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ABSTRACT 
We present far-infrared, submillimeter, and millimeter spectroscopic observations of the radio arc and the 

+ 20/+ 50 km s-1 molecular clouds in the Galactic center. 
The spatial distributions of [C n] 158 ¡um and molecular line radiation and of the thermal radio continuum 

emission in the arched filaments of the radio arc are very similar. About 2 x 104 M0, or 10% of the total gas 
mass in the radio arc, are contained in C+ regions. The H+/C+ regions are probably located at the surfaces of 
the dense molecular clouds in the arc. Profiles, fluxes, and spatial distributions of the [C n] fine structure and 
CO rotational lines reported here, together with published intensities of the 63 fim [O i] line and of the mid- 
infrared, far-infrared, and radio continua, are very well matched by theoretical models for molecular clouds 
that are photoionized and photodissociated by stellar UV radiation. The line and continuum intensities do 
not fit available models in which the neutral interstellar clouds in the arc are ionized by shocks or by magne- 
tohydrodynamic phenomena. The most likely interpretations are that OB stars have recently formed within 
and/or near the set of molecular clouds of the arc or that UV radiation reaches the arc from the Galactic 
center itself. This still leaves open the puzzle of the remarkable uniformity of the arc’s ionization over scales of 
tens of parsec. 

[C ii] emission from the +50 km s-1 cloud (M-0.02-0.07) is substantially stronger than from the +20 km 
s“1 cloud (M-0.13-0.08). CO 7 6 and C180 2 -► 1 emission in the 50 km s-1 cloud comes from a narrow (3 
pc) ridge at the eastern edge of the Sgr A radio source complex. Detection of blueshifted high-velocity C180 
line emission toward the center of Sgr A East gives direct kinematic evidence for expanding gas motions 
associated with this nonthermal radio shell source. The energy of the explosion resulting in Sgr A East is 
estimated to be at least 8 x 1051 ergs. We conclude that the +20 and +50 km s-1 clouds are within 15 pc of 
the Galactic center. The + 50 km s “1 cloud is compressed and accelerated by the expanding Sgr A East shell 
and may be exposed to the intense UV radiation from Sgr A West. 

CO 7 -► 6 emission from the clouds near the Galactic center and in the radio arc is relatively weak. Either 
the high temperatures and densities derived from NH3 and CS observations may not be characteristic of the 
bulk of the molecular gas, or the high filling factor low-J 12CO emission does not come from the bulk of the 
clouds, but from warm, low-density interclump gas. 
Subject headings: galaxies: The Galaxy — galaxies: nuclei — infrared: sources — interstellar: molecules 

I. INTRODUCTION 

Within about 10' of Sgr A*, the compact radio source at the 
dynamical center of the Galaxy, there are several large, molec- 
ular and ionized gas clouds. Figure 1 shows an overview of the 
region. Contours of 2.8 cm radio continuum (Pauls et al. 1976) 
delineate the locations of the Sgr A complex and the “radio 
arc” region about 10' north of it. In the radio arc region, one 
commonly distinguishes the straight, nonthermal filaments 
approximately perpendicular to the Galactic plane (/ ä 0?16) 
and the arched, thermal filaments (or the “bridge”) that 
appear to connect the northwestern part of the straight fila- 
ments with the Galactic plane near / æ 0.05° (Yusef-Zadeh, 
Morris, and Chance 1984). There are several prominent peaks 
in the chains of thermal filaments. They are usually referred to 
by their Galactic coordinates (e.g., G0.07 + 0.04, etc.). The 
thermal filaments of the radio arc are associated with a set of 
dense molecular gas clouds at negative LSR velocities (t;LSR = 
— 10 to —50 km s"1). These clouds appear not to participate 

1 Max-Planck-Institut für extraterrestrische Physik, Garching, ERG. 
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in galactic rotation and probably have significant noncircular 
velocities (Bally et al. 1987; Serabyn and Glisten 1987). 

A massive (Mgas ä a few 105 M0) molecular cloud with LSR 
velocity near + 20 km s"1 is located about 3'.5 southeast of Sgr 
A* (M-0.13 —0.08; e.g. Güsten, Walmsley, and Pauls, 1981). 
The + 20 km s “1 cloud appears to be connected with a second 
cloud at pLSR = 40 to 50 km s-1 (M-0.02 — 0.07) located ä3' 
northeast of Sgr A*. 

The location, physical conditions, and excitation of the 
Galactic center molecular clouds are not well understood. Are 
the molecular clouds as close to the Galactic center as their 
projected distances seem to indicate? And if so, are they physi- 
cally associated with the Sgr A radio sources and the circum- 
nuclear gas ring (cf. Brown and Liszt 1984; Genzel and Townes 
1987)? Most important, how are the gas clouds heated and 
ionized? One possibility is that OB stars have formed rela- 
tively recently (<106 yr) near the center and are now pho- 
toionizing clouds in their vicinity. 

An alternative interpretation is that the filaments in the 
radio arc trace large-scale magnetic field lines and are ionized 
by fast shocks, plasma waves, or magnetic flux tubes (Yusef- 
Zadeh 1986; Sofue and Fujimoto 1987; Heyvaerts, Norman, 
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SPECTROSCOPY OF GALACTIC CENTER 

RIGHT ASCENSION (19S0) 
Fig. 1.—Overview of the Galactic center region. The two regions mapped 

in the 158 2P3/2 -► 2Pi/2 [C n] line are indicated by boxes marked 
“ RADIO ARC ” and “ + 20/+50.” Thin contour lines mark the distribution of 
2.8 cm radio continuum from the work by Pauls et al. (1976:1' beam). Promi- 
nent continuum sources are designated. Heavy contours mark the location of 
the + 20 and + 50 km s ~1 clouds. 

and Pudritz 1988; Morris and Yusef-Zadeh 1990). To explore 
these questions, we have investigated the excitation, spatial 
distributions, and dynamics of the circumnuclear environment 
by observations and mapping of the 158 /¿m 2P3/2 

2Pi/2 fine 

structure line of singly ionized carbon, of the 372 /un J = 7 -► 6 
and 867 /mi J = 3 -► 2 rotational transitions of 12CO, and of 
the 1.37 mm J = 2-+ 1 transition of C180. For simpler com- 
parison with earlier work, we adopt a Sun-Galactic center dis- 
tance of Re = 10 kpc. At this distance V equals 3 pc. The best 
current estimate for RQ is near 8 kpc (Reid 1989), and all 
distances, masses, and luminosities may be scaled accordingly. 

The organization of this paper is as follows. After discussing 
the observations in § II, we present the results of the different 
measurements as well as first interpretations in the following 
two sections: first for the radio arc region (§ III) and then for 
the +20/+ 50 km s-1 clouds (§ IV). In § V we analyze the 
impact of our new measurements on the interpretation of the 
physical conditions, excitation and heating of the gas clouds in 
the arc and near the center. 

II. OBSERVATIONS 

a) Far-Infrared Observations 
Far-infrared observations of the 2P3/2 -► 2F1/2 transition of 

[C n] at 157.7409 /mi were taken on the NASA Kuiper Air- 
borne Observatory in 1988 June with the Mark II University 
of California, Berkeley, cryogenic Fabry-Perot spectrometer 
(Lugten 1987). We employed a three-element linear array of 
stressed Ge:Ga detectors (Stacey et al 1989) with a FWHM 
spatial resolution of 55" (solid angle 9 x 10“8 sr) and a spacing 
of 55" between detectors along position angle 120°. The spec- 
tral resolution was fixed at 67 km s_1 (FWHM), and the 
system noise equivalent power (NEP) was 3to4xl0~15W 
Hz_1/2, including all instrumental, telescope, and atmospheric 
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losses. The telescope’s secondary chopped at 33 Hz with a 5' 
amplitude. We first took spectra at selected positions in the 
radio arc and the + 20/ + 50 km s “1 clouds. Next, we fixed the 
Fabry-Perot spacing to pass the strongest emission in either 
region (—40 km s_ 1 in the arc and +40 km s_ 1 in the clouds). 
In the radio arc region, three fully sampled raster maps were 
made with 11 x 12 points (R.A. x decl.) at a spacing of 30". 
The integration time per point was about 4 s, resulting in a 3 <7 
sensitivity of 10~4 ergs s-1 cm-2 sr“1. The three maps neces- 
sary to cover the region of the arched, thermal filaments of the 
arc overlap. The region mapped is marked by the L-shaped 
boundaries in Figure 1. The northeastern map had its reference 
beam east, the other two west of the signal beam. The line-to- 
continuum ratio is large, so there is no significant correction 
for the underlying continuum. However, spectra taken in the 
northeastern region show some contamination due to emission 
in the reference beam, presumably because there is strong line 
emission at positive velocities near the Galactic plane. In the 
region of the + 20 and + 50 km s"1 clouds, one raster map was 
made with 9 x 20 points in Galactic latitude and longitude 
coordinates with 30" spacing. The reference beam was 5' 
southeast, in the direction of decreasing Galactic latitude. In the 
two sets of maps, data from the off-center detectors were used 
to extend the map boundaries and check on the consistency of 
the data. The absolute pointing accuracy of the maps is better 
than about +15". Absolute line intensities were made by 
observing the continuum of Sgr A (1.5 x 103 Jy: Crawford et 
al 1985) and of W51 1RS 2 (1.5 x 104 Jy: Thronson and 
Harper 1979). The calibration is accurate to + 30%. 

Submillimeter Observations 
Submillimeter spectra of the CO J = 1 -* 6 transition at 

371.6474 fim (806.6517 GHz) were taken toward the arc and 
+ 20/+ 50 km s-1 clouds in 1988 July with the 3.8 m United 
Kingdom Infrared Telescope on Mauna Kea and the Max- 
Planck-Institut für extraterrestrische Physik (MPE) Casseg- 
rain, Schottky heterodyne spectrometer (Harris et al 1987). 
The receiver temperature was about 4000 K (DSB) and the 
FWHM beam size was 26". The backend was a dual acousto- 
optical spectrometer covering an instantaneous bandwidth of 
1.1 GHz (380 km s_1). The telescope’s secondary switched at 2 
Hz between the source position and a position 180" east and 
west. The absolute pointing accuracy was about +5". We 
determined the submillimeter transmission and line tem- 
perature calibration in the way described by Harris (1986). The 
zenith transmission in 1988 July varied around 45%. All CO 
line temperatures are Rayleigh-Jeans main beam brightness 
temperatures; that is, antenna temperatures corrected for line- 
of-sight atmospheric transmission and divided by main beam 
efficiency (0.31). The temperature scale is correct to + 30%. 

c) Near-Millimeter Observations 
Observations of the 1.365411 mm (219.5603 GHz) C180 

2-1 and the 866.963 /mi (345.796 GHz) 12CO 3-2 tran- 
sitions toward radio arc and + 50 km s ~1 cloud were made in 
1989 March with the IRAM 30 m telescope. The FWHM beam 
sizes were 14" at 1.4 mm and 9" at 867 /mi. For the 1.4 mm 
observations, we used the IRAM SIS receiver (TDSB æ 300 K; 
Blundell, Carter, and Gundlach 1988). At 867 /mi we employed 
the new MPE 350 GHz SIS receiver (TDSB « 900 K; Harris et 
al 1989). In both cases the spectrometer was a bank of 512 x 1 
MHz filters. The data were taken in position-switched and/or 
sky-chopped mode (amplitude 4' in telescope azimuth). The 
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system was calibrated by the chopper wheel method and by 
observations of the planets and the Moon. Line temperatures 
given below are, again, Rayleigh-Jeans main beam brightness 
temperatures, antenna temperatures corrected for line-of-sight 
transmission (typically 60% at 1.4 mm and 22% at 867 /mi) 
and main beam efficiency (0.45 at 1.4 mm and 0.2 at 867 /mi 
from observations of Jupiter, diameter 36"). The temperature 
scale is correct to about ±25% at 1.4 mm and ±30% at 
867 /mi. 

in. results: radio arc 

a) Spatial Distribution of[C n] Line Emission 
There is strong 158 pm [C n] fine structure line emission at 

LSR velocities between —70 and —10 km s_1 over the entire 
area mapped (Fig. 2; [PI. 5]). The far-infrared line emission 
is well correlated with the radio continuum and molecular line 
emission in the arched, thermal filaments (right side of Fig. 2; 
Yusef-Zadeh 1986; see also Pauls et al. 1976; Serabyn and 
Güsten 1987). The [C n] emission has peaks on or near the 
far-infrared continuum sources and H n regions G0.07 + 0.04 
and G-0.01 +0.02 (see Table 1). Two ridges extend north from 
G0.07 + 0.04 along the two prominent sets of radio filaments in 
the arc (Fig. 2) and with a secondary peak near GO. 1+0.08. 
The [C n] emission toward the straight, nonthermal filaments 
is much weaker. A slight increase of [C n] flux near the north- 
eastern map boundary (17h43m, — 28°48') may be due to the 
H ii region GO. 18—0.04 near the center of the nonthermal 
filaments (Yusef-Zadeh 1989). The spatial correlation of the 
[C ii] emission with the radio continuum and molecular emis- 
sion is not perfect, however. Wherever the radio continuum is 
significantly offset from the CS 2 -> 1 emission mapped by 
Serabyn and Güsten (1987), the [C n] emission is also not 
coincident with the radio continuum and appears to peak 
between radio and molecular emission (e.g., the vicinity of 
G0.07 + 0.04). The most likely interpretation, already put 
forward by Serabyn and Güsten (1987), is that the ionized gas 
is at the surfaces of the dense molecular clumps delineated by 
the CS emission. The [C n] emission may come from partially 
ionized interfaces between the fully molecular and fully ionized 
zones. 

b) Spatial Distribution of CO Emission 
Bally et al (1987,1988) and Serabyn and Güsten (1987) have 

demonstrated that the arched filaments are closely associated 
with a system of dense molecular clouds. To study the relation- 
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ship between molecular and ionized gas at high spatial 
resolution we took 12CO 3 -► 2 and C180 2 -► 1 spectra with 
the IRAM 30 m telescope in steps of 14" along a 45° position 
angle from the peak of the far-infrared continuum emission of 
G0.07 + 0.04 (Table 1) toward the northeast. The integrated 
line fluxes of 12CO 3 -► 2 and C180 2 -► 1 along this cut are 
also shown in Figure 3. The positions of G0.07 + 0.04 and of 
two of the long filaments of the arc which the cut crosses at 
about right angles are also indicated. Clearly the H n region 
complex and far-infrared continuum peak G0.07 + 0.04 is a 
major concentration of molecular gas column density and 
mass (~2 x 104 M0). The two ionized filaments appear to be 
very near to or coincident with secondary peaks of 12CO 3 -► 2 
and C180 2-> 1 emission, indicating that they too are local 
maxima of gas column density [iV(H2) ~ 8 x 1022 cm-2, see 
below]. 

c) Luminosity and Mass ofC+ Regions 
The [C ii] emission in the arc has an integrated brightness 

(10-3 ergs s-1 cm-2 sr-1) that comes close to that of the 
circumnuclear disk surrounding Sgr A West. The line bright- 
ness temperatures may even be larger than in Sgr A (7i,lanck » 
30 K) because the lines in the arc are less than half as wide as 
the circumnuclear disk’s (cf. Fig. 4). Compared with the emis- 
sion in Sgr A itself, the arc is therefore more prominent in 
[C ii] line emission than in either the radio or infrared contin- 
ua. This is shown more quantitatively in Table 1. On the peak 
near G0.07 + 0.04, the line luminosity per 1' beam is about 
450 L0, or about 0.1% of the 25 to 130 pm far-infrared lumin- 
osity measured by Gatley et al. (1977, 1978). Here we have 
assumed that the arc is at the distance of the Galactic center. 
This ratio is comparable to that which is found in many OB 
star-forming regions in the Galaxy. Integrated over the map in 
Figure 2, the [C n] line luminosity is about 104 L0, or about a 
factor of 2 to 3 greater than the circumnuclear disk’s [C n] 
luminosity (Genzel et al. 1985; Lugten et al. 1986). 

A lower bound to the peak column density of C+ ions is 
about 8 x 1017 cm-2. The actual column density will be higher 
if the hydrogen density is less than about 3 x 103 cm-3, the 
critical density of the C+ 2F3/2 level, and if the kinetic tem- 
perature is not much larger than hv/k = 91 K (see Crawford et 
al. 1985). The ratio of [C n] line flux to the [O i] 63 pm line 
flux measured by Erickson et al. (1989) is about 1, indicating 
hydrogen densities in the C+ zones of a few 103 cm-3. With 
this density and an assumed kinetic temperature of 200 to 300 

GENZEL ET AL. 

TABLE 1 
Comparison of Continuum and Line Emission in the Radio Arc and Sagittarius A West 

Sgr A West G0.07 + 0.04 G0.01 +0.02 G0.1 +0.08 
R.A. = 19h42m29s3 17h42m26s2 17h42m22s 17h42ni22s5 

Decl. = — 28°59'19" -28°51'45"c -28°55'10" -28o47'40" 
(1950) 

25-130 /an, luminosity3 

(1' beam, 1 = 2.3 x 105 L0)  10 3.2 2.7 1.3 
2.8 cm radio continuumb 

(1'beam, 1 =0.3 Jy)   10 1 1 0.3 
158 /an [C n] intensity 
(55" beam, 1 = 2 x 10-4 

ergss-1 cm-2 sr-1)   10 6 6 3.4 

Note.—The listed position is the peak of [C ii] line and far-IR continuum emission ; the radio continuum 
peak is about 40" northeast. 

a Gatley et al 1977,1978. 
b Pauls er a/. 1976. 
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Fig. 3.—Cut of integrated C180 2 -► 1 (beam 14") and 12CO 3 -► 2 (beam 9") flux along position angle 45° east of north. The base position is at R.A. = 
17h42m26s2, decl. = — 28051'45" (1950). Multiply the decl. offset by 1.4 to get the full spatial offset along the cut. Marked at the bottom are the approximate locations 
of the far-infrared continuum/H n region complex G0.07 + 0.04 and of two of the prominent, narrow filaments of the arc which the cut crosses at about right angles 
(cf. Yusef-Zadeh 1986). 

K which is typical of most other [C n] sources in the Galaxy 
(Genzel, Harris, and Stutzki 1989), a more accurate estimate of 
the peak C+ column density is about 2.5 times larger than the 
lower bound given above [iV(C+) « 2 x 1018 cm-2]. That 
factor would even be larger if the [C n] emission were optically 
thick. With a C+/H2 fractional abundance ratio <3 x 10-4, 
the hydrogen mass per beam in the C+ region around 
G0.07 + 0.04 is 500 M0 or more. Integrated over the map of 
Figure 2, we estimate a hydrogen mass of about 1 to 2 x 104 

M0 in the C+ regions of the arc. Table 2 compares these values 
with those of the ionized and molecular gas components in the 
radio arc. The main result is that densities, column densities, 
and masses in the C+ zones are about an order to magnitude 
larger than those of the ionized gas, and about an order of 
magnitude less than those of the molecular gas. These relative 
proportions are comparable to many OB star-forming regions 
in the Galaxy. In these regions the [C n] emission comes from 

dense photodissociation regions associated with molecular 
clouds and excited by the far-ultraviolet radiation from embed- 
ded and external OB stars (e.g., Genzel, Harris, and Stutzki 
1989). 

d) CO 7 -► 6 Emission and Line Profiles 
Two CO 7 -► 6 spectra were taken, one near G0.07 + 0.04, 

and one near GO. 18 —0.04 (the so-called “pistol,” Yusef-Zadeh 
1989). The CO 7 -► 6 line was detected at the former position 
and its spectrum is displayed in Figure 4 along with a [C n] 
spectrum and profiles of the HI 10a and CS 2 -► 1 lines (Yusef- 
Zadeh 1986; Serabyn and Güsten 1987). 12CO and C180 3 -► 2 
spectra toward the same position are displayed in Figure 5. 

The FWHM line widths near G0.07 + 0.04 range between 30 
and 45 km s -1 for the various tracers (Fig. 4). Our C180 2 -► 1 
spectrum (Fig. 5) and the CS profiles of Serabyn and Güsten 
(1987) indicate that the overall profile may be a superposition 

TABLE 2 
Densities, Column Densities, and Masses in Radio Arc3 

n(H, H2) N(H + 2H2) M(H, H2) 
Component [cm-3] [cm-2] [M0] 

Ionized gas   400 to 1000b 1021 (!') 60(1') 
1.5 x 103 (integrated over arc) 

C+ regions   ~3 x 103c >8 x 1021 >5 x 102 (!') 
(l')d > 1.5 x 104 (integrated) 

Molecular gas  104e 4-> 15 x 1022 4->20 x 103 (l')f 

(l')f «2 x 105 (integrated) 
a For a 1' diameter region centered on the far-infrared peak of G0.07 + 0.04. 
b From 52/88 fim [O m] line ratio (Erickson et al. 1989) or from radio emission measure and size 

(Yusef-Zadeh et al. 1984). 
c From ratio of [C n] flux to [O i] 63 /mi flux (Erickson et al. 1989); see discussion of derivation of 

densities from [O i]/[C n] ratios in Watson (1984), Genzel et al. (1985). 
d [C+]/[H] < 3 x 10-4. e Average of model calculations of CO emission (this paper) and CS excitation (Serabyn and 

Güsten 1987). 
f Lower value from 50 /mi optical depth of warm dust (x50fim « 0.05, Gatley et al. 1977, 1978) and 

JV(H) = 8 x 1023 t50; upper value from CO model calculations (this paper) and [CO]/[H2] = 8 
x 10-5,[CO]/[C18O] = 250. 
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-300 -200 -100 0 100 200 300 
LSR VELOCITY 

Fig. 4.—Comparison of spectra near G0.07 + 0.04 (R.A. = 17h42m26s2, 
decl. = — 28051'45"). The centroid of the radio continuum emission of 
G0.07 + 0.04 is about 30" to 60" farther north. The [C n] profile (histogram in 
top panel, 67 km s~1 FWHM resolution with Lorentzian profile) in a 55" beam 
is shown in all three panels, together with the HI 10a spectrum (top: 22" x 11" 
beam, Yusef-Zadeh 1986), the CO 7 —► 6 profile (middle: 26" beam, this paper, 
peak Rayleigh-Jeans brightness temperature 6.5 K), and the CS 2 -► 1 spec- 
trum (bottom: 25" beam, Serabyn and Güsten 1987). 

of several components of 10 to 15 km s-1 width. Allowing for 
the differences in spectral resolution and signal-to-noise ratios, 
there is no evidence that the higher excitation CO 7 -► 6, [C n] 
and HI 10a lines are much wider than low-J 12CO lines. The 
12CO lines are somewhat (20%) wider than the C180 and CS 
lines. The [C n] and HI 10a lines toward G0.07 + 0.04 are blue- 
shifted by about 10 to 15 km s-1 relative to the CO and CS 
lines, indicating streaming motions between ionized and 
molecular gas. Inspection of the CS spectra by Serabyn and 
Glisten and the HI 10a spectra of Yusef-Zadeh (1986) indicates 
that in most other locations of the thermal filaments, velocity 
shifts between neutral and ionized gas are less than about 5 to 
10 km s-1. In addition to [C n] emission associated with the 
radio arc (plsr ~ —10 to —60 km s-1), the [C n] profile in 
Figure 4 also shows emission at positive LSR velocities which 
is almost certainly associated with other clouds along the line 
of sight to the Galactic center. 

e) Molecular Gas in the Arc: Model Calculations 
The 12CO 7 -► 6 line emission toward G0.07 + 0.04 is rela- 

tively weak (7^b = 7 K). This is surprising, since observations 
of 1.2 cm inversion lines of NH3 and mm transitions of high 
density tracing molecules (like CS) show moderately intense 
extended emission, and have been interpreted as indicating 
high gas densities and moderately high temperatures [n(H2) ä 
2 to 5 x 104 cm-3, 7¿in ä 50-100 K, Güsten et al 1985; 
Güsten, Walmsley, and Pauls 1981; Serabyn and Güsten 1987; 
Bally et al 1987). 

In order to quantify the physical parameters of the molecu- 
lar gas in the arc, we have constructed simple one-component 
models that account for the combined effects of non-LTE exci- 
tation, radiative transport, and dumpiness of the gas. Martin, 
Sanders, and Hills (1984) have shown that only models taking 
into account clumping can satisfactorily match the observed 
line intensities and line widths of various CO isotopic tran- 
sitions. Our “ clumpy cloud ” model is described in more detail 
in Appendix A. Table 3 lists the observed 12CO and 13CO 
1 -► 0 line brightness temperatures and widths taken from the 
literature, along with our new 12CO 2 -► 1, 3 -► 2, and 7 -► 6 
and C180 (2 -► 1) data (Fig. 5) for G0.07 + 0.04. Table 3 also 
gives the parameters of a typical one component, clumpy cloud 
model that gives an acceptable fit to the line intensities and 
widths (labeled Low-Temperature, Low-Density). We have 
assumed fractional abundance ratios [12CO]/[13CO] = 25, 
[12C0]/[C180] = 250 that are probably representative of the 
Galactic center region (e.g., Wannier 1980). 

The low intensity of the CO 7 -► 6 line means that only 
models of relatively low molecular hydrogen density (<104 

cm “3) and kinetic temperature ( < 40 K) come close to fitting 
all 12CO, 13CO, and C180 data. In order to demonstrate the 
fact that models with parameters suggested by the NH3 and 
CS data fail to explain the CO measurement we show a second 

LSR VELOCITY (km/s) 
Fig. 5.—C180 2 -► 1, 12CO 2 -► 1, and 3 -► 2 spectra toward G0.07 + 0.04 

(same position as in Fig. 4). The C180 and 12CO 2 -► 1 data were taken in 
position-switched mode with the IRAM 30 m telescope, the 12CO 3 -► 2 data 
with the wobbler. 
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TABLE 3 
Observed and Derived Parameters of CO Emission in Arc 

Observations 
Radio Arc: 

G0.07 + 0.04 
Low-Temperature, 

Low-Density Model5* 
High-Temperature, 

High-Density Modelb 

12CO 1 - 0 

12C02-1 

12C0 3-2 

12CO 7 -► 6 

13coi-o 

C180 2 -> 1 

Tmh = 20 K (21") 
At;(FWHM) = 35 km s" 

Serabyn and Güsten (87) 
40 K (26") 
37 km s ~1 

20 K (30")c 

37 km s“1 

7 K (26") 
«45 ± 10 km s-1 

3.5 K (100") 
35 km s-1 

Bally et al. (87) 
1.5 K (25") 

30 km s -1 

T = 20 K 
Av = 35 km s- 

t= 15 
26 K 
39 km s -1 

47 
24 K 
40 km s “1 

76 
7 K 

37 km s -1 

26 
4.5 K 

32 km s-1 

1 
1.4 K 

31 km s-1 

0.8 

4 K 
33 km s" 

6 
6 K 

35 km s- 

20 
7 K 

36 km s- 

38 
7 K 

36 km s - 

53 
0.4 K 

31 km s- 

0.2 
0.2 K 

31 km s- 

0.1 
a Clumpy cloud model (see text) with ^kin = 40 K, n(H2) = 3 x 103 cm 3, Gaussian clumps with 

FWHM; At>clump = 10 km s-1, At;cloud = 30 km s_1, beam area filling factor (j)A = 0.20, peak total CO 
column density in a clump iV?1(CO) = 1019 cm-2, [12CO]/[13CO] = 25, [12C0]/[C180] = 250. 

b Clumpy cloud model with ^kin = 80 K, n(H2) = 3 x 104 cm 3, Gaussian clumps with Avcl =15 
kms-1,At;cloud = 30kms-1,^ = 0.02,iVcl(CO) = 2 x 1019cm“2. 

c Data were taken in Spatial-Chopping mode (4' Wobbler). 
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model in Table 3. This model (labeled High-Tempera ture,- 
High-Density) is for a hydrogen density of 3 x 104 cm-3 and a 
kinetic temperature of 80 K, and uses a very small filling factor 
(0.02) that is adjusted to give a good match to the 12CO 7 -► 6 
temperature. It fails to account for all other lines by factors 
between 5 and 9, however. A homogeneous cloud model of 
small filling factor can simulate the ratio of the 12CO 7 -► 6 to 
the 13CO 1 -► 0/C18O 2 -► 1 line intensities (as the filling factor 
does not depend on optical depth), but fails to explain the 
low-J 12CO line intensities. 

The fact that the most prominent C180 peak in Figure 5 is 
coincident with a deep self-absorption feature in the low-J 
12CO lines indicates the presence of gas with very low kinetic 
temperatures ( < 10 K), or gas with a combination of low tem- 
peratures and low densities. Neither of the two models (or any 
other single component model) can account for the puzzling 
difference in brightness of the low-J 12CO lines (20 K for 1 -* 0, 
40 K for 2 -► 1, and 20 K for 3 -► 2). These facts indicate that 
the low-J 12CO emission may come from a medium with a 
complex density and temperature structure, and will be dis- 
cussed in more detail in a forthcoming paper (Genzel et al. 
1990). 

With an assumed CO/H2 ratio similar to that in the disk of 
the Galaxy (8 x 10“5), we derive a peak integrated molecular 
hydrogen column density of 1.5 x 1023 cm“2 in a T beam 
centered on G0.07 + 0.04. The molecular hydrogen mass in this 
region then is about 2 x 104 M0. The total molecular mass 
integrated over the entire arc region is about 10 times larger, or 
about 2 x 105 M0 (from the CS map of Serabyn and Güsten 
1987). Our mass estimate is about 3 times less than that 
inferred by Serabyn and Güsten (1987) on the basis of their CS 
observations and an assumed [CS]/[H2] ratio of 3 x 10“9. 
Our estimates are about 5 times larger than the gas column 
densities and masses estimated from the 50 /xm continuum data 
by Gatley et al. (1977, 1978): Tdust(50 /xm) « 0.05, the dust 

emissivity law by Hildebrand (1983), and a gas-to-dust ratio of 
102. A likely reason for this discrepancy is that the 50 /xm 
emission comes from relatively warm dust (Td& 50 K). A large 
fraction of the total dust mass may be cooler and thus not 
contributing significantly to the 50 /xm emission. The derived 
densities, column densities, and masses are listed in Table 2 for 
comparison with the parameters of the ionized gas and C + 

regions. 

iv. results: +20 and +50 km s“1 clouds 

a) [C n] Mapping 
The distribution of [C n] line radiation between pLSR = 

+ 10 and +70 km s“1 is given in Figure 6, along with an 
overlay of the [C n] contours on a map of 1 mm continuum 
emission from Mezger et al. (1986). Except in the immediate 
vicinity of Sgr A*, the 1 mm continuum emission traces the 
column density of dust, and hence probably the column 
density of the gas in the bulk of the cloud. As in the case of the 
radio arc region, the [C n] emission is moderately intense 
(peak 9 x 10“4 ergs s“1 cm“2 sr“1) over most of the region 
mapped. There are two emission peaks. The most prominent 
one at Al « 40" is coincident with the redshifted “ lobe ” of the 
rotating, circumnuclear ring surrounding Sgr A*/IRS 16 and 
has been discussed previously by Lugten et al. (1986). The 
second maximum is close to the peak of the +50 km s“1 

molecular cloud (M-0.02—0.07) and several compact H n 
regions just east of the nonthermal radio shell of Sgr A East 
(Ekers et al. 1983). Weaker [C n] emission appears to be 
extended over the entire diameter of the + 50 km s “1 cloud. 
The [C n] intensity decreases gradually toward the +20 km 
s“1 cloud. The map and an individual spectrum taken toward 
the peak of the + 20 km s “1 cloud show that the [C n] flux is 
at least 6 times weaker there than toward the +50 km s“1 

cloud. 
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Fig. 6.—[C n] maps of the +20/+ 50 km s-1 clouds. Bottom: Contours of 
[C il] emission between LSR + 10 and +70 km s-1. Contour unit is 
1.4 x 10~4 ergs s-1 cm-2 sr-1, resolution 55". The maps were made on a 30" 
grid in Galactic latitude x longitude. The cross marks the position of 
Sgr A*/IRS 16. Top : Selected [C n] contours (dashed) superposed on contours 
of 1.3 mm continuum emission from Mezger et al. (1986, 90" beam). The left 
and right, 1.3 mm continuum peaks are identical with the peak positions of the 
+ 50 and + 20 km s -1 molecular clouds. 

b) CO 7 -► 6 Mapping 
Figure 7 shows the velocity integrated intensity of the CO 

7 -► 6 emission along two east-west cuts through the peak of 
the + 50 km s-1 cloud, Sgr A East and the redshifted lobe of 
the circumnuclear ring, together with corresponding cuts of 1 
mm dust emission from the paper by Mezger et al (1989). In 
addition to strong submillimeter CO emission from the cir- 
cumnuclear disk (Harris et al. 1985), the new data show a 
well-defined, sharp increase of submillimeter CO emission on a 
ridge coincident with the eastern edge of Sgr A East. Location 
and diameter of the enhanced line emission are remarkably 
similar to those seen in 1 mm continuum. 

Figure 8 shows an average CO 7 -> 6 spectrum in about a 1' 
diameter region toward the peak of the +50 km s_1 cloud, 
along with a 13CO l->0 spectrum from the same region 
(Armstrong and Barrett 1985). The 7 6 line is relatively weak 
when compared to the 1 -► 0 and 2 -► 1 lines, as in the arc. The 
spectra have about the same linewidth, but the 7 6 profile 
has a significant central depression, either due to foreground 
absorption by cooler gas or as a result of the fact that the 3' 
chopper throw was not sufficient to chop off the source. The 
7 -► 6 line toward the + 20 km s ~1 cloud has about the same 
intensities but has no indication of a central depression. 

■ I . 1 -j ^ \ L 

R.A. OFFSET 
Fig. 7.—Cuts of CO 7 6 integrated line flux through the +50 km s_1 

cloud. The two cuts are east-west, at declination offsets = + 30" (bottom) 
and A<5 = +60" (top) relative to Sgr A*/IRS 16 (R.A. = 17h42m29?3, 
deck = — 28°59T8" (1950)). The CO 7 -► 6 data points (filled circles, 25" beam) 
were taken every 30". Dashed curves indicate schematically the distribution of 
1.3 mm continuum flux from Mezger et al. (1989,13" beam). The strongest CO 
7 -► 6 peak at Aa « + 30" is the northern, redshifted lobe of the circumnuclear 
disk (Harris et al. 1985). The second peak at Aa « 120" -► 150" is the + 50 km 
s~1 cloud. The sharp eastern edge of the Sgr A East nonthermal radio source is 
at Aa = 100" at A<5 = 30" and Aa = 80" at A<5 = 60". 

c) C180 Mapping 
Figure 9 is a map of the velocity-integrated C180 2->l 

emission of the +50 km s_1 cloud, which should trace the 
total molecular column density. The strongest C180 emission 
arises from a north-south ridge just at the eastern edge of Sgr A 
East (Fig. 9b) and is similar to the distribution of the CO 7 -> 6 
line and 1.3 mm continuum emission from cold dust (Mezger et 
al. 1989). The C180 line emission tapers off slowly across the 
face of Sgr A East and toward Sgr A*. Previous molecular 
absorption observations (Güsten and Downes 1980; Brown 
and Liszt 1984; Sandqvist et al. 1987) have indicated that this 
part of the + 50 km s~1 cloud is mostly in front of Sgr A East. 
From the integrated C180 flux and [C180]/[H2] » 3 x 10“7, 
we estimate a peak molecular hydrogen column density of the 
50 km s_1 cloud of 6 x 1023 cm-2 and a molecular hydrogen 
mass of about 2 x 105 M0 integrated over the map. This is in 
reasonable agreement with the data of Mezger et al. [1989: 
AT(H2)ä3 x IO23 cm-2]. 

Figure 10 is a C180 spectrum taken at offset (Aa, 
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LSR VELOCITY [ kms -1] 
Fig. 8.—Comparison of CO 7-► 6 (histogram) and 13CO l->0 (dotted, 

Armstrong and Barrett 1985) profiles toward the peak of the 4-50 km s-1 

cloud. In order to compare data with the same beam size, the CO 7 -► 6 profile 
is an average of spectra over a 1' diameter region. Multiply the temperature 
scale by 0.72 to obtain main beam brightness temperatures for the 13CO 1 -> 0 
line. 

A<5) = (+100", +40") from Sgr A*, just inside the Sgr A East 
shell. In addition to strong emission from the 50 km s “1 cloud, 
there is high-velocity C180 emission between pLSR = — 80 and 
+ 20 km s-1 that show up as a continuous wing on the blue- 
shifted side of the emission from the 50 km s -1 cloud. Figure 9 
shows that this high-velocity emission can be seen across most 
of the face of Sgr A East, is strongest toward its center, but is 
weak or below detectability away from Sgr A East. An east- 
west position-velocity cut at Adecl. = + 40" is shown in Figure 
11. The high-velocity C180 emission has its largest velocity 
extent toward the center of Sgr A East (AR.A. « + 80") and 
diminishes quickly toward the center of the + 50 km s_ 1 cloud. 
There are other, well-known kinematic features in the Galactic 
center that have negative velocities. These features (3 kpc arm 
at — 50 km s-1, expanding molecular ring at —120 km s“1, 
and a component at — 30 km s-1) all have distinct velocities, 
however, and are spatially very extended. We thus conclude 
that the spatially concentrated blueshifted feature discussed 
above is associated with Sgr A East. 

The new C180 2 1 and CO 7 -► 6 data thus clearly indi- 
cate that the +50 km s-1 cloud is directly associated with 
Sgr A East, that it physically interacts with it, and that gas 
related to Sgr A East is expanding at high velocity. We discuss 
the implications in § Vh below. 

Fig. 9. Distribution of C180 2 -* 1 emission in the +50 km s 1 cloud (14" beam), (a, left) : Map of integrated C180 line flux between LSR +30 and +70 km 
s'1. Contour units are km s~1 times degree K main beam brightness temperature. The spatial offsets are relative to Sgr A* (17h42m29s3, -28°59'18"). Crosses mark 
the positions where data were taken. The map is not fully sampled, (b, right) : Schematic of the distribution of the nonthermal radio continuum emission of Sgr A East 
(Ekers et al. 1983; heavy lines). Stippled region denotes the area where blueshifted high-velocity C180 emission (vLSR = -80 to +20 km s"1) was detected. Solid 
black marks the area of strong blueshifted high-velocity C180 emission. 
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Fig. 10.—C180 2 -> 1 profile at offset (AR.A., Adecl.) = ( +100", + 40") from Sgr A* 

V. DISCUSSION 

a) What Ionizes the Thermal Filaments in the Radio Arc? 
The system of thermal and nonthermal filaments in the radio 

arc is a remarkable phenomenon. On geometrical and mor- 
phological grounds, Yusef-Zadeh (1986) and Morris and 
Yusef-Zadeh (1990) concluded that the thermal filaments are 
not photoionized H n regions excited by the ultraviolet radi- 
ation of nearby or embedded OB stars. The main argument is 
the uniformity of the ionization along a rather long path 
(several 10 pc). Serabyn and Glisten (1987) have argued that 

LSR VELOCITY [km/s] 

Fig. 11.—Position-velocity diagram of C180 emission along an east-west 
line through Sgr A East and the 50 km s “1 cloud. All offsets are relative to 
Sgr A*. 

photoionization by UV radiation from the Galactic center can 
also be excluded geometrically. A number of other possible 
ionization mechanisms have been considered (see Morris and 
Yusef-Zadeh 1990 for a more detailed summary). Yusef-Zadeh 
(1986) and Bally et al. (1988) proposed fast shocks in cloud- 
cloud collisions. Sofue and Fujimoto (1987) invoked a magne- 
tized jet of supersonic, thermal gas emanating from the galactic 
nucleus. Heyvaerts, Norman, and Pudritz (1988) proposed that 
magnetic loops, created near Sgr A*, collide with the molecular 
clouds in the arc region and ionize them. Most recently, Morris 
and Yusef-Zadeh (1990) have argued that the gas is ionized by 
Alfvén’s (1954) “critical ionization” effect, which is caused by 
the magnetohydrodynamic interaction of a rapidly moving 
cloud with a strong ambient magnetic field. 

Valuable new information on the characteristics and physi- 
cal conditions of the gas clouds in the radio arc is now avail- 
able from the absolute and relative continuum and line fluxes 
that have been reported in this paper and in Erickson et al. 
(1989). We now discuss how this information can be used to 
better determine the possible ionization mechanisms in the arc. 

i) Photoionization versus Shock Models 
Table 4 summarizes several of the directly observed or 

derived parameters of the gas and dust emission in the region 
around G0.07 + 0.04 at the southern end of the arc. This partic- 
ular region is well studied, and other regions in the arc, such as 
GO. 1+0.08, appear to have comparable characteristics. Also 
listed are the theoretically expected values of these parameters 
for the cases of a 40 km s_1, pure gas dynamic (J-type) shock 
for two different preshock densities, taken from the recent 
J-shock models by Hollenbach and McKee (1989). This is the 
largest shock velocity that is still consistent with the observed 
widths of the CO 7 6, [C n], and HI 10a lines. A larger shock 
velocity can, of course, be consistent with the data if the shock 
propagation direction is at a large angle with respect to the line 
of sight. While that could possibly be the case over a small 
region, it is unlikely to be applicable over such a large and 
complex region as the radio arc. 

The magnetosonic speed of the ions is 20 to 80 km s “1 for 
the range of ion densities (400 to 1000 cm-3, Table 2) and 
magnetic fields (100 to 1000 /iG) likely present in the arc. Since 
this velocity may be larger than the shock velocity, a magneto- 
hydrodynamic (C-type, Draine 1980) shock has to be con- 
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TABLE 4 
Observed Parameters of G0.07+0.04 vs. Shock and PDR Models 

Parameter Observed 

./-Shock* J-Shock* 
n0 = 103 n0 = 104 

= 40 km s ~1 

H ii + PDRb 

e0 = 103 - 104 

^interstellar 
nH = 103 cm-3 

Luv = 106 Lq 

[C ii] Intensity 
(ergs s-1 cm-2 sr_1) . 
[Oi]/[Cii] 
Intensity ratio  
CO 7 -► 6 Intensity 
(ergs s_1 cm-2 sr_1) . 
EM (cm-6 pc)  

ne(cm 3)   
Te(K)   
S(10 fim)/S(5 GHz) 
^Lines/^TOT   

1.2 X 10"3 

Ie 

1.5 x 10“4 

5 x 105 (l')d 

-5 x 106 (10") 

«300e 

5000 - 7000f 

10-BO11 

0.002 

2 x HT5 

10-20 

10-7-10“6 

200e 

>103 

«104 

2 x lO-5 

>100 

6 x 10“6 

3 x 103 

>104 

«104 

10“3 

0.5-2 

10-6 

EM and flux 
consistent with 
Luv and ne 

<103 

>6600g 

5 — SO1 

0.005 

* Hollenbach and McKee 1989, n0 is preshock density of hydrogen nuclei in cm“3. 
b Photodissociation region (PDR) models from Hollenbach, Tielens, and Takahashi (1989), ^interstellar = 1-6 

( 10“3 ergsem-2 s_1. 
c Erickson et al. 1989. 
d Pauls et al. 1976. 
e Yusef-Zadeh 1986. 
f From line to continuum ratio in HI 10a recombination line of Yusef-Zadeh 1986. 
g Wink et al. 1983. 
h Yusef-Zadeh et al. 1989. 
1 Genzel et al. 1982. 
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sidered as well. One of the main characteristics of a C-type 
shock is that the peak postshock temperature is much smaller 
than in a J-shock (a few 103 K instead of > 105 K). C-shocks 
thus produce little ionization (Draine, Roberge, and Dalgarno 
1983; Chernoff, Hollenbach, and McKee 1982). As far as 
column densities of ionized gas is concerned, the J-shock 
numbers in Table 4, therefore, represent the “ best case.” 

In the last column of Table 4 we list the theoretical predic- 
tions (from the models by Hollenbach, Tielens, and Takahashi 
1989 and A. Sternberg 1989, private communication) for a 
combination of an H ii region around a few late-type O or 
early B stars of total UV luminosity similar to the far-IR 
luminosity of G0.07 + 0.04 (~106 L0), plus a photo- 
dissociation region (PDR) exposed to a far-UV radiation 
intensity of 103 to 104 times the local interstellar radiation 
field. That intensity corresponds to the dilution of a UV lumin- 
osity of about 106 Lq at half the diameter of G0.07-h0.04 (a 
few pc). We implicitly assume in this model that the UV radi- 
ation from a few distributed OB stars within or near 
G0.07 -h 0.04 ionize and photodissociate gas at the surfaces and 
edges of the molecular clouds in their vicinity. 

The interpretation of Table 4 appears straightforward. A 
standard photoionization/photodissociation model explains 
almost all observed parameters without difficulty. The J-shock 
models fail to account for the absolute and relative line inten- 
sities and emission measures by one to three orders of magni- 
tude and cannot account at all for the infrared continuum. The 
observed bright, spatially extended [C n] fine structure line 
emission in the radio arc is probably the most unambiguous 
indicator that an intense (euv > 103 €interstellar) far-ultraviolet 
radiation field must be present. The shock models are also not 
able to account for the [O m] fine structure line emission 
observed by Erickson et al. (1989). Neither shock nor PDR 
models account for the CO 7 -► 6 line flux. The 7 -» 6 CO 

emission most likely comes from a larger column density of 
somewhat cooler molecular gas deeper into the cloud, as in the 
models presented in Table 3. 

ii) Origin of the Far-Infrared Luminosity 
Morris and Yusef-Zadeh (1990) have proposed that the far- 

infrared continuum radiation from the radio arc is due to dust 
heating in the general radiation field from the extended cluster 
of late-type stars centered on the Galactic nucleus (Becklin and 
Neugebauer 1968). The luminosity density of the late-type stars 
at a distance of 20 pc from the center is about 103 L0/pc3, as 
derived from the luminosity profile of Sanders and Lowinger 
(1972). Considering a region of radius 1' centered on 
G0.07 + 0.04, the late-type stars within and outside that 
volume may contribute about 1 to 2 x 105 L0. Most of the 
stellar radiation emerges at visible and near-infrared wave- 
lengths where the dust absorption efficiency is lower than in 
the UV. Even if all of the radiation impinging on the cloud is 
absorbed by the dust in G0.07 + 0.04, it fails the observed 30 to 
120 fim luminosity of G0.07 + 0.04 (~106 L0) measured by 
Gatley et al. (1977, 1978) and Dent et al. (1982) by about a 
factor of 5 to 10, and the total luminosity by more. Further- 
more, heating by the visible/near-infrared radiation from the 
late-type stars cannot explain the relatively high dust tem- 
peratures of G0.07 + 0.04 (~50 K, Gatley et al. 1977). The 
intensity of the stellar radiation field is about 1 erg s-1 cm-2. 
With a dust absorption efficiency scaling as 2-1, we derive a 
dust temperature between 20 and 33 K from this stellar radi- 
ation field intensity, depending on the absolute value of the 
absorption efficiency in the visible and near-infrared. We con- 
clude that the luminosity of G0.07 + 0.04, and, by analogy the 
other peaks in the thermal radio arc cannot be accounted for 
by the late-type stars. Heating by late-type stars may, however, 
significantly contribute to the more extended far-infrared emis- 

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



19
90

A
pJ

. 
. .

35
6.

 .
16

0G
 

170 GENZEL 

sion near the Galactic center (Cox and Laureijs 1989), in agree- 
ment with the discussion in Morris and Yusef-Zadeh (1989). 

iii) Critical Ionization Mechanism 
As a fast-moving neutral cloud moves into a region contain- 

ing a strong, rigid magnetic field, the charged particles in the 
cloud start gyrating about the field lines, while the neutrals are 
initially unaffected. If the velocity of the cloud is large enough 
(>40 km s-1), collisions between ions and neutrals can then 
lead to cascade ionization which may eventually ionize the 
entire cloud surface (Morris and Yusef-Zadeh 1989). Although 
detailed calculations of the energy balance and thermal struc- 
ture in a zone heated by this “ critical ionization mechanism ” 
(Alfvén 1954) are not available, the following general consider- 
ations speak against this mechanism as the dominant one for 
the ionization of the clouds in the arc. First, in a critical ioniza- 
tion front, as in shocks, the ionized and partially ionized gas 
are downstream from the interaction point between cloud and 
magnetic field. As a result, the ionized and partially ionized gas 
must be at least as dense as the upstream molecular gas since 
the cooling time scales (1 to 10 yr at the densities in the arc) are 
much smaller than dynamical time scales (>1000 yr). Such a 
density structure of the gas is not observed in the arc (Table 2), 
however. The molecular gas appears to be much denser than 
the ionized gas. The densities of ionized, partially ionized, and 
neutral gas components listed in Table 2 are derived from line 
ratios. They should be more reliable than densities inferred 
from emission measures or column densities (Morris and 
Yusef-Zadeh 1989). Second, the velocity of the ionized gas 
should be significantly different from that of the neutral gas, as 
the ionized gas is approximately at rest with respect to the 
magnetic field in these models. For instance, in the specific 
model of Morris and Yusef-Zadeh (1989), one would expect a 
velocity shift of up to 100 km s-1 between neutral and ionized 
gas. Again, such a large shift is not observed (see § llld). Third, 
the scenario of a fast-moving cloud colliding with a “rigid” 
magnetic field “wall” used by Morris and Yusef-Zadeh (1989) 
will inevitably lead to a C- or J-shock. Table 4 showed that a 
J-shock of velocity consistent with the observed line width fails 
to account for the observed emission measure of ionized gas 
and [C ii] flux by orders of magnitude. It appears reasonable 
to us that the same will be true for the critical ionization 
mechanism. Finally, the critical ionization mechanism also 
cannot account for the total energy output in the far-infrared 
continuum, and the discussion of the last section on the origin 
of the far-infrared continuum radiation is relevant here as well. 

In summary, the indicators of the excitation of the ionized, 
partially ionized and neutral gas and dust, taken together, are 
perfectly consistent with ordinary photoionized molecular 
clouds. Ionization by fast shocks or by the critical ionization 
effect are not consistent with these data. We have not 
addressed the magnetic loop model of Heyvaerts, Norman, 
and Pudritz (1988), as Serabyn and Güsten (1987) and Morris 
and Yusef-Zadeh (1989) already discussed several reasons why 
that model cannot account for the ionization in the radio arc. 

The most likely interpretation of the observations of line and 
continuum emission is thus that several tens of OB stars have 
in fact formed recently within or along the thermal filaments of 
the arc. In order to be consistent with the spatial distribution 
and the remarkable uniformity of the ionization of the thermal 
filaments, these OB stars must be distributed more or less 
smoothly along the filaments or, alternatively, there must be a 
cluster of hot stars near the geometrical center of the arc. The 
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possibility of UV radiation reaching the arc from the center 
itself has to be reconsidered as well. In the latter cases it is 
necessary that the gas density near the stars is low so that most 
of the ionizing photons can reach the clouds of the arc. It is 
then an important question how these OB stars are related to 
the molecular cloud associated with the arc. These conclusions 
can be tested by direct observation of the hot, luminous stars in 
the near- or mid-infrared. We note that a quintuplet of 
compact 2 to 10 //m sources associated with GO. 18 —0.04 (the 
“ pistol ”) has recently been found by Okuda et al. (1989). 

iv) Remarks on the Connection of the Radio Arc with Sagittarius A 
Between the southern end of the arched, thermal filaments 

near G0.07-l-0.04 and the northern end of the halo of Sgr A 
near the compact H n region G-0.01 +0.02 there is a significant 
drop in the brightness of spatially extended radio continuum 
emission. There is thus no evidence from the radio continuum 
maps that the arc is linked to the Galactic nucleus (Morris and 
Yusef-Zadeh 1989). In contrast, the molecular observations by 
Serabyn and Güsten (1987) and Bally et al. (1987) clearly show 
that negative velocity gas clouds stretch south of G0.07 + 0.04 
(decl. = — 28°51') to within 1' of Sgr A*, and may continue 
past Sgr A to decl. = — 29°20'. The minimum of radio contin- 
uum emission between — 28052' and — 28055' corresponds to a 
maximum of molecular column density. Our [C n] map also 
shows intense emission in this declination range. Lugten et al. 
(1986) have previously reported intense, extended [C n] emis- 
sion at vLSR ä — 35 km s_1, T to 3' northeast of Sgr A. We 
propose that the set of blueshifted gas clouds with which the 
thermal radio filaments are associated physically connect to 
the center of the Sgr A region. The presence of only a few 
compact H n regions and the lack of extended radio emission 
south of — 28°51' may be a direct result of the high gas column 
densities and correspondingly small penetration lengths for 
Lyman continuum photons. On the other hand, the extended 
filamentary radio emission north of decl. = — 28°51' could also 
indicate that the mean gas densities are low in the vicinity of 
these filaments. 

b) Relationship of the + 20/ + 50 km s “1 Clouds to 
Sagittarius A 

Our new C180 2 -► 1 and CO 7 -► 6 measurements strongly 
support the conclusion of Mezger et al. (1989) that the +50 
km -1 cloud is physically related to the Sgr A complex (see also 
Goss et al. 1989). The bulk of the cloud is adjacent to the 
nonthermal source Sgr A East and partly wraps around it. The 
narrow ridge of the +50 km s-1 cloud adjacent to Sgr A East 
probably indicates that the cloud has been compressed by the 
expanding radio shell source. We interpret the blueshifted 
high-velocity C180 emission as molecular material originally 
in the +50 km s-1 cloud that has now been accelerated to 
velocities ~ 100 km s_ 1 by the expansion of Sgr A East. 

The detection of high-velocity C180 emission allows a first 
estimate of the kinetic energy of the expanding material. From 
the C180 high-velocity line flux (50 K km s-1) and spatial 
extent we infer about 2 x 104 M© of high-velocity gas. With an 
average velocity of about 100 km s-1 relative to the quiescent 
50 km s-1 cloud, the kinetic energy is about 2 x 1051 ergs. As 
the observed high-velocity gas only covers about 25% of the 
entire solid angle around Sgr A East, approximately 8 x 1051 

ergs are required to account for the high-velocity motions, and 
more if radiation losses are included. Sgr A East is probably 
the manifestation of a recent (i < a few 105 yr) explosion in the 

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



19
90

A
pJ

. 
. .

35
6.

 .
16

0G
 

No. 1, 1990 

Galactic center whose total energy was equivalent to that of at 
least several supernovae. 

Lugten et al (1986) and Mezger et al (1989) have given 
several reasons why Sgr A East and hence, the -1-50 km s-1 

clouds may be in the Galactic center and may be associated 
with Sgr A West. If the + 50 km s"1 cloud is within 10 pc of the 
center, as indicated by its projected distance, radiation from 
Sgr A West itself may substantially contribute to the UV field 
impinging on the cloud’s surface. In fact, if UV radiation from 
the center can escape toward the + 50 km s "1 cloud without 
much intervening extinction, its intensity at 10 pc is about 103 

times the local interstellar field in the solar neighborhood. That 
flux is then at least as large as the UV flux from the local OB 
stars associated with the compact H n regions found by Ekers 
et al (1983) and sufficient to account for the observed [C n] 
line flux (Lugten et al. 1986). In this scenario, the [C n] emis- 
sion from the + 20 km s -1 cloud is weaker since it is somewhat 
farther away from Sgr A West. 

Another consequence of the likely location of the + 20 and 
+ 50 km s-1 clouds in the inner 10 to 30 pc of the Galaxy is 
that there may then be a physical relationship of the circumnu- 
clear disk between 1.5 and 6 pc from Sgr A* to a large nearby 
reservoir of gas. This is important as the circumnuclear disk 
would be a relatively short-lived feature (<106 yr) unless 
material can be continuously fed into the central 5 pc (Güsten 
et al. 1987; Mezger et al. 1989; Ho et al. 1989). 

b) Physical Conditions of the Molecular Gas near the 
Galactic Center 

The relative weakness of the CO 7 -► 6 line in the radio arc 
(§ llld), as well as in the +20/+ 50 km s-1 clouds (§ IVh), is 
puzzling. The gas kinetic temperatures and hydrogen densities 
consistent with all available CO measurements, Tkin < 40 K 
and n(H2) < 104 cm-3, are significantly lower than estimated 
from CS, CH3CN, and NH3 data (Güsten et al. 1981, 1985; 
Morris et al. 1983; Armstrong and Barrett 1985; Serabyn and 
Güsten 1987). In addition, several components of C180 and 
CS emission in the radio arc and in the +20/+ 50 km s"1 

clouds coincide with self-absorption dips in 12CO lines (Fig. 5; 
Serabyn and Güsten 1987; Liszt, Sanders, and Burton 1975) 
that have brightness temperatures between 10 and 30 K. If the 
amount of gas indicated by the C180 line flux were at the 
temperatures and densities indicated by the NH3 and CS mea- 
surements (Tkin æ 50-100 K, h(H2) ~ 3 to 5 x 104 cm-3) and 
had as large a filling factor as indicated by the 12CO 1 -► 0 line, 
one should observe a fully thermalized, optically thick CO 
7 -► 6 emission line of brightness temperature between » 20 K 
(arc) and 40 to 80 K ( + 20/ + 50 km s “1 clouds). Assuming that 
temperatures of 40 K rather than 80 K are characteristic of the 
bulk of the gas in these clouds, the resulting heating require- 
ments for the Galactic center clouds would then be about an 
order of magnitude less than assumed, for example, by Güsten 
et al. (1985). 

Alternatively, the low 12CO 7-► 6 brightness temperature 
may be consistent with the densities and temperatures esti- 
mated from the CS, NH3, etc., data if the column density or 
filling factor of the warm dense gas were much smaller than 
those indicated by the low-J 12CO data (High-Temperature, 
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High-Density Model in Table 3). We have discussed in § Hie 
the difficulties of this model to simultaneously account for 
12CO, C180, and 12CO 7 -► 6 lines. In this scenario, the 12CO 
emission has a high filling factor and comes from pervasive 
warm, low-density interclump gas. 

VI. CONCLUSIONS 

We have presented observations of the 2P3/2 -► 2P1/2 [C n] 
fine structure line, and of the 12CO 3 -► 2, 7 -► 6, and C180 
2 -► 1 rotational lines toward the radio arc and the + 20 and 
+ 50 km s -1 clouds in the Galactic center. The measurements 
give new information on the location, physical conditions, and 
excitation of the interstellar gas clouds in the Galactic center. 

Radio Arc.—[C n] and molecular line emission closely track 
the arched, thermal filaments of the radio arc. The bright [C n] 
emission probably comes from photodissociation regions at 
the surface of dense molecular clouds in the arc. About 2 x 104 

M0, or 10% of the entire mass of gas, is contained in C + 

regions, indicating the presence of an intense, pervasive far- 
ultraviolet radiation field (euv > 103 €interstellar). Available 
models of C- or J-shocks cannot account for the large 
observed [C n] and far-infrared continuum luminosities. The 
most likely sources of the UV photons are several tens of dis- 
tributed OB stars in or near the arc. These stars can plausibly 
account for the ionization in the filaments but need to be in a 
special geometry to explain the remarkable uniformity of the 
ionization over large scales. 

+ 20/+ 50 km s_1 Clouds.—Our new observations indicate 
that the + 50 km s~1 cloud, and thus by inference also the + 20 
km s-1 cloud, are within 15 pc of the Galactic nucleus. The 
+ 50 km s"1 cloud interacts with the nonthermal radio shell 
source Sgr A East and may be exposed to the ultraviolet radi- 
ation emanating from Sgr A West. Detection of high-velocity 
(At; ~ 100 km s_1) C180 emission toward Sgr A East for the 
first time gives direct kinematic evidence for a recent high- 
energy explosion (E ~ 1052 ergs) in the center. 

Physical Conditions in Galactic Center Clouds.—The rela- 
tively weak 12CO 7-^6 emission in the radio arc and the 
+ 20/ + 50 km s~1 clouds indicates that either the bulk of these 
molecular clouds has kinetic temperatures not exceeding 40 K 
and molecular hydrogen densities <104 cm-3, or that the 
low-J 12CO emission comes from a pervasive component of 
warm, low-density interclump gas. 
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APPENDIX A 

In order to investigate the physical parameters of the molecular gas in the Galactic center more quantitatively, we have 
constructed single-component models of the excitation and radiative transport of CO rotational emission. The models take into 
account the clumping of the gas. For simplicity we assume that the 12CO, 13CO, and C180 isotopes all arise in about the same 
region, although this assumption will in reality likely be violated to some extent. Cross sections for collisional excitation of CO by 
H2 are taken from Flower and Launay (1985) and Schinke et al (1985) and are also used for the excitation of the CO isotopes. In the 
first step of the model, the population of the CO rotational ladder is computed by solving the usual rate equations, taking into 
account line trapping in an iterative scheme. The radiative transport is approximated by a large velocity gradient formalism. We use 
the expression of the escape probability /? as a function of line center optical depth t0 given by de Jong, Dalgarno, and Boland (1980) 

j[l - exp (-2.34 t0)]/(4.68 t0):t:0 < 7 
(Al) 

This expression is appropriate for microturbulent gas. 
The high spatial resolution observations by Serabyn and Güsten (1987) clearly show that the molecular material in the radio arc 

is clumpy. Large-scale area fitting factors and spectral profiles then depend on the opacities of the various transitions and isotopes. 
In the second step of our model, we therefore include the effects of clumping on line intensities and profiles. Our model follows 
Martin, Sanders, and Hills (1984), letting each clump have a Gaussian velocity profile of FWHM width Avclump (assumed to be 10 
km s“1). The ensemble of clumps has a macroturbulent, Gaussian velocity distribution with Avcloud > Avclximp. In our calculations, 
we assume At;cloud/Ai;clump « 3 and an area filling factor per velocity interval <j)0 of 0.3 to 0.8. We also follow Martin, Sanders, and 
Hills (1984) in deriving the area filling factor for a given opacity by assuming Gaussian density profiles for individual clumps. The 
resulting Rayleigh-Jeans line brightness temperature as a function of velocity offset from line center v can be expressed as (Martin, 
Sanders, and Hills 1984) 

T(v) = S(TJ{ 1 - exp [-, (A2) 

where Tex is the excitation temperature of the transition. The source function S is given by 

S(TJ = fcv//c[exp (-hv/kTJ - 1] -1 . (A3) 

Martin, Sanders, and Hills have shown that for At;cloud/Ai;cluinp > 3 the effective optical depth can be approximately written as 

Teff(t>) = <Po A(r0) exp [ - 7t(r/At)cIoud)2] . (A4) 

A(t0) gives the ratio of clump area filling factor to its geometrical area for a line center optical depth t0 . The values of A for 
different clump density distributions can be found in Martin, Sanders, and Hills (1984). For Ai?cloud/At;clump < 3, equation (A4) is 
replaced by an integral formulation. The input parameters for the clumpy cloud model are Tex and t0 which are taken from the 
excitation calculation. 

Our model is probably the simplest approach that takes non-LTE excitation, radiative transport, dumpiness, and opacity- 
dependent filling factors into account. It is an improvement over simple single-component, homogeneous cloud models, but is 
neither fully self-consistent, nor completely physical. Radiative interactions between different clumps at the same velocity are 
neglected, as is the possible dependence of molecular excitation on position in each clump. Furthermore, there is in reality a range of 
densities and temperatures in the gas. The model gives, however, a first-order, average picture. 
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