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ABSTRACT

We mapped the quiescent emission from the 807 GHz J = 7 — 6 transition of CO in Orion along a strip in
R.A. extending from 0.7 pc west to 1.2 pc east of 'C Orionis. The lines arise in warm gas with temperatures
greater than 40 K. The line brightness temperature is greater than 160 K in the direction of §'C, more than
twice the dust temperature, and still exceeds 35 K more than a parsec east of 8*C. The lines are narrow, with
a maximum velocity width of 7 km s~ ! near 6'C and decreasing to 1.5-3 km s~ ! at the map boundaries. The
density of the emitting gas is greater than 10* cm ™2 and the column density exceeds 10*! ¢cm~ 2. The corre-
lation of the bright, narrow CO(7 — 6) lines with 158 um [C 11] emission suggests that over the entire region
mapped, the narrow CO lines arise in warm photodissociation regions excited by ultraviolet (UV) photons
from the Trapezium cluster. Although the Trapezium stars lie in front of the Orion A molecular cloud, not all
of the warm gas is at the cloud surface. To the east of 8'C the CO(7 — 6) lines split into two velocity com-
ponents (also seen in J = 2 — 1 13CO emission) which persist over several arcminutes. Since only one of these
components can be on the surface, the other must arise from a dense, UV-illuminated clump or filament
within the molecular cloud. Comparison of the quiescent CO(7 — 6) emission to CO(7 — 6) observed in a cross
map of the energetic Orion KL outflow shows that the luminosity of shock-excited CO(7 — 6) emission in

Orion is only a few percent of the luminosity of the widespread quiescent CO(7 — 6) emission.
Subject headings: ISM: individual (Orion Nebula) — ISM: kinematics and dynamics — ISM: molecules

1. INTRODUCTION

Recent observations of galactic star-forming regions indicate
that ultraviolet (UV) photons from nearby or embedded OB
stars can penetrate dense molecular cloud cores over parsec
and greater scales, even though the interior regions appear well
shielded from external UV radiation by large average dust
column densities. UV photons with energies greater than 11.3
eV ionize atomic carbon, which radiates far-IR line emission at
158 pm. The bulk of the 158 um [C 1] emission arises in
interface zones, or photodissociation regions (PDRs), on the
surfaces of dense molecular regions (ny, 2 10° cm ™) illumi-
nated by the O or B stars (Crawford et al. 1985; Stacey et al.
1985; Wolfire, Hollenbach, & Tielens 1989). Maps of the far-IR
158 um C™ fine-structure line in M17, W3, and NGC 1977
show that the [C 1] emission extends more than a parsec into
dense molecular gas (Harris et al. 1987; Stutzki et al. 1988,
Matsuhara et al. 1989; Howe et al. 1991), although in uniform
dense gas the dust should attenuate the UV within a few hun-
dredths of a parsec. Modeling of the intensity and distribution
of the [C 1] emission in M17, W3, and NGC 1977 shows that
UV photons penetrate through a relatively transparent inter-
clump medium, illuminate the surfaces of dense clumps or fila-
ments, and produce the extended [C 1] emission within the
molecular clouds (Stutzki et al. 1988; Howe et al. 1991) rather
than only near the UV sources.

In a PDR, a warm molecular layer with temperatures of up
to several hundred degrees underlies the predominantly atomic
region where most of the [C 11] emission arises. Emission from
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rotational transitions of CO is an important coolant of the
molecular component of a PDR (Tielens & Hollenbach 1985a;
Sternberg & Dalgarno 1989) and dominates the gas cooling
when the density is <10° cm ™3 (Sternberg & Dalgarno 1989).
Most of the CO line luminosity is emitted by transitions from
rotational states with energies from 120 to 300 K (J = 6 to 10)
above the ground state (Burton, Hollenbach, & Tielens 1990).
The CO(7 — 6) line is therefore a good tracer of the warm
molecular component of a PDR. The small dipole moment of
the CO molecule (0.11 debye) and its large abundance in
molecular clouds ([CO]/[H,] ~ 10”%) make the rotational
lines easily excited and relatively bright over a wide range of
molecular gas temperatures and densities and make it possible
to use these lines to derive the physical characteristics of the
molecular gas.

The extensive distribution of PDRs in the M17, W3, and
NGC 1977 molecular clouds suggests that widespread
CO(7 — 6) emission, like [C 11], may be common in high-mass
star-forming regions. The Orion A region is a natural choice
for a study of the extended spatial distribution of high-
excitation molecular gas in a star-forming cloud. It is relatively
nearby (distance ~470 pc; Genzel et al. 1981), giving a linear
scale of 0.14 pc arcmin™!, and bright submillimeter CO lines
have been observed from quiescent gas and from the energetic
compact outflow at Orion KL. Nearly all of the previous
observations of the CO J=7—-6 and J =6— 5 emission
lines in Orion have been confined to the inner few arcminutes
centered on the Orion KL nebula (Fetterman et al. 1981;
Goldsmith et al. 1981; Buhl et al. 1982; Koepf et al. 1982;
Schultz et al. 1985; Graf et al. 1990). Schmid-Burgk et al. (1989)
mapped the CO(7 — 6) emission from a 6’ x 8’ region encom-
passing Orion KL and the Trapezium OB cluster, Schmid-
Burgk et al. (1989) mapped the CO(7 — 6) emission from a
6’ x 8 regior: encompassing Orion KL and the Trapezium OB
cluster, yielding good information about the core region.
However, the moderate chopper throw (~2') employed in the
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observations precluded a sensitive investigation of the large-
scale CO(7 — 6) distribution.

We present here the results of a search for extended
CO(7 - 6) line emission in the Orion A molecular cloud using
the University of Texas submillimeter laser heterodyne recei-
ver. We mapped the large-scale distribution of quiescent
CO(7 — 6) emission along a cut across the Trapezium cluster
extending more than 13’ (nearly 2 pc) in R.A. In contrast to the
practice more common in high-frequency submillimeter het-
erodyne spectroscopy of spatially chopping with 2’6’ throws,
we employed the position-switching method where the tele-
scope is slewed to a reference position well away from the
source position to ensure against contamination from emission
at the reference position. Our sensitivity to extended low-level
line emission is limited, therefore, only by the receiver noise
and the opacity of the atmosphere. We describe in § 2 the
receiver, observing method, and calibration techniques. The
CO(7 — 6) spectra and maps are presented in § 3. The physical
parameters and energetics of the molecular gas are discussed in
§ 4. In § 5 we summarize the results of the investigation and
compare our findings with observations of other high-
luminosity star-forming regions.

2. OBSERVATIONS

We observed the J =7 — 6 rotational transition of CO
(v = 806.6517 GHz, 1 = 371.6504 um) using the University of
Texas submillimeter laser heterodyne receiver mounted at the
Cassegrain focus of the 10.4 m telescope of the Caltech Sub-
millimeter Observatory® (CSO) on 1990 December 2. The
receiver employs a liquid-nitrogen cooled Schottky diode
mounted in an open-structure 90° corner-reflecting mixer
block (e.g., Krautle, Sauter, & Schultz 1977). The local oscil-
lator is an optically pumped submillimeter molecular laser
operated at 802.986 GHz, which gives a first-intermediate
frequency of 3.67 GHz. This signal is further mixed down to 1
GHz before sampling by the CSO backend 500 MHz acousto-
optical spectrometer (AOS).

The receiver noise temperature measured on the telescope
was 3850 K (double-sideband), and the measured zenith atmo-
spheric transmission at 807 GHz was 0.32 (after correcting for
the unequal atmospheric transmission at the signal and image
sideband frequencies). The total scatter in the zenith transmis-
sion measured during the observations was less than +0.02.
The absolute intensity scale was calibrated by observing black-
body loads at ambient and liquid-nitrogen temperatures
placed in the signal beam path. We calibrated at each position
observed, or every 5 minutes when we integrated at a single
position for longer durations. The atmospheric transmission
along the line of sight to the source was measured during each
calibration series from the broad-band signal received from the
sky. The observations were taken in position-switching mode
with the reference position 30° west of the mapping center
position (8*C Orionis or Orion KL). Only first-order baseline
corrections were applied to the spectra presented here, since
both the atmosphere and the receiver were stable during the
observations. The absolute pointing was established by maxi-
mizing the continuum signal received from a planet (Mars or
Jupiter). We estimate that the absolute pointing accuracy is
+7”, with the relative pointing in the mapping observations
accurate to +2” or less.

¢ The CSO is operated by the California Institute of Technology under
funding from the National Science Foundation, contract AST 90-15755.
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The telescope beam efficiency was measured using the con-
tinuum signals from Jupiter [diameter D = (41" x 39")}/2 =
40"] and Mars (D = 18"), which was near opposition. Using a
372 pum brightness temperature of 143 K for Jupiter
(Hildebrand et al. 1985, corrected for Jovian atmospheric
absorption bands of HCN and PH; in the signal and image
sidebands [Lellouch, Encrenaz, & Combes 1984]) and 220 K
for Mars at opposition (Wright 1976; Wright & Odenwald
1980), we derive a coupling efficiency to Jupiter #,,, = 0.24,
and a coupling efficiency to Mars #,,, = 0.09. The beam shape
was determined from Gaussian profiles fitted to cross maps of
Jupiter and Mars. The mapping data for both planets are well
modeled by a beam that is the superposition of two Gaussian
beams: a main beam of full width at half-maximum amplitude
FWHM = 20” and a broader error beam of FWHM = 90",
with an amplitude ratio of the main beam to the error beam of
9.4 to 1. These beam parameters also simultaneously repro-
duce the measured efficiencies on Jupiter and Mars, and give a
total beam efficiency (the efficiency measured on a source that
uniformly fills the sum of the two beam components) #,,, =
0.61, which compares well with coupling efficiencies to the
Moon measured on earlier observing runs, #y,,, = 0.65. The
coupling efficiency of this beam to Gaussian sources with
FWHM = 30", 60", and 90" is 0.18, 0.30, and 0.40, respectively.
The effective solid angle subtended by the beam is Q,,,,,, = 3.04

x 1078 sr, equivalent to the solid angle of a single 34” FWHM
Gaussian beam.

We also observed the J=2-1 transition of '3CO
(v = 220.3987 GHz, A = 1.3602 mm) with the CSO facility 1.3
mm SIS receiver, also in position-switching mode, with the
reference position 36’ north of the source (a position previously
determined to be free of low-J CO emission). We used the
standard chopper-wheel calibration method (Penzias & Burrus
1973) to correct for atmospheric attenuation and to set the
thermal scale. The receiver noise temperature was ~420 K
(single-sideband) and the atmospheric transmission was 0.92 or
higher. The beam at 220 GHz is a single Gaussian with
FWHM = 33" (Qom = 2.86 x 1078 sr) and a main beam effi-
ciency nyg = 0.72.

For the submillimeter observations we used the 1024-
channel 500 MHz AOS, which gave a velocity resolution of
0.37 km s~ ! and a total velocity coverage of 186 km s~ . For
the millimeter observations we used the 1024-channel 50 MHz
AOS and the 500 MHz AOS, which gave velocity resolutions
of 0.13km s~ ! and 1.34 km s~ ! and total velocity coverages of
68 km s~ ! and 680 km s !, respectively. We checked the fre-
quency calibration and spectral resolution of the backend
AOSs throughout the millimeter and submillimeter observa-
tions.

3. RESULTS

We observed bright, narrow CO(7 — 6) lines (velocity width
AV ~ 1.5-7.0 km s ') along a right ascension cut at the decli-
nation of #'C Ori (R.A.[1950] = 05"327™49%, decl.[1950] =
—05°25'16") extending from 300" west to 525" east of §'C. The
CO(7 - 6) spectra are shown in Figure 1. We also show in
Figure 1 '13CO(2 — 1) spectra observed at the same positions
for comparison. The horizontal scale of each spectrum extends
from Vg = —5 to +25 km s~ !. The vertical scale gives the
Rayleigh-Jeans antenna temperature of the CO(7 — 6) emis-
sion corrected for telescope losses and atmospheric attenuation
(T*% in the notation of Kutner & Ulich 1981) divided by a 807
GHz beam coupling efficiency factor of 0.4. The beam coupling
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F1G6. 1.—CO(7 — 6) (upper spectra) and '*CO(2 — 1) (lower spectra) emission lines observed along a cut in R.A. in Orion. The 0” position is at 8'C Ori
(R.A.[1950] = 05"32™49%, decl.[1950] = —05°25'16"). The spacing between adjacent boxes is 75, and the R.A. offset from 0'C in arcseconds is given at the top of
each box. The horizontal scale of each spectrum extends from Vi gz = —5 to +25 km s~ *. The vertical scale gives the Rayleigh-Jeans antenna temperature T% of the
CO(7 - 6) spectra divided by a 807 GHz beam coupling factor of 0.4. The *3CO(2 — 1) spectra are plotted in units of 3 x Tyg-

factor is appropriate for sources such as Orion with brightness
distributions which vary on moderately extended (~ 90”) scales
and is a good compromise between the coupling factors of very
large uniform sources (,,, ~ 0.6) and sources smaller than 60”
(n ~0.3). The 3CO(2 - 1) spectra are plotted in units of
Rayleigh-Jeans main beam brightness temperature Ty, multi-
plied by a factor of 3 to facilitate comparison with the
J =7 — 6 spectra. The spacing between the observed positions
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F1G. 2—CO(7 - 6) and '3CO(2 — 1) synthesized spectra generated by the
co-addition of positions 450" and 525" east of §'C Ori. The vertical tem-
perature scale gives T% divided by 0.4 for the CO(7 — 6) spectrum and 2 x Tyg
for the 3CO(2 — 1) spectrum. The dotted lines mark the center velocity of the
6 and 9 km s~! !3CO line components. The 1 ¢ noise per channel for the
CO(7 — 6) spectrum is also indicated.

is 75", except that time constraints prevented us from observ-
ing the CO(7 — 6) spectrum at the positions 75” east and 75"
west of 0'C. The CO(7 — 6) intensity map of Schmid-Burgk et
al. (1989) indicates that the position of maximum peak line
temperature, which we estimate is at least a factor of 1.15
higher than the line temperature toward 0'C, is ~40” west of
6'C. Our own '3CO(2 - 1) observations also suggest that the
CO(7 — 6) line temperature peaks at that position.

The CO(7 — 6) lines are brightest within a few arcminutes of
the Trapezium, with intensities ranging from 60 to 140 K and
requiring molecular gas temperatures of at least 160 K near the
exciting stars, substantially higher than the 55-85 K color tem-
perature of the far-IR dust emission from the same region
(Werner et al. 1976; Jaffe et al. 1984). To the west of 8'C the
line temperature drops from ~40 K at 225” west to ~10 K at
300" west, implying minimum kinetic temperatures of 57 K
and 25 K, respectively. The CO(7 — 6) line intensity is ~ 140 K
at 0'C and exceeds 50 K 300” (0.7 pc) to the east. Emission is
still detected 525" (1.2 pc) east and 300” west of §'C, with line
temperatures of ~25 K and ~ 10 K, respectively, and most
likely extends farther in both directions. The line widths also
decrease with distance from 0'C. At #'C the linewidth is ~7
km s, while 150” and 225" to the east the linewidth is ~ 5 km
s~ A} 300" east of 8'C the linewidth has narrowed to only 1.8
kms™*

The velocity structure of both the CO(7 — 6) and the
13CO(2 - 1) spectra becomes increasingly complex east of 81C,
exhibiting multiple velocity components whose brightness vary
from position to position. At positions beyond 375" east of
6'C, the CO(7 — 6) line profiles break up into two velocity
components with narrow velocity widths (AV ~ 1.5-2.0 km
s~ ') and line temperatures of 25-30 K (implying minimum gas
temperatures of 41-47 K). Figure 2 compares the '3CO(2 - 1)
and CO(7 - 6) line profiles for a spectrum synthesized by co-
adding spectra at 450" east and 525" east of 61C to increase the
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,“;r'_:signal-to-noise ratio of the CO(7—-6) spectrum. The
1 1CO(7 — 6) profile has velocity components at 6 and 9kms™!
i2with line temperatures ~ 25 K. The 3CO(2 — 1) spectrum also
'has components at 6 and 9 km s~ !, but with line temperatures
E:diﬁ"ering by factor of ~3 (T = 12 K and 4 K, respectively). In
Ciaddition, there is a bright (T = 10 K) 3CO(2 - 1) com-
ponent at 11 km s~! with no observed counterpart in
CO(7 - 6). More complete observations of the **CO emission
sampled every 15” in R.A. from 300" east to 885" east of §'C
show that the velocity components persist on spatial scales of
~60"-120".
In the following section we discuss the physical conditions
and morphology of the emitting gas implied by the observa-
tions and the excitation of the submillimeter CO lines.

4. DISCUSSION

4.1. Emission from Quiescent Gas
4.1.1. Gas Excitation near Ori 0'C

The local CO(7 — 6) intensity maximum near 6'C indicates
that the UV photons from the Trapezium stars are the excita-
tion source for the CO(7 — 6) emission. The intense flux of
Lyman continuum photons, contributed primarily by the O6
star 0'C, dissociates and ionizes gas at the surface of the back-
ground Orion A cloud, creating an H 11 region ~ 5’ in diameter
(Zuckerman 1973; Balick, Gammon, & Hjellming 1974).
Between the H 11 region and the bulk of the molecular cloud
lies a photodissociation region of partially ionized atomic and
neutral molecular gas where the energetics are dominated by
UV photons with energies less than the Lyman limit. Behind
0'C, where the local UV flux G is roughly 103G, at the cloud
surface (G, = 1.6 x 1073 ergs s~ cm™?, the average inter-
stellar flux of UV photons with energies of 6-13.6 €V), a PDR
model well explains the observed far-IR [O 1], [C 1], and [C 1]
intensities (Tielens & Hollenbach 1985a, b). The observational
result that the brightness temperature of the CO(7 — 6) line
near 0'C is more than twice the dust temperature in the same
region, a condition observed only in molecular clouds with
nearby UV sources, clearly rules out collisions with warm dust
as the heating mechanism for the warm CO. In a PDR,
however, the high flux of UV photons can directly heat the gas
to temperatures higher than the dust component through colli-
sions with electrons photoejected from dust grains and by col-
lisional deexcitation of vibrationally excited, UV-pumped H,.
The similar morphology of the CO(7 — 6) emission (Schmid-
Burgk et al. 1989) and the 158 um [C 11] emission (Stacey et al.
1993) in Orion strongly suggests a common origin for the exci-
tation of these lines (Genzel & Stutzki 1989; Stacey et al. 1993).
The narrow width of the CO(7 — 6) lines also makes it unlikely
that shocks are important in heating the gas near the Tra-
pezium stars.

4.1.2. Temperature, Density, and Column Density Estimates

We can use the observed CO(7 — 6) and *CO(2 — 1) line
intensities and intensity ratios to estimate the temperature,
density, and column density of the molecular gas. For gas
densities of more than a few 10° cm ™2 and temperatures higher
than ~40 K, the intensity of the CO(7 — 6) line emission
depends more sensitively on the physical conditions in the
emitting gas than do the millimeter CO transitions (the J =7
rotational level lies 155 K above the ground state and the
critical density of the J =7 — 6 transition is ng; ~ 6 x 103
cm ™~ 3). Although there is ample evidence that the molecular
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gas in Orion is far from uniform, we assume for the moment
that the CO and !3CO lines are emitted from a uniform gas at
a single temperature and density (§ 4.1.4 outlines some of the
effects of relaxing this assumption). The uniform model results
set lower limits to the actual temperature, density, and column
density of the PDR layers, as we discuss later. We adopt a
value of 60 for the [*2CO]/[*3CO] abundance ratio in Orion
(see Blake et al. [1987] for a discussion of abundances in
Orion). We compare the observed line intensities and ratios
with line intensities computed from a non-LTE large velocity
gradient (LVG) radiative transfer model (Scoville & Solomon
1974; Goldreich & Kwan 1974) to estimate the range of the
physical conditions of the emitting gas. An LVG model is the
simplest way to include non-LTE effects and local radiative
trapping in the estimation of the physical conditions from the
line intensities. The model employs the H,—CO collision rate
constants of Schinke et al. (1985) and Flower & Launay (1985)
and assumes a plane-parallel cloud geometry. Figure 3 shows
the LVG model result for a 12CO column density per unit
velocity interval Nco/dV = 10'® cm™2 km™' s. The model
results indicate that uniform gas with temperatures of 40-200
K, molecular hydrogen densities ny, of 10°-10° cm ™3, and CO
column densities Ngo of 2 x 10174 x 10'® cm™? can repro-
duce the entire observed range of detected CO(7 — 6) line
intensities (25 K < T%/(04) < 140 K) and CO(7 - 6) to
13CO(2 - 1) intensity ratios (which range from 2 to 15). For
example, at the position 150" west of 6'C, Ngo ~ 2 x 108
ecm™2, ny, > 6 x 10* cm™?, and T, ~ 110 K produces the
observed line intensity of 98 K and CO(7 — 6) to **CO(2 — 1)
ratio, while at the position 450" east of §'C, the best LVG
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FI1G. 3.—The LVG model for a '>CO column density per unit velocity
interval No/dV = 10'® cm™2 km™! s, plotted in the temperature-density
plane. Solid contours give the Rayleigh-Jeans brightness temperature of the
J =7 — 6 transition of CO, while the dashed contours denote the brightness
temperature ratio of CO(7 — 6) to 3CO(2 — 1). The gray regions 1, 2, 3, and 4
show the intersection of the value of CO(7— 6) T%/0.4 (£1 o) with the
CO(7 — 6) T%/0.4 to '3CO(2 — 1) T, ratio (£ 1 o) for positions (525, 0), (150,
0), (— 150, 0), and (0, 0), respectively.
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model fit for the 9 km s ™! velocity component is obtained with
Nco ~ 2 x 10'7 cm ™2 and ny, varying from 103 to 1045 cm ™3
as T, goes from 200 to 50 K. At a few positions, any density
ny, > 10* cm ™3 gives an acceptable line intensity for one com-
bination of temperature and column density within the range
of temperatures and column densities given above. For the
bright 13CO(2 — 1) velocity components (Tz > 10 K) which
have no observable counterpart in CO(7 — 6), such as the 11
km s~! component at positions farther than 150" east of §'C,
CO column densities of about 10'® cm~? and low tem-
peratures (less than 40 K) are required for excitation condi-
tions that produce the observed !3CO line temperatures
without simultaneously increasing the CO(7 — 6) line tem-
perature to an observable level.

4.1.3. Excitation of Extended Emission

The large-scale distribution of [C 1] emission, especially east
of 8'C, is similar to the distribution of CO(7 — 6) emission
(Fig. 4) and suggests that the [C 1] and CO lines share a
common PDR origin across the entire region mapped and not
only in the immediate vicinity of the Trapezium. Mapping of
the 158 um [C 1] line across the Trapezium region shows that
the [C 11] line arises from a region more than 30’ (4 pc) in extent
(Stacey et al. 1993), and indicates the presence of a large UV
flux (higher than 100 G,) beyond the limits of our CO(7 — 6)
observations. A more detailed fully-sampled map of the [C 1]
emission in the inner few arcminutes around 6'C shows that
the [C 11] emission peaks just west of the Trapezium (Stacey et
al. 1993), as does the CO(7 — 6) emission. The steep decline in
[C 11] emission to the west of 0'C, in the same region where the
CO(7 — 6) emission is at a maximum, is a consequence of the
high density of the gas (n;, > 10° cm ~3) west of the Trapezium
traced by clumps of CS(2 — 1) emission (Mundy et al. 1986,
1988). At densities =10° cm ™3, the self-shielding of the CO
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FiG. 4—Comparison of the integrated intensity over all velocity com-
ponents of the CO(7 — 6), *3CO(2 — 1), and 158 um [C 11] emission along the
0'C Ori cut. The peak intensities are 6.1 x 1074, 1.8 x 1075, and 4.2 x 1073,
respectively, in units of ergs s™! cm ™2 sr~*. The [C 1] data are from Stacey et
al. (1993). The peak intensity of the CO(7 — 6) emission along the R.A. cut is
estimated from an extrapolation based on the map of Schmid-Burgk et al.
(1989). The CO(7 — 6) peak lies between positions 0" and — 150",
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from dissociating UV radiation raises the column density of
warm CO in the PDR relative to the column density of C* and
increases the relative strength of the CO emission to the [C 1]
emission (Wolfire et al. 1989).

The CO(7 — 6) emission in the region ~1 pc east of !C
probably also arises in PDRs, since the [C 11] emission from
that region indicates the presence of a PDR there (Stacey et al.
1993). The flux of UV photons from the Trapezium stars in this
region is at least 100 G,, based on the observed [C 1] line
intensity, and could be as much as a few 10° G,. The UV flux 1
pe east of 6*C is similar to the UV flux in the reflection nebula
NGC 2023, where bright CO(7 — 6) lines (Tyg ~ 70 K) are
emitted from a PDR (Jaffe et al. 1990). Thus, a PDR origin for
the quiescent (AV < 2 km s~ !) extended CO(7 — 6) emission in
Orion, even in regions of moderate UV photon flux
(100-1000 G,), is not without precedent.

4.1.4. Evidence for Emission from Clump Surfaces

The coexistence of the 6 and 9 km s~! CO(7 — 6) velocity
components over arcminute length scales makes it unlikely
that both components are at the surface of the molecular
cloud; more likely the components are emitted by spatially
distinct clumps or filaments separated along the line of sight
and illuminated by the UV flux from the Trapezium. Observa-
tions and models of M17 (Harris et al. 1987; Stutzki et al.
1988), and W3 and NGC 1977 (Howe et al. 1991), demonstrate
that PDR emission from the surfaces of dense clumps or fila-
ments can extend over parsec length scales through molecular
clouds. Furthermore, Tauber & Goldsmith (1990) find that the
CO and '3CO J = 3 — 2 intensities and line profiles in Orion
are poorly fitted by models with uniform gas, but are better
explained by a model composed of spherical clumps with
radial temperature and density gradients illuminated by an
external UV field. On size scales of a parsec or more, the
13CO(1 - 0) map by Bally et al. (1987) shows that the Orion A
cloud is composed of a highly nonuniform complex of fila-
ments and clumps. Ziurys et al. (1981) and Batrla et al. (1983)
observed in the (1, 1) and (2, 2) inversion lines of NH; a series
of clumps in the Orion ridge with ~0.1 pc diameters and
smaller. At still smaller scales, interferometric maps of the emis-
sion from the J =2 — 1 transition of CS at 7”5 resolution
reveal four distinct clumps ~ 30" west of the Trapezium with
diameters ranging from 15” to 50” (0.04—0.12 pc) and densities
greater than 105 cm ™3 (Mundy et al. 1986, 1988). Our own
13CO@2 - 1) and CO(7 — 6) observations reveal multiple
velocity components persisting over ~ 1’ length scales and with
varying excitation conditions, particularly in the region a
parsec or more east of §'C. Observations of the C109« carbon
recombination line in Orion A at a spatial resolution of 26
show two velocity components (Vi gz ~ 6 and 10-11 km s~ ?) at
positions 170” east and 327" east of §'C (Jaffe & Pankonin
1978). A spectrum of the 158 um [C 1] line 4’ east of *C at 0.8
km s~ ! spectral resolution also shows two components, at
Visg ~ 6 and 11 km s~ ! (Boreiko, Betz, & Zmuidzinas 1988).

The temperature, density, and column density of the molecu-
lar gas must be higher in a nonuniform, clumpy medium than
the results of the uniform, single temperature and density
models suggest. In a clumped gas, the beam area filling factor
can decrease from its value for a smoothly varying gas. The
observed peak brightness temperatures of the CO(7 — 6) lines
could then underestimate the true excitation temperature of
the gas and imply kinetic temperatures higher than the 40 K
brightness temperatures of the region ~ 1 pc east of *C. The
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local CO column densities within the clumps must also
increase to preserve the average value sampled within a beam
diameter. The higher gas temperatures implied by a clumped
gas decrease the fractional abundance of **CO molecules in
the J = 2 state by populating higher energy states, increasing
further the local CO column density required by the observed
13CO(2 — 1) line intensities. The density of the gas in the
clumps must then increase so that the larger CO column den-
sities do not require excessively large clump diameters. In a
clumped or filamentary gas, then, the CO(7 —6) and
13CO(2 - 1) observations require the results of the simple
LVG models to be interpreted strictly as lower limits to the
actual temperatures, densities, and column densities of the
emitting regions. Indeed, the observed integrated intensities of
the extended component of the CO(7 — 6) emission lines imply
densities > 10° cm ™3 if the lines arise in PDRs (Burton, Hol-
lenbach, & Tielens 1990). Even if the CO is heated by collisions
with warm dust, a gas density greater than 10° cm™? is
required for the collisional heating rate to equal the luminosity
of the CO emission.

Although the evidence supports the contention that the
CO(7 - 6) lines a parsec east of 0C arise in PDRs on the
surface of embedded clumps or filaments, a definitive answer as
to the excitation mechanism requires further observations. The
color temperature of the far-IR dust continuum emission from
that region, as derived from IRAS data, ranges from ~35K to
65 K, depending on the power of the dust emissivity
(1 < B <2, where we assume the dust emissivity varies with
wavelength as 17#). Since the brightness of the CO(7 — 6) lines
in the same region requires gas temperatures of at least 40 K,
we can say only that T,,, ~ Ty, leaving open the possibility
that the gas is heated by collisions with the dust. Observations
such as the high-resolution maps of CS emission (Mundy et al.
1986, 1988), however, support a clumpy morphology to the
gas, in which case the gas temperature could be considerably
higher than the lower limit derived here. If the gas is indeed
clumped on scales smaller than the 807 GHz beam, observa-
tions at higher spatial resolution should detect CO(7 — 6) line
temperatures higher than the 25 K brightness temperatures we
observe. Observations of the 158 um [C 1] line in this region at
a spectral resolution sufficient to resolve the velocity com-
ponents seen in the CO(7 — 6) and *CO(2 — 1) lines could
determine if the velocity and width of the [C 1] line emission
are the same as one, both, or neither of the CO(7 — 6) velocity
components and would indicate a PDR origin of the emission
if the CO(7 — 6) and [C 11] line widths and velocities were the
same. The lack of a CO(7 — 6) line component at the + 11 km
s~ 1 velocity of one of the C109« and [C 1] line components
may indicate a low density (n ~ 10® cm ™~ 3) for the gas emitting
those lines, and therefore a very subthermal population of CO
in the J = 7 state. Observations of spectrally resolved 158 um
[C 1] lines at the velocities of the CO(7 — 6) line components
and observations at higher spatial resolution of CO(7 — 6)
brightness temperatures higher that the dust temperature in
the same region would conclusively demonstrate the PDR
origin of the emission, rather than heating by shocks or by
collisions with warm dust.

4.2. Emission from Shocked Gas: Orion KL

About 1’ north of §!C lies the energetic outflow source,
Orion KL. In marked contrast to the narrow velocity wi.dth
and wide spatial extent of the quiescent PDR emission excited
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by the Trapezium cluster, the Orion KL region exhibits
extremely energetic mass motions [AV ~ 100 km s~! full
width to zero power (FWZP) in the CO(7 — 6) emission lines]
confined to a region less than 1’ in extent. Figure 5 shows the
CO(7 — 6) spectra observed toward Orion KL. The cross map
is centered at R.A.(1950) = 05"32™4750 and decl.(1950) =
—05°24'25", and the spacing between the observed positions is
10” in R.A. and in decl. The horizontal scale of each spectrum
extends from Vg = —80 to + 100 km s~'. Linear baselines
were removed from the spectra, which have been smoothed to
a spectral resolution of ~ 1.5 km s~ ! per channel. The vertical
scale of each spectrum extends from — 100 to + 500 K in units
of T% divided by an efficiency factor of 0.20, which is appropri-
ate for the coupling of the beam to a Gaussian source with
FWHM ~35". This size scale is relevant only to the wing
emission and not to the line core, for which the temperature
scale produces artificially high temperatures (by approximately
afactor of 2).

The most striking aspect of the wing emission is its absolute
brightness. At all positions within 10" of the map center, the
line temperature exceeds 200 K even for emission 20 km s~ *
blueward of the line center velocity at 9 km s™!, implying a
kinetic temperature of at least 220 K. The line temperature of
similarly redshifted emission at the same positions is about
100 K less than the blueshifted emission. Wing emission at
velocities more than +20 km s ™! from the line center velocity
traces the high-velocity flow seen in the millimeter CO tran-
sitions and is not likely affected by the hot, low-velocity flow
seen in the 3 mm rotational transitions of SiO and SO
(AV[FWZP] ~ 35 km s~ '; Genzel & Stutzki 1989). At 20”
south of KL, the wing emission has decreased enough so that
the bright spike feature characteristic of extended ridge emis-
sion becomes readily apparent. Significant wing emission is
still present 20” north of KL, in agreement with the five-point
CO(7 — 6) cross map of KL obtained at 45” spacing by
Schmid-Burgk et al. (1989). The integrated intensity of the blue
wing emission generally exceeds that of the red wing, a feature
also seen in the 2.1 um H, v = 1 — 0 §(1) line emission from
hot shock-excited gas in the KL region (Nadeau & Geballe
1979), indicating that the excess blue emission in the H, line
profiles may not be an artifact of higher extinction of the red
wing emission. Excess blue wing emission is also seen in the
line profiles of shock-excited 63 um [O 1] emission from the
KL region (Werner et al. 1984). We note that although the line
core emission appears to be weakest at the central position in
the cross map, further observations are needed to confirm this
result.

4.2.1. Outflow Size and Morphology

The wing emission is spatially compact and exhibits marked
differences in both the absolute and relative intensities of the
red and blueshifted wing emission at adjacent positions in the
map. Although the high-velocity emission extends beyond the
limits of the region mapped, particularly to the north and west,
the extent of the emission to the half-power level is ~40” in
R.A. and ~35” in decl. This extent implies a source size less
than 35” in R.A. by 28” in decl. if the emission has a Gaussian
distribution, consistent with 35" resolution CO(6— 5)
mapping results (FWHM ~ 45" x 35”; Koepf et al. 1982). For
a source of this size, roughly 75% of the received power is
detected by the 20” main beam. The CO(7 — 6) emission region
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FI1G. 5—Cross map of CO(7 — 6) spectra observed toward Orion KL. The (0, 0) position is at R.A.(1950) = 057324750 and decl.(1950) = —05°24'25", and the
spacing between the observed positions is 10” in R.A. and in decl. The horizontal scale of each spectrum extends from V gz = —80 to + 100 km s~ !. The vertical scale
of each spectrum extends from — 100 to 500 K in units of T% divided by a beam coupling factor of 0.2, which is appropriate for the wing emission but not for the line

core. The R.A. and decl. offsets in arcseconds from the (0, 0) position are indicated in the upper left corner of each spectrum.

lies within the ~75” FWHM region emitting 2 um H, rovibra-
tional lines (Beckwith et al. 1978) and far-IR CO lines (Watson
et al. 1985). Our data do not unambiguously indicate a bipolar
structure to the outflow, so the separation of the centroids of
the redshifted and the blueshifted emission distributions must
be small. The morphology of the high-velocity flow traced by
the CO(7 — 6) emission is consistent with the data of Erickson
et al. (1982), which show that the extent of the redshifted and
blueshifted CO(3 — 2) emission contours is ~30"-40" to the
half-power level, that the centroids of the red and blue lobes of
the outflowing gas are separated by ~12”, and that the inte-
grated intensity of the blue wing is greater than the integrated
intensity of the red wing.

4.2.2. Density and Column Density Estimates

The CO(7 — 6) wing emission is probably emitted by cooling
postshock gas downstream of the hot (~2000 K) gas traced by
2 ym H, thermal rovibrational line emission (Beckwith et al.
1978; Beckwith, Persson, & Neugebauer 1979; Scoville et al.
1982; Beckwith et al. 1983). The bulk of the column density of
the gas emitting the CO(7 — 6) line must be colder than the
~750 K temperature characteristic of the gas emitting the
far-IR CO lines detected by Watson et al. (1985), since the
integrated intensity of the CO(7 — 6) wing emission is about an
order of magnitude greater than can be emitted by the hotter
component; molecular gas at a temperature of 750 K or higher

with a sufficient column density to emit the observed
CO(7 — 6) line intensity would also emit far-IR CO line emis-
sion much brighter than observed. The column density of the
gas emitting the bulk of the CO(7 — 6) wing emission is at least
5 x 10%2 cm ™2 (where we use the non—-LTE CO emission coef-
ficients of McKee et al. 1982 and assume an excitation tem-
perature of ~250-500 K, density ny, ~ 10°-10° cm 3, and
CO abundance of 10™* relative to H,), substantially greater
than the column density of the gas emitting the far-IR CO lines
(~3 x 10*! cm~%; Watson et al. 1985) or the IR H, lines
(~3 x 10*° cm~2; Watson et al. 1985). We derive a lower limit
to the density of the outflowing gas ny, > 3 x 10° cm ™2 from
the lower limit to the column density and a 30” source diam-
eter. The small size of the CO(7 — 6) emission region compared
with that of the region encompassing the hot gas emitting the
H, IR rovibrational lines and the far-IR CO lines indicates
that the submillimeter CO emission lines arise in gas closer to
the outflow source and supports the contention that the gas is
cooling downstream of the hot gas shocked by the outflow.

5. CONCLUSIONS

We observed CO(7 — 6) emission across a region nearly 2 pc
in extent in the core of the Orion A cloud. Emission is observed
out to the limits of the mapping and undoubtedly extends
farther. The line temperature of the extended CO(7 — 6) emis-
sion out to more than 8’ from the peak position is still about
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0.2 of the peak observed line temperature. Except at the posi-
tion of Orion KL, the narrow line profiles (AV < 7 km s~ 1)
indicate a relatively quiescent excitation mechanism. The line
intensities constrain the gas to temperatures greater than 40 K
across the entire region mapped. Comparison of the quiescent
CO(7 — 6) line strengths with emission from !3CO(2 - 1)
indicates that the densities of the emitting gas must be greater
than 10*-10° cm ™3 and the H, column densities must exceed
102*-1022 ¢cm ~ 2 for this component.

There is good evidence that the submillimeter CO emission
arises from PDRs excited by the far-UV flux from the Tra-
pezium cluster. Bright 158 um [C 1] line emission, which is
excited in the primarily atomic component of PDRs, radiates
from the entire region mapped in the CO(7 — 6) line. The line
strength of the quiescent CO(7 — 6) emission peaks near 6'C
and indicates a gas temperature higher than 160 K, more than
twice the temperature of the dust at the same position and
ruling out collisions with dust as a heating mechanism for the
gas. In PDRs, however, UV can directly heat the gas to tem-
peratures exceeding the dust temperature. The PDR models of
Burton et al. (1990) can reproduce the observed integrated
intensities of the quiescent CO(7 — 6) emission in the regions a
parsec or more from 6'C, where the UV flux is less than a few
103Gy, as long as ny, 2 10°cm 2.

Perhaps the most interesting aspect of the CO(7 — 6) spectra
is the emergence of multiple velocity components in the region
6 east of 0'C and beyond. Such a phenomenon is easily
explained if the molecular gas is highly clumped, as a number
of observations of the Orion A cloud indicate. We interpret the
multiple components as emission from two distinct clumps or
filaments separated along the line of sight, at least one of which
must be embedded in the cloud. The presence of bright [C 1]
emission from the same region and observations of multiple
C* velocity components in carbon radio recombination lines
suggest that the CO(7 — 6) lines are emitted from PDRs on the
clump or filament surfaces. Like the [C 11] emission from the
molecular clouds associated with M17, W3, and NGC 1977,
the CO lines in Orion probably arise in PDRs throughout the
interior of the molecular cloud and not only at the surface.
Spectrally resolved observations of the 158 um [C 11] line will
be needed to positively correlate the [C 11] emission with one
or both of the CO components.

Quiescent emission dominates the total flux of CO(7 — 6)
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line emission from Orion A. Although the brightest lines, with
a total velocity extent of ~100 km s~! and brightness tem-
peratures exceeding 250 K, are emitted from the Orion KL
region, the compactness of the outflow source diminishes the
contribution of the broad-line emission to only a few percent of
the total flux of CO(7 — 6) emission from Orion A. Gener-
alizing the results of the distribution of CO(7 — 6) line flux
along the cut in R.A. through 6!C to two dimensions, we find
that the emission from regions between 6’ and 9' from 0'C,
where the UV flux is less than a few 103G, contributes ~0.3 of
the total CO(7 — 6) line flux, while emission from the brightest
quiescent lines within ~75” of §*C account for only ~0.1 of
the total line flux. The balance of the line flux arises in the
region between 75” and 6’ from 6#'C. Mapping of the CO(7 — 6)
line in other molecular clouds with moderate ambient UV
fields (G ~ 100-1000 G,) can determine whether widespread
low-level emission (T < 50 K) dominates the total flux of
CO(7 — 6) emission. A good candidate for such a mapping
project is the Orion B molecular cloud, where the ambient UV
field strength varies from ~40 to 500 G, and where bright 158
um [C 11] emission extends over most of a 24’ x 36’ region
encompassing the H 11 region NGC 2024 and the reflection
nebula NGC 2023 (Jaffe et al. 1993).

The Orion A cloud offers an interesting contrast to the more
distant and more luminous star-forming regions DR 21 and
W51, where broad-line CO(7 — 6) emission (AV > 20 km s 1)
is observed to extend over 2-3 pc scales and dominates the
total flux emanated in the J =7 — 6 transition (Jaffe et al.
1989). If the Orion cloud were at the same distance as DR 21 or
W51 (~5 kpc), the broad-line CO(7 — 6) emission from Orion
KL would be completely unobservable due to beam dilution,
given the present sensitivity of 800 GHz receivers, and only the
extended quiescent component would be detected.
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