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ATOMIC CARBON IN THE SOUTHERN MILKY WAY
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ABSTRACT

We present a coarsely sampled longitude-velocity (I-V) map of the region / = 300°-354°, b = 0° in the
492 GHz fine-structure transition of neutral atomic carbon (C° 3P, —3Py; [C 1]), observed with the Portable 18 cm
Submillimeter-wave Telescope (POST18). The /-V distribution of the [C 1] emission resembles closely that of
the CO J = 1-0 emission, showing a widespread distribution of atomic carbon on the Galactic scale. The ratio
of the antenna temperatures, Rc ,/,co, concentrates on the narrow range from 0.05 to 0.3. A large velocity gradi-
ent (LVG) analysis shows that the [C 1] emission from the Galactic disk is dominated by a population of neutral
gas with high C%/CO abundance ratios and moderate column densities, which can be categorized as diffuse trans-
lucent clouds. The ratio of bulk emissivity, Jc ,/Jco, shows a systematic trend, suggesting the bulk C%CO abun-
dance ratio increasing with the Galactic radius. A mechanism related to kiloparsec-scale structure of the Galaxy
may control the bulk C%/CO abundance ratio in the Galactic disk. Two groups of high-ratio (Rc ,/co > 0.3) areas
reside in the /-V loci several degrees inside of tangential points of the Galactic spiral arms. These could be gas
condensations just accumulated in the potential well of spiral arms and be in the early stages of molecular cloud

formation.

Subject headings: Galaxy: structure — ISM: abundances — ISM: atoms

1. INTRODUCTION

Since the first detection of the CO J = 1-0 line (Wilson
etal. 1970), it has been a principal tool used to study the molec-
ular component in the Milky Way and external galaxies. Large-
scale CO surveys (e.g., Gordon & Burton 1976; Sanders et al.
1984; Dame et al. 1986, 1987; Bronfman et al. 1988, 1989) have
shown that most of the molecular material in the Galaxy is con-
tained in the form of molecular clouds, which are sites of star
formation. The Galactic distribution of molecular clouds is char-
acterized by their concentration in the Galactic center region and
in a “ring” at a galactocentric radius of 0.4—0.8 R, in sharp
contrast to the flatter distribution of atomic hydrogen. In addi-
tion, giant molecular clouds and their complexes are concen-
trated to spiral arms in the Galactic disk (e.g., Sanders et al.
1985; Stark et al. 1987). These indicate that formation processes
of molecular clouds must be closely related to the kiloparsec-
scale structure of the Galaxy.

To investigate formation processes of molecular clouds, it
is crucial to know the large-scale spatial distribution and kine-
matics of molecular cloud-forming regions in the Galaxy. First
and foremost, direct detections of such regions must be essen-
tial. Neutral atomic carbon (C°) is the most promising tool to
trace cloud-forming regions, since the conversion timescale of
C% into CO is comparable to the dynamical timescale of mo-
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lecular clouds. Chemical models predict that C° becomes
abundant, when it has not been converted into CO, in the early
stage of chemical evolution of a molecular cloud (e.g., Suzuki
et al. 1992). The fine-structure 3P;—3P, transition of atomic
carbon ([C 1] 492.160651 GHz) must be a superior tracer of
CY in interstellar space, since it is easily excited at densities
n(H,) 2 10° cm~3 and kinetic temperatures 7} = 20 K. Recently,
an extensive survey of nearby molecular clouds in the [C 1]
492 GHz line with the Mount Fuji submillimeter-wave telescope
found such molecular clouds in the early stage of chemical evo-
lution (Maezawa et al. 1999; Kamegai et al. 2003; Oka et al.
2004). However, the sky coverage of the Mount Fuji telescope
survey is still limited (~50 deg?), since its beam size (2/6 at
492 GHz) is too small to survey the whole Galaxy.

For the exclusive use of the wide-angle survey of the Milky
Way in the C° 3P, 3P, line, we have developed a very small
submillimeter-wave telescope, the Portable 18 cm Submillimeter-
wave Telescope (POST18). This paper presents a brief descrip-
tion of POST18 as well as the results from a pilot survey of
the Milky Way in the [C 1] 492 GHz line. In this paper we adopt
the Galactic constants 7., = 8.5 kpc and O, = 220 km s~ !, fol-
lowing the recommendation by the IAU in 1985.

2. INSTRUMENT

A schematic drawing of the telescope is shown in Figure 1.
The telescope is designed to be compact for portability. The
total weight of the telescope, including the receiver, back end,
and control system, is approximately 200 kg.

The telescope has an offset paraboloidal main reflector with a
diameter of 18 cm that gives a beamwidth of 13/6 at 492 GHz.
An optical telescope is attached to the edge of the main reflector
to measure the instrumental pointing errors. The beam from the
main reflector is dropped by a flat subreflector, being directed
to the mixer horn in the Dewar. Two equal harmonic drive
motors are used to drive azimuth (Az) and elevation (El) axes.
The torque of the motors is 1.5 Nm, and the maximum angular
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Fic. 1.—Schematic drawing of the Portable 18 cm Submillimeter-wave
Telescope.

speed is 4200 revolutions per minute (rpm). Rotations of the
motors are decelerated by 100:1 and 50:1 in Az and El, respec-
tively, and the Az axis is driven via a 160:1 worm gear.

We developed a superconductor-insulator-superconductor
(SIS) mixer receiver for the 500 GHz band. We employed a
Nb-based parallel connected twin junction (PCTJ) type mixer that
was fabricated at the Nobeyama Radio Observatory (NRO). The
mixer is operated in the double-sideband (DSB) mode, and the
492 GHz signal is received in the lower sideband. The inter-
mediate frequency (IF)is 1.8—2.5 GHz. The receiver employs a
two-stage Gifford-MacMahon cryocooler (Sumitomo RD101),
which has a cooling capacity of 0.1 Won the 4 K cold stage with
a 1.5 kW power consumption. The local oscillator (LO) signal
is generated by multiplying the output of a W-band (~80 GHz)
Gunn diode oscillator with a 2 x 3 multiplier (Radiometer Phys-
ics GmbH). The LO signal is quasi-optically coupled to the ra-
dio frequency (RF) signal by a free-standing wire grid equipped
on the top of the Dewar. The IF signal from the mixer is am-
plified by a cooled low-noise amplifier (LNA; Nitsuki model
9838S4). The DSB receiver noise temperature including LNA
was Trx =~ 140 K in the laboratory.

The IF signal from the Dewar is amplified by +66 dB at room
temperature and is fed into a wideband acousto-optical spectrom-
eter (AOS). The imaging optics enables us to cover 900 MHz
bandwidth with a 1728 channel charge-coupled device (CCD)
array. The effective frequency resolution of the spectrometer is
1.0 MHz. The frame rate of the CCD was set to 4 ms. The gain
variation of a spectrum obtained with the AOS is less than a
3 dB peak-to-peak variation over 700 MHz.

TABLE 1
THE PARAMETERS OF POST18 aT 492 GHz

Parameter Value

Main Reflector

OPLICS e Offset paraboloid
Diameter.........cococueueueueueieieiniennenns 18 cm
Focal length ... 420 mm
HPBW ..o 13/6
Receiver
CryoCOOler.....ccvveeeiieeiieieiienne Two-stage GM
MIXET tYPe...evereniereiierereeiereeeeaenne SIS PCTJ
IF frequency.......ccoeoevereucecrenennene 1.8-2.5 GHz
Receiver temperature.................... 140 K (DSB)
AOS
Channel number.. 1728 ch

Bandwidth ..........cccooveieiiiiie
Resolution .......c.oveeeeevieieienene

700 MHz (430 km s~ ')
1.0 MHz (0.6 km s~ 1)

All instruments are controlled by a personal computer via
GP-IB and digital I/O interfaces. The operating system of the
computer is Windows 2000. The telescope control software has
been developed with the Visual C++ package. The parameters
of the telescope are listed in Table 1.

3. OBSERVATIONS

On 2003 September 4, the telescope was assembled at the
site of the Atacama Submillimeter-wave Telescope Experiment
(ASTE) at Pampa la Bola (altitude 4840 m), Chile. The electric
power was supplied from the ASTE power plant. The telescope
needs about a week for installation and adjustment. The instru-
mental pointing errors were corrected by observing stars with
the optical telescope. The pointing errors of the radio axis are
measured by observing continuum emission from the Sun, main-
tained to 75” in rms. The beam efficiency was estimated by ob-
serving the new Moon to be Noeon = 85% =+ 4% by assuming
the brightness temperature of the new Moon to be 110 K (bright-
ness at A = 1 mm; Linsky 1973). We successfully operated the
telescope from September 10 to 30 and from November 15 to
December 4 in 2003.

The atmospheric opacity was measured by tipping the main
reflector around the El axis. The zenith opacity at 492/496 GHz
was from 0.5 to 1.0 during the operation. Atmosphere-corrected
system temperatures ranged from 600 to 1000 K in DSB. The
observations were made using position switching to reference
positions ~2° off the Galactic equator and less than 2°5 apart in
longitude. The reference positions were selected in emission-
free regions of deep CO maps (Bronfman et al. 1989). The data
were calibrated by the standard chopper-wheel method (Ulich
& Haas 1976). The intensity reproducibility was checked by ob-
serving the same position in the p Oph cloud and was found to
be stable within +15% in rms.

The very dry submillimeter sky at the Pampa la Bola site
enables us to detect faint [C 1] line emission from the Galactic
plane. A total of 55 sparsely sampled spectra were obtained in
the region [ = 300°-354°, b = 0°, with a spacing of A/ = 1°.
A test for the feasibility of detecting Galactic-scale variations
from coarsely sampled data has been performed in the case of
CO by Liszt (1993). He concluded that there is no severe penalty
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Fic. 2.—Typical [C 1] spectrum in the Galactic plane at / = 330°. Broad
absorption features centered at ¥y sg ~ —280 and +130 km s~! are telluric ozone
lines at 496.254 GHz (USB interference) and 491.951 GHz, respectively.

due to sampling in a limited fashion in order to detect the Ga-
lactic-scale behavior of emissivity. A typical [C 1] spectrum is
shown in Figure 2. The bandwidth and resolution of the back end
corresponds to a 400 km s~! velocity coverage and 0.6 km s~!
velocity resolution, respectively. However, strong interference
of telluric ozone lines (496.254 and 491.951 GHz) reduces
available bandwidth to as narrow as 300 km s~!. Typical 600 s
on-source integrations resulted in spectra having a noise level of
ATj; < 0.1 K in rms. The standard processed spectra have off-
sets from zero and the shape of the band characteristic curve of
the back-end system because of the difference between the on/off
continuum levels and the minimal nonlinearity in the back end.
Thus, we subtracted baselines of the spectra by fitting fourth-
order polynomial lines and the band characteristic curve of the
back-end system.

4. RESULTS

We detected [C 1] 492 GHz emission in about 90% of posi-
tions observed. Figure 3a shows a longitude-velocity (-V) map
of the southern Milky Way in the [C 1] 492 GHz emission. The
[C 1] emission is generally weak, T; < 0.5 K, over the [-V space
we covered. The [C 1] antenna temperature reaches 75 ~ 0.5 K
at only two positions, (/, Vi sr) = (337°, =76 km s~!)and (338°,
—47 km s~ '), where giant H 11 region complexes are associated
(e.g., Georgelin & Georgelin 1976).

To compare the molecular and atomic phases of interstellar
carbon, we have extracted CO J = 1-0 spectra from the large-
scale survey data obtained with the Columbia—Universidad de
Chile 1.2 m Millimeter-Wave Telescope (Bronfman et al. 1988,
1989; Bitran et al. 1997), which have the same positions and
a similar angular resolution (~9’) as the [C 1] data. Figure 3b
shows a /-V map in the CO J = 1-0 emission. Loci in /-V space
of three major spiral arms as well as the /-V track of the 3 kpc
arm (Mulder & Liem 1986) are superposed. The three major
spiral arms are modeled by usual logarithmic spirals, 7(¢) =
ro exp (—po¢) (e.g., Kennicutt 1982 and references therein). We
calculated the parameters ry, p by fitting log spirals to (, ¢) loci
of giant H n regions (“bright” and “medium” in Georgelin
& Georgelin 1976). The I-V maps show striking similarity; in-
tense emission from molecular clouds that belong to the Norma
and Scutum-Crux arms, lack of emission from the Sagittarius-
Carina arm, and faint emission possibly associated with the 3 kpc
arm. The lack of emission from the Sagittarius-Carina arm is
most probably due to the large angular width of the arm, several
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FiG. 3.—(a) Longitude-velocity map for [C 1] 492 GHz emission, and (b) the
corresponding map for CO J = 1—0 emission. Loci in /-V space of three major
spiral arms and the 3 kpc arm (Mulder & Liem 1986) are shown by solid lines.
Open polygons and circles show giant H it regions (“bright” and “medium” in
Georgelin & Georgelin 1976). The data inside of the purple solid frame are used
in the analyses.

degrees, being so near (~1.5 kpc) and the sampling being re-
stricted to b = 0°.

5. DISCUSSION
5.1. Physical Conditions
5.1.1. Intensity Correlation and Ratio

Intensity correlation plots may be useful to compare ob-
served lines and to infer physical and chemical conditions of line-
emitting gas. Figure 4 is the plot of Ty (C 1) versus Typ(CO)
made with the data in the /-Varea indicated with the solid line in
Figure 3. The following analyses use the same data set. A rough,
linear correlation is apparent. Fitting the data to a straight line
gives Tys(C 1) = —0.01 + 0.1275(CO), with a correlation co-
efficient p = 0.75. The linear correlation may suggest that both
lines arise from the same population of interstellar matter.

To quantify the frequency distribution of the intensity ratio,
Rc 1/co = Tms(C 1)/ Ty (CO), we made a histogram of the ratio
(Fig. 5). Each column shows the sum of [C 1] line intensity for
data with R¢ ,,co in each bin. Since [C 1] line is considered to be
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Fic. 4.—Plot of [C 1] 492 GHz against CO J = 1—0 main-beam temper-
atures (Typ). Both data sets were smoothed to a 2 km s~! resolution.

fairly optically thin (e.g., Oka et al. 2001, 2004), the vertical axis
may represent the amount of C® gas with a given R¢ ,,co. The
distribution of Rc,,co has a prominent peak at ~0.12. About
70% of [C 1] emission comes from gas with R¢ ,co between 0.05
and 0.3. This implies that [C 1] emission from the Galactic disk
may be dominated by a population of neutral interstellar matter
with a specific physical condition.

The ratio of total integrated intensities, W¢,/Wco, was
0.105 4 0.004. Coarse resolution (7°) data by COBE gives a
little higher value, W¢ ,/ Wco = 0.18. The discrepancy between
COBE data and ours could arise from the incompleteness of our
[C 1] data set, implying that neutral gas with low R¢ ,,co may
be abundant in the midplane of the Galactic disk compared to
out of the plane. The results from the Antarctic Submillimeter
Telescope and Remote Observatory (AST/RO) reported R 1/co
around 0.1 for gas in the Galactic center and 0.3—0.4 for gas in
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Fic. 5.—Binned distribution of intensity ratios, R¢ 1,co = Tms(C 1)/ Tms(CO),
weighted by [C 1] intensity.
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Fig. 6.—Calculated curves of constant [C 1]/CO J = 1—0 intensity ratios
(solid lines) and CO J = 1—0 intensities (dashed lines) as a function of CO
column density per unit velocity width and C%CO abundance. Kinetic tem-
perature is assumed to be 10 K and hydrogen density to be 10> cm~3. The color
map shows density distribution of observed data weighted by [C 1] intensity.

the foreground (Ojha et al. 2001). High-ratio gas in the fore-
ground of the Galactic center could be in a conditionthat is not
average in the Galactic disk. Observations of nearby external
galaxies have shown that R¢ ,,co varies within galaxies or be-
tween galaxies (Gerin & Phillips 2000). They found that some
galaxies show lower R¢ ;,co in the nucleus than in the disk. Our
Galaxy seems to have no significant difference in R¢ ;,co be-
tween the nucleus and the disk, however.

5.1.2. LVG Analyses

It is difficult, in general, to diagnose physical conditions of
[C1]-emitting gas solely from the [C 1]/CO intensity ratio Rc ,/co,
since a number of parameters including excitation conditions
and the ultraviolet radiation field affect R¢ ,/co. In addition, dif-
ferent conditions sometimes result in similar values of Rc ,,co
(i.e., gas in the Galactic center and the disk). To avoid compli-
cation, we restrict our discussion to the variation in the Galactic
disk, in which the environment is considered to be roughly uni-
form. We assume a constant density and a constant kinetic tem-
perature in referring to the results of large velocity gradient
(LVG) model calculations. Under these assumptions, R¢ ,/co 18
determined by the C%CO abundance ratio and the gas column
density per velocity width: the higher abundance ratio gives
the higher R¢ |,co, and the higher gas column density gives the
higher Rc /co if the C%CO abundance ratio is not unnaturally
high, since the [C 1] line is generally less opaque while the CO
line easily saturates (see Fig. 6).

It is usually understood that the vast majority of molecu-
lar emission from the Galactic disk arises from material at 7, <
15 K. The large-scale CO surveys have shown that most of the
CO emission comes from low-density, subthermally excited gas.
The scaling laws derived from CO surveys (e.g., Dame et al.
1987; Scoville etal. 1987) give the mean H, density ranging from
n(H,) = 73 to 180 cm™3 for a giant molecular cloud of diameter
40 pc. For simplicity, we chose n(H,) = 10> cm™3, T;, = 10K,
and abundance ratio CO/H, = 8 x 1073 for model calculations.
In the parameter range of interest to us, a higher density slightly
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decreases the intensity ratio Rc ,,co, while a higher temperature
increases the ratio.

Figure 6 shows the [C 1]/CO intensity ratio Rc ,,co and the CO
J = 1-0 excess brightness temperature calculated for a ho-
mogeneous cloud. The frequency distribution of the observed
data weighted by the [C 1] intensity is also superposed. A large
amount of [C 1] emission comes from gas with N(CO)/dV =
10'°-10"7 em~2 (km s~ )~"and C°/CO = 2-10. The [C 1] op-
tical depths are thin or moderate (7¢, < 5) in the [C 1]-emitting
gas. The [C 1] excitation temperature is typically 5—6 K. Note
that a correction for the beam dilution effect gives a downward
revision in the C%CO abundance ratio and an upward revi-
sion in the CO column density along isointensity-ratio curves. A
beam filling factor can be estimated to be ' = 0.5 from a typ-
ical CO main-beam temperature in the [C 1]-emitting region,
Tms(CO) ~ 3 K. Including these corrections, we can safely
conclude that the [C 1] emission from the Galactic disk is domi-
nated by a population of neutral gas with high C%/CO abundance
ratios and moderate CO column densities. These conditions are
found in clouds categorized as diffuse translucent clouds (e.g.,
Stark & van Dishoeck 1994; Ingalls et al. 1994, 1997). Different
choices of the density and temperature within the range n(H,) =
102-10% cm™3 and T, = 10—20 K do not alter this conclusion.
Large-scale CO surveys implies that a significant amount of
12CO emission in the Galactic plane is produced by molecular
gas with a lower opacity than that of giant molecular clouds
(Polk et al. 1988; Chiar et al. 1994). The [C 1] emission in the
Galactic plane is also produced by such “translucent” molec-
ular clouds.

5.2. Distribution of the Intensity Ratio
5.2.1. Radial Distributions

The [C 1] and CO data were converted to bulk emissivity
assuming pure circular motion and axial symmetry of the gas
distribution, following the precepts of Burton & Gordon (1978).
The effective emissivity (Sanders et al. 1984; Bronfman et al.
1988), J(I, b, Visr) (K km s~! kpc™), is defined by

dv

J(1,b,Visr) = Tms(/, b, VLSR)%v (1)

where s is the heliocentric distance and dV'/ds is the velocity
gradient along the line of sight. The bulk emissivity J(r) was
calculated as a function of the Galactocentric distance r by tak-
ing an average of the observed emissivity over concentric rings
of thickness AR = 0.5 kpc:

J(r) = ZJ,-(I, b,V )w;/ Zw,-

AV
S Tb VYT ol Y e r 27,
ST, b, V)
Y LAY LAY )
) As " near As . far
/Z [(Wi)near+(wi)far]’ r<re,

where As is the segment of a line of sight corresponding to AV
and r, and w; is the weight assigned to each datum. We took
w; = As. The uncertainty in the bulk emissivity is given by
[AJ(M))*= 3,[0J(r)/ OT*(AT)?, where AT is the uncertainty
in the brightness temperature. The Galactocentric distance r
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FiG. 7.—(a) Variation of bulk [C 1] and CO emissivities with the galactocen-
tric radius. (b) Ratio of bulk emissivities (J¢ ,/.Jco) across the Galactic disk. Errors
are in 1 ¢ in both panels.

was calculated from / and Vi gr by geometric consideration of
the Galactic rotation. Inside the solar circle, two heliocentric
distances are possible for a given Galactocentric distance. We
adopt the analytical expression for the Galactic rotation curve
employed by Brand & Blitz (1993),

O(r)/0¢ = ai(r/re)™ + as, (3)

where O(r) and O are, respectively, the rotation velocity at
r and that at the solar circle. We force O(rp) = O, implying
a3 = 1 — a;, and thereby the independent parameters become
a; and a,. We employed a; = 0.705 and a, = 0.35 x 108 ac-
cording to Russeil (2003).

The [C 1] and CO bulk emissivities and their ratio are pre-
sented in Figure 7. Errors are the standard deviation of the mean
calculated from the uncertainty in bulk emissivity [AJ(r)]. A
shape of the radial distribution of the [C 1] bulk emissivity is
in good agreement with that of CO, except for small bumps at
r ~ 2 and 8 kpc. Both emissivities display a broad peak at the
“molecular ring” decreasing steeply toward the sides. The ratio
of [C 1] and CO bulk emissivities stays roughly constant (~0.12)
at the molecular ring, » = 4-7 kpc. On either side of the mo-
lecular ring, the ratio decreases by a factor of 3 and then in-
creases at the [C 1] bumps. The inner bump in the [C 1] radial
distribution (Fig. 7a) is generated by the contribution of high
[C1]/CO intensity ratio gas associated with the 3 kpc arm, which
is an inner arm-like feature having large noncircular velocity.
We should exclude this feature from consideration here, since it
apparently breaks the assumption of axial symmetry. The outer
bump is generated by a broad-velocity [C 1] emission feature at
(/, Visr) = (345°,10 km s~ '), which may be a cloud from the
near side of the Sagittarius-Carina spiral arm. We should take
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Fig. 8.—Plot of CO column density per unit velocity width ( filled circles,
left axis) and C%CO abundance (open circles, right axis) as a function of the
galactocentric distance. J/Tyg = 3 and uniform brightness over each radius
ring was assumed.

these bumps as a preliminary result only, since they do not have
enough statistical significance.

We have a smooth radial trend in the [C 1]/CO ratio across
the Galactic disk, excluding the contribution of the [C 1] bumps.
What produces this Galactic trend? As we commented in § 5.1.2,
the [C 1]/CO intensity ratio R¢ ,,co is determined by the gas col-
umn density per velocity width and the C%/CO abundance ratio.
To separate these two factors we again refer to the LVG calcu-
lations. The definition of the bulk emissivity says that the emis-
sivity is a measure of typical brightness temperature from a unit
volume. Here we boldly assumed J/ Tyig = 3, which corresponds
to a volume filling factor of 0.3 with a typical velocity gradient
AV/As =10 km s~! kpc™!, and obtained radial distributions
of the column density and C%/CO abundance ratio (Fig. 8). The
C%CO abundance ratio shows a gradual increase from r = 3
to 7 kpc, while the column density shows a radial distribution
similar to those of the [C 1] and CO emissivities. A different choice
of the J/Typ ratio does not erase the trend, although it alters
absolute values. This result indicates that the outer decline of the
[C 1]/CO ratio is due to the steep decline of the column density
and that the inner decline is largely due to the monotonous de-
crease of the C%/CO abundance ratio toward the Galactic center.

The mechanism responsible for the C%/CO Galactic trend
may be unrelated to the physical conditions, since no radial trend
has been found in the physical conditions of molecular clouds
across the Galactic disk (Liszt 1993; Hasegawa et al. 1998).
Contribution of diffuse atomic gas in interarm regions may be
rejected by a striking resemblance between the [C 1] and CO [-V
distributions. The determinant of the bulk C%/CO abundance
ratio must be deeply concerned to the formation and destructive
processes of molecular clouds in the Galactic disk.

5.2.2. Relation to the Spiral Arms

It is widely accepted that the evolution of interstellar matter
in the Galactic disk is greatly affected by encounters with the
Galactic spiral arms. The [-V diagram of the [C 1]/CO intensity
ratio Rc ,co = Tms(C 1)/ Tms(CO) (Fig. 9) may be useful to in-
vestigate the effect of spiral arms on neutral interstellar matter.
The [C 1] and CO data were smoothed to a 2 km s~! resolution,
and data with Tyg(C 1) < 0.25 K were excluded to obtain a
reliable distribution of the intensity ratio. Loci in /-V space of
three major spiral arms, 3 kpc arms, and those of giant H 11 regions
(Georgelin & Georgelin 1976) are also presented.
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Fic. 9.—Longitude-velocity map of the antenna temperature ratio Rc /co;
(a) with loci of the arms and of giant H 1 regions, and (b) with CO complexes
that may be associated with the Scutum-Crux and Norma arms. Both data sets
were smoothed to a 2 km s~! resolution, and data with Ty(C 1) < 0.25 K were
excluded. Thin gray lines show the zero velocity line and the terminal velocity
line for » > 3 kpc.

We see several areas with high intensity ratios (R¢ ;,co > 0.3).
These high-ratio areas are not necessarily associated with the
bright H i regions closely. The intensity ratio seems to be rather
low (Rc 1/co < 0.2) at cloud complexes that may be associated
with the Scutum-Crux and Norma arms. Gas associated with the
3 kpc arm have rather high intensity ratios. We see a very high
ratio feature at (/, V1sr) = (345°, 10 km s~ ). This could only be
in the preliminary data, or it could be one of the broad-velocity
[C 1] emission features, which were also found at (/, Vi sr) =
(321°, =70 km s ), (350°,20 km s~!), and in the direction of
M17 (M. Nagai et al. 2005, in preparation). Although the ori-
gin of these broad-velocity [C 1] features is unknown, they could
belong to a population of neutral interstellar matter that is pre-
viously unrecognized.

We also found two groups of high-ratio areas at (I, Vi sg) =
(316° to 319°, —64 to — 30 km s~ ') and (328° to 331°, —90
to —66 km s~!). The former area corresponds to the Galactic
eastern periphery of a cloud complex near the Scutum-Crux
(Centaurus) tangent (e.g., Englmaier & Gerhard 1999). The latter
resides in a CO hollow being encircled by giant H 1 regions
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180° (Lin et al. 1969), which implies the corotation circle in the outer

e > 7 region of the Galaxy (o = 15—20 kpc). Recently, some authors

270° — /°@<- —90° reported the corotation close to the solar circle (Fernandez et al.
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Fic. 10.—Three spiral arms of our Galaxy obtained by fitting logarithmic
spirals to high-excitation parameter H 1 regions (blue solid lines). Loci of H 1
regions are shown by black filled circles with sizes representing the excitation
classification of Georgelin & Georgelin (1976). The shaded area shows our
survey coverage. Red and orange filled circles indicate positions of two groups
of high [C 1]/CO ratio areas (Rc ;,co > 0.3) at their “far” and “near”” kinematic
distances, respectively. Thick pink lines show possible distributions of high-
ratio gas.

associated with the Norma arm. These high ratios are likely due
to the higher C%CO abundance ratio rather than to the higher
column density, because these locations are displaced from cen-
ters of cloud complexes associated with spiral arms. The [-V tracks
of the Scutum-Crux and Norma arms seem to run around these
high-ratio areas, placing them several degrees inside of the tan-
gential points (/ ~ 313°, 325°). Although a spiral arm traced
solely by giant H i regions may be controversial, we employ them
since they trace a massive star formation “front” in the arm. These
tracks are essentially consistent with recent models of the Galactic
spiral structure (Vallée 2002; Russeil 2003) in longitudes of in-
terest to us.

Figure 10 shows the face-on distribution of the high-ratio
areas (Rc ;/co > 0.3) in the longitude ranges [/ = 316°-319° and
[ =328°-331°. Since we could not resolve the kinematic dis-
tance ambiguity, both distances are drawn with different colors.
The high-ratio areas at their “near” distances are mainly dis-
tributed in interarm zones within 5 kpc from the Sun, while those
at the “far” distances closely follow the inside of the far side of
the Scutum-Crux and Norma arms. Although there is no strong
evidence to reject the “near” kinematic distances, absence of
high-ratio gas in the other interarm /-V zones could be circum-
stantial evidence against the “‘near” distances. If these high ra-
tios originate from some processes related to the spiral arms,
many of these high-ratio regions are likely at their “far” dis-
tances being associated with the far side of the Scutum-Crux and
Norma arms.

These locations of high-ratio gas at their far kinematic dis-
tances correspond to the “upper stream” of the spiral arms in
terms of the Galactic rotation, if the rotation velocity of gas is
faster than that of the Galactic spiral pattern at those radii. The
classical value of the pattern speed is €2, ~ 13.5 km s~ kpe™!

2001; Mishurov et al. 2002). Within the corotation circle, the
rotation velocity of gas is faster than that of the spiral pattern.

The concentration of the high C%/CO ratio gas upstream of
the spiral arms is consistent with the commonly accepted sce-
nario of phase transition of interstellar matter crossing spiral
arms; (1) accumulation of diffuse atomic gas by the encounter
with a spiral arm, (2) molecular cloud formation, (3) massive
star formation in molecular clouds, (4) ionization and dissipa-
tion of molecular gas by newly born massive stars. The ob-
served configuration of the [C 1]/CO intensity ratio with respect
to the spiral arms may correspond to the transition from phase (1)
into the early stage of phase (2). In fact, the spatial difference
between the centers of spiral arms and the high-ratio areas cor-
responds to a time lag of several x 10° yr, which is similar to
the C° — CO conversion timescale (e.g., Suzuki et al. 1992; Oka
et al. 2004).

In this context, the Galactic trend in the C%CO abundance
ratio mentioned in § 5.2.1 can be attributed to the radial trend in
the C° — CO conversion efficiency. It is likely that the metal-
licity gradient across the Galactic disk (e.g., Shaver et al. 1983;
Martin-Hernandez et al. 2002) generates the radial trend in the
C% — CO conversion efficiency. The higher metallicity in the
inner Galaxy may result in the lower gas-to-dust ratio, providing
more efficient shielding afforded by dust particles against pho-
todissociation of CO. This mechanism reduces the minimum
gas column density to be accumulated to shield against ultra-
violet photons and thereby increases the efficiency of C° — CO
conversion at spiral arms in the inner Galaxy.

6. SUMMARY

The first Galactic plane survey in the 492 GHz fine-structure
transition of neutral atomic carbon (C° >P;—3Py; [C 1]) has been
performed with the Portable 18 cm Submillimeter-wave Tele-
scope. The survey covers the area from [ = 300° to 354° with
a 1° sampling. The coarsely sampled longitude-velocity (/-V)
map of [C 1] was compared with that of CO generated from the
Columbia Southern Survey data. The principal results of this
study are summarized as follows.

1. The longitude-velocity distribution of [C 1] emission closely
resembles that of CO J = 1-0, which confirms a widespread
distribution of atomic carbon on the Galactic scale.

2. The ratio of the antenna temperatures, Tyg(C 1)/ Ts(CO),
concentrates on the narrow range from 0.05 to 0.3. An LVG
analysis showed that [C 1] emission from the Galactic disk is
dominated by a population of neutral gas with high C%/CO abun-
dance ratios and moderate CO column densities, which can be
categorized as diffuse translucent clouds.

3. The ratio of total integrated intensities, W¢ ,/Wco, was
0.105 £ 0.004. This is slightly lower than that obtained from
the coarse-resolution data by COBE, suggesting that neutral
gas with low [C 1]/CO intensity ratios may be abundant in the
midplane of the Galactic disk compared to that out of the plane.

4. The ratio of bulk emissivity, Jc,/Jco, shows a system-
atic trend across the southern Galactic disk interior to the solar
circle. LVG analyses revealed the bulk C%CO abundance ratio
increasing with the Galactic radius. A mechanism related to
kiloparsec-scale structure of the Galaxy, such as the metallicity
gradient, may control the radial trend of the C%/CO abundance.

5. Two groups of high [C 1]/CO intensity ratio areas are found
in the /-V loci several degrees inside of the tangential points of
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the Scutum-Crux and Norma arms. These could be gas conden-
sations just accumulated in the potential well of spiral arms and
could be in the early stage of molecular cloud formation.
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