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ABSTRACT 
Detailed far-infrared observations of several atomic and ionic fine-structure lines and molecular rotational 

lines toward the Galactic center are discussed. There is an extensive ( > 5 pc radius) neutral gas and dust disk 
of mass > 104 M0 surrounding the inner, ionized 2 pc of the Galaxy. This disk is seen almost edge-on and is 
tilted ~20° relative to the Galactic plane. Some ionized gas clouds in the Sgr A West “spiral” are at the 
inner edge of the neutral disk (R ~ 1.7 pc), where it is exposed to Lyman continuum radiation from the center. 
The bright C+ and O0 far-infrared lines and the far-infrared continuum radiation predominantly arise in a 
photodissociation region between the inner edge of the disk and cooler molecular gas at R > 4 pc. This 
photodissociation region is excited by the intense UV radiation from the Galactic center. Some [O i] emission 
probably comes from neutral cores of ionized gas clouds within the inner cavity. The neutral gas in the Galac- 
tic center photodissociation region has a hydrogen density of ~ 105 cm-3 and gas temperature ~300 K, and 
is very clumpy. Volume emissivity and gas density of the warm atomic gas decrease with increasing distance 
from the center. 

We also report the detection of rotational emission lines of highly excited CO and OH molecules and 
absorption lines from cool OH. The CO emission may come from the photodissociation region if a substantial 
CO column density (>1018 cm-2) and abundance ([CO]/[H2] ä; 5 x 10-5) exist there. Perhaps more likely, 
the far-infrared CO emission may come from a smaller column density of hotter gas excited by shock waves. 
The OH rotational emission may be excited collisionally or by infrared pumping. In either case, a high abun- 
dance of OH ([OH]/[H2] - l(r

7-l(r5) is required. 
The dominant motion of the neutral gas disk is rotation about an axis similar to the rotation axis of the 

Galaxy. The rotation velocity at a radius of 2 pc, corrected for inclination, corresponds to an enclosed mass of 
(4.8 ± 1) x 106 M0. If the inner, high-velocity [Ne n] clouds observed by Lacy et al. (1980) are also in pre- 
dominantly circular motion, a large fraction of this mass must be contained within 0.2 pc of the center, and 
the mass distribution is more condensed than that of an isothermal stellar cluster. If the ionized clouds have 
fallen into the center from the neutral disk, however, no strong central condensation is required. There are 
also noncircular motions which may be accounted for by a combination of cloud-cloud turbulence, by [O i] 
emission from the central 2 pc, and by noncircular, resonant orbits in a slightly barred gravitational potential. 
Subject headings: galaxies: Milky Way — galaxies: nuclei — infrared: sources — infrared: spectra — 

interstellar : abundances — interstellar : molecules 

I. INTRODUCTION 

Observations of the far-infrared emission from warm dust 
(Becklin, Gatley, and Werner 1982, hereafter BGW) and of the 
63 fim 3Pl —> 3P2 fine-structure line of neutral atomic oxygen 
(Lester et al. 1981; Genzel et al. 1984, hereafter Paper I) have 
revealed the presence of a neutral gas cloud directly associated 
with the Galactic center (Sgr A West) and surrounding the 
central ionized region (cf. Lacy et al. 1980; Lacy, Townes, and 
Hollenbach 1982; see also the review by Brown and Liszt 
1984). These earlier observations have shown the following: 

1. The far-infrared continuum and [O i] line sources are 
extended over about 10 pc (3') approximately along the 
Galactic plane and are centered on the radio source Sgr A 
West. The dust continuum emission at 2 > 50 gm is double- 
lobed, with emission peaks 30" in longitude to either side of 
the compact infrared source 1RS 16. 

2. The dust temperature decreases with radius, and there 
is much less dust density at R < 1.5 pc than at R > 1.5 pc. 
The heating of dust and gas in the neutral “lobes” is most 
likely due to UV radiation from the center. Because of the 

lack of material in the inner 1.5 pc, much of the ~ 107 L0 of 
UV luminosity escapes to radii greater than 1.5 pc. 

3. The [O i]-emitting gas has a temperature >100 K, 
and hydrogen densities are between 103 and 106 cm-3. 

4. The [O i] line-center velocities show that the neutral 
cloud is rotating around the center. The rotation velocities 
at R ~ 1 pc correspond to an enclosed mass of (2-5) x 106 

M0. 
We present here a more detailed investigation of several 

far-infrared emission lines arising from this region. The new 
observations give better and more quantitative information on 
the physical state and energy balance of the neutral gas, on the 
motions of the gas as a probe of the mass distribution, and on 
the relationship between the warm, neutral gas and the ionized 
gas in the central 1 pc as well as cooler, molecular clouds at 
R > 5 pc. 

II. OBSERVATIONS 
The data were taken with the 91.4 cm telescope on board the 

NASA Kuiper Airborne Observatory in two flight series to and 
from Hickam Field (Honolulu, Hawaii) in 1981 June and 1982 
July and in several flights from Richmond Royal Air Force 
Base (Sydney, Australia) in 1983 May. The spectrometer was 
the University of California, Berkeley, tandem Fabry-Perot 
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described by Storey, Watson, and Townes (1980) and Watson 
(1980), with photoconductive detectors. The system noise- 
equivalent power (NEP), including all atmospheric and instru- 
mental losses, was between 7 x 10“15 and 15 x 10“15 W 
Hz~1/2 between 145 and 163 jam, 2 x 10“14 W Hz“1/2 at 119 
¡am, and 6 x 10“14 W Hz“1/2 at 63 /un. Table 1 is a list of the 
line rest wavelengths, observing dates, FWHM velocity 
resolutions, beam sizes, and continuum flux densities used for 
absolute calibration (accuracy ±30%) at each wavelength. 
Relative wavelength calibrations were established by measur- 
ing interference fringes of a He-Ne laser at 0.6328 fim reflected 
from the scanning Fabry-Perot metal mesh mirrors. Velocities 
are accurate to 5-20 km s“1, depending on spectral resolution 
and signal-to-noise ratio. Chopper throws were between 4' and 
6' in azimuth, that is, from 60° to 120° relative to the Galactic 
plane. 

The relative pointing and tracking accuracy for a typical 
5-10 minute integration at one position was ±5". Judging 
from the good agreement between the 63 /mi dust continuum 
map obtained simultaneously with the 30" [O i] line data and 
the continuum map by BGW, we well as from the symmetry of 
the [O i] velocities along Galactic longitude, we estimate that 
the nominal zero position (A/ = 0, Ab = 0 in all maps and 
spectra) is at right ascention 17h42m28s7, declination 
— 28°59T4" (1950) with an overall accuracy of 10". This posi- 
tion is offset by 10" toward positive Galactic latitude from 1RS 
16 and the radio point source (cf. Brown, Johnston, and Lo 
1981; Ekers et al. 1983; Storey and Allen 1983). The nominal 
zero position of the 146 jam [O i] and 163 /¿m CO and OH 
measurements also was within 15" of that position. The point- 
ing during the 158 /un [C n] observations was apparently 
shifted by A/ = + 20" relative to the nominal position, and the 
observations were corrected to the same coordinate system as 
in the other observations. In what follows, we assume that the 
distance to the Galactic center is 10 kpc, so that 20" = 1 pc. 

in. RESULTS 

Figures 1-4 show the spectral data. In Figure 1 we display 
spectra of the 3P1 —» 3P2 fine-structure line of [O i] at 63 /mi, 

taken with 30" (FWHM) spatial and 100 km s“1 (FWHM) 
spectral resolution. In addition to the spectra shown in Figure 
1, [O i] spectra were measured at 10 other positions with 44" 
and 200 km s “1 resolution to define the [O i] distribution and 
kinematics over a larger area. The analysis presented here also 
includes the [O i] data reported earlier (Paper I, resolution 44" 
and 150 km s“1). To compare all these measurements quanti- 
tatively, we calibrated on spectra taken at or near the (A/, 
Ab) = (0,0) position. 

In Figure 2 we show spectra of the upper fine-structure line 
(3P0—>3P1) of [O i] at 146 /mi, taken with 60" (FWHM) 
spatial resolution and 160 km s“1 spectral resolution, at posi- 
tions spaced by 40" along the Galactic plane at Ab = 0. In 
Figure 3 we display spectra of the 2P3/2—► 2^i/2 fine-structure 
line of C+ at 158 /mi, taken with 60" (FWHM) spatial 
resolution and 100 km s“1 spectral resolution, at several posi- 
tions along the Galactic plane at Ab = —10". 

Figure 4a is a spectrum at 163 /mi taken at A/= —40", 
Ab = 0 containing the J = 16—► 15 rotational line of CO and 
the two J = 3/2—> 1/2 rotational transitions of OH in the 
2H1/2 electronic state. The J = 3/2 level is the first state excited 
in the 2nl/2 ladder. In Figure 4b are spectra of the 119 /um 
2n3/2, J = 3/2—> 5/2 transitions of OH in absorption toward 
the continuum peaks in Sgr B2 and Sgr A West. These tran- 
sitions connect the ground state with the first excited rotation- 
al state (see also the original detection toward Sgr B2 by 
Storey, Watson, and Townes 1981). 

a) Spatial Distribution of the Atomic Gas 
A map of the [O i] 63 pm integrated intensity is presented in 

Figure 5, superposed on the 15 GHz continuum map of the Sgr 
A West free-free emission made by Ekers et al. (1983) (left) and 
the 63 pm dust continuum emission (right). To indicate the 
connection with the larger scale structures, Figure 6 is the same 
[O i] map, but superposed on a schematic sketch of a lower 
resolution 5 GHz radio continuum map by Ekers et al. (1983) 
and the CO J = 1 —> 0 emission at 80 < | vLSR \ < 130 km s“1 

from the paper by Liszt, Burton, and van de Hulst (1984). 
Finally, Figure 7 shows cross-cuts along the Galactic plane 

TABLE 1 
Summary of Observations 

Line 
Observing 

Date 

Spectral 
Resolution 

FWHM (km s“1) 

Spatial Resolution 
FWHM Total Area 
(arcsec) (sr) 

Absolute 
Calibration3 

(Jy) References 

[O i] 3P, —> 3P2: 
63.1837 

OH 2n3;2, J = 3/2^5/2: 
3/2“ —> 5/2+, 119.4410 ¿mi 
3/2+ —► 5/2“, 119.2236 /im 

[O I] 3/’0—> 3Pi : 
145.526 ¿un 

[Cu] 2P3/2 —► 2Plj2: 
157.737 ¿un 

OH 2H1/2, J = 3/2—>• 1/2: 
3/2 + —> 1/2 163.1247 ¿un 
3/2“ —► l/2+, 163.3973 ¿un 

CO J = 16—> 15: 
162.8116 ¿un 

1983 May (Australia) 

1981 July (Hawaii) 

1983 May (Australia) 

1982 July (Hawaii) 

1983 May (Australia) 

1983 May (Australia) 

100 
200 
150 

160 

100 

130 

130 

30 
44 
44 

60 

60 

60 

60 

2.7 x 10“8 

5.2 x 10“8 

6 x 10“8 

8 x 10“8 

9 x lO“8 

1 x 10"7 

^contA(center) = 3.0 x 103 

ÄA = 6.0x 103 

^t
A = 1-4 x 103 

1 x 10“7 Ss
cl

T
nf= 1.4 x 103 

a Calibration on is the line-to-continuum ratio with effective bandwidth Av = 7r/2AvFWHM. 
References.—(1) Rieke, Telesco, and Harper 1978; Gatley et al. 1978; Becklin, Gatley, and Werner 1982. [O i] rest wavelength: Genzel et al. 1984; 

Inguscio et al. 1984. (2) OH rest wavelength: Brown et al. 1982. (3) Gatley et al. 1978. [O i] rest wavelength: Davies et al. 1978. (4) Gatley et al. 1978. [C il] 
rest wavelength : Crawford et al. 1985. (5) Gatley et al. 1978. OH rest wavelength : Brown et al. 1982. (6) Gatley et al. 1978. 
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VLSR s l) 
Fig. 2.—Spectra of the 3P0-+ Pi fine-structure line of [O i] at 146 /mi 

toward several positions along the Galactic plane. The zero position is the 
same as in Fig. 1. The FWHM spectral resolution is 160 km s“1, and the 
spatial resolution is 1'. The intensity scale is given per spectral resolution 
element. 

(Ab ~ 0") of the [O i] 63 /am data, compared with the other 
far-infrared lines and the far-infrared continuum emission. The 
main results of the mapping are described below. 

The [O i] source has a FWHM extent of 6 x 4 pc (A/ x Ah) 
and is centered on 1RS 16 and the radio point source. Signifi- 
cant [O i] emission extends out to a radius of ±5 pc from the 
center. There are two emission peaks about ±30" on either 
side of 1RS 16 and approximately in the Galactic plane. The 
total extent and the double-lobed structure of the [O i] emis- 
sion are very similar to the distribution of the far-infrared 
continuum emission; that is, neutral atomic gas and warm dust 
are coexistent. The [O i] distribution, however, appears not to 
be identical to the continuum distribution. Compared with the 
continuum map in Figure 5 (see also BGW; Rieke, Telesco, 
and Harper 1978), the [O i] peaks appear to be somewhat 
closer to the nucleus (by about 5"-10"), there may be more 
[O i] emission at the center position, and the oxygen emission 

is not as symmetrically placed relative to the Galactic plane. 
These small differences may be caused by a relatively larger 
amount of neutral oxygen at R < 1-2 pc compared with dust, 
or by the sensitivity of the 63 /un line emission to hydrogen 
density below the critical density of a few times 106 cm"3. 

Although there is no detailed agreement with the overall 
spatial distribution of free-free continuum emission, it is now 

Fig. 3.—Spectra of the 2P3/2 —>• 2Pi¡2 fine-structure line of [C n] at 158 /mi 
toward spectral positions along the Galactic plane, with FWHM 100 km s-1 

spectral and 1' spatial resolution. The zero position is R.A. = 17h42m29s3, 
deck = — 28°59T8" (1950), which is 10" toward negative Galactic latitude from 
the base position in Fig. 1. The intensity scale is given per spectral resolution 
element. 
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Fig. 4.—(a) Spectrum of the CÖ J = 16-> 15 and the two OH 2ni/2, J = 3/2-+ 1/2 rotational transitions at 163 /mi toward (A/, Ah) = (-40", 0). The FWHM 
spectral and spatial resolutions are 130 km s_1 and F, respectively, (b) Spectrum of the OH 2n3/2, J = 3/2—> 5/2 rotational transitions at 119 ¡xm toward the 
continuum peak in Sgr B2 (upper panel) and Sgr A West (lower panel). Data are at 45" spatial and 150 km s 1 spectral resolution. 

clear that ionized and neutral gas in Sgr A are closely associ- 
ated. The [O i] source encompasses the free-free emission 
region, and the [O i] and dust peaks coincide with the end- 
points of the ionized filaments on either side of the center. It 
appears that the largest part of the neutral atomic gas is just 
outside the inner, ionized cavity (see also the comparison 
between [O m] and [O i] emission in Fig. 7). The kinematic 
information presented below strongly supports this picture. 

On the larger scale (Fig. 6), the [O i] source appears to be 
the interface between the Sgr A West H n region and molecu- 
lar clouds farther out. The 2.6 mm CO J = 1 —* 0 emission at 
the same velocities as the [O i] emission peaks ± 4 pc from the 
center (Liszt et al 1983; Liszt, Burton, and van de Hulst 1984). 
This molecular emission probably comes from cooler gas. The 
geometry of the whole structure is that of a disk, thick ring, or 
torus, centered on Sgr A West and viewed almost edge-on. The 
[O i] and dust continuum lobes at A/ = ± 30" represent the 
inner edge of this ring (cf. BGW). The major axis of the disk 
appears to be at an angle of about —20° to —25° relative to 
the Galactic plane, in agreement with the conclusion of Liszt, 

Burton, and van de Hulst (1984). The distribution of neutral 
gas on the 1 kpc scale is also tilted relative to the Galactic 
plane (cf. Burton and Liszt 1978; Liszt and Burton 1980). 
However, that tilt is about + 20° relative to the plane and is, 
therefore, inclined ^45° relative to the inner central gas disk 
discussed here. 

The spatial extent and longitude distribution of the 146 ¡xm 
[O i] line emission are more or less identical with those of the 
63 /¿m emission, considering the lower spatial resolution and 
fewer positions observed at 146 /un. The [C n] distribution 
also is similar, but the data at positive longitudes suggest that 
the extent of the 158 /mi C+ emission is larger than the [O i] 
extent. 

b) Physical State of the Atomic Gas 
Since the far-infrared [O i] and [C n] lines are collisionally 

excited and their emission is coextensive, their relative inten- 
sities can be used to estimate the density and temperature of 
the emitting region (cf. Watson 1984; Crawford et al 1985). 
For the present purpose, we take the atomic hydrogen col- 
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Fig. 5.—(Left) Contour maps of integrated 63 /mi [O i] flux, as a function of Galactic coordinates, relative to R.A. = 17h42m28s7, decl. = 28°59'14,/ (1950), 
superposed on the contours of 2 cm radio continuum free-free emission (the Sgr A West spiral: Ekers et al. 1983, 2" x 3" resolution). Line contours are in units of 
2 x 10 17 W cm 2 or 3.6 x 10 3 ergs s 1 cm 2 sr 1. The radio point source and 1RS 16 are at (A/, Ab) ä (0, —10"). Bending upward from the radio point source 
toward the [O i] peak at (A/, Ah) = (-1-30", 0) is the northern arm. The radio filament extending from approximately the [O i] peak at (A/, Ab) = ( — 30", —10") 
toward (0, 0) and continuing toward ( + 30", 0) is the western arc. The bar feature can be seen as extensions bending from the point source to the left and upward 
[toward (+15", —25")] and to the right and upward [toward (+10", +15")]. {Right) Contour map of 63 /um continuum, obtained simultaneously with the line data 
and superposed on the upper three contours of the [O i] emission. The continuum contours are in units of 103 Jy to give a flux of 6000 Jy in a 44" beam at the center 
position (extrapolated from BGW and Rieke, Telesco, and Harper 1978). Note that both 30" and 44" data were used to make the line and continuum maps of effective 
FWHM resolution 44". The maps are well sampled only in the central 80". Dashed lines show where the contours were interpolated in the outer regions with missing 
information. 

A/ 
Fig. 6.—Integrated [O i] emission (same data as in Fig. 5), superposed on a schematic sketch of the larger scale radio continuum emission (thin lines: 5 GHz data 

of Ekers et al. 1983, resolution 5" x 8") and the CO J = 1 —► 0 clouds at +100 km s -1 LSR {dotted curves: Liszt, Burton, and van de Hulst 1984, resolution 66"). In 
addition to the “spiral” feature from free-free emission in Sgr A West, there is the nonthermal arc of Sgr A East (at positive A/ and negative Ab), as well as three 
compact H n regions [near (A/, Ab) = ( + 2", — 2')] which are located near the center of the + 50 km s “1 molecular cloud. The CO data are integrated between 
80 < I Flsr I < 130 km s- \ and the contours are 210,240,270, and 330 K km s -1 (radiation temperature times velocity width). 
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Fig. 7.—(a) Cross cuts of line and continuum emission along the Galactic plane, relative to the base position of Fig. 5. All line intensities are integrated over 
profile {Top panel) 63 pm continuum emission {filled circles and thick line: this paper, 30" beam, peak flux 4300 Jy) and 30 ¿an continuum emission {dashed line: 30" 
beam peak flux 4300 Jy from BGW). {Second panel from top) Integrated 63 pm [O i] emission {filled circles and thick line: this paper, 30" beam, peak 6.5 x 10“17 W 
cm-2 or 2.4 x 10 “ 2 ergs s-1 cm-2 sr-1) and 146/mi [O i] emission (open drc/es awí ¿fos/ied/me: this paper, 60" beam, peak 6.7 x 10-18Wcm~2or8 x 10“4 ergs 
s-1 cm-2 sr_1). {Third panel from top) Integrated 158 pm [C n] emission {filled circle and thick line: this paper, 60" beam, peak 1.4 x 10“17 W cm-2 or 1.5 x 10-3 

ergs s-1 cm-2 sr_1) and 52 pm [O m] emission {open circles and dashed line: Watson et al. 1985a, 44" beam, peak 5 x 10“17 W cm-2 or 9 x 10“3 ergs s-1 cm-2 

sr_ 1). {Bottom panel) Integrated 163 pm CO J = 16—► 15 emission {filled circles and dashed line: this paper, 60" beam, peak 1.5 x 10-18Wcm-2orl.5 x 10_4 ergs 
s'1 cm-2 sr_x) and 163 pm OH 2ni/2, J = 3/2—> 1/2 emission {open rectangle: this paper, 60" beam, same peak flux as CO), {b) Line/Line and line/continuum ratios 
as function of longitude offset. The H2 S^l) flux by Gatley et al (1984) is corrected for 3 mag of 2 pm extinction, and multiplied by a factor of 7 to approximately 
account for the difference in far-IR and 2 pm beam sizes. 

lisional excitation rate coefficients calculated by Launay and 
Roueff ( 1977a, b\ and make the assumptions that the emission 
is optically thin and that the abundance ratio O0/C+ is 2.2, the 
same as the O/C ratio in the solar neighborhood (the results 
are not very sensitive to the precise value taken for the O0/C + 

ratio). In Figure 8 we show the calculated loci of constant 
[O I] 63.2 fim/lC ii] 157.7 jim and [O i] 63.2 /mi/CO i] 145.6 
fim integrated intensity ratio as functions of density and tem- 
perature. Indicated on this figure is the line-ratio combination 
for the northern [O i] peak (A/ = + 20") and the measurement 
uncertainty zone for these ratios. For this peak, the derived 
hydrogen density is 105 cm3 and the temperature is 350 K, 
leading to a gas pressure of nnT = 3 x 107 cm-3 K (see Table 
2). As can easily be shown, these values are consistent with the 
assumption of small line optical depth, even if the source is 
very clumpy. 

Besides the measurement uncertainties, there are systematic 
effects which may introduce additional uncertainty in the 
derived density and temperature. For example, a lower O0/C + 

ratio, or significant optical depth in the [O i] 63.2 fim line, 
would require high density and temperature. Nevertheless, it 

seems clear that the typical hydrogen densities in the neutral ring 
must be large (~105 cm-3) and that the gas temperature is 
substantially higher than the dust temperature (Tcolor = 50-60 K; 
see BGW). The high neutral gas densities are similar to the 
typical electron density inferred for the ionized gas in Sgr A 
West (cf. Lacy et al. 1980; Paper I; Lo and Claussen 1983; 
Serabyn and Lacy 1985; Watson et al 1985a). 

Determination of variations in density and temperature as a 
function of position from the data in Figure 7 are somewhat 
less reliable because of the slightly different beam sizes at the 
different wavelengths. The general trend can be seen in Figure 
lb. The ratio of the [O i] 63 pm to [C n] 158 pm line inten- 
sities and the ratio of the [O i] 63 pm line to 63 pm continuum 
intensities decrease on both sides away from the [O i] peak at 
A/ = + 20", while the ratio of the two [O i] lines is approx- 
imately constant. If this trend is due to radially decreasing 
excitation of the emission, gas densities in the neutral ring 
decrease by about a factor of 1.5-2 between 2 and 4.5 pc, while 
temperatures are approximately constant. The data probably 
do not exclude the possibility that the line-ratio variations are 
caused by a combined decrease of density and temperature, 
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Fig. 8.—Density and temperature of neutral atomic gas in the Galactic 
center. Solid lines given the loci of constant ratios of [O i] 63 /mi/[C n] 158 
/un line flux assuming an O0/C+ abundance of 2.2. Dashed lines are the loci of 
constant [O i] 63 /mi/[0 i] 146 /un line ratios. The cross is the best value of 
the line ratios toward the northern peak at (A/, Ab) = ( + 30", 0), and the 
shaded region gives the 1 a error zone of this measurement. 

since, as can be seen from Figure 8, the [O i]/[C n] ratio at 
T ~ 350 K is more sensitive to temperature than the ratio of 
the [O i] lines. It is unlikely that the decrease of the [O i]/ 
[C n] ratio is due to an abundance effect, since the same UV 
photons which ionize carbon also contribute significantly to 
the gas heating. 

A strong gradient of the [O i] emissivity as a function of 
radius from the center is also supported by the 63 jum [O i] 
intensity distribution itself (Fig. la). The [O i] emission can be 
traced to an outer radius of at least R0 ~ 100", but the [O i] 
brightness distribution is heavily weighted toward the 
material at ~ 20"-40". We have constructed a model of an 
optically thin ring with RJRi ~ 4-5 and a radius-dependent 
volume emissivity, e(R) ~ e0 R-a. The best fit to the [O i] data 
is for e(R) ~ R1 to R~2. A ring model with constant emis- 
sivity and RJRi < 3 does not fit the observations. The decrease 
of [O i] emissivity with radius could be well accounted for by 
the decreasing UV heating, density, and/or temperature of the 
gas at larger radii from the center, and is consistent with the 
decreasing ratio of [O i]/[C n] intensities discussed above. 
The far-infrared continuum emission from dust also shows a 
decrease with distance from the center (Fig. la). BGW have 
shown that the dust emissivity gradient is probably due to 
radially decreasing dust temperature as a result of decreasing 
intensity of the UV radiation field. 

c) Abundance of Carbon and Oxygen 
Since densities and temperatures are suffiently high to popu- 

late the C+ doublet according to the statistical weights of the 
states, the [C n] line intensity gives a direct estimate of C + 

column density: Nc+ = 1018 cm“2 at A/ = +20". The dust 
continuum measurements between 50 and 400 /un may be used 
to obtain a hydrogen column density (Rieke, Telesco, and 
Harper 1978; Gatley et al. 1978; BGW; Novak et al. 1985). The 
continuum flux densities were converted to optical depths 
assuming a dust temperature of 50-60 K (BGW). Hydrogen 
column densities were computed from the conversion factors 
from far-infrared opacity to visual extinction given by Hilde- 
brand (1983) and Whitcomb et al. (1981), and from NH/AV = 
1.9 x 1021 cm“2 mag“1 by Bohlin, Savage, and Drake (1978). 
The derived hydrogen column density toward the [O i] lobes 
is Vhi + 2h2 — (4 ± 2) x 1022 cm“2. The gas-to-dust mass ratio 
in the Galactic center may differ from the factor of 100 implied 
by the above relation, and hence the uncertainty in hydrogen 
column density is probably larger than the quoted error limits. 
Hydrogen column densities of >1022 cm“2 are also obtained 
from the 21 cm data by Liszt et al. (1983). With NH~ 4 x 1022 

cm 2, the ratio of C+ column density to total column density 
of hydrogen nuclei is (3if) x 10“5, and the resulting oxygen 
abundance is (7 i 2) x 10“5. These abundances are significantly 
lower than the solar neighborhood abundances of carbon 
(3 x 10 “4) and oxygen (6.7 x 10 “4). The deficiency of C+ and 
O0 may be interpreted as resulting from a drastically higher 
dust-to-gas ratio, or from depletion of carbon and oxygen onto 
grains, or from a large molecular abundance in the neutral 
disk. 

d) Mass and Clumpiness of the Disk 
With ~4 x 1022 cm“2 as the beam-averaged hydrogen 

column density, the gas mass in a 60" beam centered on each of 
the lobes is 2 x 103 M0, and ~2 x 104 M0 of gas is contained 
within R < 5 pc (Table 2). The total amount of cooler molecu- 
lar gas in the disk beyond R = 5 pc (Fig. 6; see also Liszt, 
Burton, and van de Hulst 1984) may range between an amount 
equivalent to that in the photodissociation region (if the 
J = 1 —► 0 CO line is optically thin and Tco ~ 100 K) and an 
amount about a factor of 1.5-2.5 times larger [(3-5) x 104 

M©]. The latter case applies if the J = 1 —> 0 CO line is opti- 
cally thick and the “ standard ” conversion from CO flux to H2 
column density is applicable [_NH2 = 4 x 1020 J T£0dv (K km 
s“1), where T£0 is the corrected antenna temperature: cf. 
Young and Scoville 1982]. 

From the beam-averaged column density and a size of ~2-3 
pc, the beam-averaged hydrogen volume density in the [O 1] 
emission region is <nH) = (7 ± 3) x 103 cm“3. The resulting 
volume filling factor of atomic gas is 

<t)i) = ^ü> = 10-1-2±0-4. (1) 
nH 

The beam area filling factor $}A of the [O i]/[C 11] emission 
depends on the number of layers of clumps, N, along the line of 
sight : 

where R is the radius of the region, dcc is the mean clump- 
clump separation, and Rc is the mean radius of a clump. For 
R ~ ¿cc ~ 2 pc (one layer), the beam filling factor of the atomic 
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TABLE 2 
Physical Conditions in Neutral-Gas Disk Around Sagittarius A West 

Parameter 

Gas pressure      

Hydrogen density  
Gas temperature  
Hydrogen column density  

Ionized carbon abundance ... 

Neutral oxygen abundance .. 
Volume filling factor  

Area filling factor    

Total hydrogen mass in 
photodissociation region 

CO abundance 

OH abundance  

Volume filling factor 

Value 

Atomic Gas 

nH T (cm“3 K)= 107-5±0-3 

"H,H2(cm-3)=105±o-3 

T(K) = 350Í?^ 
ÍVh + 2h2 (cm-2) = (4 ± 2) x 1022 cm-2 

Xc+ = "TT- = (3-i) x 10-5 

Z0„ = JVo„iVH = (7î5) x IO“5 

= 0.06+_o
o
o

o¡ 

<I>, = > 4>,2 3 ~ 0.2 

Mc+ ~ 2 x 104 (M0) 

Molecular Gas 

Nco J105 cm-3V-25/300 K\31 

Xco = —=6xl0-5 ' ' ' N 1 

ZOH : Np 
' A, h2 

5^300 KyiO5 cm-3\4/3 

<D1; * 0.03-0.1 

Remarks 

gas pressure decreases by about a factor 
of 2 between 2 and 4 pc 

dust temperature is 50-60 K (BGW) 
from measurements of dust, 21 cm H i, 

and CO J = 1 —> 0 

ratio of O0 to C+ is assumed to be 2.2 

R ~ 2 pc source radius 
Rc is clump radius 

integrated over R < 5 pc 

assuming optically thin emission, 
collisional excitation, and 
j\7 = 4 x 1022 cm-2 

gas is <£4 = 0>liy = O.lóíoioi* The corresponding cloud radius 
is Rc ~ á>l/3R ~ 0.8 pc = 16". If the cloud sizes were similar to 
those of the ionized gas (Rc ~ 2"-6"; Lacy et al. 1980; Lo and 
Claussen 1983), the beam filling factor would be between 0.1 
and 1. 

Thus, the neutral gas in the galactic center is highly clumped 
filling only about 10% of the volume. This clumping is consis- 
tent with the cloud structure of the ionized gas (Lacy et al 
1980; Lo and Clausen 1983; Serabyn and Lacy 1985), and 
consistent with the “ spiky ” appearance of the 21 cm H i veloc- 
ity profiles taken toward individual positions at high spatial 
and spectral resolution (Liszt et al 1983). The parameters of 
the neutral atomic gas near Sgr A are summarized in Table 2. 

e) OH Absorption Lines 
Figure 4h shows the detection of 119 pm OH absorption 

from the ground state toward Sgr A West and, for comparison, 
toward Sgr B2. The OH absorption in the Galactic center is 
centered at —80 km s-1, and its width is significantly greater 
than the spectral resolution. This absorption probably does 
not originate in the central 5 pc, since Sgr B2 (A/ ~ 0?5) shows 
a similar blueshifted absorption line whose centroid ( — 40 km 
s”J) is different by 90 km s -1 from the intrinsic velocity of the 
Sgr B2 complex. The similarity of the velocity centroids in the 
two sources suggests that the OH absorption comes from cool, 
optically thick gas in the “ expanding molecular ring ” which is 
in front of the Galactic center and at galactocentric radii of 
several 102 pc (e.g., Liszt and Burton 1980; Güsten and 
Downes 1980). The “molecular” ring has velocities approx- 
imately matching those of the OH lines toward Sgr B2 and Sgr 
A. The 119 pm optical depth derived from the data in Figure 4b 

and corrected for the finite spectral resolution is large (t119 > 2 
and most likely ^>2), consistent with the 1.7 GHz radio obser- 
vations of OH (e.g., Bieging 1976; NOH ~ 1017 cm-2) and low- 
temperature gas (see Storey, Watson, and Townes 1981). 

/) Far-Infrared Molecular Gas Emission 
Besides emission from atomic gas, there are also emission 

lines from excited CO and OH molecules toward the central 1' 
of the neutral gas ring. In addition to the spectrum at 
A/ = —40" containing the J = 16—> 15 CO line and the two 
2ni/2, J = 3/2—► 1/2 OH lines (Fig. 4a), the CO line was 
observed at two additional positions (A/ = 0, A/ = +40", Fig. 
7). The CO velocity centroids are blueshifted by 50-100 km s -1 

at A/ = — 40", and are redshifted by about the same amount at 
A/ = +40", similar to the [O i] and [C n] lines (see Paper I 
and § lllh below). Hence, the CO emission almost certainly 
arises in the central 5 pc of the Galaxy. It is not as certain that 
the OH emission also originates in the same region. At the 
A/= — 40" position, the OH emission lines have about the 
same line-center velocity as the CO and fine-structure lines, 
suggesting that these lines also come from the rotating ring. 

g) Excitation of the Molecular Gas 
Since only one CO and one OH transition were observed, 

the data are not sufficient to determine fully the state of the 
molecular gas. In the following, we derive constraints on the 
column density and abundance of CO and OH. The derived 
parameters of the molecular gas are summarized in Table 2. 

i) CO Emission 
The excitation of the J = 16 level of CO is through colli- 

sions, and it is clear that fairly high densities and temperatures 
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are required to produce the observed far-infrared emission. 
Optically thin emissivities as function of density and tem- 
perature have been computed by McKee et al (1982). The 
observed value of Jco = 1.5 x 10-4 ergs s"1 cm-2 sr-1 then 
implies a beam-averaged column density of 

Nco - 1.3 x 101 105 cm“ 
rtH2 

Y300 K 

V T 
cm (3) 

where we have approximated the CO emissivity as a power- 
law expression (correct to a factor of 2 between 104 < nH2 < 
106 and 200 < T < 800 K). 

The CO emission may come from molecular gas within the 
photodissociation region with parameters similar to the [O i]/ 
[C n] gas, or may come from a separate component of hot 
molecular gas excited by shock waves, similar to the far- 
infrared CO emission in Orion-KL (Storey et al. 1981). If the 
state of the molecular gas is similar to that of the atomic gas, 
there has to be a substantial column density of molecular 
material in the photodissociation region : 

^coK2 ~ 105, T - 300) > 1018±o-5 cm-2 * Nc+ . (4) 

This column density corresponds to a CO/H2 ratio of 
6 x 10 ~5, similar to those found in other molecular clouds. 
Because of the strong temperature dependence, the required 
CO column density decreases with increasing temperature, 
with nH2 T kept constant. The CO line is optically thin (t^s ~ 
a few x 10-2). As with the atomic gas, the volume filling factor 
of the J = 16—> 15 emission must be low because of the high 
hydrogen volume densities and low hydrogen column density. 

Perhaps more likely, the CO emission may come from hot, 
shock-excited gas with parameters similar to the Orion-KL 
shock (nH2 ~ 106 cm-3, T ~ 750 K [Storey et al 1981; 
Watson et al 1985h]). At T = 750 K, the required CO column 
density ranges between 7.5 x 1015 and 7.5 x 1016 cm-3, and a 
relatively small abundance of warm CO relative to molecular 
hydrogen is required ([CO]/[H2] = 4 x 10“7 and 4 x 10_6). 
We note that in either of these cases the inferred CO abun- 
dance is not high enough to solve the lack of gaseous carbon 
and oxygen discussed above. To fully account for that defi- 
ciency, the J = 16—► 15 emitting CO gas has to have tem- 
peratures significantly lower than 300 K, or an additional large 
amount of cool CO has to be present. 

ii) OH Emission 
Detection of the 163 ¿mi rotational emission lines of OH is 

unexpected, since it implies a large column of OH in the 
neutral gas disk. We find that the abundance of OH toward the 
southern [O i] peak is probably between 10"7 and 10 “5, 
larger than is generally found in cooler molecular clouds 
(Xoh ~ lO-MO"7) or expected from standard ion-molecule 
chemistry (e.g., Prasad and Huntress 1980). This conclusion 
applies whether the excitation mechanism is collisional or radi- 
ative, as is discussed in the Appendix. In the case of collisional 
excitation, the densities required are at least as high as in the 
case of the atomic gas and CO. 

h) Kinematics of the Neutral Gas 
The data presented here confirm the conclusion of Paper I : 

that the kinematics of the neutral gas within R < 5 pc is 
dominated by rotation around the center. The new observa- 
tions define this axis to be within 20° of the Galactic rotation 
axis. The higher quality of these data permit an improved 
determination of the kinematics and the mass distribution. 

The [O i] and [C n] profiles shown in Figures 1-3 are 
clearly resolved at most positions. The lines are widest close to 
the center, At;FWHM ~ 200-400 km s-1, well in excess of the 
instrumental resolution (100 km s-1). Farther out, the lines 
become narrower (Ai;fwhm ~ 140-160 km s-1). There is no 
evidence for the wide [O i] lines at A/ = ± 80" reported in 
Paper I. The profiles of the different fine-structure lines at 
common positions are very similar, further strengthening our 
conclusion that the lines come from the same gas component. 
The OH lines shown in Figure 4 also do not differ significantly 
from the fine-structure lines at the same positions. However, 
the CO line toward the southern peak in Figure 4 appears to 
be narrower (ArFWHM = 185 ± 30 km s-1) than either the 
average of the OH lines (235 ± 40 km s“1) or the [O i]/[C n] 
lines (250 + 20 km s-1). The CO line at A/ = 0 may also be 
somewhat narrower than the fine-structure lines, but the CO 
width at A/ = + 40" is consistent with the atomic emission. The 
smaller spread in velocities may indicate that the CO emission 
comes from a smaller region than the OH and fine-structure 
emission, or from a region farther away from the center. 

Figure 9 is a longitude-velocity diagram of the [O i] data at 
30" spatial and 100 km s-1 spectral resolution along the 
Galactic plane (Ab = 0). Figure 10 shows maps of the [O i] 
emission at different velocities in the innermost region con- 
structed from the 30" data only. The maps and the l-v diagram 
indicate that the [O i] emission comes from a rotating disk or 
thick ring of inner radius Rf ~ 2 pc and outer radius a few 
times the inner radius. In an l-v diagram a very thin, rotating 
ring (rotation axis perpendicular to the Galactic plane) at incli- 
nation angle i and tilted by (p relative to the Galactic plane 
transforms into a straight line, whose endpoints give the rota- 
tional velocity times sin / and the radius of the ring times 
cos cp. The slope of the line is the ratio of rotational velocity to 
the radius times sin //cos cp. The [O i] data in Figure 9 give 

Ri cos cp = 1.5-2 pc = 30"-40" , 

Y* Sm * =48 +10 km s"1 pc"1 

Ri cos cp 

= 2.4 ± 0.5 km s_1 arcsec-1 . (5) 

Hence, the projected rotational velocity at 2 pc is vrot 
sin / = 95 ± 7 km s-1. As discussed in § Ilia, the tilt is cp = 
— 20°. This rotational velocity has been derived mostly from 
the data at negative longitudes, since there are larger devi- 
ations from the simple picture of a rotating ring at positive 
longitudes. The rotational velocity determined from velocity 
centroids in a disk of finite thickness, as is the case for the 
Galactic center, is a lower limit to the true rotational velocity 
due to lower projected velocities from gas at different radii (see 
discussion in Paper I). However, the [O i] emission at the 
inner edge is much stronger than at larger radii. Hence, the 
[O i] emission is similar to that of an unresolved thin ring. The 
velocity centroids decrease by 10%-40% between the inner 
edge and R ~ 100" (5 pc), where the [O i] intensity has 
decreased to about 10% of its peak value (see the velocity 
centroids in Fig. 9). 

i) Noncircular Motions 
There are obvious deviations from the motions of a rotating 

disk. The spectra close to the center are very broad (Ab = 0, 
±20" in Fig. 1), and the central spectrum is double-peaked. 
Since the inner diameter of the disk is well resolved by the 30" 
beam, the expected emission at A/ = 0 should come from low- 
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Fig. 9.—(Top) The l-v diagram of the [O i] 63 pm emission along the Galactic plane; relative to the base position in Fig. 5 (100 km s 1 and 30" resolution). 

Contours are multiples of 2.4 x 10“18 W cm-2 per resolution element or 9 x 10-4 ergs s_ 1 cm-2 sr"1 per resolution element. (Bottom) Superposed on the [O i] l-v 
diagram are the [O i] line centroids (filled circles and heavy lines), which have a typical 1 <r uncertainty of ±5 to ±15 km s-1. The stippled bars schematically 
represent the [Ne n] l-v diagrams of the western arc (linear feature stretching from A/ = -35" to A/ = +35"), the northern arm (parabolic feature stretching from 
A/ = 0" to A/ = + 30"), and a zero-velocity feature at A/ = +40" (data from Serabyn and Lacy 1985). 

velocity material in front and behind the Galactic center, and 
the line should be narrow. Figure 10 shows that the emission at 
+ 100 and — 100 km s-1 is concentrated toward the lobes on 
either side of the center, and that the emission near zero veloc- 
ity is extended over the whole mapped area, as expected for a 
nearly edge-on rotating disk. In contrast to a rotating disk, 
however, the emission at +200 km s-1 peaks close to the 
center of the source, toward the “ northern arm ” of the free-free 
radio continuum emission (see Fig. 5 for an explanation of this 
feature). Blueshifted [O i] emission ( — 200 km s-1) has a peak 
at (A/, Ab) = ( + 20", + 20"), west of the northern arm. The 
same features (high positive velocities near the center and 
negative velocities at A/ = 10"-30") can also be seen in the l-v 

diagram of Figure 9. Furthermore, the peak velocity of the 
[O i] profile at A/ = +40" is +30 km s-1, which is inconsis- 
tent with the expected velocity of a rotating disk at that posi- 
tion. Finally, at larger distances from the center (A/ = +40" to 
+ 80"), the line profiles are still fairly wide, and there is gas 
redshifted by 20-50 km s_1 at all negative longitudes in the 
[O i] and [C n] profiles (Figs. 1, 2, 3, and 9). These noncircular 
motions may have several causes. Some of the irregular 
motions near the center may be due to [O i] gas emission 
which is not located in the rotating disk but is associated with 
the ionized gas in the inner cavity. The evidence for this con- 
clusion is discussed in the next paragraph. The fairly wide line 
widths may be caused by cloud-cloud turbulence in the neutral 
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0 0 0 0 0 

Fig. 10.—Shown are 30" maps of [O i] emission in the innermost region at different LSR velocities (indicated at the upper half of each map), superposed on 2 cm 
radio continuum emission (Ekers et al. 1983). The cross marks the location of the radio point source. Contours are in units of 2.6 x 10“18 W cm-2 or 9.6 x 10-4 ergs 
s “1 cm ” 2 sr “1 per resolution element. 

disk. Redshifted gas between + 20 and + 50 km s ~1 could also 
come from Galactic molecular clouds centered a few arc 
minutes east of the Galactic center. Some of the noncircular 
motions may also be the response of the gas to a non- 
axisymmetric potential, as is discussed in § IVe. 

ii) Comparison with Kinematics of Ionized Gas 
Many of the kinematic features present in the [O i] data are 

also characteristic of the 12.8 pim [Ne n] data of Lacy et al 
(1980) and Serabyn and Lacy (1985) and the H76a recombi- 
nation line data by van Gorkom, Schwarz, and Bregman 
(1984). This strongly suggests that the neutral, photo- 
dissociated gas and the ionized-gas components are closely 
related. 

In the lower diagram of Figure 9, we compare the [O i] l-v 
diagram with that of the velocity centroids of the [Ne n] emis- 
sion along the “western arc” and the “northern arm” 
(Serabyn and Lacy 1985; see Fig. 5 for an explanation of these 
features on the radio continuum map). The linear velocity gra- 
dient and maximum terminal velocity along the western arc 
are in excellent agreement with the parameters of the [O i] 
emission at the inner edge of the neutral rotating disk. Thus the 
western arc and the inner edge of the neutral disk are at about 
the same radius. The northern arm of the ionized gas and the 
localized cloud at pLSR ~ 0 and A/ ~ + 30" may be correlated 
with some of the [O i] components deviating from the simple, 
rotating disk. Finally, the blueshifted [O i] emission at 
Al — + 20" and Ab = 0" and + 20" may correspond to a region 
of blueshifted [Ne n] emission in the “ bar ” west of the 
“spiral” (Serabyn 1984). The close correspondence between 
the ionized and neutral gas kinematics is further strengthened 
by the good agreement of the [O i] profiles with the [Ne n] 
profiles when the latter are averaged over 30" regions at differ- 
ent positions in the central 2 pc (Serabyn 1984). 

IV. DISCUSSION 

a) Gas Heating Mechanisms 
Figure 11 is a schematic spectrum of the line and continuum 

radiation from the central 2-3 pc of the Galaxy. This spectrum 

illustrates the high brightness of the far-infrared emission lines 
from the neutral atomic gas (O0, C+), relative to the infrared 
emission lines from ionized gas and the radio emission lines. 
The total luminosity of the atomic lines toward the central 2-3 
pc is about 4 x 103 L0, and the line luminosity is (3-6) x 104 

Lq integrated over the source. In the Galactic center, as in the 
nuclei of bright infrared galaxies with a high rate of star forma- 
tion, the far-infrared emission lines of C+ and O0 account for 
about 0.5% of the total bolometric luminosity and are very 
important cooling lines for the interstellar gas (Crawford et al 
1985). In addition to the atomic and ionic lines, submillimeter 
molecular line emission, especially from CO rotational tran- 
sitions, significantly contribute to the gas cooling in the Galac- 
tic center. Extrapolating from the intensity of the J = 16—► 15 
line, the total CO rotational cooling in the submillimeter wave- 
length region may range from ~ 1/10 of the atomic cooling (if 
the CO emission comes from gas at T ~ 750 K) to an amount 
equivalent to or even exceeding the O0/C+ cooling (if the CO 
emission comes from gas at T < 300 K). 

The neutral atomic gas in the ring is heated by nonionizing 
UV radiation (912 < 2 < 3000 Â) from the Galactic center, 
rather than by shocks (see Paper I). However, the molecular 
gas that gives rise to the infrared H2 lines and the CO 
J = 16—► 15 line seems more likely to be shock-heated. These 
two conclusions are illustrated in Table 3, where the line emis- 
sion from Sgr A is compared with that in the Trapezium and 
KL regions in Orion and to that predicted by a model for 
UV-heated photodissociation regions (Tielens and Hollenbach 
1984a, b). There is good agreement in the [O i] and [C n] line 
ratios, atomic gas and dust temperatures, and the ratio of far- 
infrared line luminosity to total luminosity for Sgr A and 
Orion. A comparison between Sgr A and Orion is particularly 
useful, since the Orion-Trapezium interface region is a well- 
studied prototype photodissociation region (heated by stars of 
known total luminosity and type), and since the UV energy 
densities in the two objects are similar. The standard disso- 
ciation region model by Tielens and Hollenbach is fairly suc- 
cessful in accounting for the properties of the dust and atomic 
gas in both regions. However, the infrared H2 and far-infrared 
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Wavelength 

Fig. 11.—Schematic infrared and radio spectrum of line and continuum emission in the central 40" (2 pc) of Sgr A West. Continuum data are from Rieke, Telesco, 
and Harper (1978), BGW, Ekers et al (1983); the CO J = 1 —► 0 and H i data are from Liszt, Burton, and van de Hulst (1984); the CO J = 2-> 1 data are from K. Y. 
Lo (1984, private communication); the 50-200 jum lines are from this paper and from Watson et al (1985u); the mid-IR fine-structure line data are from Lacy et al 
(1980) and the [S m] lines are from Herter et al (1984); and the H2 S(l) data are from Gatley (1983) and Gatley et al (1984). 

CO emission in both Sgr A and Orion are 10-1000 times 
brighter than expected from the Tielens and Hollenbach 
model, and the gas temperatures derived from the H2 lines in 
the two objects are similar to each other and substantially 
different from that in photodissociated matter. In Orion-KL it 
is well known that the H2 and far-infrared CO emission arises 
in shocked molecular material near the core of the Orion 
molecular cloud (cf. Beckwith et al 1978; Watson et al 1985h) 
rather than from the photodissociation region. Shocked molec- 
ular material could also produce these lines in Sgr A, which 
could be dissipated in this fashion through cloud-cloud colli- 
sions within the neutral ring or through the interaction of this 

ring with a mass outflow from the Galactic center. This will be 
discussed further below (§§ IVd, e). 

b) The Neutral-Gas Disk around Sgr A West 
The far-infrared data presented in this paper, in BGW, in 

Paper I, and the radio observations by Liszt et al (1983) and 
Liszt, Burton, and van de Hulst (1984) clearly demonstrate that 
there is an extensive rotating, neutral-gas and dust disk around 
the Galactic center. These measurements and the observations 
of the ionized gas (cf. Lacy et al 1980; Lacy, Townes, and 
Hollenbach 1982; Ekers et al 1983; Lo and Claussen 1983; 
van Gorkom, Schwarz, and Bregman 1984; Serabyn and Lacy 
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TABLE 3 
Gas Heating and Cooling in Sagittarius A : Comparison with Orion and Photodissociation Region Model 

Parameter Sgr A Orion 

Model 
Photodissociation 
Region (TH 1984) Remarks 

^uv C^o)  
£UV(6 x IO"13 

^Line/^UV ; • 
Aoi]63/7[OII]158 '• 
J[OI]63/^[OI]145 ••• 
Tgas(0 I, C n) ... 
Tdust (far-IR)  
^CO 16-65/^[OI]63 • 
^H2S(l)/7[OI]63  

ergs cm 

CO 16-15/^H2S(1) • 
^H2 (2 /¿in)  
Tco (far-IR)...... 

~107 

5 x 104 

5 x 10" 
19 ± 6 
30 + 9 tcq + 650 150 
50-60 
(6 + 3) x 10 
(60 ± 30) 

0.1-0.2 
2000 

10" 

105 
~105 

1.5 
5 x 10"3 

12 ±4 
26 ±8 
^50+650 

150 
-80 
(100 ± 50) x 10“ 
1 ± 0.5 (KL) 
10" 2 (trap) 
0.3 ± 0.1 (KL) 
2000 
750-1000 

105 

10"2 

29 (12) 
23 (13) 
300 (100-1000) 
-80 
-0.5 x 10-3 

3.5 x 10“3 

0.2 
-300-1000 
100-300 

2, 3 

Remarks.—(1) Model values given are from the Tielens and Hollenbach 1984«, b (TH 1984) standard model {nH ä 
105 cm-3); values in parentheses represent a “best-fit” model where dust-to-gas ratio is adjusted to best fit the 
observations of Orion. (2) Orion data are from Ellis and Werner 1985 for [O i], [C ii]; Stacey et al. 1982 for CO 
J = 16—>• 15; Watson ei a/. 1985b for CO J = 16—► 15 and OH ; Beckwith ei a/. 1978 for H2; Gautier 1979forH2. (3) Sgr 
A data are from this paper for [O i], [C n], CO, OH; Gatley 1983 and Gatley et al. 1984 forH2; BGW and Gatley et al. 
1978 for far-IR continuum. (4) For Orion: upper value for H2 to [O i] in Orion-KL shock (2 mag extinction); lower 
value for Orion-Trapezium and bar photodissociation region (no extinction correction). (5) H2 data are dereddened for 3 
mag at 2 /¿m in Sgr A and 2 mag at 2 /un in Orion-KL. 

1985) give a consistent and fairly detailed picture of the struc- 
ture of interstellar gas in the central 10 pc which we will now 
summarize. Going outward from the center, one finds the fol- 
lowing. 

i) Ionized Cavity (R < 1.5 pc) 
This region includes the He i zone around 1RS 16 and the 

radio point source (a few arcsec diameter: Geballe et al. 1984; 
Hall, Kleinmann, and Seo ville 1982), the bar structure with the 
highest velocity (±260, ±140 km s-1) [Ne n] motions and 
probably the northern arm (Serabyn and Lacy 1985; Serabyn 
1984). The ratio of the two [O m] lines at 52 and 88 /mi, the 
ratio of H i (Hua) to [Ne n] intensity, and the ratio of the two 
[S in] lines indicate that much of the ionized gas is very dense 
(ne > 2 x 103 cm-3 and likely 104-106 cm-3; Watson et al. 
1980; Paper I; Serabyn 1984; Herter et al. 1984). Any distrib- 
uted ionized gas must have a density less than ~ 40 cm_ 3 

(Watson et al. 1980). As a result, the volume filling factor of the 
ionized gas at R < 1.5 pc is very small (Q)v < 10"2), and most 
of the UV escapes this zone (BGW ; Lacy et al. 1980). 

There is a significant amount of neutral gas in this inner 
region. The [O i] data give evidence for neutral atomic gas 
associated with the northern arm, and some indication for 
high-velocity-dispersion [O i] gas associated with the bar 
material. From the flux of high-velocity [O i] emission into a 
30" beam at the central position, we estimate an oxygen 
column density of ~5 x 1017 cm-2 and a total neutral-gas 
mass of ~20 M0 (O0/H = 6.7 x 10“4). The total amount of 
ionized gas in the inner region ranges between 7 and 70 M0, 
for electron densities of 105 and 104 cm-3, respectively. A 
possible explanation is that some or most of the cloudlets 
visible on the radio continuum maps contain dense neutral 
cores but are ionized on their surfaces. 

ii) Inner Edge of the Neutral Disk (R ~ 1.5-2 pc) 
There is now convincing evidence that the ionized gas in the 

western arc of the radio continuum spiral is close to the edge of 
the neutral disk, and probably comes from clouds at the edge 
of the disk which are exposed to Lyc radiation. The main body 

of the [O i] emission and the ionized emission in the western 
arc appear to come from different sides of the inner edge of the 
disk (Fig. 5), and neither set of observations shows a full disk or 
ring structure. A possible explanation could be that the eastern 
part of the disk is more massive (hence more intense in [O i]) 
but that there are variations in the flux of ionizing radiation 
along the perimeter of the disk due to obscuration by dense gas 
between the disk and the center producing less [Ne n] there 
(Serabyn and Lacy 1985). An alternative is that the western arc 
is part of a tidally distorted, infalling streamer and, hence, does 
not form a complete ring (Quinn and Sussman 1985). 

If the western arc and the [O i] arc in Figure 5 trace the two 
sides of the rotating disk, we estimate that the ring is inclined 
by i = 69° ± 5° relative to the line of sight (see also Liszt, 
Burton, and van de Hulst 1984). In this case it appears that the 
lateral extent of the [O i] emission of the disk is not signifi- 
cantly wider than would just be expected from the inclination; 
hence the Galactic center disk may be quite thin (thickness < 1 
pc). The true rotational velocity estimated from the [O i] 
velocity centroids at Rf = 40" is 102 ± 10 km s-1. The 2 /mi 
H2 emission observed by Gatley (1983) and Gatley et al. (1984) 
also arises near the inner edge of the disk, but clearly peaking 
inside the disk. 

iii) Neutral-Disk (2 < R < 5 pc) 
Most of the [O i], [C ii], and far-infrared dust emission 

originates at distances greater than 2 pc from the galactic 
center. This is the photodissociation zone where most of the 
(5-10) x 106 Lq of UV radiation emanating from the Galactic 
center is absorbed. The [C ii] emission extends deeper into the 
cloud than either the [O i] or the far-infrared continuum emis- 
sion. 

The J = 1 —► 0 CO emission peaks in a layer very close to the 
C + region. Both regions appear to overlap considerably. 

The H i 21 cm optical depth is largest very close to the CO 
peak and shows a very steep falloff toward the center. At the 
[O i] and dust continuum peaks the H i optical depth has 
dropped to about ~25% of its maximum value. 
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There is a considerably amount of warm or hot molecular 
gas (CO, OH, H2) mixed with the atomic gas. This high abun- 
dance may suggest that molecular and atomic gas are 
coexistent throughout the region. 

While the first two findings are in good agreement with the 
theoretical predictions for a photodissociation region, the 
latter two appear to contradict theory. In the models, the 
neutral, atomic hydrogen arises in a narrow layer (Av: 0 to ~2) 
at the outermost surface of the cloud. Both C+ and O0 persist 
deeper into the cloud than H i. Even if the observation by Liszt 
et al. (1983) were corrected for a steep temperature gradient 
toward the center (7¡pin rising to ~300 K at R = 2 pc), which 
would bring the H i column density at the [O i]/dust peaks to 
NHl = 2 x 1022 cm-2, there would still be an approximately 
constant hydrogen column density extending far into the cloud 
(A,, ~ 10), farther than the C+/O0 zone. In addition, the 
models by Tielens and Hollenbach (1984a, b) predict that most 
gaseous carbon is in C +, and very little in CO. 

The explanation of this apparent contradiction between data 
and theory and of the large thickness of the photodissociation 
region is probably the clumpy structure of the cloud. While 
any one clump is optically thick in the UV, the UV radiation 
can penetrate on average quite deep into the cloud, which has a 
volume filling factor < 10%. In such a clump the linear size of 
the photodissociation region on the side facing the UV source 
(AAv ~ 5 — 1022 cm-2) is only about 0.03 pc, or 0'.'6. If the 
clump sizes observed for the ionized gas (2"-10") are also 
typical of the neutral gas, the photodissociation region is only 
a thin skin on the surface of each clump. As a consequence, 
molecular material may be expected to exist very close to the 
inner edge of the neutral ring, while the UV radiation can 
penetrate far into the cloud. 

The spatial distributions of all radio and infrared lines quali- 
tatively suggest that some combination of heating, gas tem- 
perature, density, and column density decreases radially 
outward on the scale of a few pc. Beyond R ~ 4 pc, the gas is 
probably predominantly molecular. 

iv) Gas beyond 5 pc? 
There is currently no information on the continuation of the 

disk beyond the outer contours of the CO J = 1 —► 0 clouds at 

+100 km s'1 observed by Liszt et al (1983), mainly because of 
confusion with other molecular material located along the line 
of sight to the center, but not at the center. The molecular 
clouds at +20 and +50 km s-1 are located at projected dis- 
tances of 10-20 pc from the center, but have commonly been 
interpreted as being much farther away (e.g., Güsten and 
Downes 1980; Brown and Liszt 1984). 

c) Mass Distribution in the Central 5 pc 
The gas motions at R > 2 pc are dominated by rotation. The 

[O i] velocities, therefore, give an estimate of the mass dis- 
tribution in the Galactic center. The rotational velocity at 
R = 2 pc, the inner edge of the neutral disk (102 + 10 km s-1, 
corrected for 69° inclination), corresponds to an enclosed mass 
of (4.8 + 1.0) x 106 Mq. The [O i] velocity centroid at R = 3 
pc is 80 + 10 km s-1 [(4.4 + 1.1) x 106 M0] and at 4.5 pc is 
79+ 15 km s-1 [(6.5 + 2.5) x 106 M0]. These values are 
plotted in Figure 12 as a function of distance from 1RS 16. 

The rotational velocity and inferred mass enclosed within 2 
pc are in excellent agreement with the [Ne n] data in the 
western arc at R = 1.7 pc (4.7 x 106 M0; Serabyn and Lacy 
1985). The [O i] velocities at 3-4.5 pc also agree well with the 
CO J = 1 —► 0 velocity centroid of the blueshifted CO peak at 
R = 4 pc ( —83 + 7 km s-1; Liszt, Burton, and van de Hulst 
1984). We note, however, that both the [O i] and the CO 
emission at projected radius of R > 2 pc probably come from 
gas at various radii. In this case, the velocity centroid is not 
always a good measure of rotational velocity. Instead, the ter- 
minal velocity, that is, the high-velocity edge of the profile, may 
be a better measure of the rotational velocity. This correction 
probably does not affect the bright [O i] emission at the inner 
edge (R = 2 pç), but may increase the rotational velocities at 
R > 2 pc by 10%-40%. The correction for the [O i] velocities 
is rather uncertain because of the relatively low velocity 
resolution and the influence of noncircular motions. To indi- 
cate the possible magnitude of the effect, the open and filled 
triangles in Figure 12 given the rotational velocities at 4.5 pc, 
determined from the edges and centroids, respectively, of the 
CO data by Liszt et al (1983). 

The [O i] velocities by themselves are consistent either with 
an isothermal stellar cluster, where the rotational velocity is 

^ [Ne H] 

• [01] 

A co j = i-^o 

0.2 0.4 0.6 I 2 4 6 10 
Projected distance from IRS16(pc) 

Fig. 12.—Enclosed mass as a function of distance from 1RS 16. The masses were derived from the velocities of neutral and ionized gas, assuming circular orbits: 
M = v2R/G. The [O i] data are from this paper, the CO J = 1 -» 0 data from Liszt et ai (1983, 1984), and the [Ne n] data from Lacy et al. (1980; inner two points, 
from the bar) and Serabyn and Lacy (1985; outer two points, from the northern arm and western arc). For the CO data, both the velocity centroid (filled triangle) and 
terminal velocity at the half-power point (open triangle) are given. All observed rotational velocities at >1.5 pc come from the rotation ring and are corrected for an 
inclination of 69°. The thin diagonal line represents the mass distribution of a stellar cluster with ~5 x 106 M0 enclosed in 2 pc. The observed [Ne n] velocities of 
Lacy et ai (1980) do not require as support a massive central object if the clouds have fallen from an initial distance much larger than their current distance from the 
center or if their motion is radially outward. 
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constant and the enclosed mass increases linearly with radius, 
or with a point mass, where the rotational velocity decreases as 
R~1/2. The strongest constraint on the mass distribution comes 
from a comparison between the [O i] and [Ne n] measure- 
ments. 

Lacy et al (1980) have measured the velocities of 14 [Ne n] 
clouds at projected distances between 0.2 and 1.5 pc from 1RS 
16. There are two clouds at ±260 km s_1 LSR velocity at 
about 0.2 pc radius. Three clouds at an average distance of 0.6 
pc have a velocity of ~ 140 km s~1. These latter five clouds are 
in the bar (Fig. 5). The [Ne n] velocities in the northern arm 
reach a terminal velocity of 140 km s_1 at ~0.85 pc distance 
from 1RS 16 (Serabyn and Lacy 1985). If these velocities are 
interpreted as circular motion, and are combined with the 
[O i]/[Ne ii] rotational velocity at the inner edge of the 
neutral disk, then 40%-100% of the - 5 x 106 M0 contained 
within 2 pc must also be contained in a region of <0.4 pc (8") 
in diameter (see Fig. 12). Such a mass concentration is inconsis- 
tent with a spherical, isothermal stellar cluster, and requires a 
central point mass or an unusual, nonspherical or non- 
thermalized stellar cluster. The high-velocity He i/H i gas 
detected within a few arcsec of 1RS 16 would also be consistent 
with circular motions around such a point mass (Geballe et al 
1984). 

The situation is more complex if the inner ionized clouds 
have a substantial noncircular component of motion. In 
general, the enclosed mass required for a given velocity is then 
less than the mass required for pure circular motion. For 
example, the mass required by the inner [Ne n] clouds in 
Figure 12 would decrease by a factor of 2 if these clouds were 
falling freely in with a point mass at the center. The factor is 
2 ln (RJR) if the clouds have been falling freely in from an 
outer radius R0, with initial velocity zero, to their present 
radius R in the gravitational field of a stellar cluster whose 
density varies as r~2. For example, if the ±260 km s_1 clouds 
had fallen from the outer edge of the neutral ring to their 
present position, R0 is <8R, and the required mass enclosed 
within R <0.25 pc is >1 x 106 M0- This mass is still greater 
than but near to the mass expected if one extrapolates from the 
enclosed mass at 2 pc assuming that the stellar density varies as 
r " 2. No point mass is required in this case for some of the other 
[Ne ii] clouds. Hence, the observed [Ne n] velocities of Lacy et 
al (1980) do not require a massive central object if the clouds have 
fallen from an initial distance much larger than their current 
distance from the center. The observed motions also do not 
require the presence of a massive central object if the clouds are 
expanding from the center. In this case, however, the source or 
sources of mass outflow have to provide the energy for a mass 
outflow rate of ~ 10_3-10-4 M© yr_1, which may require the 
presence of one or several massive objects at the center. There 
is also other evidence for a point mass at the center. A detailed 
analysis of the kinematics of the northern arm suggests that 
this feature is a coherent gas filament in a parabolic or hyper- 
bolic orbit in the gravitational field of a point mass of (3- 
5) x 106 M© (Serabyn and Lacy 1985). 

d) Stability of Clouds in the Neutral Disk 
The clouds in the neutral-gas disk are subject to stripping by 

strong tidal forces and to frequent cloud-cloud collisions. The 
Roche critical density for tidal stability is ~107-108 cm-3 at 
R ~ 2 pc, more than 2 orders of magnitude higher than the 
measured density of the neutral clumps. The mean cloud-cloud 
separation is dcc = (<!>„) _1/3RC ä 0.2-0.6 pc. Judging from the 

noncircular [O i] velocities and the cloud-cloud velocity varia- 
tions in [Ne ii], the velocity dispersion between clouds may be 
At; ~ 20-50 km s-1. The mean time between cloud-cloud colli- 
sions then is tco11 ~ 5 x 103 to 3 x 104 yr. This is considerably 
shorter than the rotation period of clouds at the inner edge of 
the natural ring (105 yr), or the thermal expansion time scales 
(~105 yr). Hence, a single cloud has a high probability of 
collisions with another cloud during one rotation around the 
center. 

A significant fraction rjs of the kinetic energy of a cloud may 
be converted into radiation via shocks in a cloud-cloud colli- 
sion. Assuming a total gas mass of = 104 M©, one might 
then expect a radiative dissipation rate due to shocks of 

L shock Vs 
(l/2)Mg At;2 

Tcoll 
4 x 103 L0 104 Mj 

X 
/ Aî; \ y2 x 104 yr\ 
\30 km s-1/ \ tco11 ) 

. (6) 

Hence the dissipation of noncircular motions in cloud-cloud 
collisions may account for the H2 emission observed by Gatley 
(1983) and possibly also for far-infrared CO and OH line emis- 
sion. 

Assuming that angular momentum can be transferred 
between clouds, tidal stripping and cloud-cloud collisions 
probably will cause material to fall into the center. An upper 
limit to the current mass inflow rate may be estimated from the 
amount of material in the bar or northern arm to be about 
10_4-10-3 M© yr-1 (Lo and Clausen 1983; Ekers et al 1983). 
Under these circumstances, a good fraction of the neutral-gas 
disk around the center will have accreted onto the central 
region in 107-108 yr. This accretion process may be a tran- 
sitory phase followed by active ejection from the center (Lo 
and Claussen 1983; Ekers et al 1983), also re-exciting the tur- 
bulent material in the disk, or the material in the ring has to be 
replenished with gas from further out. One possibility is that 
the + 50 and ± 20 km s ~1 Galactic center molecular clouds are 
actually close to Sgr A and may feed material into the center 
(Ho et al 1985). 

e) Genesis of the N eutr al Disk 
How did the neutral disk form? In the preceding discussions, 

we have noted several features which must be accounted for in 
answer to this question. The disk is apparently a moderately 
stable, rather than transient, structure. However, it is quite 
clumpy, despite the fact that the critical tidal-disruption 
density greatly exceeds the densities found in the clumps, indi- 
cating a need for an additional compressive agent. Its inner 
boundary is well defined, and it surrounds a central “ cavity ” 
which is relatively devoid of gas. Although its motion is domi- 
nated by rotation, the disk appears to have substantial 
internal, noncircular motions. Shocked molecular material is 
distributed throughout the disk. Finally, it may be the progeni- 
tor of the partially ionized clouds seen near the center. 

Perhaps the simplest explanation which one might propose 
for the formation of the disk is that of an explosive (e.g., super- 
nova or explosive instabilities in accretion around a black 
hole) or eruptive (e.g., burst of star formation) event in the 
center of the Galaxy, which has removed gas from the central 2 
pc. A single Type II supernova would provide enough energy 
to remove to large distances about 1000 M© of interstellar gas 
initially mixed in with the central cluster. There may have been 
too little angular momentum in this gas to provide that seen in 
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the present neutral ring, but the expanding gas could conceiv- 
ably acquire the deficit by sweeping up a small amount of 
rotating gas at larger radii and settling back into orbits in the 
r = 2-5 pc range. This would not by itself lead to a very well- 
defined ring or to the observed noncircular motions, and thus 
seems much less likely than the alternative mechanisms. 

Gaseous rings or disks which surround cavities are often 
explained as ràdiatively driven or wind-driven bubbles. The 
luminosity of the Galactic center is insufficient by many orders 
of magnitude for radiation pressure to be effective. However, a 
better case can be made for stellar-type winds, some evidence 
for which is found in the presence of high-velocity ( ~ 700 km 
s-1) ionized gas associated with 1RS 16. When this is inter- 
preted as outflowing gas, a mass loss rate of 10-4-10-2 M0 
yr-1 is implied (Geballe et al 1984). This result, together with 
the 2 fim H2 emission in the disk, led Gatley et al. (1984; see 
also Gatley 1983) to suggest that the cavity and disk comprise 
a mass loss bubble, the abrupt boundary of which arises from 
the balance of wind pressure and gravitation. The [Ne n] 
clouds near the center could have been produced from material 
in the disk by Rayleigh-Taylor instabilities in the wind shock, 
and the molecular hydrogen emission would come from 
shocked neutral ring material. A mass loss rate of 3 x 10"3 

M0 yr-1 or greater would account for the H2 lines, if only a 
small (10%) fraction of the originally isotropic wind actually 
pushes on the neutral disk (Gatley et al 1984). There are, 
however, dynamical problems with this model. Even if an 
increased central mass is considered, owing to wind support of 
the disk, the [Ne n] clouds would be buoyant in winds as 
strong as those described ; since at least some of them appear to 
be falling in or to be in stable orbits around the center, the 
mass-flow rate cannot be greater than about 10"3 M0 yr-1. In 
this case, the wind may be dynamically unimportant and may 
not be able to provide the energy for the molecular hydrogen 
emission. In any case, a shock speed of 700 km s“1 in the 
neutral disk would produce an extensive ionized layer on the 
inner rim (see Shull and McKee 1979), which is not observed. 

Perhaps a very promising means for the generation of the 
neutral disk is a purely dynamical one, of which the ring’s 
strong differential rotation is suggestive. The flat rotational 
curve shows that orbits are allowed for which the frequencies 
of radial oscillations are resonant with harmonics of the rota- 
tional frequencies. In particular, an inner Lindblad resonance 
(1ER) is allowed by the motions of the neutral disk. This would 
be significant if there were any bimodal asymmetry in the mass 
distribution, such as a small oval, triaxial, or barlike distortion 
in the shape of the central stellar cluster. Judging from the 
tendency of rotating stellar disks to evolve quickly into stable 
oval- or barlike shapes in numerical experiments (e.g., Hohl 
1971), and from the frequent occurrence of barred structures 
in the center of spiral galaxies (e.g., Freeman 1970), it seems 
plausible that the central cluster in our Galaxy could have a 
small asymmetry. As has been shown by several authors (e.g., 
Combes and Gerin 1984; Schwarz 1981), the intersection of 
orbits in the bimodally distorted gravitational potential leads 
to the rapid establishment of a spiral configuration in the sur- 
rounding gas. In this configuration, the rotating bar exerts 
torques on the gas clouds which are positive at radii larger 
than that of the corotation resonance (CR) and negative for 
smaller radii. The gas is then driven outward and inward from 
the CR and eventually becomes trapped in the orbits near the 
inner and outer Lindblad resonances, resulting in gas rings at 
these radii. Noncircular motions would be evident in these 

rings, and cloud collisions frequent. Thus a ring associated 
with a Lindblad resonance would appear to explain the salient 
features of the neutral disk in the Galactic center. 

To illustrate the correspondence to the neutral disk, we have 
computed resonant orbits under the following assumptions : 

1. The epicyclic approximation is valid. 
2. The neutral disk is interpreted as an ILR. 
3. The central star cluster is isothermal with a core radius 

much smaller than the disk, containing 5 x 106 M0 within a 
2 pc radius, so that the angular velocity of circular orbits is 
Q = 100 km s~1/R and the frequency k for oscillation is 
given by 

Ç1 -|- = 2Q2 . (7) 

4. The stellar cluster has a small bimodal asymmetry. 
The orbit resulting from a radial velocity amplitude of 85 km 

s -1 and positioned with its long axis perpendicular to the line 
of sight is shown in Figure 13a.3 The longitude-velocity rela- 
tion was then computed from this orbit by assuming the disk 
to be uniform and to have transverse extent and internal veloc- 
ity dispersion much smaller than the instrumental spatial and 
spectral resolution, and convolving the emission of this disk 
with the instrumental response. Despite the numerous and 
gross assumptions, the model l-v relation shown in Figure 13b 
bears a striking resemblance to the observations. 

V. CONCLUSIONS 

We have reported mapping of far-infrared C+ and O0 fine- 
structure lines as well as the first detection of far-infrared CO 
and OH rotational line emission and OH absorption toward 
the Galactic center. These measurements have been compared 
with far-infrared and radio continuum maps, with recent 
observations of the 12.8 ¿un [Ne ii] line, and with measure- 
ments of CO 2.6 mm emission and H 121 cm absorption. 

The new observations clearly show that there is a 10 pc 
diameter neutral-gas disk or torus of several times 104 M0 
surrounding the inner ionized cavity. The gas disk has an 
inner radius of 1.7 pc, is inclined by ~69° relative to the line of 
sight, is tilted by ~ — 20° relative to the Galactic plane, and 
may be quite thin. 

The atomic gas in the neutral disk is dense (105 cm-3), warm 
(7"gas = 300 K > 7^ust = 50 K) and fills less than 10% of the 
volume. Pressure, ionization, and excitation of the disk 
material decrease from the inner edge outward. Atomic and 
molecular material are mixed throughout the disk, and the 
inner surface of the disk is ionized by Lyc photons from the 
center. While the CO abundance in the Galactic center disk 
may be approximately the same as in other molecular clouds, 
and OH probably is overabundant, the total gaseous carbon 
and oxygen abundances (in C+, O0, CO, and OH) appear to be 
significantly below the solar abundances of these elements. 

The most likely structure of the gas disk is that of a large 
number of small clumps in diameter 2"-10" (0.1-0.5 pc). These 
clumps are largely ionized in the central cavity and at the inner 
edge of the disk, but contain a core of neutral atomic gas. 
Deeper into the cloud, only softer (2 > 912 Â) photons can 
penetrate. The UV radiation creates thin layers of photo- 

3 Although this velocity leads to a radial amplitude large enough to invali- 
date the epicyclic approximation, we do not expect the general appearance of 
the structure we compute to be seriously àffected. 
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Fig. 13.—{a) The resonant orbit {triangles) superposed on the [O i] 63.2 /im longitude-velocity relation. The parameters used in the calculation were rotational 

velocity = 100 km s ^ radial velocity amplitude = 85 km s-1, pattern speed = 14.6 km s-1 pc-1 (angular velocity of the bar). The major axis of the orbit is 
perpendicular to the line of sight, {b) [O i] 63.2 gm emission from a uniform thin ring occupying the above orbit, convolved with the instrumental profile. 

dissociated gas at the inner, exposed surfaces of individual 
cloudlets, while most of the interiors remain molecular. As the 
UV flux is gradually attenuated with increasing depth into the 
cloud, the fraction of photodissociated atomic and warm 
molecular material decreases. The dominant heating source of 
the atomic gas in the neutral disk is most likely the nonionizing 
UV (912-3000 Â) radiation from the center. Shock heating by 
cloud-cloud collisions may be important for the molecular gas. 

The effects of tidal stripping plus frictional forces as well as 
cloud-cloud collisions probably cause material from the disk to 
fall into the center, while infall from clouds farther out or 
dynamical resonances of the gas in a slightly barred potential 
drive material into the disk. 

The neutral disk rotates around the Galactic center. The 
rotation axis is remarkably similar to that of the Galactic rota- 

tion at much larger scales. The [O i] rotational velocity at 2 
pc, the inner edge, corresponds to an enclosed mass of 
(4.8 ± 1) x 106 M0, and (6.5 ± 2.4) x 106 M0 is enclosed 
within 4.5 pc. If the innermost [Ne n] emission clouds in the 
bar observed by Lacy et al. (1980) are also primarily in circular 
motion, the mass enclosed within 0.2 pc is (4.5 ± 0.8) x 106 

M0, and (2.7 ± 0.7) x 106 M0 is within 0.55 pc. In this case, 
most of the mass contained in 2 pc has to be contained in a 
region of < 0.4 pc in diameter. The most likely form of such a 
mass concentration is a central point mass, such as a black 
hole. The data do not require a central point mass if the [Ne n] 
velocities are due to infall and the innermost ionized clouds 
have fallen in from a distance much larger than their current 
distance to the center, or if their motions are due to expansion 
from the center. 
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APPENDIX 

OH EXCITATION AND ABUNDANCE 

I. COLLISIONAL EXCITATION 

The upper level of the observed transition (2n1/2, J = 3/2—► 1/2) is the first excited rotational state in the 2n1/2 level. Collisional 
excitation of this level can proceed from the ground state (2n3/2, J = 3/2) directly or via an intermediary excitation to the 2H1/2, 
J = 1/2 level. At high densities (n > 107 cm-3) and temperatures (T > 500 K), the paths through the 2n3/2, J = 5/2 and the 2H1/2, 
J = 5/2 levels also contribute. We have computed level populations of the 12 lowest OH levels in the 2H1/2 and 2H3/2 ladders, 
assuming statistical equilibrium. Dewangan and Flower (1983) have calculated collision cross sections for the lowest six of these 
levels at a temperature of 280 K. To extend the calculations to all 12 levels and to both lower and higher temperatures, we have used 
cross sections published earlier for a range of temperatures (Dewangan and Flower 1982). These earlier calculations did not take 
into account spin-orbit coupling. To estimate all the necessary cross sections, including the effect of spin-orbit coupling, we scaled 
the 1982 cross sections at all temperatures by factors estimated from a comparison between the 1982 and 1983 values at 280 K. This 
is probably the best procedure until a larger set of cross sections becomes available. In accounting for radiative transport, an escape 
probability has been used, assuming a large velocity gradient and plane-parallel geometry. In this geometry the escape probability ß 
is given by /?(t) = (1 - ^“3t)/3t. The large line widths in the Galactic center justify this approach. The uncertainties in the cross 
sections make the estimates uncertain by at least a factor of 2 in each direction. The observed intensity of each of the two 2n1/2, 
J = 3/2-+ 1/2 lines is/OH = (1.3 ± 0.5) x 10-4 ergs s-1 cm-2 sr_1. To compute the density %2, temperature T, and OH abundance 
Xoh (relative to molecular hydrogen) necessary to account for this value, we adopt the total beam-averaged column density of 
hydrogen molecules estimated above (ATH2 æ 2 x 1022 cm~ 2). The volume filling factor <!}v of the OH emitting gas is then 

0> = 0.0321 
N h2 

2 x 1022 cm" 
105 cm“ 

riH2 

1018 cm 
~2R 

(Al) 

where R is the radius of the emission region. Since O,, 1 but 2R > beam size, we in effect assume that the OH emission comes from 
a number of small clumps of radius Rc with a total beam filling factor æ O^R/RJ. The observed line intensity then is given by 

2hv4 1 

c3 ni gjgi nu - i 
AtxDf 3[1 - ß(x163)-] . (A2) 

Here v = 1.8 x 1012 Hz, and nh nu, and gh gu are the populations and statistical weights of the J = 1/2 and J = 3/2 levels in the 
2H1/2 ladder, respectively. The velocity width is At; ~ 100-150 km s-1, and /?(t163) is the escape probability for the 163 gm line (for 
an assumed velocity gradient of ~50 km s-1 pc-1). This leads to a condition for the OH volume and column densities and OH 
abundance as a function of density and temperature required to match the observed line intensity. 

Between nH2 % 105-107 cm-3 and 200 < T < 600 K, a good analytic approximation for the OH abundance in the Galactic center 
is 

NOH 5 3+0 5/'107'5 Cm 3 KY2 X 1022 Cm Y'Y105 Cm 3 

10 I, n„,T A «K, J l %, 

As in the cases of the atomic gas and CO densities and temperatures must be fairly high to account for the far-infrared OH line 
emission assuming collisional excitation. This is a result of the high critical densities of the excited rotational states of OH 
(nfr“ ~ 1010 cm-3) and the low volume filling factor of the emission. In the likely regime of densities and temperatures the 163 /an 
OH optical depths are moderately high (t163 ~ 0.5-10), and trapping may significantly contribute to the line excitation. 

In conclusion, if the OH 2n1/2, J = 3/2 state is collisionally excited in a gas component under conditions similar to those of the 
atomic gas (nH2T = 107'5 cm-3 K, nH2 = 105 cm-3), the OH column density is ~1017 cm“2. This corresponds to an OH 
abundance of ~5 x 10"6. As in the case of the CO emission, the required OH column density and OH abundance are less if the 163 
/an line emission comes from dense (106 cm-3), shock-excited gas (nHz T ~ 109 cm-3 K, NOH ~ 1.5 x 1015 cm-2, /011 ~ 10-7). 

II. RADIATIVE EXCITATION 

Radiative excitation of the 2H1/2, J = 3/2-> 1/2 line may proceed by 54 and 35 jum pumping from the ground state to the J = 3/2 
and 5/2 states in the 2H1/2 ladder. This mechanism appears promising, since the far-infrared continuum source in the Galactic 
center has a high color temperature, has peak flux between 30 and 50 /an, and is located within the OH source. For this pumping 
mechanism to work, H/

cont(vpump), the number of continuum photons emitted per second in the pump transitions [2n3/2, 
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J = 3/2-* 2n1/2, J = 3/2 (54 ^m), 2n3/2, J = 3/2^ 2n1/2, J = 5/2 (35 /¿in)] has to exceed WOH, the total number of line photons 
emitted per second in the 163 fim transition: 

^cont(^pump) ^conti^pump 

>WoH = !°¡£™4nD2 ' (A4) 

"VOH 
Here Av (^100-150 km s-1) is the equivalent width of the OH lines, D0h ~ 10-7 sr is the solid angle of the beam, and D = 10 
kpc. The continuum flux densities by Rieke, Telesco, and Harper (1978), Gatley et al. (1978), and BGW correspond to 
^cont(54 /un) ~ 6 x 1049 s“1 and lTcont(35 fim) ~ 3 x 1049 s_1. The observed 163 /un OH intensity at A/ = —40" corresponds to 
WOH ~ 1.5 x 1049 s-1. Thus, infrared pumping is possible. Furthermore, a large fraction of the 35 and 53 /¿m continuum photons 
must be absorbed by OH molecules surrounding the continuum source. Assuming that the OH region covers a large enough solid 
angle, the pump transitions also have to be optically thick [toh(35 /urn), toh(54 /un) > 1] : 

1 ^ toh ~ ^ x ^139u^uo^u0
3Xoh • (A5) 

Here gu = 2JU + 1 is the statistical weight of the upper level of the pump transition, Au0 is the Einstein coefficient, and Eu0 is the 
energy difference between the upper level and the ground state, in K. The OH abundance has to be >2 x 10“6 for t(54 /un) > 1 and 
>1.2 x 10-5 for t(35 /un) > 1. This estimate is confirmed by a more complete numerical calculation with the observed continuum 
fluxes as input parameters for a background continuum field. The OH abundance has to be > 1CT6 if the OH cloud completely 
covers the outside of the continuum source. We conclude that the observed 163 /un emission requires a high abundance of OH 
OCoh = 10“ 7-10- 5) in the Galactic center, independent of excitation mechanism. 

Such a high OH abundance may indicate that shock chemistry (Hartquist, Oppenheimer, and Dalgarno 1980), or UV photo- 
chemistry, is more important that ion-molecule chemistry in this region. The Rouble-ladder structure of the OH molecule allows 
unambiguous determination of the excitation mechanism by comparison of excited transitions in the 2H1/2 ladder to those in the 
2n3/2 ladder. While a number of the excited states of the 2nl/2 ladder can be directly populated by radiative excitation from the 
ground state as well as by collisional excitation, the excited states of the 2n3/2 ladder can be populated only by collisions. Here we 
have not counted sequential pumping from one level to the next in a given ladder, since that does not lead to emission lines. In the 
case of collisional excitation with the parameters given above, the 84 /un 2H3/2, J = 7/2—► 5/2 line, for example, should be about an 
order of magnitude more intense than the 163 /um 2H1/2, J = 3/2—► 1/2 line. For the case of radiative excitation, no 84 gm emission 
or absorption would be present. A preliminary measurement of the 84 /am spectra in a 30" beam toward the center position resulted 
in an upper limit of 2 x 10-3 ergs s~1 cm-2 sr _ ^ thus marginally favoring radiative excitation of OH in Agr A. 

/ Av4nDz y 

\ he > 
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