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ABSTRACT

The near-millimeter and submillimeter wavelength emission-line spectrum of the Orion molecular cloud
core has been measured at a resolution of 0.2 GHz with a new Fourier transform spectrometer at the Caltech
Submillimeter Observatory. The broadband nature of the measured spectrum provides for a uniformly cali-
brated overview of the dominant broad-line radiators in the cloud core (excluding those molecules whose lines
are obscured by our atmosphere). In total, 182 lines from 17 molecular species have been identified. Of these,
CO accounts for the brightest lines, but the shock-enhanced SO, and SO molecules dominate the subterahertz
line flux from the cloud core. In addition, highly excited lines of the “density tracers” CS and HCN are seen

throughout the measured bands.

Subject headings: ISM: individual (Orion Nebula) — ISM: molecules — line: identification —

radio lines: ISM

1. INTRODUCTION

Stars form in dense condensations (or “cores ) within inter-
stellar molecular clouds. The rich chemistry occurring in such
cloud cores leads to the presence of numerous molecular
species, which cool the gas by means of their line radiation (e.g.,
Blake et al. 1987, Fig. 1). The emerging radiation carries infor-
mation on the clouds’ physical and chemical state (Cernicharo
1991; Genzel 1991; Phillips & Keene 1992), but because of low
gas temperatures (~50-200 K), thermal emission occurs at
millimeter, submillimeter, and far-infrared wavelengths, a
regime where technical obstacles, as well as poor atmospheric
transmission, have impeded wideband spectral measurements.

Indeed, even though approximately 100 molecular species
have now been identified in the interstellar medium (Irvine,
Goldsmith, & Hjalmarson 1987; Turner & Ziurys 1988; van
Dishoeck et al. 1993; Rohlfs & Wilson 1995) via targeted nar-
rowband searches and time-intensive heterodyne surveys
(Johansson et al. 1984; Sutton et al. 1985, 1991, 1995; Blake et
al. 1986, 1987 ; Cummins, Linke, & Thaddeus 1986; Jewell et al.
1989; Turner 1989, 1991; Greaves & White 1991; Ziurys &
McGonagle 1993; Groesbeck 1994; Schilke et al. 1995a), the
total spectral coverage of extant millimeter/submillimeter
observations nevertheless remains quite limited. This is due
primarily to the narrow-band nature of the heterodyne re-
ceivers in standard use at these wavelengths. Wide-band
spectra would be especially valuable in exploring the extensive
submillimeter bands now accessible from high, dry observatory
sites such as Mauna Kea, and so we have developed a
moderate-resolution Fourier transform spectrometer (FTS) for
near-millimeter and submillimeter wavelength astronomical
observations. In the following, we briefly describe the FTS and
present initial observations obtained therewith of the Orion
molecular cloud core.

2. INSTRUMENTATION

Although millimeter and submillimeter wavelength obser-
vations of the interstellar medium (ISM) are now com-

monplace, nearly all such observations are made with a
spectral resolving power, R(=v/Av, with v the frequency and
Av the frequency resolution), that is either very high (R > 10°
for heterodyne receivers) or very low (R < 10 for bandpass
filter/bolometer systems). Intermediate-resolution observ-
ations are rare at these wavelengths (a notable exception being
the COBE FIRAS spectrometer; Wright et al. 1991) but are
common at infrared wavelengths, where the sizes of the neces-
sary spectrometer components (which scale with A for fixed R)
become smaller and where heterodyne techniques become
more difficult.

For wide-band studies of the ISM at near- and submillimeter
wavelengths, an FTS (Schnopper & Thompson 1974; Brault
1985) offers several advantages in comparison with heterodyne
receivers (Storey 1985). By far the most important advantage is
the much larger bandwidth available with an FTS. In addition,
problems associated with calibrating a double-sideband het-
erodyne response are completely absent, as there is no image
band. Finally, with a broadband bolometric detector fed by a
multimode horn antenna (Harper et al. 1976), the observing
beamwidth becomes independent of frequency, v, for v > v,,
where v, is the horn’s cutoff frequency, thus providing a
frequency-independent source coupling at high frequencies. All
of these factors lead to a calibration which is uniform across a
wide frequency range. FTS observations thus open up the
possibility of measuring widely spaced rotational transitions of
a given molecule with the same spectrometer and beam size, an
arrangement that has obvious calibration advantages over
multitransition data obtained with a series of different hetero-
dyne receivers (which perhaps are also located at different
telescopes), requiring a separate calibration of sideband ratio,
beamwidth, and coupling efficiency for each line.

Of course, at long wavelengths, heterodyne receivers retain
tremendous advantages in terms of resolving power and sensi-
tivity. For a maximum scan length, L, of about 1 m, the resolv-
ing power of an FTS (given for one-sided scans by
R =4L/1.22; Schnopper & Thompson 1974; Brault 1985) is
limited to R < 10* for subterahertz frequencies. While high by
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infrared direct detection standards, this resolving power is well
below typical heterodyne values, and so only moderate
resolution is achievable by this standard. Direct detection sen-
sitivities are usually quoted in terms of noise-equivalent power
(NEP), while heterodyne sensitivities are usually given in terms
of noise temperature, Ty. Conversion between the two systems
is made via

NEP = 2kTy \/Av, 4]
where k is Boltzmann’s constant (Storey 1985; Phillips 19883).
With a bolometer NEP of 1074 W Hz !/2 and Av = 200

MHz, the equivalent heterodyne receiver noise temperature
would be 26,000 K, roughly 2 orders of magnitude higher than
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current SIS receiver capabilities (Phillips 1994), but only a
factor of 4 or so above single sideband noise temperatures of
Schottky diode receivers in use at the higher end of our fre-
quency range (Harris et al. 1987; Howe et al. 1993). Of course
this is not a completely fair comparison because of the 2-3
orders of magnitude greater bandwidth available with an FTS.
Submillimeter FTS observations are thus ideally suited to
observations of wide, bright lines, and to continuum obser-
vations, where the goal is very broadband information.

The FTS employed for those observations is an upgraded
version of the interferometer used for holographic measure-
ments of the Caltech Submillimeter Observatory (CSO) tele-
scope surface (Serabyn, Masson, & Phillips 1991). It is a
rapid-scan, dielectric-beam-splitter interferometer with a one-
sided travel of 44 cm and a scan speed typically in the range
0.5-1.0 cm s~! (Weisstein & Serabyn 1994). The resultant
unapodized spectral resolution is 206 MHz, which corresponds
to a velocity resolution ranging from 309 km s~ ! at 200 GHz
to 69 km s™! at 900 GHz. For observations, the FTS is
mounted at the CSO’s Cassegrain focus. The interferometer
operates in the open air, possible only because of the low-
humidity conditions prevalent near the summit of Mauna Kea.

The broadband nature of an FTS implies that the observ-
able range of frequencies is defined by the atmosphere trans-
mission function. Figure 1la shows the millimeter/
submillimeter zenith atmospheric transmission above Mauna
Kea under relatively good observing conditions (1 mm precipi-
table H,O). At submillimeter wavelengths, terrestrial H,O and
O, absorption lines limit observations to several transmission
“windows ” below 1 THz. To maximize sensitivity, astronomi-
cal spectra are measured with five metal-mesh filters available
with the CSO facility bolometer, each matched to an atmo-
spheric window (Fig. 1b). This combination provides access to
frequencies ranging from just below 200 to near 900 GHz.

The instrumental field of view is defined by a Winston cone
light concentrator (Harper et al. 1976) that illuminates the 0.3
K bolometric detector. For the observations presented below,
we used a cone with an entrance aperture diameter equivalent
to 31” on the sky. Convolution of this cone’s geometric
response with the telescope’s diffraction beam yields a beam
FWHM (Fig. 2) that is 30" + 1” over most of the range of
interest. ,

For astronomical observations, pairs of interferometer scans
(one in each direction of mirror motion) are successively made
on and off source, as well as with an ambient-temperature
blackbody source (Eccosorb) filling the beam. The scans are
registered relative to each other by means of an absolute-
position reference mark on the linear encoder that tracks the
scanning mirror’s position. Assuming the same physical tem-
perature, Ty, for the sky and the ambient (or “ hot ”) load, this
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F1G. 1.—(a) Theoretical zenith atmospheric transmission above the CSO at
millimeter and submillimeter wavelengths. (b) Transmission plots of the five
broadband filters. From left to right, they are referred to in the text as the 1300,
800, 600, 450 and 350 pm filters.

set of scans allows a standard (on — off)/hot — off) correction
for atmospheric attenuation and hot spillover (Penzias &
Burrus 1973; Weisstein & Serabyn 1994). Because of the high
frequencies involved, the measured voltage (V) ratio is scaled
to the “Rayleigh-Jeans antenna temperature,” T%, using the
full Planck expression for the hot-load flux:
* _ hv/k Von — Vosr

Ti= (@*Teot — 1) Voor — Vst @
Of course, the measured antenna temperatures are averages
over spectral channels and so are lower than those obtained
with spectral resolution sufficient to resolve lines. However, the
integrated line areas, | T%dv, remain unaltered, and so it may
be preferable to think of our observed T% values (for unre-
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F1G. 2—Calculated beam FWHM for the convolution of a 31” circular
aperture with an Airy pattern of FWHM = 27" (230/v), where v is the fre-
quency in GHz. The rise to low frequencies is due to increasing diffraction at
long wavelengths.
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solved lines) simply as line areas divided by the channel width,
ie.,

| T%dv
Av

Since T*%-defined line areas are the Rayleigh-Jeans analog of
energy fluxes, the FTS can then be thought of as providing a
direct measure of source line fluxes, making it very useful for
studies of overall cloud energetics (albeit of broad-line sources
only), as elaborated in § 6.

Under good weather conditions, the signal-to-noise ratio
attained with the system has been confirmed to be consistent
with theoretical performance expectations. For a single FTS
scan, the expected signal-to-noise ratio is given by expression
(9) of Serabyn et al. (1991). Allowing for the differencing of on-
and off-source spectra and the accumulation of N on/off scan
pairs, the root mean square (rms) noise in antenna temperature

units becomes
4NEP | v
= _ 4
¢ k \cAW’ @

where v is the scan velocity and c is the speed of light. Since N
is given by the total observing time, ¢, divided by twice the scan
time, while the frequency resolution is inversely proportional
to the scan length, this simplifies to

_ _4NEP

TN

With an NEP of 10~ 14 W Hz ™ '/2, this becomes
2

™G ©)

where Av is now in GHz and ¢ is in seconds. In terms of line
areas, the corresponding rms sensitivity is o Av. This per-
formance was verified via an 0.9 hr long observation of M82
with the 800 um filter (Fig. 3). While the measured rms noise
level in Figure 3 is 0.17 K, evaluation of expression (4) with the
relevant time yields 0.19 K. This observation also yielded a
detection of the CO 3-2 line in this galaxy, with a line area (290
K MHz) consistent with previous heterodyne measurements
(Tilanus et al. 1991).

The M82 spectrum illustrates both the possibilities and limi-
tations of astronomical Fourier transform spectroscopy at sub-
millimeter wavelengths. Given the lower sensitivity of direct
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F1G. 3—CO J = 3-2 line measured toward M82. The CO 3-2 tick mark is
at a redshift of 200 km s . The rms noise level is 0.17 K.
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detectors at these long wavelengths, Fourier transform spec-
troscopy obviously cannot compete with heterodyne instru-
ments in single-line searches. Indeed, the CO detection in M82
is enabled only by the good match between the broad source
line width and the instrumental resolution. On the other hand,
the broadband nature of the measurements is unprecedented at
these wavelengths, and it is this aspect which is exploited in the
observations of the Orion molecular cloud which follow.

3. OBSERVATIONS AND DATA REDUCTION

Observations toward the position of IRc2 (x = 5"32™47,

= —5°24'24") in the core of the well-known Orion molecular
cloud (OMC-1; Genzel & Stutzki 1989; Castets et al. 1990)
were acquired with the 1300, 450, and 350 um filters (Fig. 1b)
on 1994 January 17, and with the 800 and 600 um filters on
1994 March 19 and 20. For these initial observations, about an
hour was spent observing with each filter, yielding a total
observing time roughly equivalent to one Orion transit. The
precipitable water vapor above the telescope varied substan-
tially between the different observing dates, leading to differing
noise levels in the five filter passbands, with particularly high
noise in the 600 um band (Fig. 4).

After Fourier-transforming the unapodized data, those sec-
tions of the spectra badly affected by terrestrial atmospheric
lines were blanked out (in addition to broad H,O and O, lines,
narrow O, lines were problematic at a few frequencies), and
then polynomial baselines (usually of first, but occasionally up
to fourth order) were subtracted from the spectra in order to
eliminate weather-related baseline curvature. Baseline subtrac-
tion deletes information on the continuum emission, but the
weather was not stable enough to measure the continuum
accurately in any case. This paper thus concerns itself exclu-
sively with spectral line emission. The spectra were not apo-
dized, so as not to degrade the spectral resolution, but were
instead binned to channels of width approximately equal to the
spectral resolution. The resultant spectra from each of the five
filters were then combined into a single spectrum, shown in
Figure 4 in both antenna temperature (T%) and flux density
units (the latter using the measured coupling of the
spectrometer/telescope combination to Jupiter, ~0.3 across all
bands at the time of the observations). Between the bounds of
190 and 900 GHz, a total span of 360 GHz—51% of the
range—has been measured, a coverage which vastly exceeds
that provided by previous spectroscopic observations at these
frequencies.

The spectrum in T% units is also shown on an expanded
horizontal scale in Figure 5. Two short sections of the spec-
trum have been omitted from Figure 5: 805-815 GHz (in
which excessive noise due to the nearby atmospheric H,O line
allowed detection of only the strong CO 7-6 line) and 895-900
GHz (with no detections). In most of Figure 5, the rms noise
level varies by roughly a factor of 2, between 0.18 and 0.36 K,
but the fourth panel has substantially higher noise. To identify
line detections in the spectrum, we applied a uniform cutoff of
2.5 g, a level determined by a detailed comparison of our spec-
trum with the 215-263 GHz Owens Valley Radio Observatory
(OVRO) (Sutton et al. 1985; Blake et al. 1986) and 325-360
GHz CSO (Groesbeck 1994; Schilke et al. 1995a) heterodyne
surveys. Over most of the spectrum this cutoff corresponds to a
detection limit of 85-170 K MHz. (However, near bright lines,
the possibility of residual spectral ringing makes neighboring
lines suspect even above the cutoff level)) Applying this 2.5 ¢
cutoff to the entire spectrum results in the identification of 187
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FI1G. 4—(a) Measured spectrum toward Orion IRc2 in Rayleigh-Jeans antenna temperature units, binned to frequency channels of 206 MHz (=resolution).

(b) Measured spectral flux density for a source-coupling efficiency of 0.3.

spectral features (Fig. 5). One additional line (H!3CN 8-7 at
690.6 GHz) is below the cutoff but is marked in Figure 5
because the baseline seems to dip anomalously to negative
levels near that frequency, and the line is confirmed by hetero-
dyne observations (Harris et al. 1995).

The spectral features marked in Figure 5 have been identi-
fied with the aid of the JPL line catalog (Pickett, Poynter, &
Cohen 1992) and, in the ranges of overlap, by comparison to
extant heterodyne surveys of the OMC-1 core (Sutton et al.
1984, 1995; Blake et al. 1985; Jewell et al. 1989; Greaves &
White 1991; Groesbeck 1994; Schilke et al. 1995a; Harris et al.
1995; P. Schilke 1995, private communication). As a result, 182
of the detected features have been identified (Fig. 5) with tran-
sitions of 17 distinct molecular species (including isotopomers)
in OMC-1. In most cases, several lines of a given species have
been detected, easing identification. Of these 182 features 154
are attributed to specific transitions of individual molecules, 31
are identified as unresolved blends (or possible blends) of two
lines, and two are likely triple blends. Roughly half of the
transitions detected—the vast majority of those above 390
GHz, as well as most of those between 270 and 320 GHz—are
first detections in the ISM. The highest frequency transition
detected, at 893.6 GHz, is one of two transitions to the ground

state of HDO (the other, at 464.9 GHz, was detected by Schulz
etal. 1991).

Of the six remaining features in Figure 5, three could not be
identified with lines from OMC-1 but are coincident with ter-
restrial O; frequencies and so are ascribed to O; contami-
nation. Only three features then remain unidentified: 278.9,
659.0, and 869.5 GHz. The last of these is close to the fre-
quencies of both the NaH 3-2 line and a highly excited H,CO
transition, but as all of these unidentified features barely exceed
the detection cutoff, they could easily be due to noise. It is thus
clear that no strong unidentified lines are present in the newly
measured bands.

4. RESULTS

The most prominent lines evident in Figures 4 and 5 are the
five CO lines which fall within our filter passbands. These
are labeled in Figure 4 and originate in the J =2, 3, 4, 6,
and 7 upper rotational levels. The observed (unresolved)
antenna temperatures of these CO lines increase nearly lin-
early with frequency (Fig. 4a), and their integrated line areas
even more so (Fig. 6), with the best fit to the line areas given
by [ T%J—J —1)dv=096J + 005 K GHz. This linear
relationship is consistent with lines of roughly constant bright-
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Line Area (K—GHz)

F1G. 6—Integrated line areas ([ T%dv) for *2CO and *3CO vs. the upper-
level rotational quantum number. The error bars reflect the 2.5 o detection
threshold in most cases, except for the two highest *3CO lines, where they also
allow for the possibility of line blending. Solid line, 0.96J + 0.05; dashed line,
0.10J + 0.09.

ness temperature, owing both to the proportionality between
Doppler line width and frequency (which causes line areas to
increase in proportion to the frequency) and to the unresolved
nature of our spectrum (in which antenna temperatures are line
areas per channel). Thus, in the FTS spectrum, intrinsic bright-
ness temperatures have a frequency dependence one power of v
lower than observed antenna temperatures. A series of con-
stant brightness temperature lines then leads to antenna tem-
peratures increasing linearly with v, as is observed for CO,
while conversely, a flat distribution of observed antenna tem-
peratures implies a falloff of brightness temperatures with fre-
quency.

Other than 2CO, a similar rise in T% with frequency is seen
clearly only in !3CO (Fig. 6). The *?CO/*3*CO line area ratios
seem to be roughly independent of J, being 7.6, 7.9, and 8.8
(with 30% error bars) for the 2-1, 6-5, and 8-7 transitions,
respectively (the latter requires extrapolating along the best-fit
12CO line). The 2-1 ratio is consistent with previous hetero-
dyne measurements in a similar beam size (Sutton et al. 1985).
As the '2C/'3C abundance ratio in OMC-1 is roughly 70
(Langer & Penzias 1990), large and surprisingly similar beam-
averaged opacities are indicated for all of the '>CO lines
detected. While large opacities are directly implied by the J
independence of the CO brightness temperatures, also required
are roughly equal (and warm, 2 100 K) kinetic temperatures in
each line’s formation region. This suggests that the detected
CO lines, including even the low-J lines, emerge not from bulk
or quiescent cloud material, but from warmer, UV- or shock-
heated layers (e.g., Genzel & Stutzki 1989; Castets et al. 1990;
Howe et al. 1993).

Excluding the well-studied CO molecule from consideration
now, the brightest non-CO lines in the spectrum all show very
similar antenna temperatures, roughly 3—4 K, independent of
both frequency and molecule, consistent with decreasing exci-
tation and/or opacity in the more highly excited lines. In addi-
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tion, the non-CO spectrum has a decidedly “bunched”
appearance, with several bright lines in ranges such as 250-268
GHz, 338-358 GHz, and 685-695 GHz. In contrast, other
regions (e.g., 394-420 GHz) are completely devoid of bright
lines (and so may be good regions in which to examine the
continuum level). The primary reason for this bunching is that
the majority of the brightest non-CO lines in the spectrum are
from the SO molecule, which has strong rotational triplets (due
to its 3 ground electronic state; Gordy & Cook 1984) every
43 GHz. Since HCN, HCO*, CH,OH, SO,, SiO, and, at high
frequencies, '3CO, also contribute emission lines with T%
similar to that of SO, the appearance of bunching occurs when
a few lines from these molecules fall near an SO triplet.

ps

While the strongest lines in Figures 4 and 5 are from the CO *

molecule, the most numerous (92, several of which are them-
selves bands) are from SO,. The detected diatomic molecules
include CO, '3CO , C!80Q, SO, 3*S0, CS, and SiO. Note that
all of these diatomics involve only relatively abundant ele-
ments from groups IV and VI of the periodic table. Linear
triatomics detected include HCN, H!3CN, and HCO™*. The
only larger linear molecule seen is HC;N while CH,CN is the
only symmetric top observed. Most of these larger molecules
are based on the CN radical. Finally, the asymmetric tops
detected include H,CO, CH;0H, SO,, HDO, and H,S (the
latter via two blended lines only), all of which are simple com-
binations of IV/VI elements with each other, hydrogen, or
both. These molecules (as well as H,O—Cernicharo et al.
1994—which was not detected due to obscuration by telluric
H,0) are thus the dominant coolants of the OMC-1 core at
v S 1 THz

Although all of the molecules listed have been detected pre-
viously in OMC-1 via their lower frequency transitions, the
much larger frequency coverage obtained here allows access to
a host of additional transitions, thus providing an immediate
overview of the cloud energetics, and also a quick-look charac-
terization of the cloud chemistry. This wide-band information
makes it clear that the heavier linear and symmetric top mol-
ecules (HC3;N and CH;CN) emit primarily at the lower fre-
quencies (v < 500 GHz), while the lighter diatomics, triatomics,
and asymmetric tops emit throughout the observed range, con-
sistent with simple partition function arguments. Differences
are also seen among the light diatomic and triatomic linear
rotors, with CO antenna temperatures rising toward high v
(remember that this implies constant brightness temperatures),
the “density tracers” CS and HCN showing flattish distribu-
tions, SO being mainly flat, but with a slight decrease at the
highest frequencies, and HCO™ strong at low J, but unde-
tected at high J (e.g., the 10-9 line).

In detail, lines of SO are seen to N = 20-19, HCN and
H!3CNto J = 10-9, and CS to J = 17-16 (and likely to 18-17,
but this line is blended with 3CO 8-7). These highly excited
lines arise in energy levels which lie above the ground state by
as much as 234 K for HCN, 402 K for CS, and 447 K for SO
and so require the presence of substantial temperatures (~90
K for SO; § 5) and densities. Since the “critical density” for
excitation of a specific transition is equal to the ratio of the
spontaneous emission rate, A, to the collisional de-excitation
rate and A is given for linear rotors in the high-J limit by
A=58x 10712423 57! (where pu is the molecular dipole
moment in debyes and v is in GHz; Rohlfs & Wilson 1995), the
similar dipole moments for SO (1.55 D), CS (1.96 D), and HCN
(2.98 D) imply that the density regimes probed by transitions of
these molecules are influenced very strongly by the choice of
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observing frequency but only marginally by the choice of mol-
ecule. Thus, the SO, CS, and HCN transitions detected at
v > 800 GHz all imply densities of ~10° cm ™3 (e.g., Walmsley
& Giisten 1994) if radiative trapping and infrared pumping can
be ignored. However, as the observed (HCN 10-9)/(H!3CN
10-9) line rato is roughly 5, as compared to *2C/*3C ~ 70
(Langer & Penzias 1990), radiative trapping, and perhaps also
infrared pumping, can lower the excitation requirements to
~107 ¢cm™3 (Carroll & Goldsmith 1981; Ziurys & Turner
1986; Stutzki et al. 1988; Hauschildt et al. 1993). In either case,
the high densities implied suggest that the emission in these
high dipole moment linear rotors arises in shock-compressed
gas, likely in the layer known as the plateau or doughnut
(Plambeck et al. 1982) which surrounds the central outflow
source. In contrast, the highest accessible transition of HCO*
(J = 10-9 at 891.6 GHz) was not detected, implying that the
high-frequency HCO* emission is at least a factor of 4 weaker
than that of the very similar HCN molecule (cf. Stutzki et al.
1988 and Jaffe et al. 1992 for the J = 9-8 lines), likely reflecting
the ion’s tendency to be found in lower density regions (Vogel
et al. 1984).

The detected molecules fall into several well-defined chemi-
cal families. First, all of the molecules other than SiO are com-
posed exclusively of the five abundant elements H, C, N, O,
and S (and their isotopes). Next, as mentioned above, the CN
radical is prominent in four of the molecules. In addition, a
sequence of increasingly hydrogenated compounds of CO is
also present—CO, HCO*, H,CO, and CH,OH are all seen
(Millar 1993). However, absent from the list is any molecule
containing the more weakly bound NO radical (Turner &
Ziurys 1988), the third possible pairing of unlike CNO ele-
ments. Also absent, of course, are the symmetric pairings C,,
N,, and O,, the first two because of their lack of dipole tran-
sitions and the last because its magnetic dipole transitions are
obscured by atmospheric O, emission. The SO bond is also
well represented, by SO, 3*SO, and SO,. Thus, molecules
based on the CO, CN, and SO bonds (and their isotopic
variants) account for 13 of the 17 molecules seen. Two further
molecules, CS and SiO, are isoelectronic with CO, with corre-
sponding elements from the third row of the periodic table in
place of C or O. Finally, hydrogen bonding of the group VI
elements O and S accounts for the saturated molecules H,S
and HDO, as well as the undetected H,O molecule. Other
simple saturated molecules, e.g, NH; and CH,, are also
present in OMC-1 (Pauls et al. 1983; Keene, Blake, & Phillips
1983; Lacy et al. 1991), but the former’s fundamental rotation-
al frequency of 572.5 GHz is blocked by the atmosphere, while
the latter lacks a rotational dipole moment. Allowing for the
FTS’s sensitivity only to wide, bright lines, which effectively
selects in favor of significant cooling lines, the wide FTS fre-
quency coverage thus provides a quick census of the dominant
broad-line radiators. Excluded from the spectrum are both
symmetric molecules (with no rotational lines), and molecules
with transition frequencies blocked by our atmosphere (both of
which would remain inaccessible to any ground-based sub-
millimeter spectrometer), and species with weak or narrow
lines.

Regarding the last point, the emission from the OMC-1 core
arises from several distinct cloud components, referred to as
the “ridge,” “hot core,” and “plateau” features (Blake et al.
1987; Genzel & Stutzki 1989; Sutton et al. 1995), each with a
* distinct location, size, chemistry, and kinematic signature.

Comparison with the low-frequency OVRO and CSO hetero-

dyne surveys established that our moderate-resolution FTS
measurements are sensitive primarily to the broad lines from
the outflowing plateau gas (Av ~ 25 km s~ 1), although some
narrower hot-core lines (e.g., HDO) are also seen. In particular,
many of the molecules evident in the FTS spectrum, ie., SO,
SO,, CS, H,S, and SiO, have enhanced abundances in the
plateau gas, presumably due either to gas-phase chemistry in
shock-heated gas or to the liberation, via shocks, or refractory
elements from dust grains (Blake et al. 1987; Millar 1993;
Pineau des Forets et al. 1993). Since the lines detected by the
FTS necessarily dominate the energy output from the OMC-1
core in our filter bands, it is evident that, in agreement with
predictions based on lower frequency observations (Sutton et
al. 1984), the outflowing plateau gas dominates the spectral line
flux from the cloud core. This is true because of the plateau’s
combination of high temperature (a trait shared with the hot-
core component) and broad line width (an outflow-specific
trait), the latter allowing for lower opacities and the emergence
of radiation across a broader bandwidth.

5. TEMPERATURES AND COLUMN DENSITIES

High gas temperatures in the OMC-1 core are directly indi-
cated by emission arising in energy levels several hundred
kelvins above the ground state. These temperatures, as well as
molecular column densities, can be quantified using the
“rotation diagram ” technique (Schloerb et al. 1983; Blake et
al. 1987). In this method, the population per sublevel is plotted
against the energy of the upper level involved in the transition,
the slope (on a semilog plot) then giving the temperature, and
the y-intercept the column density. This technique is straight-
forward to apply to the FTS data because of its uniform cali-
bration versus frequency. Here we apply it to the SO and SO,
molecules because of the large number of strong transitions
each shows in the spectrum. The rotation diagrams of SO, SO,
and 4SO are plotted in Figure 7 (including only the data for
unblended lines and correcting for a beam efficiency of 0.3).

All of the SO, lines detected originate in levels less than 320
K above the ground state, and the data is well fitted by a single
rotation temperature of 93 + 5 K. Under the optically thin
assumption (given the many similar-strength transitions of
SO,, individual opacities are likely not overly large), the
implied beam-averaged column density is 8 x 10'® cm~2
(Correction for high opacities would move a few of the lowest
points upward and so decrease the scatter, but this is not a
large effect.) Both of these values are in good agreement with
earlier estimates made with similar-sized beams (Schloerb et al.
1983; Blake et al. 1987; Stutzki et al. 1989), but we note that
the Blake et al. column density must first be scaled upward to
account for main-beam coupling.

While the SO, data are well fitted by a single temperature,
the SO data set (Fig. 7b) seems to suggest that two tem-
peratures are called for: 36 + 6 K at low J and 147 + 17K at
high J. However, the more optically thin 34SO transitions
suggest otherwise (Fig. 7¢), as they appear to be consistent with
a single temperature of 100 + 24 K. Furthermore, the high
3480 antenna temperatures (compared to SO) imply that the
SO emission is affected by opacity. Because of smaller line
strengths at low J and falling populations at high J, a high SO
column density would yield maximum opacities in midrange
(i.e., at energy levels comparable to the rotation temperature),
thereby effectively suppressing the mid-J lines. The observed
effect of high opacity on the rotation diagram of a single-
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dashed and dash-dotted curves, respectively. (d) SO level populations corrected for opacity effects (as described in the text), and a single-component fit is again given.
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TABLE 1

TEMPERATURES AND COLUMN DENSITIES OF S-BEARING MOLECULES
IN THE PLATEAU

T,, Column Density Abundance Abundance

Species  (K) (molecules cm™2) Ny, =10*cm™? Ny, =10**cm™2
SO........ 83 2.2 x 107 22 x 107¢ 22 x 1077
3480...... 100 1.4 x 10'¢ 14 x 1077 14 x 1078
SO,....... 93 8.0 x 10'¢ 8.0 x 1077 8.0 x 1078

temperature source would then be to push the midrange points
downward, thus mimicking a dual-temperature source.

To see whether this is the case for SO, we attempted to
correct for opacity in the SO transitions by using the addi-
tional information supplied by the 3*SO lines (Fig. 7¢c). With a
rotation temperature of 100 K and a column density of
1.4 x 10'® cm™~? for 3*SO, and assuming an abundance ratio
for 328/34S of 16 (Schloerb et al. 1983; Blake et al. 1987), the
column density of SO becomes 2.2 x 10'7 cm ™2, The opacities
resulting from this column of SO were then calculated from
their intrinsic line strengths using the SIMCAT software
described by Groesbeck (1994). This step requires knowledge
of the line width, for which we used values appropriate to the
plateau component, 25 km s~ . The resultant opacities, T,
ranged from roughly 3 for our lowest frequency transition, to 6
in midrange, to 1.2 for the highest frequency lines. The line
fluxes were then scaled upward by 7/(1 — e™7), the inverse of
the escape probability (Schloerb et al 1983), to yield the
opacity-corrected rotation diagram shown in Figure 7d.

In contrast to the original diagram, Figure 7d is consistent
with a single-temperature solution. The best-fit rotational tem-
perature is 83 + 2 K, which is slightly below but within the
error bars for the starting 3*SO temperature. The resultant
column density is identical to the starting value of 2.2 x 107
cm™ 2. The column density is consistent with estimates based
on observations of a few low-frequency, low-opacity tran-
sitions (Plambeck et al. 1982; Friberg 1984) but is well above
the estimate of Blake et al. 1987 (which is based on more
opaque higher frequency lines but is uncorrected for either
main-beam efficiency or opacity).

Several results emerge from this analysis. First, it is apparent
that multiple gas temperatures can effectively be mimicked by
opacity effects. Second, after correcting for optical depth effects
in SO as outlined above, the temperatures of all three S-
bearing plateau species come into good agreement. Averaging
over the species, a representative value for SO, 34SO, and SO,
in the plateau is then 90 K. Third, in the plateau, the [SO/SO,]
column density ratio is & 3. Finally, assuming a canonical H,
column density of 1023 cm ™2 (Blake et al. 1987), abundances
relative to H, of 2.2 x 1079 for SO and 8 x 10~ for SO, are
deduced for the plateau gas. As the abundance of H,S in the

plateau is 4 x 107° (assuming the same H, column density;
Minh et al. 1990), the sum of the abundances of these three |
S-bearing molecules relative to H, is 7 x 1075, More than
20% of all S would then be in molecular form. Alternatively,
the column density of H, in the plateau may well be much
higher, as argued by Schilke, Phillips, & Wang (1995b). With
an H, column density of 102* cm™2, only 2% of the sulfur
would be tied up in these molecular forms, and a sulfur deple-
tion of up to 50 would be possible. These results are sum-
marized in Table 1. ‘

6. ENERGETICS

In the observed bands, the total molecular line flux in our
beamis 5.7 x 107 1% ergs s~ ! cm ™2, of which the SO,, CO, and
SO molecules together radiate three-quarters (Table 2, cols. [2]
and [3]). Of the other molecules seen, *>*CO and CH;OH each
contribute 4%—5% of the flux and the remaining species con-
tribute no more than about 2% each. The contributions of
molecules—e.g., HCN, and especially H,O—with spectra not
well sampled by the available atmospheric transmission
windows are necessarily underestimated. Of course, emission
from weaker transitions not detected by the FTS is also
excluded.

Although the fluxes given in Table 2 depend on both the
beam size and beam-coupling correction, as well as on the
bandpass of the available atmospheric transmission windows,
the flux ratios are representative of the source. In particular,
the preeminent role of SO, is consistent with lower frequency
observations (Sutton et al. 1984; Groesbeck 1994). Further-
more, as the average line fluxes in the ranges 215-247 and
247-263 GHz (28 and 45 Jy, respectively), are quite similar to
the OVRO heterodyne results for these ranges (Sutton et al.
1984), our calibration is corroborated.

To more accurately estimate the energies radiated by the
three dominant molecules, and indeed by all molecules, below
our upper frequency limit of 900 GHz, the measured fluxes
must be corrected for unobserved lines between the measured
bands. For CO this correction is simple, given the quite linear
dependence on J of its integrated line areas (in K GHz).
Because of the approximate validity of the Rayleigh-Jeans
approximation, the CO line flux then increases roughly as the
cube of the frequency, with ~2.3 x 107*3J3 ergs s~ cm 2 in
each successive line. The missing J = 1-0 and J = 5-4 fluxes
are therefore easily interpolated, yielding 0.29 x 1071°
ergs s ! cm™? in these two lines. The total flux radiated by
CO below 900 GHz is then only 20% higher than observed.
For SO, the correction is nearly as straightforward since the
large number of observed triplets also allows for a ready inter-
polation (ignoring the few weaker non-triplet lines seen). The
high noise near the 19-18 triplet (at 817 GHz) introduces some

TABLE 2
MOLECULAR LINE FLUXES

Observed Line Flux

Predicted 0-900 GHz Line Flux

Species (10" '%ergss™* cm~2)  Observed Line Flux Fraction (10" '%ergs s~ cm™2) Predicted 0-900 GHz Flux Fraction
1 ) 3) @ (%)
SO, iiiiiiiiii 1.7 29% 4.0 35%
SO . i 1.1 19 23 20
CO o 1.5 27 1.8 16
SO, +SO +CO...... 43 75 8.1 72
All molecules .......... 5.7 100 113 100

© American Astronomical Society e

Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1995ApJ...451..238S

250 SERABYN & WEISSTEIN

uncertainty, and so several fits were made to the flux density
versus frequency data: linear and cubic fits were made to all
eight observed SO triplets, as well as to the subset of seven
triplets excluding 19-18. All four fits yielded ~2.3 x 107 1°
ergs s~! cm ™2 for the flux in SO lines below 900 GHz. Thus
for SO, the large number of missing lines (a triplet every 43
GHz) implies an upward correction to the flux of slightly more
than a factor of 2. For SO,, with its many asymmetric top
transitions, it is possible to begin from the assumption that the
SO, lines are more or less uniformly distributed across all
frequencies, so that at low enough resolution the emergent flux
is a smooth function of frequency. Averaging the observed SO,
lines over ~ 30-GHz-wide intervals, this smoothed SO, flux
was fit with both linear and cubic polynomials, both of which
gave fluxes of about 4.0 x 1071 ergs s ! cm ™2 for SO, below
v = 900 GHz. The corrected fluxes are summarized in column
(4) of Table 2.

After correction for missing lines, both the SO and SO,
molecules are found to emit more strongly than CO in the
0-900 GHz frequency range by factors of roughly 1.3 and 2.2,
respectively. The upward revisions to the SO and SO, contri-
butions are not very dependent on the specific extrapolations
and arise simply because most of the CO lines below 900 GHz
happen to lie in clear atmospheric windows, so that most of the
CO molecule’s energy output can be seen directly, while mol-
ecules with more closely spaced lines must necessarily radiate a
proportional amount of their energy into the unobserved
bands (in our measurements, 49% of the interval between 190
and 900 GHz). The exact ratios given above do depend on the
cutoff frequency used in the comparison (especially if placed
near a CO line), and our upper frequency cutoff of 900 GHz is
certainly arbitrary. However, even in round numbers, SO, is
clearly the most prolific radiator in the OMC-1 core below 1
THz—by about a factor of 2. While SO also exceeds CO in
output in the 0-900 GHz range, CO’s smaller mass implies
that its radiative output can extend to higher frequencies, and
so CO’s total output may well exceed that of SO. Crude
extrapolations of our data suggest that this crossover may
occur near 1 THz.

Finally, we turn to the total line emission. To this end,
Figure 8 presents the measured spectral flux density binned to
a resolution of 9 GHz. This lower resolution version of the
spectrum can be described by two components—a series of
spikes at the CO frequencies and a relatively smooth “quasi-
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continuum” component, F,, which generally increases with
frequency (but which also has significant regions with little flux
near 400 and 500 GHz). As the smooth component shows little
or no evidence of leveling off at the highest frequencies
observed, it is possible to fit this component adequately with a
simple quadratic function. Fitting all of the data except for the
CO points yields F, = 3.6 x 10~ %v%,, Jy, while excluding also
the almost flux-free regions near 400 and 500 GHz allows a
better fit to the high-frequency points and increases the coeffi-
cient only slightly to 3.9 x 10~*. The latter curve is plotted in
Figure 8. This quadratic frequency dependence results pre-
dominantly from the conversion to flux densities of the
antenna temperatures of the brighter non-CO lines detected,
which, as was pointed out earlier, are roughly constant at 3—4
K. This provides some reason to believe that the fitted curve is
also capable of describing the flux density in the gaps between
the measured bands. However, the H,O molecule remains an
unknown, as does the net contribution of the numerous weaker
lines which are below the detection limit.

The integrated flux arising from the observed non-CO lines
then increases roughly as [ F, dv ~ 1.3 x 107183, ergs s~*
cm~2, for a total of 9.5 x 107 1° ergs s~ cm ™2 below 900
GHz. With 1.8 x 107'% ergs s™! cm™~2 in CO lines, the total
line flux below 900 GHz is 11.3 x 10" % ergs s ! cm 2. Know-
ledge of this total allows the true percentages radiated by CO,
SO, and SO, below 900 GHz to be calculated (Table 2, col.
[5]). As is evident from the table, below 900 GHz SO, radiates
roughly one-third the total line flux, and together, the S-
bearing molecules SO, and SO radiate over half the flux,
making molecules based on the SO bond the dominant molec-
ular emitters of spectral line energy in the OMC-1 core. Oxy-
genated sulfur molecules thus evidently serve as very effective
radiators of the shock energy to which they owe their existence.
Of course, from an atomic viewpoint, the single most impor-
tant constituent of the radiating molecules is oxygen, as the
four O-bearing molecules SO,, SO, CO, and !3CO together
radiate 80% of the energy.

Finally, although the smooth quasi-continuum flux density
due to the ensemble of observed non-CO lines increases as the
square of the frequency, the CO line fluxes increase as the cube
of the frequency. This implies that the CO lines become
increasingly important at higher frequencies. In order of
increasing J, the five observed CO lines have quasi-continuum
equivalent widths of 10, 13, 18, 27, and 32 GHz, respectively.

1000

Flux Density (Jy)
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] FiG. 8.—Measured spectral flux density of Fig. 4b binned to 9 GHz resolution. The points at 652.5 and 697.5 GHz are extrapolations for partially filled frequency
' bins. The solid curve, given by F, = 3.9 x 10743y, Jy, is the fit to the flux density for all non-CO lines above our detection threshold, excluding the region between

400 and 500 GHz.
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Considering all detected line emission in frequency intervals
equal to the CO line spacing (115 GHz), the CO lines then
contribute roughly 8%, 10%, 14%, 19%, and 22%, respec-
tively, of the measured line fluxes in these bands. Weaker lines
below the detection threshold imply that these percentages are
more accurately upper limits to the contributions of the CO
fluxes.

7. FUTURE PROSPECTS

The techniques presented here represent a significant addi-
tion to the submillimeter observational repertoire. Given the
necessarily quick-look nature of these initial observations,
longer integration times and better weather offer the prospect
of further signal-to-noise improvements, which should allow
for improved measurements of Orion, and also of more distant
sources. Technical issues also allow for further progress since,
in the more unexplored high-frequency bands, smaller beam-
widths should yield increased source couplings and antenna
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temperatures on compact sources, and broader filters should

allow access to even wider spectral bands. In addition, as our ‘

velocity resolution at v = 900 GHz is only about 3 times the
width of the OMC-1 plateau feature, a modest increase in
spectral resolution would be quite productive. Finally, the
determination of the shape of submillimeter continuum emis-
sion (not obtained in this initial study) and measurement of the
line-to-continuum ratio remain important goals.
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