CS and CH;SH, indicating a
cold-gas origin for these molecules. SO, and the O!3CS/
OC3*S combination, which was calculated by assuming
[*2C]/[*3C] = 40 and [32S]/[3*S] = 22.5 (Wilson & Rood
1994), resulted in temperatures greater than 100 K, indicat-
ing a hot-core origin. For SO, we find a small source size
(~2"), indicating that the emission is primarily from a
small, hot core, as is seen for the Orion KL region (Schilke
et al. 1997).

4.1.3. Other Organic Molecules

G327 exhibits a rich array of aldehydes, alcohols, amines,
and related organic species. We have detected the formyl
cation (H!3CO%), formaldehyde (H,CO), formic acid
(HCOOH), methanol (CH;OH, *'*CH;OH), -ethanol
(C,H5OH), methyl acetylene (CH;CCH), methyl formate
(CH;0OCHO), acetaldehyde (CH;CHO), dimethyl ether
(CH30CHj;), methylenimine (CH,NH), and formamide
(NH,CHO).

HCOOH, C,H;OH, CH;CHO, and CH;CCH are best
fitted as cold, extended component molecules, with rotation
temperatures between 45 and 72 K. The six HCOOH lines
are weak, resulting in a scattered fit. The C,H;OH fit is
poor because of the scattered data points but gives 7,,, = 66
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K when assuming a filled beam. The diagrams for
CH;CHO and CH;CCH both have little scatter. Although
HCOOH, CH;CHO, and CH;CCH have all been detected
in cold, dark clouds (Irvine, Ohishi, & Kaifu 1991),
C,H;OH has not. Ethanol is, in fact, usually considered to
be a hot-core species. This is discussed further below.

We detected 25 lines of CH;OH and 20 lines of
13CH,OH. Population diagram analysis of the two meth-
anol isotopes and both 4 and E species together, assuming
[*2C]/[*3C] = 40, gives T, = 102 K for a source size of
2738, evidence of a hot-core component, which is further
supported by the detection of transitions with a wide range
of energies above the ground state (19-692 K). For both
CH,OH and !3CH;OH we also analyzed the 4 and E tran-
sitions separately and found scattered population diagrams
with rotation temperatures differing by a factor of 2. Meth-
anol is known to maser in many transitions toward star-
forming regions (Cragg et al. 1992; Sobolev, Craig, &
Godfrey 1997). While some transitions that are known to
maser in other sources are in our data set (e.g., 5_; >4, E
at 84.5 GHz), they show no signs of strong masering here
and cannot explain the scatter. For our analysis, we concen-
trated on transitions with energies greater than 50 K. The
low-energy transitions have a steeper slope, suggesting that
methanol has a hot-core component with a cool envelope,
but the scatter prevents a satisfactory fit to a two-
component model.

We identified 83 lines of methyl formate (CH;OCHO)
with energies above the ground state ranging from 8 to 556
K. If we assume a filled beam, we derive a temperature of
375 K, which is inconsistent with the large source size,
which should reflect the cold-gas component. The best fit is
for a smaller source size of 1791 and gives 170 K. Separate
analysis of 4 and E transitions are the same to within 1 ¢
limits. However, the population diagram is scattered, much
like that of methanol. One possible explanation for this is
that different lines of CH;OCHO originate under different
physical environments. This is supported by the high range
of energies above the ground state, which are not likely to
originate in any single region. The high excitation tran-
sitions and high temperatures derived indicate that a com-
ponent of methyl formate is present in the hot core.

We detect 19 transitions of CH;OCHj;. The best fit is for
a source size of 6729 and results in T;,, = 50 K. The beam-
filled diagram exhibits the same high level of scatter as is
evident in both methanol and methyl formate. The 2” fit is
also scattered and gives a very high 392 K rotation tem-
perature. We note that Nummelin et al. (2000) and Turner
(1991), in their analyses of Sgr B2 and Orion KL, also found
these complex organic molecules to have very scattered
population diagrams.

We detect five transitions of formamide, which give a
best-fit rotation temperature of 72 K and a 2”01 source size.
The beam-filled diagram is a poor fit compared with the
small source size.

For H'3CO™, H,CO, and CH,NH, lower limits on the
column density are given in Table 1.

4.1.4. Other Species
We also have single or double detections of carbon mon-
oxide (C170), deuterated water (HDO), silicon dicarbide (c-
SiCC), silicon monoxide (SiO), and diazenylium (NNHY).
Abundance lower limits are in Table 1.
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4.2. Relative Abundances

Abundance lower limits for molecules with one or two
transitions are shown in Table 1. Caution must be used
when interpreting results based on one or two transitions.
While identities of abundant molecules such as CO are
unambiguous, less abundant molecules with large partition
functions could be misidentified.

In order to compare abundances of molecules, a reliable
H, column density must be determined. Abundances rela-
tive to H, for the extended, cooler component species were
found by using N(H,) = 3.2 x 10> cm~2 as derived by
Bergman (1992) using equation (1) with observations of the
J =1 -0 transitions of 2C*80 and '*C!®0O and assum-
ing a 50 K temperature and X['?2C'80] =2 x 10”7 and
X[13C'80] = X['2C*80]/40. This value may be an under-
estimate since the '2C*®0 line may be somewhat optically
thick.

As an independent check, we used the value of T, ~
36,000-40,000 K estimated by Ehrenfreund et al. (1997)
from ISO observations, which implies a central star with
spectral type in the range O6-0O8. We therefore assumed a
single star of spectral type O7 and absolute magnitude
M, = —5.2 (Schmidt-Kaler 1982). We use the standard
magnitude-distance equation

m—M-—A=5logd—>5 (10)

to evaluate extinction 4 independently in each of two pass-
bands (H: 1.65 ym and K: 2.2 um), using photometry from
the Catalog of Infrared Observations (Gezari, Schmitz, &
Mead 1987) and assuming the kinematic distance d ~ 2900
pc to G327 (Simpson & Rubin 1990). Intrinsic ¥ —H and
V —K colors appropriate to an O7 star were taken from
Wegner (1994). The standard mean extinction law was then
used to evaluate visual extinction A,, and total
(atomic + molecular) hydrogen column density was then
estimated from the mean correlation for the local inter-
stellar medium, N(H)/4, ~ 1.9 x 10! ¢cm~2 mag™!, e.g,
Whittet (1992). The H and K passbands gave consistent
results, yielding average values of A4, ~36 mag and
N(H) ~ 7 x 10?2 cm 2. These are lower limits, as there may
be more than one star illuminating the H 1 region: for
example, if four identical O7 stars are assumed, A, ~ 50
mag and N(H) ~ 1 x 10?3 cm 2. These results are therefore
consistent with the value of N(H,) ~ 3 x 1023 cm™?2 dis-
cussed above.

The hot-core species listed in Table 3 were all found to
have an effective source size between 1742 and 2738. Since
no direct comparison of column densities or abundances is
meaningful between species with different source sizes, we
set the source size equal to the average size of 2” in our
analysis. In order to estimate the H, column density for the
ultracompact core, we used the model by Bergman (1992)
(Fig. 1), who estimated n(H,) to be in the range 2 x 107-108
cm 3 in the hot-core region, 2 x 10°~107 cm ~ 3 in the outer
hot core, and 10 cm ™3 in the envelope. Using the average
of these values, we integrated through the central 2"
(8.7 x 106 cm). The resulting column density is ~3 x 10%*
cm 2. This 10-fold increase in H, column density over a
decrease in source size from 20” to 2” is consistent with that
found in Sgr B2 (Nummelin et al. 2000). When making
abundance comparisons, one must keep in mind that this
value is uncertain. The hot-core H, column density can
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range from 1 to 6 (x 10**) cm ™2, making our abundances
uncertain by at least a factor of 2.

5. THE DISTRIBUTION OF MOLECULES IN G327

As was found by Bergman (1992), the emission from the
C'80 (J =2 —1 and 1 - 0) transitions extends over more
than 4 x 5 around the hot-core position. In contrast,
Bergman found the CH;CN emission to be much more
compact and significantly peaked at the hot core. To put
further constraints on the chemistry in the hot core of G327,
we mapped two bands of ethyl cyanide, containing lines in
the J=12-11 and J =26—-25 rotational ladders,
respectively. The latter band contains 18 detected C,H;CN
lines, as well as a number of lines from other species. In
Figure 5 gray-scale/contour maps of the integrated line
intensities of four of the detected lines are shown. These four
lines have energies above the ground state of 33, 205, 471,
and 574 K (in the first torsionally excited state) and should
thus sample progressively warmer gas. Fitting of a two-
dimensional Gaussian to the emission in each map yields
sizes (FWHM) in the range 35" x 28"-52" x 46", where the
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lower value was obtained for the 26, 1617 = 259,15/16 U: =
1 line and the higher one for the 12, ,, — 11, ;, line. This
indicates unresolved or marginally resolved, slightly north-
south or northeast-southwest elongated emission in all of
these lines by the 22” or 48” antenna main beam. Consider-
ing the lower angular resolution, 48”, in the 12 ;, — 11 ;4
map (at 105 GHz), the small-scale structure should not be
considered significant. The peak of the emission corre-
sponds to the hot-core position in all maps except that for
the torsionally excited line, which peaks approximately 10"
southwest of the (0, 0) position. Because of the generally
very high H, densities required for collisional excitation
of vibrational states, these states are often considered to
be excited by far-infrared radiation. The first torsionally
excited state of C,H;CN is excited by radiation from
around 48 um. Hence, the rotational lines within the tor-
sionally excited state could be tracing the radiation field,
which is one possible explanation for the slight difference in
the distribution of emission as compared with the ground-
state lines.

Similar marginally resolved source sizes were also found
for lines of CH;OCHO and CH;OH, which were serendip-
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FIG. 5—Maps of the C,H,CN emission in G327, centered on the hot-core position [a(1950) = 15749™1536, 5(1950) = —54°28'07"']. The lowest contours
and contour increments are (upper left and upper right) 0.25 and 0.25 K km s, (lower left) 0.125 and 0.125 K km s~ !, and (lower right) 0.25 and 0.125 K km
s~ 1. Intensity is given in the T% scale. The four lines shown have upper-state energies of 33, 205, 471, and 574 K, respectively. The 33 K line, at a rest
frequency of 105.47 GHz, has a lower angular resolution, 48", as compared with the higher energy lines around 233.2 GHz, which have 22" resolution.
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itously located within the mapped J =26 —»25 ethyl
cyanide band. The relatively small source sizes found for all
of these species are consistent with a possible dust origin.
However, it is clear that arcsecond or subarcsecond
resolution would be necessary for a more detailed study of
the small-scale structure of the hot core in G327.

6. DISCUSSION

G327 is a source very rich in complex saturated mol-
ecules. It is interesting to note that many of the molecules
show transitions from levels with energies greater than 100
K above ground, even up to ~900 K for a transition of
CH,;CN, clearly indicating the presence of a region of very
hot gas and dust. Most molecules fall into one of three
categories. There are those hot-core molecules that have
many excited high-energy transitions and for which a high
rotation temperature and small effective source size are
derived. These molecules include the nitriles (CH;CN,
C,H;CN, C,H,CN) and NH,CHO. Rotational tem-
peratures and column densities for these molecules are
listed in Table 3 with comparisons to Sgr B2 and OMC-1
column densities in Table 5. The second category includes
C,H;OH, CH;0CH;, and CH;OCHO, which also have
high-energy transitions indicative of a hot component, but
the transitions are too scattered to fit a convincing popu-
lation diagram to a small source. Methanol also has a wide
range of transitions, but when we use only transitions with
excitation energies above 50 K we find a compact source
and one of the highest abundances reported to date. These
molecules are consistent with enhanced hot-core abun-
dances surrounded by a cooler envelope of emission. There
are also molecules for which the best fit is for extended
emission (over our full beam) and a low temperature. These
molecules include OCS, H,CS, CH,CCH, and HCOOH.
Table 6 compares abundances of these molecules in G327
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with the sources G34.3+0.15, G5.89—-0.39, Sgr B2,
OMC-1,and W3 (H,O).

6.1. Chemistry
6.1.1. Nitriles

HC;N is thought of as a cold-cloud tracer but should
also be formed efficiently in the hot gas if C,H, is evapo-
rated from grain mantles (Millar et al. 1997). According to
current chemical models, HC;N is produced in the hot gas
by reaction of C,H, with CN or N with C;H, (Millar,
Macdonald, & Gibb 1997; Tielens & Charnley 1997).
CH;CN is a symmetric top molecule likely formed via radi-
ative association of CHF with HCN or CN with CH,
(Charnley et al. 1992; Millar et al. 1997). It should be effi-
ciently frozen onto icy grain mantles at the low tem-
peratures of 40 K or less found in dark interstellar clouds. It
could also be formed in the mantle by hydrogenation of
accreted CCN (Caselli et al. 1993). Our beam-averaged
CH;CN abundance is very well determined, as may be seen
from the simultaneous fitting of both main and **C isotopes
in Figure 4. Nonetheless, the beam-averaged methyl
cyanide abundance in G327 is 2 orders of magnitude
greater than in G34, 6 times greater than in the Orion
compact ridge, and 7 times higher than in the Orion hot
core. The physical size for the G327 observations is larger
than these sources (0.32 pc compared with 0.21 and 0.034
pc, respectively), indicating an even greater abundance dis-
crepancy due to beam dilution. Nummelin et al. (2000), in
their Sgr B2 study, determined CH,CN abundances for
source sizes equivalent to ~0.08 and 0.05 pc for the N and
M hot cores, respectively (see Table 5). G327 abundances
for a slightly smaller region (~0.03 pc) are 1 order of magni-
tude higher. Hence, G327 is a particularly rich source of the
nitrile CH;CN, at least as rich in this regard as the well-
studied Sgr B2.

Nitrile molecules such as C,H;CN and C,H;CN have

TABLE 5
ABUNDANCE COMPARISONS OF HOT-CORE MOLECULES

Sgr B2 (N)® Sgr B2 (M)® OMC-1°
G327.3-0.6* Size Size Compact Ridge Hot Core
SPECIES Abundance Abundance (pc) Abundance (pc) Abundance Abundance
NS s >7(—10) 1(—38) 0.098
SO .coviiiiint >4(—10) 2(—38) 0.13 1(=7) 0.17 3(=7) 2(=7)
3480 ..iininn >1(—11) 1(—9) 0.13 4(—9) 0.17
SO, eveeennne. 1(=7) 3(—98) 0.079 4(=17) 0.088 2(—=7) 1(=7)
3480, ceenennnnn. e 4(—9) 0.079 2(—38) 0.088 e e
H,CS ........... 2(—39) 0.082 1(—-9) 8(—10)
CH,O0H ........ 2(—5) 2(=7) 0.062 2(—7) 0.031 4(-17) 1(—=7)
CH,NH ........ >3(—11) 1(—38) 0.082 9(—11) 7(—11)
HC,N........... >8(—11) 5(—9) 0.11 3(—9) 0.079 6(—9) 2(—9)
HC!3CCN...... >6(—12) 6(—10) 0.11 4(—10) 0.079
HCC!3CN...... >1(—11) 1(—9) 0.11 3(—10) 0.079
CH,CN......... (=7) 3(—98) 0.082 2(—28) 0.049 5(—9) 4(—9)
13CH,CN ...... 4(—39) 3(—9) 0.082 1(—9) 0.049
CHI3CN ....... 1(—9) 5(—9) 0.082
C,H,CN........ 2(—7)¢ 6(—38) 0.022 1(—-9) 2(—9)
C,H,CN........ 4(-17) 1(—8)y¢ 0.028 5(—=9)

Note.—a(b) = a x 10%.

2 Using 2" (0.028 pc) source size abundances. Lower limits are calculated from Table 1 using N(H,) = 3 x 10**cm ™2

® Values from Nummelin et al. 2000.

¢ From Sutton et al. 1995. Values correspond to a 0.034 pc source size.

¢ From Liu & Snyder 1999.

¢ Abundances are the same for both rotational and vibrational lines treated separately with a 2” source size.
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TABLE 6
ABUNDANCE COMPARISONS IN SEVERAL SOURCES
Sgr B2¢ OMC-1°¢
SPECIES G327.3-0.6* G343+0.15° G5.89—-0.39° N M NwW Compact Ridge  Hot Core ~ W3(H,O)
[ 6 I >7(—38) >2(—29) 2(—8) 4(-98) 2(—38)
H'3CO* ......... >2(—11) >2(—11) >6(—9) 4(—12) 3(—11) 2(—11)
HCOOH......... 3(—10) >2(—9) 1(—10) 1(-9) 8(—10)
CH,0H.......... 7(—38) 7(—38) 1(—6) 3(—9) 6(—9) 1(—98) 4(=7) 1(=7) 5(—8)
13CH,OH ....... 5(—9) 1(-9) 3(—10) 3(—10)
CH,CHO........ 5(—10) 2(—10)  2(—10) <2(—10)®
C,H,OH......... 3(—9) 7(—9) 1(-9) 6(—10) 2(—9) 2(—9) 7(—10)
CH,0OCHO...... 5(—38) 3(—38) 1(—9) 9(—10)! 3(—9) 1(—8) 3.5(—9)
CH,0CH;....... 3(—38) 3(—9) 2(—9) 2(—38) 8(—9) 1(—9)
CH,CCH ........ 7(—9) 3(—38) 2(—17) 4(—9) 5(—9) 2(—9) 1(—=9) 1(—9) 3(—9)
CH,NH.......... >3(—10) >8(—10) 2(—10) 1(—10) 9(—11) 7(—11)
NH,CHO........ 3(—10) ... 2(—10)! 1(—10) 3(—10) 1(—10)
H!3CN........... >3(—10) >3(—11) 2(—11)
HNCO........... >2(—10) >5(—10) 6(—10) 1(—9) 3(—9) 6(—9) 3(—9)
HC,N............ >2(—10) >5(—11) 2(—17) 4—10r  2(—9) 6(—9) 2(—9) 8(—11)
HC'3CCN....... >6(—11)
HCC!3CN....... >1(—10)
CH,CN.......... 3(—38) 5(—10) 4(-17) 4(—11) 5(—9) 4(—9) 1(—10)
C,H,CN......... 2(—9) 8(—9) 4(—10) 1(-9) 2(—9)
C,H,CN......... 8(—9) >9(—10) 6(—10)! 1(—10) 5(—9) 1(—8)¢
CH*S ., >2(—10) >1(—10) >4(—38) 6(—11) 1(—10) 7(—11)
NS .o, >7(—9) >8(—11) 3(—10) 1(—10)
SO .iiiiiiin >3(-9) 2(—9) >1(—6) 1(—8)" 1(-9) 3(=17) 2(—17) 7(—9)
3480 .iiviennn. >1(—10) >2(—10) >1(=7)
SO, .uiiiiiiininns 2(—10) 3(—-9) 1(—6) 2(—8)t 4(—10) 2(—17) 1(=7) 5(—9)
3480, viiiinnnn. 2(—9) 3(=17)
OCS....c.venn.. >2(—9) >3(—9) >1(=7) 2(—9) 3(—9) 2(—38) 3(—9) 1(—98)
OC3*S............ 1(—9) >8(—10) 3(—10) 3(—10)
O13CS............ 7(—10) >9(—10) 7(—10) 6(—10)
H,CS............. 1(—9) 2(—9) >5(—7) 4(—10) 3(—10) 1(—=9) 8(—10) 8(—10)
CH,SH .......... 7(—10) 4(—10) 5(—10)
HDO............. >4(—12) >4(—9) 4(—10) 4(—10) 4(—38) 1(—8)
SiO ..oovieenl 3(—11) 2(—11) 6(—11) 3(—11) 8(—9) 6(—9) 3(—10)

Note.—a(h) = a x 10°.

* Using beam-averaged abundances, corresponding to a source of 0.32 pc.

b Using values from Macdonald et al. 1996 for a 0.21 pc source.

© Values from Thompson & Macdonald 1999 for a 0.25 pc source. Note: these values are based on the n(H,) = 10* cm ™3 of Gomez et al. (1991), which
was derived by assuming [NH,]/[H,] = 10~ °. However, G5.89 has one of the lowest NH, abundances seen in ultracompact H 1 regions (Cesaroni,
Walmsley, & Churchwell 1992), probably giving abundances which are 10-100 times too high.

4 Values from Nummelin et al. 2000 for a 0.79 pc source.

¢ Values from Sutton et al. 1995 for a 0.034 pc source.

f Values from Helmich & van Dishoeck 1997 for a 0.23 pc source.

g Values from Blake et al. 1987 for a 0.073 pc source. Note: these values are smaller than Sutton et al. 1995 values since they include only a narrowly
defined kinematic component while Sutton et al. 1995 includes quiescent values along the line of sight.

! Values from Kuan & Snyder 1996.

i Using a-type transitions only.

high abundances in many hot cores that cannot be repro-
duced by gas phase reactions alone. C,H;CN is also
detected via its rotational lines in both giant molecular and
dark clouds. Such reactions as

HC,NH* + H, » C,H,CN* + H, (11)

C,H,CN* + H, > C,H,CN* + H, etc., (12)

are endothermic and proceed slowly in the gas phase (Blake
et al. 1987), though C,H;CN may be formed by reactions of
CN and evaporated C,H, in the hot gas (Charnley et al.
1992). Charnley et al. (1992) concluded in their analysis of
the hot cores in Orion A that C,H;CN abundances could
not be reproduced by gas-phase chemistry and hypothe-
sized that the hydrogenation of accreted HC;N and

CH;CN would produce C,H;CN, which would evaporate
when heated. This method of production may be so efficient
that Caselli et al. (1993), in their model of the Orion hot
core, predict that C,H;CN becomes the most abundant
mantle constituent at the end of core collapse. Liu & Snyder
(1999) studied C,H;CN and C,H;CN in the hot core Sgr
B2(N) at 85 GHz using the Berkeley-Illinois-Maryland
Association Array at 078 resolution, corresponding to
physical scales 1/10 the size of the Oort cloud. They con-
cluded that their high column densities for these molecules,
3 times higher than previously reported, were indicative of a
high core concentration of these species, providing further
support for an icy origin. Liu & Snyder (1999) estimate an
abundance of ~ 102 for both C,H;CN and C,H;CN for a
~6000 AU (~0.03 pc) source size. The same physical size
for G327 corresponds to a ~2” source size. Nummelin et al.
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(2000) report an abundance for C,H;CN of 6 x 10~ 8 for an
estimated 0.022 pc source size. The corresponding fractional
abundances we estimate are 2 x 1077 and 4 x 10”7 cm™~?
for C,H;CN and C,H;CN, respectively (see Table 5). This
would seem to indicate that these hot-core nitrile molecules
truly are close to 1 order of magnitude more abundant in
G327 than in Sgr B2, consistent with our results given
above for CH;CN.

It was noted by Liu & Snyder (1999) that C,H,CN was
observed preferentially in the outflow of Sgr B2, and they
suggest that C,H;CN is processed into C,H;CN in shock
regions. The vibrationally excited vinyl cyanide transitions
could be due to collisions or infrared radiation from hot
dust. The different physical processes, coupled with the dis-
tinctly separate temperature regimes covered by rotational
and vibrational lines, suggest that the different transitions
should be treated separately. Indeed, when both are
analyzed together, the results are inconsistent, giving low
temperatures and unphysically high abundances. In Figure
4 we show 2" population diagrams for the rotational and
vibrational transitions separately. The rotational tran-
sitions give a good fit with a relatively cool T, of 69 K and
a column density of 5.3 x 1017 cm~2. The vibrational tran-
sitions result in a much warmer (225 K) temperature but a
similar column density (4.8 x 10'7 cm™2).

The CH,CN maps made by Bergman (1992) and the
C,H;CN maps shown in § 5 clearly show that the abun-
dances of CH;CN and C,H;CN are much greater in the
hot core than in the surrounding region of cooler gas as
traced by CH;CCH. This is also consistent with grain
surface reactions and evaporation of grain surface products
being responsible for the overabundance.

It is interesting, in light of all the gas-phase inferences to
solid nitriles, to note that there is little evidence in infrared
data for solid nitrogen-bearing molecules. N, is thought to
be present but is infrared inactive and hence very difficult to
detect. There are also two indications, in massive protostars
W33 A and NGC 7538 IRS9, of NH; (Lacy et al. 1998;
Gibb et al. 2000). A feature present at 4.62 um in several
embedded protostars has yet to be unambiguously identi-
fied and is designated as “ XCN.” A possible candidate is the
OCN™ ion (Schutte & Greenberg 1997; Pendleton et al.
1999). Laboratory studies have shown that this feature can
be produced only by UV photolysis or ion irradiation of ice
mixtures containing both N and C, and it is attributed to
the C=N stretch mode (see Pendleton et al. 1999 for a
recent review). Bernstein et al. (1995) also report a probable
vinyl cyanide feature formed by photolysis of ice mixtures
containing H,0, CO, NH;, and CH;OH, which sublimates
when the ices are warmed. Laboratory spectra of frozen
nitriles show that the C=N stretch should have a peak
position between 4.35 and 4.55 um, while isonitriles peak
between 4.59 and 4.67 um (Bernstein, Sandford, & Allaman-
dola 1997). It would appear that the nitriles observed in the
gas phase cannot account for the XCN feature, and thus far
ISO observations have not detected nitrile features in the
4.35-4.55 um range where these molecules would be
expected to have infrared absorption features.

This leads to an interesting question that needs to be
addressed. If the abundant nitriles in the gas phase must be
explained by an icy origin, then why are they not seen in ice
spectra of protostellar regions ? If we assume, as an example,
that all the gas-phase CH;CN in G327 came from the polar
constituent of the grain mantle, then we would expect to see
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features at 2296 and 2264 cm™! (4.36 and 4.42 um) with
FWHM of 15 cm ™! (0.03 um) in similar sources that have
not yet undergone grain evaporation. The integrated
absorbance in a water matrix for CH;CNis 1.1 x 1077 cm
molecule ~! (Bernstein et al. 1997). Using the equation

N = L0 Tiv.)dv , (13)

1

where 7; is the optical depth and 4, is the integrated absorb-
ance, and taking the column density of methyl cyanide for
the best-fit source size of 1742 (Table 3) results in an ice
feature with an optical depth of ~ 1.3 prior to evaporation.
A similar calculation for C,H;CN (4; = 7.7 x 107 '8 ¢m
molecule ') gives a feature at 4.46 um with an FWHM of
16 cm ! and an optical depth of 0.2 and 2.1 for the abun-
dances deduced from ground-state rotational and vibra-
tionally excited transitions, respectively. Band strengths are
not available for C,H;CN, but if we assume an average
nitrile band strength of 107'7 and an FWHM of ~15
cm ™!, then a similar feature of optical depth ~1 would be
expected. All these nitriles together, if abundant enough,
would result in a broad feature in the 4.3-4.6 ym spectrum.
If similar column densities of nitriles were present in a less
evolved source in which the ices have not evaporated, these
features should certainly be detectable by ISO. No young
stellar objects studied to date show features at these wave-
lengths.

Laboratory data point to the necessity of a matrix con-
taining C- and N-bearing molecules such as methanol and
ammonia as well as a UV radiation field in order to produce
various CN-bearing molecules. The temperature for com-
plete grain evaporation of N-bearing molecules such as
C,H;CN and C,H,CN is about 50 K (Caselli et al. 1993).
After accretion in the cold collapse phase, the temperature
increases and rapid loss of the ice mantle follows. This
evaporation would occur in an expanding shell around the
source as the core temperature increases, heating the sur-
rounding material. This short lifetime on the grain surface
could explain why nitriles are not seen in abundance in the
infrared.

Above we discussed the high abundance of CH;CN,
C,H;CN, and C,HsCN in G327 compared with other
sources. It could be that G327 and Sgr B2, another nitrile-
rich source, are atypical in their high abundances and that
most protostellar sources have lower nitrile abundances.
This might contribute to the lack of detections in infrared
observations.

6.1.2. Sulfuretted Molecules

H,CS is formed via such gas phase reactions as (Charnley
1997)

S+ CH;->H,CS+H (14)
and
H,CS* + e~ - H,CS+ H. (15)

In the model by Taylor, Morata, & Williams (1998), H,CS
is characterized as an early-time molecule, one that peaks
in abundance prior to 2 x 10° yr into collapse. These pre-
dicted high peak abundances have not yet been observed,
and the chemistry of this molecule could be complicated by
a grain surface origin of some H,CS. The abundance of this
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molecule in G327 is comparable to that in G34 and midway
between those in Sgr B2 N, M, and the OMC-1 compact
ridge.

The sulfur analog of methanol, methyl mercaptan
(CH;SH), has been detected toward the hot cores in Galac-
tic center source Sgr B2 (Linke, Frerking, & Thaddeus
1979; Nummelin et al. 2000) with an abundance similar to
that of G327, but thus far only upper limits have been calcu-
lated for dark clouds and other hot cores. While the chem-
istry of methyl mercaptan is not understood, it may be
formed on grain surfaces with a process analogous to the
hydrogenation of CO that is thought to form CH,OH
(Bettens et al. 1999). As long as CH;SH exists in grain
mantles, it should be evaporated in hot cores.

SO, is the result of destruction of H,S by H;O*, which
eventually leads to the release of S atoms that can then react
and combine with OH and O, (Charnley 1997). G327 has a
lower abundance of SO, than any of the other sources in
Table 6 but is closest to Sgr B2 (NW), which is sampling the
envelope of this giant molecular cloud. The low SO, abun-
dance coupled with high abundances of complex molecules
support the view that G327 is in a much earlier phase of
postevaporation chemistry than most other hot cores
observed to date.

OCS is primarily formed in the gas phase by the radiative
association reaction

CO +S—OCS + hv, (16)

at early stages of cloud collapse (t < 2 x 10* yr), after which
it is formed primarily by

HOCS* +e~ - 0OCS+ H (17)

(Charnley 1997). There is a tentative detection of solid OCS
on the dust grains toward massive protostellar object W33
A (Palumbo, Tielens, & Tokunaga 1995). Detections of gas-
phase OCS by Nummelin et al. (1998) in Sgr B2 show that,
while OCS is present in cold-cloud regions, it is sharply
peaked toward the hot core. We estimate a hot-core
abundance of ~2 x 1078 for OCS, which is very similar to
that found in the OMC-1 hot core and compact ridge (see
Table 5).

6.1.3. Other Organic Molecules

It is interesting to compare abundances of oxygen-
bearing organic species between G327 and other sources.
Oxygen-bearing organic species including HCOOH,
CH;OH, CH;CHO, C,H;OH, CH;OCHO, and
CH;OCH; are more abundant in G327 than in Sgr B2 N,
M, or NW, by 1 order of magnitude or more for
CH;OCHO and CH;OCHj;. In fact, those two molecules
are more abundant in G327 than in any of the other sources
listed in Table 6. This high abundance of saturated mol-
ecules implies recent grain evaporation and that G327
could therefore be in a younger evolutionary state.

Chemical models have C,H;OH being formed by H and
C addition to CO on ice mantles (Charnley et al. 1995).
Millar et al. (1997) investigated C,H;OH formation via dis-
sociative recombination of C,H;OHJ in hot gas, which is
in turn formed from reactions of H;O" with evaporated
C,H,, and found this route to be inadequate to explain
observed abundances. Currently, there are no hot gas-phase
chemical pathways that can reproduce ethanol abundances
in hot cores. In either case, it would be expected that the
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ethanol abundance would be strongly peaked toward the
hot core. Further observations would be needed to verify
this.

Current interstellar chemistry theory has methanol being
formed by hydrogenation of CO on a grain before being
evaporated into the gas upon heating by a forming star
(Charnley et al. 1992). Recent ISO observations have shown
grain mantle CH;OH abundances with respect to water ice
of ~30% for RAFGL 7009S and ~18% for W33 A
(Dartois et al. 1999; Gibb et al. 2000), both high-mass pro-
tostars. Other objects from comets to dark clouds to low-
mass star formation regions have methanol abundances not
exceeding 6% that of water ice (Gibb et al. 2000). This is
consistent with efficient CH;OH formation only by ener-
getic or thermal processing in the vicinity of massive YSOs.
It is expected, therefore, that the abundance of methanol
will rise sharply toward the central region of a hot core
where it is formed and evaporated (Ehrenfreund et al. 1998).
Our high methanol abundance in the hot core is consistent
with this idea, but a conclusive test requires higher angular
resolution. A good observational test would be sub-
arcsecond resolution maps made with the Atacama Large
Millimeter Array (ALMA), a 64-antenna array scheduled to
be built in Chile’s Atacama desert sometime this decade, to
determine whether there is a steep gradient in abundance
near the core.

Our hot-core CH;OH abundance is higher, in many
cases by more than 1 order of magnitude, than in the other
sources listed in Table 6 with the exception of G5.89.
However, as is noted in the table, the reported abundances
in this source are likely 10—100 times too high. If the meth-
anol is located primarily within 2” of the core position, the
abundance is even higher (2 x 10™3; see Table 5). This
result is roughly similar to the methanol abundances as
high as 7 x 10~ ° found by Bachiller et al. (1995) in outflows
of shocked gas. Caselli et al. (1993) calculated abundances in
a model of the Orion compact ridge of 2 x 10> at an age
of ~ 103 yr. In additon, Cernicharo et al. (1999) find a water
abundance of ~107 3 in Orion IRC 2 and Sgr B2, and Elias
16 results suggest that the fractional abundance of H,O in
grains ~8.6 x 10~ 3 (Whittet 1992). These results for water,
coupled with the evidence of 10%-30% methanol abun-
dances with respect to water on solid grain mantles in
massive star-forming regions discussed above, indicate that
gas-phase abundances for CH;OH of 10~ ° are not unrea-
sonable.

Acetaldehyde formation can proceed by different routes
in different parts of the cloud. In the model of G34 by Millar
et al. (1997), neutral-neutral reaction of O atoms and C,H
dominates in the ultracompact core. This is based on the
assumption of evaporated C,H, undergoing proton trans-
fer reactions to form the C,H radical. In the compact core,
recombination of CH,CHOH®* is theorized to form
CH;CHO, though the formation of this reactant has yet to
be studied in a laboratory. Another possibility is that sug-
gested by Tielens & Charnley (1997), by which H and C
additions to CO ice proceed to form many hydrocarbons,
including acetaldehyde.

Blake et al. (1987) theorize that CH;OCHO is formed
efficiently in hot gas by reactions with desorbed methanol.
Our derived 162 K temperature and 2” source size and the
poor fit to a beam-filled source support this theory.

Dimethyl ether, CH;OCHj;, the isomer of C,H;OH, is
formed by reaction of CH;OH with CH;OH; (Millar et al.
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1997) or by dissociative recombination of CH;OCH]
(Charnley et al. 1992). If we assume that CH;OH is formed
in abundance on grains and then evaporated, CH;OCH,
should be more abundant than C,H;OH since its parent
molecules would be more abundant. This appears to be the
case in G327. The significant enhancement of CH;OCHj3;,
CH;0OCHO, and CH;OH abundances supports the view
that these molecules are chemically linked in hot cores
(Blake et al. 1987; Minh et al. 1993).

Methyl acetylene, or propyne, CH;CCH, is a symmetric
top molecule. Hatchell et al. (1998), in their survey of ultra-
compact H 11 regions, claim that the high-energy CH;CCH
transitions trace hot gas and should originate in a compact
region when compared with CO emission, but a larger
region than CH;CN emission. In OMC-1, CH;CCH is not
detected in the hot core or compact ridge but only in the
extended ridge with an inferred rotation temperature of 52
K (Blake et al. 1987). Although we detect some transitions
from levels up to 201 K above the ground state, our best fits
are for extended emission.

Formamide is most likely formed by atom addition to
HCO on grain mantles and then evaporated (Tielens &
Charnley 1997), which is supported by the excellent
fit to a source size of 2” derived for this molecule. Bernstein
et al. (1995) found NH,CHO to be formed upon UV
photolysis and warm-up of a H,O :CH;OH :CO :NH; =
100:50:10:10 mixture. By using !3C-tagged methanol,
Bernstein et al. (1995) determined that most of the carbon in
the complex molecules formed during photolysis and
warm-up came from methanol. While the methanol abun-
dance in this mixture is higher than that found in any astro-
physical context to date, it is closest to what has been found
for high-mass protostars such as RAFGL 7009S and W33 A
and supports grain formation and evaporation in massive
YSO environments as a likely source for NH,CHO.

6.2. Conclusion

Hot cores have a very rich chemistry with high abun-
dances of saturated molecules. The chemical pathways dis-
cussed above (§ 6.1) predict that many molecules, including
C,H;CN, C,H,CN, NH,CHO, and CH;OH, should be
formed via atom addition to simpler molecules in the icy
mantles of dust grains that are deposited during the cold
collapse phase of protostar formation (Charnley et al. 1992;
Caselli et al. 1993; Tielens & Charnley 1997). During col-
lapse and formation of a luminous stellar body, the dust
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and gas heat up and are exposed to ultraviolet radiation,
causing thermal polymerization or photolysis of new,
mostly saturated species that are then released back into the
gas phase (Bernstein et al. 1995; Sandford et al. 1997). Our
results are consistent with this picture. We derive column
densities of ~1015-10° cm ~ 2, higher than predicted by hot
gas-phase reaction models alone, and source sizes on the
order of 0.02-0.03 pc for these complex species.

We have reported the first detections of methyl mercap-
tan outside the Galactic center and vibrationally excited
ethyl cyanide and have demonstrated that the hot core
G327 is a very rich source with the highest abundance of
methanol yet reported and high abundances of several
nitrile species and other organics. Its relatively simple
physical structure gives narrow, Gaussian line profiles that
simplify the analysis over that for sources such as Sgr B2,
which is also quite rich but suffers from non-Gaussian,
broad line profiles as a result of outflows. Thus, G327 pro-
vides an excellent “standard source” with which chemical
models may be compared. Chemically, G327 is a good
source for which to do molecule searches for these reasons
as well. When a southern hemisphere millimeter array, such
as the Atacama Large Millimeter Array, is completed, it
would be instructive to map G327 on a subarcsecond level.
By doing this we could test for such things as a sudden jump
in methanol abundance at close proximity to the hot core,
which would help pin down the icy grain mantle contribu-
tion. Also, more detailed data could give a better handle on
those molecules for which a multicomponent model of the
source chemistry may best describe a population (CH;OH,
CH;0CH;, CH;0CHO) but for which analysis of our data
with a 20” or larger beam was inadequate.
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