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Abstract. We have searched for millimetre-wave line emistowards both giant molecular clouds (€.9. Gilmore et al. 1976)
sion from ethylene oxide (c-E4O) and its structural iso- and dark clouds (Matthews, Friberg, & Irvine 1985). There is
mer acetaldehyde (G)€HO) in 11 molecular clouds usingalso athird isomeric form, vinyl alcohol (GG&€HOH), which is
SEST. Ethylene oxide and acetaldehyde were detected throurgbrmediate in energy but, as yet, undetected astronomically al-
multiple lines in the hot cores NGC 6334F, G327(6, though searched for (Irvine et al. 1989). Both acetaldehyde and
G31.41-0.31, and G34.30.2. Acetaldehyde was also detectedinyl alcohol have chain structures.
towards G10.47+0.03, G322:2.6, and Orion 3, and one Due to its two pairs of interchangeable identical hydro-
ethylene oxide line was tentatively detected in G10.47+0.Qgen nuclei ethylene oxide has two different symmetry states
Column densities and rotational excitation temperatures wevhich can be denotedrtho (symmetric) andpara (antisym-
derived using a procedure which fits the observed line intensietric). These states correspond to energy levels with quantum
ties by finding the minimuny2-value. The resulting rotational numbersk, K. ecloo (ortho) andeo/oe (para) and have spin
excitation temperatures of ethylene oxide and acetaldehydewtgghts which are equal to 10 and 6, respectively. The rota-
in the range 16 — 38 K, indicating that these species are excitighal spectrum of ethylene oxide is puréhype (4,=1.88 D).
in the outer, cooler parts of the hot cores or that the excitacetaldehyde has boilr andb-type transitions §,=2.423 D,
tion is significantly subthermal. For an assumed source size;gE1.266 D) and the internal rotation of the methyl group gives
20", the deduced column densities are (0.6>1)'* cm™2 for  rise to two non-interacting torsional substates, denatethd
ethylene oxide and (2 — 5)10'* cm~2 for acetaldehyde. The E, the ground state energies of which are separated by 0.1 K.
fractional abundances with respect tg &fe X[c-C2H,0]=(2 Because of the unusual structure of ethylene oxide relative
- 6)x10'%, and X[CH3CHO]=(0.8 — 3)x10~°. The ratio o most known interstellar molecules, it is interesting to inves-
X[CH3CHOJ/X[c-CoH, O] varies between 2.6 (NGC 6334F}igate the distribution and abundance of such a molecule in the
and 8.5 (G327.30.6). We also detected and analysed multjnterstellar medium to find out how the distribution and exci-
ple transitions of CHOH, CH;OCH;, C;H;0H, and HCOOH. tation of this molecule compare to other molecules, e.g., ac-
The chemical, and possibly evolutionary, states of NGC 6334dtaldehyde. Since structural isomers typically share some pro-
(327.3-0.6, G31.4%-0.31, and G34.30.2 seem to be very duction and destruction pathways the relative abundance of
similar. two such isomers could provide important constraints on as-
trochemical models. We have therefore searched for emission
Key words: ISM: molecules — ISM: abundances — ISM1H  from the ethylene oxide-acetaldehyde isomeric pair in a num-
regions —radio lines: ISM ber of molecular clouds. The majority of the targeted sources
are warm and dense condensations of molecular gas, in most
cases found inside massive star-forming regions. Some of these
sources, often called “hot cores” after the original such source
in Orion, have been shown to be have very rich gas-phase chem-

Ethylene oxide (c-6H,O) was recently detected astronomiiStry (van Dishoeck & Blake 1998).

cally for the first time towards Sgr B2(N) (Dickens et al. 19097). The organisation of this paper is as follows. In Sects. 2 and 3
It is the third molecule with a cyclic structure to be found in the describe the details of the observations, data reduction, and a
interstellar medium and is the first such molecule to contain oxgimplex>-minimisation method for finding the column density
gen. Ethylene oxide is a higher-energy structural isomer of &#d rotational temperature that best reproduces the observed
etaldehyde (CHCHO), a familiar interstellar molecule detectedine intensities. In Sect. 4 we present the observational data for
each source. Sample spectra are shown together with rotation
Send offprint requests té. Nummelin diagrams for ethylene oxide and acetaldehyde, and tabulations
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of derived rotational excitation temperatures, column densities, =
and abundances. In Sect. 5 we compare the deduced molecu- s
lar abundances with chemical models, and finally, in Sect. 6, S [ v ]
we summarise our main conclusions. In Appendix A we list

the partition functions and statistical weights for gfGO and 81 ]
CH5CHO. ;

[

0

2. Observations and data reduction

-0.05

CH40CHO
Il Il Il

The observations were performed using the 15-meter Swedish- ‘ ‘
94.655 94.66 94.665 94.67 94.675
T T T T T T T T T T

ESO Submillimetre TeIesch(tSEST) at La Silla, Chile, during
October 1997. The 1.3 mm and 3 mm data were obtained simul- «
taneously using the IRAM-built 230/115 GHz SIS receiver, with
both channels tuned to single-sideband (SSB) operation. Hence,
no post-processing of the data to separate the sideband respoﬁﬁe
was necessary. The system temperatures were 200-600 K, in the
1.3 mm band and 180-250 K in the 3 mm band. The data were
chopper-wheel calibrated (Kutner & Ulich 1981) and the raw °
data were obtained as atmosphere-corrected antenna tempera-|  oc%s € H,CN HCOOH
ture (I'y). Before analysis, this was converted to main-beam soraz smras oonae  moras  smbs  serna
brightness temperatur@y,) throughTy,, = 75 /mmn, Where ‘ ‘ ‘

Nmb, the main-beam efficiency as defined by Mangum (1993), = | i
is 0.6 for the 230 GHz band, and 0.75 for the 115 GHz band.

The telescope pointing and subreflector focusing were
checked regularly on the SiO masers in VX Sgrand AH Sco. W& &
estimate the uncertainty in antenna temperature due to pointing
and calibration errors to be 20%.

The 3 mm receiver channel was connected to a narrow- ©
band (86 MHz) Acousto-Optical Spectrometer (AOS) with a u C,H,OH CH,0CHO C,H,CN CHLOCHO
nominal channel separation of 0.043 MHz, and in the 1.3 mm — ‘ —
band a wide-band (1 GHz) AOS with 0.7 MHz per channel was
used. Because of the channel correlation, the actual frequencys
resolutions obtained in the two spectrometers are 0.080 MHz
(0.25 kms 1) and 1.4 MHz (1.8 kms!). _

All data were obtained in dual beam-switch mode with al‘leé ST
azimuthal beam separation of 17.8nd the baselines are very =
flat in all spectra. Hence, only the continuum levels were sub-
tracted from the spectra. The peak main-beam brightness tem-~
perature, full linewidth at half maximum (FWHM), and centre e=CgH CH30CHO u
frequency, were estimated by fitting Gaussians to the observed 2055 za0s  zases  pasv
spectral lines.

In order to compare intensities of lines in the 1.3 mm and S
3 mm bands, we applied a correction for the beam-filling to
the intensity of each observed line. Assuming that the source
brightness distribution and the antenna response are both GaU@‘? i
sian this correction factor, can be written as -

. 1 . . . 1 .
226.05 226.1
T

8., >

1,7 2,8

62 °
= 62 + 02
mb s

Ts

L 1 L L L L 1 L L L L 1 L
. . . 254.2 254.25 254.3
whered; is the source size ard,;, is the (frequency depen-

dent) beam-size of the antenna. In our analysis we have adopted
a source size equal to the size of the smallest beat (&0 Fig. 1. Spectra towards NGC 6334F, with all seven detectedtd:O

transitions indicated with their quantum numbers. Spectral lines of

! The Swedish-ESO Submillimetre Telescope is operated jointly Byher molecules are labelled with the relevant species. The rest fre-
ESO and the Swedish National Facility for Radio Astronomy, Onsajgyency scale is based dfisg = —7 kms ™.

Space Observatory, at Chalmers University of Technology.

Rest Frequency [GHz]
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Table 1. Source coordinates and radial velocities with respect to tiiable 2. Molecular transition data and beam sizes.
local standard of res¥/i.sr.

Restfreq.  Transition E., Au Omb
Source (1950.0)  5(1950.0) Visr [MHZ] [T, k] Kl [107*s™'] ["]
—1
[kms™] c-CoH4O:
Orion 3N 05"'32"51.0 —05°20'50.0" +9 94664.6 35— 202 10 0.12 53
G322.2+0.6 18'14"50.0 —56°28'00.0" —56 225468.0 5 — 43, 33  1.06 22
G327.3-0.6 18'49"15.6 —54°28'07.0" —45 226043.1 7 — 625 47 166 22
G333.13-0.43 16'17"16.8 —50°28'17.0" —52 226072.0 36 — 615 47 166 22
G339.88-1.26 16'48™24.8 —46°03'33.9” —39 249623.6 5o — 44, 35 230 20
NGC 6334F  17°17"32.3 —35°44'02.5" —7 2542318 87 — Tag 59 248 20
G351.6-1.3 1725"56.0 —36°37'54.0" —12 2542357 87— Tis 59 2.48 20
M8 1211100““36.35 724022:53.0:: +10 CHsCHO:
G10.470.03 1 o5mm40.3j ~19°52'21.0” +68 1122487 66— 5us Abt 21 047 45
G31.4140.31  1844759.2 —01°16'07.0" 497 1129545 6 c g 21 047 45
G34.3+0.2 1850746.2 401°11'13.0" 458 ' 1,6 = 01,8 '
i : : 223650.1 12,12 — 1131 E 72 3.92 23
. 223660.6 1212 — 11111 A++ 72 3.92 23
i Egg ggg" G351.430.64 2493239 131 — 12,11 A—— 93 5.36 20
¢ Wal() 2493266 13512 — 12011 E 93 5.36 20

254 GHz). The corrected main-beam brightness temperatana‘b‘n"’llys'S

was subsequently calculated@s;, /75, and if the spectral-line The integrated intensity of a molecular transitior+  can be

emission arises in a source having a Gaussian brightness gigculated as

tribution with a FWHM of 20, this quantity will equal the 3 N

peak brightness temperature of the source. If, on the oth¢r Tidv = 82 Aulqu(T )e_E“/kT“" 1)

hand, the source size is larger than’20@e true brightness 7 —=° ul rot

temperature will be overestimated with this procedure. ThiéhereT;, is the source brightness temperatutes Planck’s

discrepancy will be largest for the spectral lines with lowe§pnstant¢ is the speed of lighti; is Boltzmann’s constant;,,;

frequencies, i.e. in the 3 mm band. Therefore, in case of dxthe transition frequency,, is the Einsteird-coefficient,g,,

tended emission, we will tend to underestimate the actual #8-the statistical weight of the upper state of the transitisn,

tation temperatures of c-E,0 and CHCHO. However, we is the column density of the speciés, is the rotation (Boltz-

found that a single temperature fits the observed data signifiann) temperature)(7;.) is the partition functidh evalu-

cantly better with the described correction for beam-dilutiogted at temperaturé,.;, and £, is the energy of the upper

The adopted source size is in agreement with size estimzitafe. Three assumptions have been made to derive this equa-

for G327 [Bergman 1992), G31 (Cesaroni et al. 1991), and G&an: (i) the molecular energy levels are populated according to

(Mehringer and Snyder 1996). No corrections for beam-fillindie Boltzmann distribution described by a temperaise, (i)

were made to the £O(J=1—0) line intensities. 1 — e " = 7, Wherer,; is the optical depth of a transition,
We searched for seven transitions of gHzO and threed/E and (iii) the brightness of the background radiation is negligi-

pairs of transitions of CEHCHO in 11 sources (Tab[g 1). Sam-ble. Using the above relation to calculate the line intensities, we

ple spectra can be found in F[g. 1. The lines were distributéan infer a column density/, and rotational excitation tempera-

over two frequency bands in the 3 mm band and four band&€,T:.t, and calculate the integrated intensity of each observed

in the 1.3 mm band, and the transition data together with ti@nsition. To estimate how well the calculated line intensities

SEST beam-width&,;,) at each frequency are listed in Tafit the observed data we calculate thevalue for each set of

ble[2. The transitions were chosen to span a sufficient rarig@ametersii., N) through

of energies so that rotation temperatures and column densi- = Jobs _ pealc 2

ties could be reliably estimated (see Sect. 3). The rest frequgR-= Z (H>

cies, A-coefficients @,;), and upper-state energieg,() of c- i=1

CQHZ%O were calculatgd using the molecular constan_ts reportgferen is the number of data poINtEe™® is the observed in-

by Hirose (1974), which were based on spectroscopic measyijrated line intensitye© is the integrated line intensity pre-

ments between 10 and 124 GHz. The frequencies obtainedifed by the model, and?>® is the total uncertainty (spectral
this way agree to within 0.5 MHz with recent laboratory mea-
surements by Pan et al. (1998). For{HHO, we used the spec- 2 To calculate correctly the line intensity it is important that the

troscopic data df Kleiner, Lovas, & Godefroid (1996). statistical weightsg,,, are the same as those used when evaluating the
partition function,Q (7). In Appendix A we summarise the weights
and partition functions used.

(2)

obs
g;
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c—CpH,0 in G327.3-0.6 Taking the natural logarithm of each side of Elg. 1, we arrive
at

Confid levels: 68.3% | Sk +oo N E,
onfidence levels o5z In (W/ dev> = 1n (Q( > (3)

99.0%
99.9%

14.5

Trot ) a k Trot

A rotation diagram can be constructed by plotting the left-hand
guantity againsk,, for each observed transition, and under ideal
conditions the data points will form a straightline. The inverse of
the negative slope of the line is equal to the rotation temperature,
and the line intercept with thg-axis equals IN¥/Q(T;ot)).
However, in this paper we only use the rotation diagrams to
present the data, not for the analysis itself.

h/CSAulgu — 00

log(N) [cm42]
14

‘ ‘ ‘ ‘ ‘ ‘ ‘ 4. Results
50 100

Trot [K]

13.5

4.1. General

Fig. 2. The x*-value as a function of the c/81,0 column densityV Ethylgne oxide was securely detected, through three or more
anci rétation temperatufE..;. The set of parameter$(:, /N) which transitions, towar_ds four sources_ (NGC 6334.F.' G327, G31, and
gives minimumy? is indicated with an x. The 68.3% contour Ievele4)’ and tentatively detected in one transition towards G10
corresponds tod. (Table[3). Acetaldehyde was found in NGC 6334F, G327, G31,
G34, G322, and Orion’Bl (Table4), and was always found to
) o . . o be more abundant than ethylene oxide.
noise+ pointing/calibration errors) of the observed line inten- |, Fig.[ all c-GH, O spectra taken towards NGC 6334F are
sity. In the parameter plot in Figl 2 the best fit, i.e. the set gfoyn. The rms noise in the spectra is 15 — 25 mK per channel
parametersT,;, N) giving minimumy?, has been indicated. ., and the number of detected spectral lines is more than
Also drawn in the plot are the regions 200 for some of the sources. A large fraction of these lines are
Y2 < X2+ AY? unidentified. The probability for line overlapping, and hence
confusion, is much less in these sources than in, for example,
for Ax? values equal to 2.3, 4.6, 9.2, and 13.8. Assuming thgr B2(N) (Nummelin et al. 1998a) because of the significantly
all measurements are distributed according to the normal disginaller line widths{5 km s~!). This enables more reliable line
bution, the probability of enclosing the correct paramelgss  identifications and makes these sources excellent for multilevel
and N is 68.3%, 90%, 99%, and 99.9%, for each of thg? analyses.
values, respectively (Lampton, Margon, & Bowyer 1976). The The radial velocities of the c-{£1,0 and CHCHO spectral
68.3% contour corresponds te Lincertainty. lines are consistent to within 2 kms and agree well with
Compared to a regular least-squares fitting procedure, thégocities measured for lines from other molecules towards all
method gives more appropriate constraints on the estimated eglthe sources. In case we failed to detect an observed line, a
umn density and excitation temperature. A consequence of isupper limit to the integrated intensity was calculated using
fitting procedure is that solution§(, N) producing line in- 7 kms™! (the full linewidth at 25% of maximum intensity) as
tensities that are less than the observed intensities are favoufigglassumed line width for all sources except Orithv, 3vhere
since the contribution to thg?-value of each data point?,is 3 kms™! was used. No upper limits were included in th&
) ) 9 9 fitting procedure.
Ipbs _ Igalc Ibe i i
X2 = (Zoqu> N ( 7;)bs> when I8¢ — 0. Ir_1 order to estimate the fractional molecular abundances
;" o, relative to H we have calculated the beam-averagedélumn

However, for/¢2lc > 1°Ps 2 is unlimited. Hence, large modeldenSity from the inte_grated intensity O.f thé7©(J;1—>O) line
intensities are in general given more penalty relative to smgﬁllz 359 MHz, which was located within the wide-band AOS

modelintensities. What limits the accuracy of the applied moﬁectrum centred on the GBHO(6, 6—51,5) line towards 5

is, in most cases, that the excitation cannot be described )}he sources (NGC 6334F, G327, G31, G10, and G322). The

a single Boltzmann temperature rather than the uncertai %column density was calculated as

in the line intensities. Deviations from a single temperature X[180] .

can have several causes: variations in the beam-filling betwe¥fHz2) = X[ITO]X[C1E0] x N(C0)

the transitions; excitation gradients along the line-of-sight; ra-

diative pumping; or subthermal excitation. For most analysedhere we have assumed thaf['®0]/X['70]=3.65 (Pen-
molecules, the estimated column density is rather insensitiveztas  1981), X[C!¥0]=N(C®0)/N(Hy)=2 x 1077
the rotation temperature, as can be seen in the plot ofthe (Frerking, Langer, & Wilson 1982), and that'® is op-
distribution diagram in Fid.12. tically thin. The resulting K column densities (Tabl€] 5)
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Table 3.c-C;H4O0 line intensities and upper limits

Source J Tampdv [Kkms™']

31,3 =202 Dba2—>431 Tie—>0625 Toe—>615 OD50—>411 817 —=>T26 827716
Orion 3N < 0.04 < 0.07 < 0.07 < 0.07 <0.14
G322.2-0.6 .. <0.25 ..
G327.3-0.6 0.15:0.01 0.35:0.04 0.310.04 0.43:0.04 0.52£0.05 0.610.05 0.59£0.05
G333.13-0.43 < 0.08 .- cee s < 0.16 cee .
G339.88-1.26 < 0.07 < 0.17

NGC 6334F 0.28:0.02 0.49:0.04 0.62:0.05 0.9@:0.05 0.8#0.07 1.05:0.05 1.06:0.05

G351.6-1.3 < 0.10 <0.21
M8 <0.11 .. < 0.28
G10.4A4-0.03 < 0.10 < 0.18 < 0.18 < 0.18 0.31+0.0484 < 0.24 < 0.24

G31.410.31  0.1@0.02 0.34:0.06 0.45:0.07 0.74:0.07 0.54:0.06 0.51%0.04 0.44:0.04

G34.3+0.2 < 0.09 < 0.13 0.47+0.06 0.39+0.05 0.48-0.08°
& Tentative detection.
b Blend.
Table 4. CH3;CHO line intensities and upper limits
Source J Tmbdv [Kkms™']
61,6 — 51,5 12112 = 111,11 132,12 = 12211
A E A E A E
Orion 3N 0.23+0.01 0.16:0.01 < 0.07 < 0.07 < 0.14
G322.2+-0.6 0.42t0.01 0.34t0.01 < 0.16

G327.3-0.6 1.51#0.03 1.82£0.03 1.55:0.05 2.090.05 0.9%0.05 0.74:0.05

G333.13-0.43 < 0.16
(G339.88-1.26 - e e e <0.17
NGC 6334F 0.820.03 0.9a:0.03 1.1#0.03 1.28:0.03 0.82:0.07
G351.6-1.3 x <0.21
M8 < 0.28
G10.474-0.03 0.46:0.03 0.7@:0.04 0.81#0.08 1.18:0.10 2.03:0.09"
G31.44-0.31 0.410.03 0.58:0.04 0.79£0.06 0.992:-0.06 1.49-0.07
G34.3+0.2 0.79:0.02 0.85:0.02 0.730.06 0.79:0.06 0.95:0.08"

& A andE components blended.

agree well with published results for NGC 6334F (based @veraged over a 2Gsource, and fractional abundances relative
400 pm dust continuum|_Gezari 1982) and G327 (based ¢mH, for each source can be found in TaBle 6. In the following
C'80(J=2—1);[Bergman 1992). subsections we summarise the results for each source.
Four of the targeted lines appear in blended doublets:
the 8, 7—726 and 8, 7—7,6 lines of c-GH,O, and the
13312—12511 A and E components of CEHCHO. The lines 4.2. NGC 6334F
in the c-GH4O pair are resolved or marginally resolved imhe NGC 6334 giant molecular cloud complex is located at
NGC 6334F and G327, while the GBHO doublet is unre- a distance of 1.7 kpc from the sun_(Neckel 1978). It contains
solved in all sources (see discussion of each source). multiple centres of high-mass star formation, traced at various
We derived rotation temperatures and column densities feavelengths by Hi regions, OB-stars, OH and.® masers,
c-C,H,O and CHCHO using they?2-fitting procedure de- and molecular outflows. Roman numerals as well as alphabetical
scribed in the previous section, and the data are presentedyistems are used to designate the different continuum sources.
rotation diagram format in Figl 3. In each diagram we havEhe position we chose to observe was NGC 6334F, an optically
also indicated the rotation temperature and column density gilsscured compact (0.02 pc)egion with cometary morphol-
ing the minimumy2-value (dotted/solid lines). For GEHO, ogy (Gaume & Mutel 1987).
the column densities include both theand E species. The In NGC 6334F, all seven observed transitions of¢4g0
resulting excitation temperatures, molecular column densitiesre detected (Fi§l 1). The intensity ratio of the & para/ortho
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Fig. 3. Rotation diagrams for ethylene oxide (circles) and acetaldehyde (triangles), where the best-fitting pafasnetedsV, obtained from
the x*-minimisation procedure, have been indicated for each molecule in each source with solid linét; @)@nd dotted lines (CHCHO).
The best-fit values for c-H,0 are given in the upper right corner and those fosCHO in the lower left corner of each diagram. The errors

given onT:: and N are br.

Table 5.C'"O(J=1—-0) results

Source [ Tmpdv  N(C'7Oy*  N(H2)"
[Kkms™'] [em~2 [cm~2]
G322.2r0.6 5.0 8.%10%  1.5x10%
G327.3-06 6.6 1.%10'%  2.0x10%
G31.414031 5.4 8.&10'°  1.6x10%
NGC 6334F 6.8 1.%10'¢  2.0x10%
G10.47+0.03 4.5 7.%10*  1.3x10%*

2 AssumingZ.(C'70)=30 K for all sources.
b Using X[C'70]=5.5x10"2 (see text).

doublet approximately equals its (optically thin) equilibrium
value, i.e. the statistical weight ratio of 6:10, but the ratio of the
8—7 doublet is approximately 1:1. We believe there can be two
reasons for this. First, transitions from the ortho and para species
frequently occur in pairs, with the lines mutually blended, which
allows line radiation to be “accidentally” exchanged betweenthe
two species. In the15 cm —\0.1 mm wavelength range there

is about one such pair (withr < 4 MHz) per 10 transitions.
This could change the intensity ratio between the ortho and para
lines from the theoretically expected value of 10:6. Second, the
82,7— 71,6 transition (at 254 235 MHz) coincides in frequency
with the 44 39—44, 4 transition ,=950 K) of dimethyl
ether (CHOCH;; IGroner et al. 1998). Although the rotation
temperature of the high-temperature component of GEH;

is rather poorly constrained (see discussion o0BH; be-

low), and the intensity of this transition is correspondingly diffi-
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cult to determine accurately, we believe that the 44-444 40 The c-GH,0 87 doublet was not resolved in this source,

line could contribute significantly to the measured intensity @ind only one Gaussian component was fitted to the line feature.

the line feature at 254 235 MHz. Since NGC 6334F has tfitne 75 s—6; 5 line is severely blended with th&)s; ;—9; s

highest observed column density of @BICH; in the high- transition of CHOCHO; therefore, no line intensity could be

temperature component, we estimate that the contribution frestimated. Thé, »—43 ; line was not detected at a noise level

the 44 39—444 40 line to the emission at 254 235 MHz is les®f 15 mK. However, due to a forest of weak (0 mK) lines

significant towards the other sources. or a small baseline variation, the true noise level is difficult to
In CH3CHO all six targeted transitions were detected, t@stimate in this spectral region.

gether with thel 3, 15—125 1; transition in the first torsionally

excited state ,,=298 K). This line was, however, excluded

from the analysis and the rotation diagram since the excitati#®. Other sources

of the torsionally excited states is believed to differ from that of

the ground state transitions (€.9. Lovas et al. 1982). In G10.44-0.03 we have tentatively assigned a line feature at

249 325.2 MHz to thés —44,1 transition of ethylene oxide.

No other c-GH4O transitions, but all targeted lines of acetalde-

4.3.G327.30.6 hyde, were detected in this source. Towards Oritd 8nd

The G327.3-0.6 region was first observed as a peak in tHe322.2+0.6 the6, s—51 5 A/E pair of transitions of CHCHO

radio continuum at 408 MHz and 5 GHz (Shaver & Goss 1970)ere detected.

and is also a source of strong infrared emission

(Kuiper et al. 1987). There are prominent,® and OH- )

masers[(Batchelor et al. 1980; Caswell, Haynes, & Goss 19407 - Other molecular species detected

associated with this cloud. The kinematical distance to G327 ] ) )

is 2.9 kpc [(Simpson & Rubin 1990). In a detailed study dff the high signal-to-noise c4&,0 and CHCHO spec-

CH;CN and CHC,H with SEST Bergman (1992) found twolra we coincidentally detected several other large asymmetric

adjacent dense cores in this molecular cloud: one cold (kinefitolecules, e.g. CkDCHs, C,H;OH, HCOOH and CHOH.

temperaturd}=30 K) cloud core, and one hdfi{(=100-200 K) Molecules with sufficient numbers of lines detected were anal-

core. The latter position was observed in the present surveyYsed with they-minimisation method described in Sect. 3 and
As was the case for NGC 6334F, ethylene oxide as wile resulting rotation temperature, column density, and frac-

as acetaldehyde were detected in all transitions. Thett;O tional abundance of each of these species are tabulated in Ta-

87 doublet feature is slightly double-peaked but the two corfile [6. The rotation diagrams for each species can be found

ponents are poorly resolved and hence the line ratio cannotb&i9-[4 and a brief discussion is given below. Although we

determined with any accuracy. The @BHO 135 12—125 1 detected quite a large number of lines from methyl formate

A and E components are unresolved although two GaussiinHsOCHO) and ethyl cyanide (E1;CN), these species were
components could be fitted to the line feature. not analysed in this paper since their excitations could not

be characterised well even with two-temperature models and,

hence, no reliable column densities could be determined (cf.
4.4, G31.4%-0.31 Turner 1991).

G31.410.31 is an H1 region with cometary mor-
phology at a kinematical distance of 7.9 kpc fro
the sun (Churchwell, Walmsley, & Cesaroni 1990),"

and has been found to contain hot and dense gas .
(Olmi, Cesaroni, & Walmsley 1996). Ethylene oxide an%lethamOI (CHOH) was detected in 7 sources: G333, G339,

acetaldehyde were detected in all targeted transitions. Sim (FC 6334F, G327, Ggl’ G34, and G10. ln. G333 and G339 4
to G327, the c-GH,O 8-7 line doublet is unresolved but a fit ines were detected, with upper state energies between 145 and

using two Gaussian components was forced to the line feattfr‘g.B K.’ and in the rest of the sources 8 or 9 transﬂpps, covering
energies 19 — 377 K, were detected. All §bH transitions are

in the 1.3 mm band. In NGC 6334F the;—9¢ line in the first
4.5.G34.3-0.2 torsionally excited statef{,=707 K) was also detected, but this

G34.3+0.2 is, similar to NGC 6334F and G31, a cometary H line was excluded from the analysis since the excitation mecha-

. : : ism for this line probably differs from that of the ground state
region (Gaume, Fey, & Claussen 1994) at a kinematical d|s- o
tance of 3.1 kpc. The physics and chemistry of the hot mole[y-es (e.gl Lovas et al. 1982). At the excitation temperatures de-

ular core in G34 has been investigated in detail by Milla uced, about 80 K for all of the sources, the contribution from

Macdonald, & Gibb (1997). Based on their three-compone he torsional part to the total partition function is only a few
model of th}s source we est.imate the Eblumn density to be percent and has therefore been neglected in the calculation of

3 x 10 cm~2. No C'"O(J=1—0) spectrum was observed tolhe column densities.

wards G34.

7.1. CHOH
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4.7.2. CHOCH;3 Table 6.Rotation temperatures, column densities, and fractional abun-

. . dances relative to #1
Dimethyl ether (CHOCH;) was detected in NGC 6334F, G327,

G31, G34, and G10 through 5 transitions with energies in the Trot log(N)® X
range 38 — 330 K. The splitting of G}CHjs into its four K] [em 1]
torsional substated A, AFE, EA, and EE was not resolved NGC 6334F
in any of the sources. In NGC 6334F and G327 two physicat e 470,13 =
components, each characterised by a rotation temperature afj HiO 3 =9 14.0 =007 6 10_9
. : : CH;CHO 2277 14.44700° 1x10
CH30OCH; column density, seem to be required to fit the obser- - _sb
. . HsOCH;  20/440 15.5/16.1 2 x 10
vational data. The low-temperature components were in bot H-OH Qg4 1515013 75 10-9
cases set to 20 K, but the values of both rotation temperaturqﬁ_iggH 7931 16497000 o 10-7
. —8 STN—0.17
are rather uncertam: In Tallé 6 the 20 K componeqt was usgfcooH 3472 14257009 g 5 10=10
to calculate the fractional abundance, since its rotation temper S397 306
ature is similar to that of ethylene oxide and acetaldehyde. The —

. R .. ~ 13 0.05 —10
difference in column densities between the two components §©2H10 27 1377008 3% 10~

: CH;CHO 21t  14.70700f 3x107°
small in both sources. 3 2 008

T —8b
The rotation diagrams for G31, G34 and G10 also shovxgHsogl_T s ggﬁ(l)o 1155i47/30§i8 ; i 18_9
25 20 *+1—-0.08

;ome. dich'o'tolmy similar to thzt sheen ig NGC 6334F andbG|3f27CH30H 7072 162701 11077
ufc,smce_lt is less pronounced, these data were reasonably itetooH 20" 1423015 95 10710
using a single temperature. All of the GECH; transitions
are in the 1.3 mm wavelength band and the low-temperature

. +12 0.06 —10
component can therefore not be attributed to an over-correctég®HQ  34- 13'8@8‘88 4107
CHsCHO  31f) 14.24700% 1 x 10~

G31.44-0.31

beam-filling.
¢ CH;OCH; 1665 1555509 2x 1078
C.HsOH 103t 15415 2x 1078
4.7.3. GH;OH CH3OH 827 1613709 9x107®
. HCOOH 3977 141670712 1x107°
Most of the detected transitions of ethanobGOH) are rel- G3303

atively weak and the number of lines above the noise level ” s —
therefore varies between three (G10) and seven (G31). In GIC2H40 16% 13-78f8:.53 2x10”
the excitation temperature was forced to be 100 K to al—gnf’g';a 552;348 ig'gi{g;gg 8 10_8
low a crude estimate of the column density. Thes—72 5 3 s 252 008 L 10_9

" = L : CoHsOH 70722 15087058 4 x 10
transition (£,=96 K) appears too strong relative to the other i3 0:05 _s
. . : o CH30H 794 16.39°097 8x 10
lines in most of the sources, and, since the line is unusus OOH
ally broad, it may be blended with some unidentified line 1045003
One of the transitions detectefl (=35 K) belongs to ethanol 4#0. —
in the trans torsional substate, whereas the other lines be¢-C:H:O .-~ <136 = = <3x 10
long to thegaucher andgauche- substates (offset 57 K and CHsCHO 31#39 142%33; L 1078
62 K from thetrans state, respectively). We used the three—C":f’ioocl_';|3 13 0;29 gg 218;83 ? x 18*8
substate partition function given by Pearson et al. (1997). Thgf_| ?)H g1l 164218“6% 5 i 10-7
fractional abundance derived for G34 agrees well with the re; 54 L or013 9

: : HCOOH 27 14177518 1x 10

sults off Millar, Macdonald, & Habing (1995), although our ro- :

tation temperature and column density are somewhat lower.

® The column densities and abundances listed assumé a 20
source size
4.7.4. HCOOH b Abundance calculated for the 20 K component
¢ AssumingT;+=30 K
Three transitions of formic acid (HCOOH), one of which isin ¢ T, forced to 100 K (see text)
the 3 mm band¥,, =29 K), were detected in NGC 6334F, G327,
G31, and G10. The rotation temperatures and column densities

are rather poorly constrained because of the few lines detected. :
of large saturated molecules. In the sources where neither c-

C3H40 nor CHCHO was detected, no other molecules were
5. Discussion detected in the observed bands with the exception of @H{
which was weakly detected in G333 and G339.

Both the rotation temperature and column density of each
The sources where we detected ethylene oxide are similar inspecies are very similar in the different sources. The de-
sense that they are all compaet(Q.5 pc) and dense hot coredduced rotation temperatures can be divided into three temper-
within massive star-forming regions, and have high abundanegsre ranges: 15 — 40 K (c,8,0, CH;CHO, HCOOH, and

5.1. Molecular excitation and abundances
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Fig. 4. Rotation diagrams for HCOOH, G¥0H, C;H50H, and CHOCH;, each in a separate column. The dotted lines indicate the column
densities and rotational excitation temperatures obtained througk®tnginimisation method described in Sect. 3, and are not fits in the
logarithmic rotation diagrams directly.

CH30CH;), 70 — 100 K (CHOH and GH;OH), and 400 — In his analysis of the emission from GABN and CHC,H in

500 K (CH;OCH;s). These effects seem to indicate that théhe hot core in G327, Bergman (1992) identifies a compact core,
molecular line emission arises in regions with different phy$-06 pc in diameter, with inwardly increasing kinetic tempera-
ical conditions. However, some caution is necessary since thee (100 —200 K) and kdensity (16 —10° cm—3). This core is
higher rotation temperatures (G&H, C,H;OH) are mostly surrounded by a cooler (40— 60 K), less densé {0¢ cm—3)
based on lines with excitation energies above 100 K, whereaselope~0.3 pc in diameter. Qualitatively, this physical struc-
the low rotation temperatures (c;8,0, CH;CHO, HCOOH) ture is probably valid for the other hot-core sources as well. The
were deduced entirely from low-energy 100 K) lines. rotation temperatures deduced for gHGO and CHCHO, 20
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— 40 K, suggest emission mainly originating in the cooler enf=10* cm~3, occurring at=10" yr), which is at least a factor
velope. However, the rotation temperatures are not necessawsfif00 less than the observed abundances reported in the present
equal to the kinetic temperatures. Although an accurate detasper and by Dickens et al. (1997). For £dH and CHOCH;,
mination of the critical density(.,;;) requires knowledge of the the predicted abundances are too small by a factor of 30 or more,
collision rate coefficients and solution of the statistical equilitwhereas the predicted abundance of HCOOH agrees with obser-
rium equations, we estimate that,;; may be as high as £0 vations (peak abundance®t10 K, n=10* cm~3, t=10"° yr).
- 10° cm3 for the c-GH4O and CHCHO transitions with  To explain the high abundances of saturated molecules,
the higherA-coefficients. It is thus plausible that the excitatiomodels of hot-core chemistry usually require injection of vari-
of these species can be significantly subthermal. Furthermasas molecules from ices, e.g,8, CH;OH, NHs, and H,CO,
in our line survey of the hot cores in Sgr B2 two temperatuigto the gas phase at early time to mimic evaporation of grain-
components are clearly visible in GAHO, thus indicating its mantles. Considering the composition of interstellar ice (e.g.
presence in both the hot and cold gas (Nummelin et al. 1998aim et al. 1991 ] Schutte et al. 1996), the injection of these
1998b). Since at least one torsionally excited line oCHO  species seems very reasonable. The molecules in the model can
was detected in the present source sample, it is most likely thtais be either (i) pure gas-phase species, for which the grain
CH3CHO is in fact present in both the warm and cool regiongaantles act merely as storage, (i) primary dust species, which
in hot-core sources. The higher rotation temperatures deduggel formed on grain surfaces and released into the gas phase at
for CH3;OH, G,H;0H, and CHOCH; indicate that the cor- the onset of heating, or (iii) secondary dust species, which are
responding emission regions are warmer, denser, and perlfapsied in the gas phase from dust-evaporated precursor species.
more compact. The purposes of these time-dependent chemical models are both
The column densities of €O, and therefore the deducedo constrain the input parameters (input abundances, tempera-
column densities of K show small variation from source toture and density, and the network of chemical reactions) and to
source, similar to the column densities of the other specigsedict the evolutionary stage of the modelled source.
Hence, the inferred molecular abundances are rather constanSuch models have been developed for the hot cores in
between the sources. The principal difficulty in deducing fraerion (Charnley, Tielens, & Millar 1992, hereafter CTM:;
tional abundances with respect tg id the determination of the [Caselli, Hasegawa, & Herbst 1993, hereafter CHH) and
corresponding kicolumn density;V(H:) is usually estimated G34.3+0.2  (Millar, Macdonald, & Gibb 1997,  hereafter
from N(CO) which is itself estimated from rarer isotopomersyMG), which are the best studied objects of this type. In
e.g. C%0 or, in our case, €0. However, CO and its iso-the Orion Compact Ridge, the abundances of ;CHOH,
topomers are, due to their small dipole moments, easily excit®CH;CHO]~10-° (Turner 1991), and also of GJ®H,
in gas of much lower density than are ¢€G,O and CHCHO, CH3;OCH;, and HCOOH closely resemble those reported
so the relationship aV(CO) to N(c-C;H,0) is somewhat un- in the present work[ (Blake etal. 1987), and the chemical
clear. We would expect that the fractional abundance relativert@dels which work for the Compact Ridge therefore work
H. determined in this way would be a lower limit to the actuaasonably for the sources reported here as well. None of
value in the denser gas, especially for species whose excitatia® oxygen-bearing species have been observed in the Orion
requirements are much more severe than for CO. Column dejpt Core. The physical conditions in these two hot-core
sity ratios between e.g. c28,0 and CHCHO should, how- sources are (Blake et al. 1987);;,=100 K, n=2x10¢ cm3
ever, be more accurate and can be compared between the sodgeethe Compact Ridge, ani;,=200 K, n=2x107 cm 3
and also to theoretical models (Table 7). for the Hot Core. Comparing our observed abundances of
oxygen-bearing species to the model by CHH we note that
the calculated abundances of gBCH; and HCOOH agree
with observations. However, the abundances of;OH and
This survey has shown that ethylene oxide is present in sevelél; CHO as predicted by the Compact Ridge model are a
molecular cloud cores with typical hot-core chemistry, i.e. higlactor & 5 — 100 too high, whereas the Hot Core model
abundances of saturated molecules. Ethylene oxide has noyriderestimates them by a factor of 100 or more. In the model
our knowledge, been explicitly included in any astrochemicaf the Orion Compact Ridge developed by CTM[CH3;OH]
models and therefore no comparison with chemical models camnd X[CH;OCH;s] are in agreement with observations, but
be made at present. However, some of the reactions suggested[ioH; CHO] is approximately a factor of 10 too low.
produce acetaldehyde are probably valid for ethylene oxide as The physical and chemical model of G34 by MMG includes
well (cf.Dickens et al. 1997). Therefore, model results obtaine@ntributions to the total column of gas from three components:
for acetaldehyde may, in part, also apply to ethylene oxide. an ultra-compact corel{;,=300 K), a compact corel{;,=75
Standard homogeneous models of gas-phase chemistry90 K), and an extended halo with decreasing density and
do not, in general, reproduce the high abundances of latgénperature. This model reproduces the abundance ¢EEID
molecules observed in hot molecular cloud cores. For exafaported here, but overestimat&CHs;OH] by a factor of 5
ple, the new standard model by Lee, Bettens, & Herbst (1996)
produces a peak fractional abundance of thélfO isomers 2 Total density of hydrogen nuclei
(c-C,H40, CH;CHO, & CH,CHOH) of 9x10~12 (I'=10 K,  * Using N(Hs)=3 x 10?% cm~2 (Blake et al. 198]7)

5.2. Comparison with chemical models
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Table 7.0bserved and theoretical abundance ratios

Source [ESHCS’QCH}i(())]] [L[S gzgf <])] [[CCH};%OHI{C])] [éﬁ?ggti}g] Ref.

NGC 6334F 2.6 290 112 9.8

G327.3-0.6 8.5 320 37 7.4

G31.41+0.31 2.8 210 78 3.8

G34.3+0.2 3.9 400 102 7.1

G10.47+0.03 >5 >660 135 6.2

TMC-1/L134N . e 10 e MFI, FMHI
Orion Compact Ridge - -- e 70 12 BSMP, T91
Orion Compact Ridge - - - e 1000"/5100> 1500*/50° CHH/CTM
Orion Hot Core e . 8°/54 510°/1.3x10°¢  CHHI/CTM
G34.3+0.2 e e 440 220° MMG

MFI: Matthews, Friberg, & Irvine 1985; BSMP: Blake et al. 1987; FMHI: Friberg et al. 1988; CHH: Caselli, Hasegawa, & Herlist 1993;
CTM:|Charnley, Tielens, & Millar 1992; MMG: Millar, Macdonald, & Gibb 1997; T91: Turner 1991

a At t=3x10% yr

DAL t=4%10% yr

¢ At t=1x10° yr

4 At t=6x10% yr

¢ At t=10*/10° yr in the core/halo components

and underestimateX[CH3OCHjs] by a factor of 10. Most of ferent hot-core models are rather transient. Usually, significant
the modelled column densities of GBHO and CHOH arise abundances are only achieved between, roughty-10° years
in the (7};,=300 K) ultra-compact core. Although the rotatiorto about 10 — 1 years from the onset of dust evaporation. This
temperatures of CEHCHO and CHOH deduced in this paper,is consistent with what is known about the lifetime of the ultra-
20 — 80 K, are much lower than 300 K, this is not necessaritpmpact Hi-regions associated with hot molecular cores (e.g.
in contradiction to theory since the emission from the ultr&@hurchwell, Walmsley, & Wood 1992, and references therein).
compact core is more beam-diluted and hence relatively less Another interesting point is that both acetaldehyde and
significant than the more extended envelope. High-resolutiorethanol have been found to be abundant in the dark
interferometric observations of these molecular lines may bluds TMC-1 and L134| (Matthews, Friberg, & Irvine 1985;
necessary to resolve this issue. Friberg et al. 1988). The C}DH-to-CH;CHO ratios are~10
None of these models succeed in fitting the observed abimthese sources, comparedt@00 in hot cores, thus indicating
dances of CHCHO, CH;OH, and CHOCH; simultaneously. €fficient synthesis of CECHO compared to CkDH. Because
The [CH;OH]/[CH5OCHEs] ratio is far too large in all of the of the low kinetic temperatures in dark clouds, ice evapora-
models except that by CTM for the Compact Ridge (Table #ion seems unlikely as a major source of enrichment of the gas.
Unless the observed ratio is systematically underestimated dignce, the hot core models do not seem to provide the full
to a higher beam-filling factor of the GEDCH; emission, this €Xxplanation to the observed abundances of these molecules.
may suggest either that destruction mechanisms fgy@HHare
missing or that CHOCH; is not formed efficiently enough. Theg. conclusions
[CH30OH])/[CH3CHO] ratio is also much too high in the models )
of the Compact Ridge and G34. In the models of the Orion H¥{€ have detected ethylene oxide (¢-GO) and acetalde-
Core, the [CHOH]/[CH5;CHO] ratio is significantly lower, but Nyde (CHCHO) in the hot cores NGC 6334F, G327.3.6,
none of the species have actually been observed in this soufég#-3+0-2, and G31.410.31. Acetaldehyde was also detected

It is important to bear in mind that the abundances measuf8§10.4#+0.03, G322.2-0.6, and Orion . We also dete7cted
in our sources probably are averages over different physical #8€S from CHOH, CH;0CH;, C,H;OH, HCOOH, and ¢’o.

gions, similar to both the Hot Core and Compact Ridge in Oriofio" €ach of these molecular species, rotation temperatures, col-
because these sources are more distant than Orion. umn densities and fractional abundances were deduced using a

To our knowledge, no astrochemical models to dal odified rotation diagram analysis. Our main conclusions from

succeed in reproducing the observed abundance of ethaf 6Pe observations are:

(X[C2H50H]~10"®) in conjunction with realistic abundances — The rotation temperatures are similar for ethylene oxide and

of other molecules, which may indicate that the pathways to the acetaldehyde and approximately 20 — 40 K, which indicates

formation of GH;OH are poorly understood. that the emission from these molecules originates in the
The high abundances of supposedly secondary molecularcooler part of the cloud cores. The excitation is probably

species, such as GBEHO and CHOCH;, obtained in the dif- somewhat subthermal.
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— The beam-averaged abundances of ethylene oxide andBake, G. A., Sutton, E. C., Masson, C. R., Phillips, T. G. 1987, ApJ,
etaldehyde are (2 - &)10~'° and (0.8 — 3x10~?, respec- 315, 621
tively. The [CH; CHO]/[c-C,H, O] ratios were found to vary Caselli, P., Hasegawa, T. I., Herbst, E. 1993, ApJ, 408, 548 (CHH)
between 2.6 and 8.5. Caswell, J. L., Haynes, R. F., Goss, W. M., 1980, Aust. J. Phys., 33,
— The abundances of c,8,0, CH;CHO, CHOH, 639 i ]
CH;0CH,, C,H5;0H, and HCOOH, are very similar forCesaronl,R.,Walmsley,C.M.,cKnpe,C.,ChurchweII,E.1991,A&A,
NGC 6334F, G327.30.6, G34.3-0.2, G31.4%-0.31. This ., > 218

. o ) Chgrnley, S. B., Tielens, A. G. G. M., Millar, T. J. 1992, ApJ, 399, L71
suggests that these sources are all in a similar chemical, an (CT™)

possibly evolutionary, state. The abundances ofCHO, chyrchwell, E., Walmsley, C. M., Cesaroni, R. 1990, AGAS, 83, 119
CH3;OH, CH;OCH; and HCOOH closely resemble thosehurchwell, E., Walmsley, C. M., Wood, D. O. S. 1992, A&A, 253,
found in the Orion Compact Ridge. 541
— To our knowledge, no chemical model can simultaneoudbjckens, J. E., Irvine, W. M., Ohishi, M. et al., 1997, ApJ, 489, 753
reproduce the abundances of all of the large oxygen-beariag Dishoeck, E. F., Blake, G. A. 1998, ARA&A, 36, in press
molcules observed in these sources. Frerking, M. A., Langer, W. D., Wilson, R. W. 1982, ApJ, 262, 590
Friberg, P., Madden, S. C., Hjalmarsd’\n, Irvine, W. M. 1988, A&A,
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