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ABSTRACT
We have detected the 809 GHz *P,—P, fine-structure line of neutral atomic carbon in four dense molecular
clouds: M17, W51, W3, and DR 21(OH). These observations complement the published observations of the 492
GHz 3P,-*P, line and allow the excitation temperature of the *P levels along with the line optical depths to be
determined. The results indicate excitation temperatures T, = 30-60 K and optical depths of 14 < 1. This
implies that the ~ 10'® cm™2 lower limit to the C 1 abundance derived from 492 GHz observations is probably
the actual abundance, which gives C 1/CO = 0.1 in dense molecular clouds.

Subject headings: interstellar: abundances — interstellar: matter — nebulae: abundances

1. INTRODUCTION

The 3P ground state of neutral atomic carbon is split by
spin-orbit coupling into the J = 0, 1, and 2 levels which have
energies of 0 K, 23.6 K, and 62.4 K, respectively. Magnetic
dipole transitions are allowed between adjacent levels; these
lead to the *P,—*P, transition at 809.3432 GHz (370.4145 pm)
and the 3P,—3P, transition at 492.1612 GHz (609.1347 pm)
(Cooksy et al. 1986). The *P,—3P, line has been observed in
many dense molecular clouds by Phillips and Huggins (1981),
and the spatial distribution of intensity in two clouds has also
been presented (Keene et al. 1985). The large observed *P, P,
intensities implied lower limits to the C 1 column densities
(Ng { = 0.1 Ngo) which were much larger than the column
densities predicted by steady state models of cloud chemistry
(Langer 1976a), although time-dependent models predicted a
large C 1 abundance for the first 10% yr of cloud evolution
(Langer 19765b). Several other models have since been pro-
posed to explain the high observed abundance (e.g., Tarafdar
et al. 1985; Tielens and Hollenbach 1985). A good review of
the current situation is presented by Keene et al. (1985).
Phillips and Huggins (1981) have further argued that com-
parisons between CO and C 1 line widths imply that the
3P,—*P, lines are optically thick, and that the abundance of
carbon could be as large as N, = 0.7 N in some cases. The
largest optical depth derived by this comparison was 7,4 = 25
for OMC-1. The comparison was only carried out for a few
clouds which had well-defined CO line width—opacity re-
lationships, but the implication was that the C 1 lines were
possibly optically thick in other clouds as well. A more direct
approach for estimating the C 1 abundance would have been
to observe both of the C I fine-structure lines (the 3P, —*P, line
at 492 GHz and the *P,—*P, line at 809 GHz) and compare
the results, but observations at the higher frequency were not
possible at the time. The first detection of the *P,—*P; line
was subsequently presented by Jaffe eral. (1985), who de-
tected it in OMC-1. Although their data favor optically thin
C1 lines, the result is not firm due to large systematic
uncertainties. We have recently observed the *P,~3P; line in

four dense molecular clouds: M17, W51, W3, and DR 21(OH).
In this Lerter we present our data, compare them to existing
3P,-3P, data, and derive estimates for the excitation tempera-
ture and column density of neutral carbon.

II. OBSERVATIONS

Since the transmission of the atmosphere at 370 pm is at
best rather poor from the ground, we observed the *P,—3P,
transition from the NASA Kuiper Airborne Observatory
(KAO) at an altitude of 41,000 feet. The observations were
completed in 1985 July using an airborne far-infrared hetero-
dyne receiver (Betz and Zmuidzinas 1984). This is the first
laser spectrometer to be used aboard the KAO, although
similar (but larger) instruments have been used at ground-
based observatories (e.g., Koepf et al. 1982; Jaffe er al. 1985).
Briefly, it consists of a CO, laser-pumped far-infrared laser
local oscillator (LO), a polarization diplexer to combine tele-
scope and LO beams, and a GaAs Schottky diode mixer in an
open structure mount. A velocity resolution of 1.85 km s~!
over an interval of 74 km s~ was achieved by using a filter
bank with 40 5 MHz channels to analyze the intermediate
frequency (IF) signal. The room-temperature receiver had a
20,000 K (SSB) noise temperature.

We used the chopping secondary of the telescope to switch
between two beams that were alternately placed on the source.
At the chopping frequency of 21 Hz the maximum chopper-
throw consistent with a reasonable waveform efficiency was
5/, which in some cases may not have been sufficient to place
the off-source beam in a region free of emission (see § IV).
The absolute flux calibration was derived from raster scans of
the telescope beam across Jupiter. The calibration uncertainty
is dominated by source coupling effects, as will be discussed
in § IV. These measurements, corrected for the finite size of
Jupiter, also provided the beam size (80 FWHM), the main
beam efficiency (~ 30% including chopper waveform in-
efficiency), and the instrument boresight (to +15). We
assumed that Jupiter had an uniform elliptical intensity distri-
bution with major and minor axes of 48" and 45", respec-

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1986ApJ...307L..75Z&amp;db_key=AST

ZMUIDZINAS, BETZ, AND GOLDHABER Vol. 307

:: 14[Illlllll|llll'llll 14|||||||r|||||||||||
2 12 W 51 - 2l M 17 —
:él
1
&

Tus (K)

sl ey

20 40 80 80 100
Viss (km/s)
FIG. 1a
8 TIrTIr l TTITT1 ] TTrT I TTTT
w3
6 |- —
4+ i
S
2 —
8
[_4
o -
-2 = —
_4 L1l Ll 1.0 1 1 I 1111 I | . |
-80 -60 -40 ~20 0
Visz {(km/s)
Fi1G. 1e

—4 il R NN N
~20 0 20 40 80

Vise (km/s)
FiG. 1»

8 TT T T [T T T T[T T T T TTTT

Y
I

2

_4||||||||l|||||||||
-40 -20 1} 20 40

Visn (km/s)
FiG. 1d

FiG. 1.—809 GHz C 13P,—3P; emission observed toward (a) W51, integration time = 32 minutes; (5) M17, integration time = 44 minutes; (¢) W3,
integration time = 58 minutes; and (d) DR 21(OH), integration time = 23 minutes.

tively, and a brightness temperature of 160 K at 370 pm
(Hildebrand ef @l 1985). The Moon, which was used to
calibrate the 3P,—3P; data (Phillips and Huggins 1981), was
not available at the time of these observations. The overall
pointing accuracy is estimated to be between 20”” and 30”.

II1. RESULTS

Figures 1a-1d show the 3P,-3P, spectra measured for four
dense clouds: M17, W51, W3, and DR 21(OH). The observed
positions were chosen to match locations where P, 3P, emis-
sion had been measured previously. We also observed S140
but failed to detect a line. The *P,~>P, emission in S140 has
been shown to have a spatial extent of over 10’ in a direction
similar to our misoriented chop direction (Keene et al. 1985).
Consequently, emission in the reference beam may have
canceled equivalent cmission in the “on-source” beam to
produce a zero differential signal. If this is so, then the
3P,-3P, emission and the *P,—*P, emission have similar spa-
tial distributions.

The spectra in Figure 1 have been Hanning smoothed to an
effective resolution of 3.7 km s~ !, and small linear baselines
have been subtracted. Table 1 shows the measured peak
intensities, line widths, line centers, and their uncertainties.
These parameters were determined by fitting a Gaussian
profile degraded by the instrumental resolution to the un-
smoothed data, in order to correct these parameters for the
finite resolution of the spectrometer. The x? values of the fits
were consistent with independent measurements of the re-
ceiver noise, although the line profiles are not necessarily
expected to be Gaussian (the S/N ratio is not large enough
to show the fine details of the line profile). Also shown in
Table 1 are *P,-3P, line parameters. The center velocities
agree well, while the line widths agree well only for M17 and
DR 21(OH). We expect the line widths to be similar if the gas’
is optically thin, while the *P,—*P, line should be somewhat
wider than the *P,-*P; line if the gas were cool and optically
thick since the optical depth of the 3P,-P, line would be
~ 2 times larger than the depth of the 3P,—3P, line (for
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TABLE 1
C 1 LINE PARAMETERS

Tup(2-1)  AV(2-1) Veemer(2-1)  TF(1-0)  AV(A-0)  Viene(1-0)
Source X) (km s~ 1) (km s~ 1) 424} &ms™1)  (kmsD)
MI17% .ol 129+13 67+08 19.6 + 0.7 11.0 6.4 20.5
ws1b L 89+10 160+22 575+ 1.0 8.0 20.5 60.0
w3k 73+09 91x15 —388+0.8 6.0 5.0 -380
DR 21(OH)? ...... 85+19 57+15 —-40+08 4.0 5.0

Note.—The quoted uncertainties are +1 a.

31-0 data from Keene et al. 1985.
®1-0 data from Phillips and Huggins 1981.

©The value shown in Table 1 of Phillips and Huggins 1981 for the 1-0 line width is 6.5 km s™1,
However, their published spectrum shows a line width of 5 km s~ (FWHM). We believe the larger

value to be a typographical error.

41-0 data from J. Keene 1986, private communication.

T, = 20 K). However, the line width variations are probably
best explained by the fact that the two different beams (80" at
809 GHz versus 180" at 492 GHz) sample different spatial
regions of sources with a complex velocity structure (Phillips
et al. 1981; Brackmann and Scoville 1980 [W3]; Mufson and
Liszt 1979 [W51)).

IV. INTENSITY CALIBRATION AND SOURCE
COUPLING EFFECTS

A comparison of the intensities of the *P,—*P, and °P,-*P,
transitions can provide useful information about the abun-
dance and excitation of carbon. However, the comparison of
intensities is not straightforward since the beam size of the
3p,—3P, observations (3') is a factor of 2 larger than that of
the 3P,—*P, observations, and so the source coupling differs.
Furthermore, the calibration procedures (and sources) differ.
These details are important in interpreting the data since the
3p,-3P, /3P,—3P, line intensity ratio for optically thin gas is
at most only a factor of 2 larger than the same ratio for
optically thick gas. In fact, the source-coupling corrections
change the line intensities by ~ 30% or more; hence, the
statistical uncertainties in the data (~ 15%) are small com-
pared to the uncertainties in the source coupling,

The 3P,-3P, data were calibrated in such a manner that a
source of uniform intensity T,(1-0) filling the entire diffrac-
tion pattern of the telescope, including sidelobes, would give a
measured intensity of T;*(1-0) = T (1-0). A source not large
enough to fill all of the sidelobes completely would give
TF(1-0) = ny_¢Tr(1-0), where n;_o < 1 (Kutner and Ulich
1981). On the other hand, the 3P,—3P, data were calibrated in
such a manner that a source of uniform intensity Tr(2-1)
filling only the main lobe of the diffraction pattern and not
filling any sidelobes would give a measured intensity of
Tmp(2-1) = TR(2-1). If the source were smaller than the
main lobe the measured intensity would be Tp(2-1) =
N,-17x(2-1) with 7, ; < 1, while if the source were larger
than the main lobe and started filling the sidelobes as well, we
would have 75, ; > 1. We calculated both of these source
coupling coefficients, 1,_p, and 7,_;, assuming a Gaussian
source intensity distribution with a peak intensity 7, and a
theoretically calculated telescope diffraction pattern. The re-
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FIG. 2.—Solid line: source coupling efficiency #;_o for the *P;—*P,
observations as a function of source size. Dashed line: source coupling
efficiency u, , for the *P,~3P, observations. Dot-dashed line: 9,_; cor-
rected for emission in the reference beam.

sults are plotted in Figure 2 as a function of assumed source
size.

The difference between the two calibrations is easily under-
stood by considering the calibration sources used. The 3P,—3P,
data were calibrated by using the Moon, which fills the entire
telescope diffraction pattern, while the *P,—3P, data were
calibrated using Jupiter, which fills only a small fraction. of
the main lobe of the diffraction pattern. The main lobe was
scanned across Jupiter in order to deduce the strength of the
signal that would have been measured on a source large
enough to fill the main lobe. We could not directly deduce the
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TABLE 2

OpTICAL DEPTHS AND EXCITATION TEMPERATURES
A: UNCORRECTED? B: CORRECTED® C: CORRECTED®
Source T, Tyt 0 v L T me tw® T Tu® me o fsource
M17 e 72. 53. 020 031 36 26. 095 >2 48, 36. 056 091 672
WSL oo 64. 47. 017 025 37 21. 051 081 64. 46. 022 037 7.8
Wi 74. 51. 010 017 31. 22. 087 >2 31. 22. 083 >2 35
DR 21(OH)............ > 200. 89. <003 009 98 4. 007 020 147. 55. 004 015 6.0

*Derived from measured line intensities with no correction for source coupling effects.

b Corrected for source coupling only using a source size of OsouRcE-

Corrected for source coupling and reference beam emission using a source size of fgoyrcE-
dLower limit for T, (95% confidence level; based on statistical uncertainty of 2-1 intensity only).

*Upper limit for 7
Ysource is the

30 (95% confidence level; based on statistical uncertainty of 2-1 intensity only).
12CO(1-0) source size (FWHM). The CO source sizes are taken from Thronson and Lada 1983, see also

Keene et al 1985 (M17); Mufson and Liszt 1979 (W51); Brackmann and Scoville 1980 (W3); Dickel er ol 1978

[DR 21(OH)].

signal that a source filling the entire telescope pattern would
have produced because the signal-to-noise ratio was not large
enough to allow the sidelobes to be mapped in the available
time.

Another important consideration for the 3P,—3P; data is the
possibility that the 5’ chopper throw was not large enough,
and that there was emission from the source in the reference
beam, which would cause the differential signal to be smaller.
This effect obviously depends on source size. We define 735"
to be the ratio Typ(2-1)/Tx(2-1) corrected for reference
beam emission, again assuming a Gaussian source intensity
distribution, and we plot it in Figure 2 as a function of source
size.

V. DISCUSSION

We model the measured C I line intensities with an emis-
sion region of uniform temperature in which the 3P levels are
fully thermalized [#(H,) > 10* cm~3]. We also assume that
the velocity distribution of the gas sampled with the 180~
beam at 492 GHz is similar to the velocity distribution of the
gas sampled with the 80”” beam at 809 GHz, although this
assumption probably breaks down for W3, as shown by the
line widths in Table 1. Only two unknown quantities, the
*P,—3P, line optical depth at the center velocity 7,4 (Vienter)
and the excitation temperature T}, determine the line intensi-
ties in this model, so a measurement of the two intensities
allows us to fully determine these parameters. Other parame-
ters of interest, namely the *P,~3P, optical depth 7,; and the
C 1 column density N, ,, can be derived assuming thermal
equilibrium. Under such circumstances, the ratio of optical
depths 1,, /7y, is larger than 1 for T, > 50 K and asymptoti-
cally approaches the value of 2.1 as T, is increased, while
Ty1/Tip is less than 1 for 7, < 50 K.

We derive T, and 7, for three sets of line intensities. The
first set A is given by TR(1-0) = T;(1-0) and TR(2-1) =
Tyyp(2-1); here we take the line intensities “as is” and
perform no corrections. The second set B is given by 7;(1-0)
= T¥(1-0)/9,_¢ and TR(2-1) = Tyy5(2-1)/7,_,. The source
sizes used in estimating the source coupling coefficients are
listed in Table 2 (see Fig. 2 also) and are derived from maps

of J=1-0 2CO emission. Scans of the C 1 *P,-3P,
emission in OMC-1 (Phillips and Huggins 1981), and M17
and S140 (Keene er al. 1985), indicate that the C I emission
region is similar in extent to the CO emission region, and, as
mentioned in § III, our nondetection of 3P,—3P, emission in
S140 may provide evidence that the >P,—*P, emission and the
>P,—*P, emission have similar spatial distributions. The third
set C of intensities for which we calculate T, and 7, is the
same as the second set with %, ; replaced by 75EF; this
attempts to correct for possible emission in the reference
beam. The corresponding values of 7, and 7, are listed in
Table 2. The results show that 7, < 1 in all cases, and that T,
is typically 30-60 K. M17 and W3 show the largest corrected
optical depths; for M17 this is due to the large observed
3PP, intensity, while for W3 this is due to the large upward
correction to the observed PP, intensity necessitated by
its small 3.5 source size. Both W51 and DR 21(OH) appear to
be optically thin regardless of the assumed correction. In the
case of DR 21(OH) the excitation temperatures seem anoma-
lously high. However, the 3P,-3P; intensity has a large uncer-
tainty, as indicated by the considerably smaller lower limits
for T, shown in Table 2.

Since the lines seem to be optically thin, the lower limits to
the column densities of C 1 (~ 10'® cm™?), derived by Phillips
and Huggins (1981) using an optically thin approximation
with 7, = 20 K, are likely to be the actual column densities.
The column densities derived in this approximation are very
insensitive to the assumed excitation temperature, changing
by only 25% over the range 15 K < 7, < 200 K. The mini-
mum column densities are calculated by assuming 7, = 30 K,
while the column densities calculated by assuming 7, = 20 K
are only 6% larger. After correction for source coupling (case
B above), we derive the following column densities (in units
of 10'® cm~2): 2.1 for M17, 2.8 for W51, 2.1 for W3, and 0.5
for DR 21(OH). Note that these are the peak column densi-
ties; the column densities averaged over the source or aver-
aged over a beam would be smaller.

If we compare the parameters derived from the uncorrected
line intensities to the parameters derived from the intensities
corrected for source coupling, we see that the source-corrected
excitation temperatures drop typically by a factor of 2, while
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the optical depths increase by an even larger factor. This
demonstrates the sensitivity of the results to the assumed
source-coupling coefficients, especially to the large upward
corrections of the *P,-°P, intensities. However, the source-
coupling coefficients are derived with the aid of several as-
sumptions and are not known precisely. Hence, it is difficult
to put strict upper limits on the derived values of 4 or lower
limits on T, especially for M17 and W3. The solution to this
problem, of course, is to use beam sizes that are much smaller
than the source size (such as would be obtained from a larger
telescope), and to make sure that the source positions and
reference positions are well separated. Even with a 30%

OBSERVATIONS OF NEUTRAL ATOMIC CARBON L79

relative uncertainty between the two intensities, firm limits
could be placed on the model parameters. Future observa-
tions of isotopic C I may also help to reduce uncertainties in
the estimates of the optical depths.

We thank the staff of the Kuiper Airborne Observatory for
their expert assistance with this new project. We are grateful
to J. Keene for communicating C 1 3P,~>P, results prior to
publication, and to her and D. Jaffe for many helpful discus-
sions. This work was supported in part by NASA grant NAG
2-254.
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