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ABSTRACT 

Observations of infrared fine-structure line emission from compact clouds of ionized gas 
within Sgr A West are presented. These clouds have diameters of 0.1-0.5 pc, internal velocity 
dispersions ~ 100 km s-1 (FWHM), and line center velocities up to ±260 km s-1. Their masses 
are not accurately determined but are probably between 0.1 and 10 MQ. They are ionized by 
radiation like that of stars of ©r < 35,000 K. The clouds are shown to have lifetimes ~ 104 yr 
and so must be generated and dissipated at a rate of a few per 103 yr. From analysis of the 
distribution of the velocities of the clouds, a most probable mass distribution is derived which 
includes a central pointlike mass of several x 106 M0 in addition to several x 106 M0 of stars 
within 1 pc of the center. However, the small number of clouds (14) makes the mass determina- 
tion quite uncertain. A distributed mass of ~ 107 M0 within the central parsec, with no central 
massive object, has a likelihood 1.4 o- below that of the most probable distribution. 
Subject headings: galaxies : Milky Way — galaxies : nuclei — infrared : sources 

I. INTRODUCTION 
Infrared fine-structure line emission of Ne n from 

the galactic center has been observed a number of 
times, with successively higher spatial and spectral 
resolution (Aitken, Jones, and Penman 1974; Woll- 
man et al 1976, 1977 ; Lacy et al 1979). The study of 
infrared fine-structure emission from Sgr A West by 
Lacy et al. (hereafter Paper I) pointed out that there 
are compact clouds of ionized gas within Sgr A West, 
most of which are associated with 10 /an continuum 
sources. The measured velocities of these clouds 
appeared to be due to random motions in addition 
to rotation about an axis nearly perpendicular to the 
axis of the Galaxy. From these velocities, a mass of 
~8 x 106Mo within the central parsec was derived. 

Observations of Ne n and Ar m and a search for S iv 
and Ar v indicated that the degree of ionization in 
Sgr A West is unusually low in comparison to most 
other galactic H n regions. 

Subsequent analysis of these observations has 
allowed more quantitative statements regarding the 
distribution of mass in the galactic center, the require- 
ments on the ionizing radiation, and the nature of the 
compact ionized gas clouds. In this paper we first give 
a more complete presentation of the data, including a 
description of the gas clouds and the degree of ioniza- 
tion of the gas (§ II). This is followed by a discussion 
of the observations (§ III) in which we draw con- 

clusions from the data regarding the distribution of 
mass, the lifetimes of the clouds, the gas density in the 
clouds, and the requirements on the spectrum of ioniz- 
ing radiation. In this section we also show that there is 
dynamical evidence for a central massive object of a 
few times 106Mo in addition to a comparable mass 
of stars in the central parsec, but that the number of 
clouds observed (14) does not provide an adequate 
statistical base to demonstrate convincingly the exist- 
ence of a central pointlike mass. If present, this 
object would presumably be a black hole. If such a 
mass concentration is not present, the total star cluster 
mass within 1 pc radius would be approximately 
1.2 x 107Mo. 

II. OBSERVATIONS 
The data presented in this paper, a part of which 

were included in Paper I, were obtained using the 
2.5 m du Pont telescope of Las Campanas Observatory 
during 1978 April and May. For the Ne n (12.8 gm) 
observations, the beam size was 3''5 (FWHM), and the 
spectral resolution corresponded to a Doppler width 
of 77 km s "1. Beam positions were determined by off- 
setting from a nearby visible star whose coordinates 
were measured by offsetting from SAO stars to be 
17h42m30?l ±0?1, — 28°59/02,/± I" (1950). (Becklin 
et al. 1978û place this star at 30?0, 0L5, and in 1979 
we remeasured its position to be 29?98±0?04, 
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02?8 ± 0^9. The 1979 measurement would change all 
positions by 0?12 W, (O S from those quoted in this 
paper.) The Ne n spectra from the central region of 
Sgr A West are displayed in Figure 1, arranged accord- 
ing to beam position. For each spectrum the central 
vertical line is at i;LSR = 0 and the horizontal line is 
at zero intensity. The offset of the baseline from zero 
intensity seen in most positions is due to continuum 
radiation. The data bars are approximately 2 <7 in 
height. 

As was discussed in Paper I, the primary conclu- 
sion from these spectra is that the ionized gas is found 
in compact clouds, the velocities of which can be deter- 
mined from the spectra. Except in the central region 
where the clouds overlap and can be separated only 
because of their different velocities, each cloud is 
associated with a peak in the distribution of 10 fim 
continuum radiation. Conversely, each 10 fim source 
has an associated gas cloud except for 1RS 3 and 
1RS 7, neither of which has a spectrum like that of 
warm dust in an H n region. The one-to-one corre- 
spondence between ionized gas clouds and 10/mi 
continuum sources indicates that it is unlikely that 
more clouds will be found, except possibly in the con- 
fused inner region or some distance from the center, 
where the infrared continuum is not yet completely 
mapped. 

Figure 2a shows a map of the continuum emission 
at 12.8 /¿m, near the Ne n wavelength. Figures 2b-2f 
are maps of various velocity components of the line. 
These maps demonstrate most clearly the existence of 
separate ionized gas clouds and their coincidence with 
continuum emission peaks. In Figure 3, the velocities 
of the clouds are shown, superposed on the 10/un 
continuum map of Becklin et al (1978u). As was 
pointed out in Paper I, positive and negative velocity 
clouds in the inner region (that shown in Fig. 1) can 
be separated by an axis approximately perpendicular 
to that of the Galaxy, whereas the more distant clouds 
follow galactic rotation more closely, with a NW-SE 
axis. However, considerable random motions are seen, 
and no simple disk pattern is evident. 

The Ne n emission from the region surrounding that 
of Figure 1 has not been completely mapped. Several 
spectra from this region are shown in Figure 4. In the 
positions sampled, the Ne n intensity is approximately 
proportional to the 10 /im continuum intensity from 
the map of Rieke, Telesco, and Harper (1978). This 
relation was assumed in the calculation of the total 
Ne il intensity, given in Table 1. 

a) Cloud Description 
A total of 14 compact clouds of ionized gas within 

a L (3 pc) diameter region at the galactic center have 
been identified from the data in this paper. These 
clouds are concentrated toward the center of the 
region, with roughly half of them found in the central 
\5". Measured and derived parameters related to these 
clouds are listed in Table 1. They may be summarized 
as follows: 
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1) The rms line-of-sight cloud velocity is 126 ± 
20 km s “1, with the largest velocities found near the 
center. 

2) The line-of-sight velocity variation (FWHM) 
within a cloud, after approximate correction for the 
instrumental resolution, is typically 100 km s-1. 

3) Cloud diameters are 0.1-0.5 pc, with the larg- 
est clouds found farthest from the center. 

4) If the clouds were spheres of uniform density 
and the Ne + abundance cosmic {n^/nu+ =0.8 x 
x 10~4), each cloud would contain 0.6-10 M0 

of ionized gas. If the clouds were very clumpy 
(<\ne2yll2Kn

ey ~ 100), their masses would be as 
small as ~0.1 M0. 

5) Each cloud must absorb ~1049 Lyman con- 
tinuum photons s-1, again assuming «He+/WH+ = 
0.8 x 10-4. About 2 x 1050 ionizing photons s-1 

must be absorbed by all of the gas observed in the 
central 3 pc. 

b) Ionic Abundances 
Observations of the central region of Sgr A West at 

the frequencies of infrared emission lines of H, Ne, 
S, and Ar and of the radio continuum emission have 
been made by several groups. Measurements centered 
on 1RS 1 for these various species are listed in Table 2. 
To allow comparison of observations with different 
beam sizes, each ionic flux has been divided by the 
Ne ii flux from the same area, estimated from the 
spectra in Figure 1. The ionic abundances relative to 
Ne+ are given in column (7) of Table 2. These figures 
were derived assuming no collisional de-excitation of 
the excited fine-structure states, i.e., ne « nc, where ne 

is the electron density in the regions which produce 
the dominant amount of line emission, and nc (col. [9]) 
is the critical electron density for collisional de-excita- 
tion (Petrosian 1970). To correct for the effect of 
collisional de-excitation, each ionic density, nh should 
be multiplied by 1 + ne/nc. In using the ratios of other 
fluxes to those of Ne n, all ions are assumed to have 
the same spatial distribution as Ne + . 

The primary uncertainty in the abundance ratio 
calculations is in the correction for interstellar extinc- 
tion. The extinction values assumed here were taken 
from Figure 1 of Becklin et al (19786) for 2 > 7 /¿m 
and from their Table 1 for 2 < 7 pm. Their discussion 
indicates that the extinction near 10 pm is uncertain 
by about ±507o, primarily as a result of the uncer- 
tainty in the depth of the silicate feature. A 50% 
increase in the depth of the silicate absorption would 
increase and «Ar+2/%e+ by a factor of 2.5 and 
decrease «Ar+/%e+ by a factor of 1.4. The ratio 
«Ar+2/wAr+ would increase by a factor of 3.5. 

The possibility that some of the fine-structure levels 
are collisionally saturated leads to additional uncer- 
tainties in the ionic abundance ratios. If collisional de- 
excitation is negligible, the ratio of the abundance of 
argon in the observed ionization states to that of Ne + 

is about 1.8 times the cosmic Ar/Ne abundance ratio, 
and the ratio «Ar+2/wAr+ is ~0.1. Because of the higher 
density required to thermalize the Ar n fine-structure 
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Fig. 3.—Velocities of ionized gas clouds (bold face numbers) superposed on 10 nm continuum map of Becklin et al. (1978a) 

levels, any correction for collisional de-excitation will 
increase the derived value of nAr+2/nAr+ toward 0.3 and 
decrease (nAr+ + nAr+2)/nNe+ toward the cosmic Ar/Ne 
ratio. At an electron density of ne = 3 x 105, approxi- 
mately twice the cosmic abundances of neon and argon 
would be required. In light of the probable increased 
stellar processing of material near the galactic center, 
these abundances seem plausible and are perhaps more 
likely than an overabundance of only argon. Assuming 
cosmic S/Ne and ne<< 105cm-3, the limit on S iv 
indicates that ns+3/ns < 0.02, and for » 3 x 105 that 
ns+i/ns < 0.08, where ns refers to the sum of all ioniza- 
tion states of sulfur. The value of ne in the regions 
which dominate the emission is discussed in §111. 
Errors in pointing and in the corrections for different 
beam sizes contribute smaller uncertainties in the 
abundance determinations than those discussed 
above. 

in. DISCUSSION 

a) Position of the Galactic Center 

There is no distinguishing feature in the Ne n spectra 
which clearly identifies a particular position as the 
dynamical center of the Galaxy. However, a region 
-S" in radius, centered at 17h42m29?5, -28°59'22//, 

includes both the two highest velocity components 
and the densest concentration of gas clouds. In addi- 
tion, any axis which separates positive from negative 
velocity clouds within the central region (that con- 
tained within the lowest infrared continuum contour 
of Fig. 3) passes near this position. For the purpose 
of calculations in this paper we will consider this 
position to be the galactic center. It is difficult to 
specify the uncertainty in this determination, but it 
seems very unlikely that the center could lie outside 
the 5" circle mentioned here. 

It has been proposed that a 2.2 /¿m source, 1RS 16 
(Becklin and Neugebauer 1975), and the compact non- 
thermal radio source (Balick and Brown 1974) are 
located at the center of the Galaxy. 1RS 16 is at 
17h42m29!3, -28o59,20,/, ~3// NW of our preferred 
position of the center, and the radio source is at 
17h42m29!3, -28°59T8//, -5" NW of our center. 
The uncertainty in comparisons of the radio and 
infrared positions is ^3//. The uncertainty in com- 
parisons of the various infrared positions is less, ~ Y\ 
since the same guide star was used for all measure- 
ments and several sources are seen at 2, 10, and 
12.8 /im. The position of 1RS 16 is consistent with 
our determination of the position of the center within 
the uncertainties, although it is somewhat off the axis 
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Fig. 4.—Ne n spectra from positions surrounding the region shown in Fig. 1. Coordinates are given below each spectrum. 

of rotation. The distance from the Ne n center to the 
compact radio source is somewhat larger, although 
also less certain. 1RS 1, which, like 1RS 16, is a bright 
2.2 ¡am emitter, lies on the axis of rotation and is 
coincident with a Ne n cloud with i?LSR æ 0. It too 
must be considered a candidate for the location of 

the galactic center, although it is displaced from the 
center of concentration of gas clouds. 

b) Mass Distribution 
The velocities of the ionized clouds in Sgr A were 

used in Paper I to derive a mass of 8 x 106 M0 within 
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the central parsec of the Galaxy. Although the small 
number of objects observed (14) makes any detailed 
analysis of the mass distribution uncertain, the fact 
that the highest velocity clouds are found closest to 
the center suggests that the gravitational potential 
results from a more centrally concentrated mass dis- 
tribution that is expected in an isothermal star cluster. 

An additional uncertainty occurs in the determina- 
tion of the mass distribution because the objects whose 
velocities are measured are gas clouds rather than 
stars. Gas and dust can be acted on by nongravita- 
tional forces, such as radiation and gas pressure. If 
these forces were dominant, the cloud velocities could 
not be used to measure the gravitational potential. 
As a first approximation, we will assume that the 
cloud orbits are determined predominantly by gravity. 
The force of radiation can be estimated from the 
luminosity of each cloud (assuming that the radiation 
emitted equals that absorbed) and is typically small 
compared to gravity. However, interactions between 
the clouds must certainly be important when they 
collide and may affect the observed velocity dis- 
tribution. A further difficulty arises because the 
cloud velocities are not known to have an isotropic 
distribution. 

We calculate here the mass distributions using 
two different assumptions, that the clouds move in 
randomly oriented circular orbits or that the clouds 
are formed from a population of stars in hydrostatic 
equilibrium and so have velocities and positions 
distributed like those of stars. In the first case, the 
mass within a distance r of the center is given by 
M{r) — v0Th

2(r)rlG. If to correct for projection effects, 
it is assumed that ^0rb2W = ^^(r), where ov is the 
observed rms line-of-sight velocity dispersion, 

Fig. 5.—Number of clouds observed beyond a distance r from 
the galactic center versus r. The notations «(>r) oc — In r, r-1, r-2 

correspond to n(r)ozr~3, r~4, r~5. Except for r < 0.1 pc, the 
observed distribution of clouds is fitted equally well by n{r) ccr~3 

or r-4. 

Both equations (III.l) and (III.3) give M(r) oc r if 
Gv(

r) is a constant. This is the expected mass distri- 
bution outside the core of an isothermal star cluster. 
In the core, orbital velocities decrease toward the 
center, and the density distribution of a group of stars 
would not follow a power law. If we approximate the 
mass distribution of a cluster containing a central 
massive object by M(r) = M0 -b M^, equations (III.l) 
and (III.3) each require (Jv

2(r) = a0
2 + b/r, where for 

the case of circular orbits, 

Mir) = Cv2(r). (III.1) 

A group of stars bound in the gravitational potential 
of a mass distribution, M(r), and with a spatial distri- 
bution, n{r), must satisfy the equation of hydrostatic 
equilibrium, 

4- [«(rRV)] = -GM^ n(r). (IH.2) dr rz 

We will assume that the clouds are generated either 
from single stars or by stellar collisions. If we take 
(TtXr) and n(r) of the clouds as measures of cv and n 
of some uniform group of stars from which they were 
formed (or in the case of clouds formed by collisions 
between stars of masses and ra2, cv and n apply 
to a group of stars with masses m1 + ra2), equation 
(III.2) can be solved for M(r). For 0.2 pc < r < 1.5 pc, 
the observed distribution of clouds fits a power 
law, n(r) oc r~ß, where ß = 3.5 ± 0.5, as illustrated in 
Figure 5. With a power law distribution equation 
(III.2) gives 

M(r) r2 — ov
2{r) + ßr(jv

2(r) 
dr 

(III.3) 

M0 = 3b¡G and = 3o0
2!G . (III.4) 

If the clouds provide a measure of an equilibrium 
stellar distribution, 

M0 = {ß + \)b/G and Mi = ßo0
2IG . (III.5) 

In the case of a star cluster containing a massive 
central black hole, M0 includes both the black hole 
mass and the mass associated with enhanced stellar 
density due to perturbation of the stellar cluster 
distribution by the black hole. 

What is actually observed is ov(
rs)i the average of 

av{r) along a line of sight at a projected distance rL 
from the center. This quantity also has the form 
av2(ri) = ffo2 + where for «(r) oc r ~ ^ and 3</?<4, 
0.79Z? <0.856. The parameters c0

2 and b' were 
determined by fitting the cloud velocities in Table 2 
to a Gaussian velocity distribution with a mean 
velocity, 6 = 0, and a standard deviation, (Jt;

2(r1) = 
ffo2 + b'lrL. The maximum likelihood method was 
used. The most probable values were determined to 
be <70

2 = 43 20 km2 s“2 and b' — 2930 km2 s-2 pc. 
Because the uncertainties in cr0

2 and b' are corre- 
lated, we display the relative probabilities of these 
parameters (the likelihood), /?(<t0

2, 6')v as a contour 
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Fig. 6.—Contour plot showing relative probability of various 
values of o0

2 and b', where the observed mean square velocity is 
^(u) = öo2 + g0

2 is proportional to the distributed mass, 
and b' to the central pointlike mass. Contours are labeled in units 
of one standard deviation; axes, in units of 104km2s_2pc and 
104 km2 s-2. 

plot in Figure 6. The quantity plotted is z = 
[-2 In {pfpmd\)~\ so that p(o0

2, b') = exp (-z2/2), 
and z represents the number of standard deviations 
from the most likely values. This figure shows that 
the most likely value of if <70

2 = 0 (no distributed 
mass) has a probability of ~0.7 standard deviations 
below the peak. The most likely value of ö-0

2 if Zf = 0 
(no central mass) is 1.6 x 104 ± 0.4 x 104km2s_1, 
the mean squared cloud velocity. This point is ~1.4 
standard deviations below the peak. The large uncer- 
tainty in the determination of <70

2 and b' is not the 
result of any error in the measured velocities but 
rather is due to the uncertainty in determining the 
variation of velocity dispersion with radius from a 
small sample. 

For the circular orbit assumption we obtain M(r) = 
(3.0 x lOVpc + l.S x 106) M0, and for the assump- 
tion of an equilibrium distribution of cloud positions 
and velocities, M(r) = (3.5 x lO6^+ 3.7 x 106) Mo, 
where = r/1 pc. In either case, the uncertainties 
in the parameters are comparable to their values. If 
it is assumed that no point mass is present, we 
obtain M(r) = (1.1 ± 0.3) x lO7^ M0 and M{r) = 
(1.3 ± 0.4) x lO7^ M0 for the two cases. 

Two velocity components are associated with the 
last cloud in Table 1 (1RS 8). Since one of the 

velocity components (+110 km s_x) appears to be a 
continuation of the ridge extending north from 1RS 1, 
only the other ( —10 km s “ ^ was included in the above 
calculations. However, the calculations were also made 
including both components. The best fit mass distri- 
bution was then M{r) = (4.5 x lO6^ + 2.0 x 10^) M0 

for the circular orbit assumption and (5.2 x lOV^ + 
3.0 x 106) M0 for the equilibrium distribution assump- 
tion. The likelihood of a mass distribution with no 
central object remained ~ 1.4 <t below the most 
probable. 

The higher gas velocities toward the center of Sgr A 
have also been noted by Rodriguez and Chaisson 
(1979). They point out that the radio recombination 
lines which have been observed with beam 
widths are only about one-half as broad as the Ne n 
line from the central 20// (1 pc). They conclude that 
the radio measurements are dominated by an extended 
relatively low-density halo surrounding the region of 
most intense Ne n emission and that a central point- 
like mass of ~5xl06Mo could account for the 
variation of velocity dispersion with radius. If o0, the 
velocity dispersion beyond the region dominated by a 
possible central massive object, were assumed to be 
determined accurately by the recombination line 
observations, a more statistically significant deter- 
mination of the variation of av with r than that 
calculated here could be made. We choose not to 
make this assumption because part of the radio 
emission comes from a few individual clouds, and 
so has a statistical uncertainty not apparent in a large 
beam measurement, and part from diffuse gas of un- 
certain location and dynamics. There is appreciable 
diffuse ionized gas at relatively low velocity, but un- 
certainties in its relation to the galactic center and in 
effects on the motion of any part of it due to its 
origin or due to interaction with the other parts of 
this material make the velocity distribution difficult 
to interpret. These uncertainties are much less for the 
compact clouds. 

c) Cloud Lifetimes 

It was suggested in Paper I that each cloud could 
be bound to a massive object, such as a dense cluster 
of stars, and so could have a lifetime substantially 
longer than the free expansion time of <104yr. A 
mass of 1-2 x 105 M0 would be required to bind each 
cloud. There are several problems with this suggestion. 
If the massive objects were star clusters, they would be 
disrupted on a time scale comparable to that for 
collisions between gas clouds, ~2 x 104 yr, unless they 
were much smaller than the clouds. Condensed 
objects, such as black holes or extremely compact 
star clusters, would not be disrupted but would scatter 
from each other and as a result evaporate from the 
core in less than 106 yr (see Saslaw 1973) unless they 
could lose energy sufficiently rapidly through dynami- 
cal friction with field stars. In this case, they would 
spiral toward the center. 

A second conceivable means of preventing expan- 
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sion of the clouds is confinement by the pressure of a 
hot external medium. However, the internal velocities 
of the clouds are not much less than their relative 
velocities, so that for allowable temperatures of the 
intercloud medium, a density approaching that within 
the clouds would be required in order to bind them. 
The temperature of such a medium is restricted to 
T > 106 K, in order that the intercloud gas density 
be sufficiently low to allow cloud motion, and to 
T < 107 K in order that the medium not evaporate. 
For T < 3 x 106 K the medium will produce ~ 107 L0 
of ~100eV photons which will photoionize Ne and 
Ar in the clouds to much higher stages of ionization 
than are observed. For T>3x 106 K, the medium 
will produce far more 1-3 keV X-rays 
1038 ergss_1) than are observed 
Giacconi 1979). There does appear to be an extended 
halo in which the clouds are embedded, but its tem- 
perature is that of an H n region, not ~107K as 
would be required to contain the clouds. 

It therefore appears that the clouds cannot be bound 
against their internal velocity dispersions and that the 
observed line widths must represent expansion. An age 
can then be determined for each cloud by dividing its 
diameter by its velocity of expansion, with the assump- 
tion that the expansion velocity has been present since 
the cloud’s creation. These ages, listed in Table 1 for 
these clouds whose sizes have been measured, are in 
the range 1-8 x 103 yr, with the oldest clouds found 
farthest from the center. The high end of this age 
range is comparable to the time between cloud colli- 
sions, possibly indicating that collisions finally destroy 
the clouds. Assuming that the observed numbers and 
ages of clouds are typical, clouds must form at a rate 
of-2 x 10"3 yr"1. 

Even if the clouds are not bound against their 
internal velocity dispersions, they might be regener- 
ated if turbulence which produces clumping on the 
scale of the cloud dimensions could be fed into the 
gas to replace that lost by expansion of the clouds. 
The motions of stars through the gas clouds fail to 
maintain such turbulence both because the rate of 
energy transfer is too small and because the turbulence 
produced would be on a much smaller scale than that 
observed. A very inhomogeneous gravitational field 
resulting from star clusters or compact massive objects 
might be able to provide the proper energy input. 
However, we have already argued that interactions 
between such objects would either disrupt them or eject 
them from the central region. In the absence of any 
regeneration mechanism, the gas in the clouds which 
dissipate must be removed from the interstellar 
medium of the galactic center. 

d) Densities and Masses of the Clouds 
The Ne n measurements do not allow an accurate 

determination of the masses of the ionized gas clouds 
because the fine-structure line fluxes depend quadra- 
tically on the gas density for densities below the 
critical density for collisional de-excitation, nc. Two 

estimates of the cloud masses are given in columns 
(10) and (11) of Table 1. The “nominal” mass, Mnom, 
is derived assuming that each cloud is a uniform sphere 
of gas, with no small-scale clumping. A lower limit to 
the cloud masses, Mmin, is derived assuming sufficient 
clumping that ne » nc in the regions which dominate 
the Ne n emission. In both cases «Ne

+/%+ = 0.8 x 10“4 

is assumed. A measurement of the dumpiness of the 
clouds would be required to determine their masses 
and the effects of collisional saturation on the ionic 
abundance ratios. 

The gas density in clumps in an H n region is 
normally measured from the ratio of two lines of an 
ion which has a critical density for collisional satura- 
tion near the gas density. No such pair of lines has 
yet been reported for Sgr A West. Ar m (9.0 /un, 
21.8 um) with nc ~ 105 cm”3, S m (18.7 ¿¿m, 33.6 jum) 
with nc ~ 3 x 103cm”3, or possibly O m (51.7 ¿¿m, 
88.2 jum) with nc ~ 103 cm~3 could serve the purpose. 
Alternatively, N n (121.7/¿m) with «C~102cm”2 

could be used as a direct measure of the cloud masses 
since N+ is probably the dominant ionization state of 
N and the fine-structure levels of N+ should be well 
thermalized. If nAr+/n^+ is assumed to equal cosmic 
Ar/N, the line ratio Ar n/N n could also be used to 
measure ne. Any of these measurements would have to 
be made with a sufficiently small beam so that emission 
from the clouds would dominate that from more dif- 
fuse material. A 20" beam would be desirable but at 
present is not possible for the longer wavelength lines. 

Although no determination of the dumpiness or 
filling factor has yet been made, the covering factor 
(projected filling factor) can be estimated from radio 
continuum and Brackett line observations. The emis- 
sion measure through the line emitting clumps, deter- 
mined from the turnover frequency of the radio 
continuum, can be compared to the spatially averaged 
emission measure, determined from short-wavelength, 
optically thin, emission. The free-free optical depth is 
given by Tff = 3.3 x lO”^"2,1!^“0-65 EM, where v9 = 
v/(109 Hz) and r4 = Te/\0* K. Several relevant ob- 
servations are listed in Table 3. The dependence of 
emission measure on beam size can be approximately 
corrected for by assuming that EMoc0_1 as is 
observed in Ne n. While comparison of results of 
different observers is somewhat uncertain because of 
calibration and beam-size problems, the fact that 
no strong dependence on frequency is seen in the 
emission measures derived assuming optically thin 
emission indicates that % is not large for v > 
2.7 GHz. Balick and Sanders (1974) state that the 
8.1 GHz brightness is about twice that at 2.7 GHz, 
which would indicate 1^2.7 GHz) ~ 1, and EM ~ 
2 x 107 cm”6 pc. This is equal to the emission measure 
averaged over the 8" beam of Bally, Joyce, and Scoville 
(1979), indicating that the covering factor once the 
clouds are resolved is of order 1. Hence, if the clouds 
are clumpy, the clumps are sufficiently numerous to 
cover most of each cloud. 

The entire range of cloud masses given in Table 2, 

(approximately 
(1035 ergs s”1, 
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TABLE 3 
Hydrogen Line and Free-Free Continuum Intensities 

e i EM 
Spectral Region (arcsec) (W cm-2 sr-1 or K) (106cm-6pc) Reference 

Ba     17 3.3 x 10“9 10 Soifer et al 1976 
8 6.9 x 10-9 20 Bally et al 1979 

By......   32 7.0 x IO-10 6 Neugebauer c/û/. 1978 
23 GHz.  5x21 36 K 9 Wright 1979 
8.1 GHz   6 x 21 ~600 Ka 15 Balick and Sanders 1974 
5 GHz   6.3 x 34 720 K 7 Ekers et al 1975 
2.7 GHz        6 x 21 2700 K 7 Balick and Sanders 1974 

Note.—6, Beam size. /, Intensity. EM, Emission measure. 
a Approximately twice the 2.7 GHz intensity. 

Mmin to Mnom, must at present be considered possible. 
Even larger masses of ionized gas could be present in 
low-density wings on the clouds or in intercloud 
material. 

e) Ionization Mechanisms 

Although the possibility of collisional saturation of 
fine-structure levels and errors in the extinction correc- 
tion make conclusions about relative ionic abundances 
rather uncertain, it appears that the ionization state 
of Sgr A is significantly lower than that of most 
other galactic H n regions. If «e<105cm~3 and 
if the extinction corrections in Table 1 are correct, 
«Ar+2/wAr ~ 0.1 and ns+i/ns ~ 0.02. Even with the 
considerable uncertainties, definite upper limits of 
nAr+2/nAr < 0.5 and ns+3/ns < 0.2 can be set. In contrast, 
Ar + 2 is the dominant ionization state of Ar in most 
other H n regions that have been studied, and S + 3 is 
often abundant. 

Several mechanisms might be considered to help 
explain the observed distribution of ionic abundances : 
(1) The gas could be ionized by shocks. (2) Each cloud 
could be ionized by an embedded star with a spectral 
distribution appropriate for producing the low ioniza- 
tion state. (3) The gas could be ionized by stars or 
other sources lying outside the clouds. (4) A source 
of harder radiation might be allowed in option 2 or 3 
if the spectrum could be softened by dust absorption. 
(5) A very hard ultraviolet source might leave enough 
neutral H and He to charge exchange with multiply- 
ionized species. These possible mechanisms are dis- 
cussed in the remainder of this section. 

(1 ) Shock waves ionize gas by electronic and atomic 
collisions in the hot postshock gas, as well as by photo- 
ionization by Lyman continuum photons radiated by 
the cooling and recombining postshock ions. The 
observations require a process which will ionize Ne 
and Ar (ionization thresholds at 21.6 and 15.8 eV) 
without ionizing too much Ar + (threshold at 27.6 eV). 
Collisions dominate the ionization of the rare gases for 
shock velocities vs < lOOkms-1 (Shull and McKee 
1979), but the resulting surface brightness of the Ne n 
(12.8 fim) line from such a shock front is at least three 

orders of magnitude below that observed. Shocks with 
vs >100 km s”1 photoionize the rare gases. However, 
in the range 100 km s ~1 < vs < 200 km s “1 (Shull and 
McKee 1979; Raymond 1979) and probably in the 
range 200km s~1 < vs < 500kms_1, shocks radiate 
large fluxes of He n La at 40.8 eV, which produces 
larger abundances of Ar + 2 and S + 3 than are ob- 
served. Shocks with speeds vs > 500 km s~1 and which 
produce the required ionizing luminosity would emit 
more X-radiation than is observed from Sgr A West 
(<102Lq keV-1 at 3keV; see, e.g., Bradt, Doxsey, 
and Jernigan 1979). More generally, energetic argu- 
ments rule out ionization by shocks ; the total ionizing 
luminosity required by the observations would mean 
the injection of 12i;2 ~ 2 MQ yr “1 of material at velocity 
v2 = y/100 km s'1. We know of no reasonable source 
or sink for such a mass flow. 

(2) and (3) The total ionizing luminosity which is 
absorbed by the gas in the central 3 pc can be 
calculated from the observed emission to be 0Lyc æ 
2 x 1050 Lyman continuum photons per second. 
However, unless the sources of ionizing radiation are 
embedded in the clouds, the emitted luminosity must 
be larger than this, since not all of the radiation will 
be intercepted by the clouds. If the ionizing radia- 
tion is emitted by a central source or group of sources, 
a lower limit to the emitted luminosity can be cal- 
culated by dividing the luminosity absorbed by a cloud 
by the fraction of the solid angle from the center which 
it subtends. Such an estimate, using the most distant 
bright source, 1RS 8, gives 0>5O = ®Lyc/1050 s“1 > 20. 
The sizes and luminosities of nearer clouds require 
O50 ^ 8. Since 1RS 8 might have additional local 
sources of ionizing radiation, <I>50 = 8 is used below. 
A similar ionizing luminosity would have to be emitted 
by a distribution of sources not associated with 
individual clouds. 

If each cloud is ionized by an embedded star, the 
required spectral types of the ionizing stars can be 
determined from model nebula calculations. The cal- 
culations of Balick and Sneden (1976) indicate that a 
^eff < 35,000 K star will ionize a nebula to the observed 
degree. A single 081 star or several 08 III stars could 
provide the ionizing luminosity required by a typical 
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cloud. No 07 stars could be present in the clouds 
without ionizing them to a higher ionization state than 
that which is observed. 

In order to estimate the ionic abundances in a gas 
cloud ionized by radiation incident from outside, with- 
out making a detailed radiative transfer calculation, 
we assume that the gas in the He n zone sees the 
unattenuated ionizing radiation, whereas no photons 
of hv > 24.6 eV are present in the He i zone. In the 
He ii zone, the fractional ionic abundances can then 
be calculated from equations of ionization-recombina- 
tion equilibrium. Since recombination rates per ion 
scale as ne and the ionization rates scale as FLyc = 
Oryc/^Tcr2), the ionization stage of a species depends 
on (I)

Lycr
_2rte

_1, where r is the distance to the source 
of ionizing radiation. Therefore, we have plotted, in 
Figure 7, x(m)/xm versus <I>5o^pc_2«4_S where x(m) is 
the fractional abundance of a specific ionization stage 
of species m, xm is the total fractional abundance of 
that species, O50 = OLyc/1050 Lyman continuum 
photons s-1, rpc = r/(\pc), and «4 = «e/104cm“3. 
Three values of the effective temperature T4 = 
Teff/104 K of the source are displayed corresponding 
to continuum spectra from early type stars of tem- 
peratures jTeff = 35,000 K, 40,000 K, and 50,000 K, 

Fig. 7.—The fractional abundance of a particular ionic stage 
of an element x(m) is plotted against the “ionizing power” 
^(/pc ^ 1 of an unattenuated source, where <D50 = ionizing 
photons per second in units of lO50 s-1, = distance to ionizing 
source in pc, and «4 = gas proton density in units of 104cm-3. 
Plots are made with three effective source temperatures T4 = 
refr/104K = 3.5, 4.0, and5.0. 

log# = 5, and solar metal content (Kurucz 1970; 
Balick and Sneden 1976). Lower gravity or lower 
metal content tends to make these stars appear hotter, 
but these effects are small compared with the effect 
of temperature in determining the ionization stages of 
Ar, Ne, and S (cf. Balick and Sneden 1976). We have 
taken recombination coefficients from Aldrovandi 
and Péquignot (1973) for Ne and S and have cal- 
culated recombination coefficients for Ar from the 
prescription of Silk and Brown (1971). Photoioniza- 
tion cross sections have been taken from Osterbrock 
(1974) for Ne, from Chapman and Henry (1972) for 
Ar, and from Chapman and Henry (1971) for S. 

In the case of a single central source of ionizing 
radiation, the cloud closest to the source places the 
strongest constraint on the ionizing spectrum. Tak- 
ing Oso = 8, a cloud at = 0.2 sees a flux of 
OsoApc2 = 200. From Figure 7 it is then apparent for 
^eff > 35,000 K that no realistic value of ne could allow 
argon to be singly ionized in the He n zone. The 
observed abundance ratio limit, nAT+2/nAr < 0.5, there- 
fore requires that helium ionizing photons penetrate 
less than halfway through the innermost cloud. The 
helium ionizing luminosity required to ionize helium 
in one of the inner clouds is 0Hec »6 x 1048s“1. Con- 
sequently a central source of ionizing radiation must 
have 0Hec/<I)Lyc <7.5xl0“3to ionize hydrogen in one 
of the outer clouds while ionizing less than half of the 
helium in an inner cloud. An effective temperature 
<31,000 K is required to produce this ratio of 
^Hec/^Lyc (KurUCZ 1979). 

If the ionizing radiation comes from sources distri- 
buted uniformly throughout the region in which the 
clouds are found, each cloud will see essentially the 
same ionizing flux. The flux required to ionize the 
brightest cloud is FLyc = 1.8xl05Os“1pc“2. Although 
the required density to allow singly ionized argon to 
exist is lower than in the case of a central source, 
lack of penetration of helium ionizing photons is 
still required to explain the observations. The flux 
of helium-ionizing photons which would only half 
penetrate a typical coud is FHec = 4xl048 s“1pc“2, 
requiring 0Hec/0Lyc < 0.022. A !Teff < 35,000 K star 
would provide such a ratio. 

(4) Chaisson, Lichten, and Rodriguez (1978) discuss 
the effect of absorption by grains on the ionization 
of Sgr B2. They conclude that grains with reason- 
able properties can reduce the volume of the He n 
Strömgren sphere to one-half that of the H n sphere 
by selective absorption of He ionizing radiation. To 
do this, the grain absorptivity at 500 Â must be ~3 
times higher than that at 900 Â, and a substantial 
fraction of the ionizing radiation must be absorbed 
by grains. This effect may help to explain observed 
ionic abundances in Sgr A, but it appears unlikely 
that a large fraction of the ionizing radiation can 
be absorbed by grains since the 2-20 #m luminosities 
of the individual clouds (1-2 x 105 L0, Becklin et al. 
1978a) can be explained by absorption of trapped La 
radiation with little additional energy input. 
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(5) Charge-exchange is also an unlikely mechanism 
for producing the observed low state of ionization. 
This mechanism requires a relatively high neutral 
fraction, ~0.01, for H or He since charge exchange 
rate coefficients are approximately 100 to 1000 times 
larger than electronic recombination rate coefficients 
(Dalgarno and Butler 1978). In order to produce high 
neutral fractions, we require hard photons (since 
photoionization cross sections ocv 3) and high densi- 
ties (since recombination rates oc n2). The results of 
Dalgarno and Butler (1978) suggest that Ar + 2 may 
undergo a rapid charge exchange (rate coefficient 
~10“9cm3s_1) with He, but not with H. Using 
reasonable values for photoionization, recombination, 
and charge rates, we find that a source producing 
1050 photons per second of 0.3 keV energy results in 
a neutral fraction of «He/%e+ > 0.01 at a distance of 
1 pc and hence a relative abundance nAr+2/nAr+ <0.3 
if « > 104 cm-3. There are two major problems with 
this charge exchange mechanism, however. The first 
is that the results of Butler, Bender, and Dalgarno 
(1979) imply that there is no fast charge exchange 
process for Ne + 2. The second is that the photon source 
must peak around 0.3 keV (~3 x 1040 ergs s-1 lumi- 
nosity in this region), but fall rapidly at higher energies 
(since L < 1 x 1035 ergs s~1 for 1 keV < hv < 3 keV is 
observed, Giacconi 1979) and lower energies (L < 
1037 ergs s-1 for the 13.6 eV-50 eV band since H and 
He must be ionized by the hard photons). We can 
propose no likely model for such a source. 

The above discussion indicates that a source of 
relatively soft ionizing radiation is required to explain 
the observed ionic abundances. If the ionizing radia- 
tion comes from stars distributed throughout the 
central parsec, these stars must have effective tem- 
peratures Teñ < 35,000 K. If the source or sources of 
ionizing radiation are concentrated at the center, 
reff> 31,000 K is required. A collection of Teñ = 
35,000 K stars with an ionizing luminosity of O50 = 8 
would have a bolometric luminosity of L = 2.8 x 
107 Lq. If = 31,000 K, L = 8.8 x 107 L0. In either 
case, much of the stellar luminosity must escape from 
the central few parsecs of the Galaxy to avoid a 
conflict with the observed infrared emission from 
warm dust. 

IV. CONCLUSIONS 

We now summarize the conclusions which have 
been drawn from the observations. 

1. Mass distribution. The most likely mass distri- 
bution derived from the cloud velocities consists of a 
central pointlike mass of ~3 x 106 M0 in addition to 
a distributed mass (assuming p~r-2)of ~3x 106 M0 
within 1 pc of the center. The uncertainties in both 
masses are correlated and are about equal to their 
values, so that a mass distribution with no central 
pointlike mass cannot be ruled out. If no central 
massive object is present, the distributed mass within 
1 pc is (1.2±0.4) x 107Mo. 

2. Cloud generation. Gas clouds of 0.1-10 M0 and 
with internal velocity dispersions of ^lOOkms-1 

(FWHM) are being created at a rate of a few per 
103 yr. The large uncertainty in the cloud masses 
results from the unknown amount of clumping of the 
gas. 

3. Ionization. About 2 x 1050 Lyman continuum 
photons per second must be absorbed by the gas 
within 1.5 pc of the center of the Galaxy to account 
for its ionization. If the sources of this radiation lie 
outside the clouds, a total ionizing luminosity <DLyc ~ 
1051 s“1 must be emitted. The spectral distribution 
of the radiation must be like that of stars of 
35,000 K if the radiation comes from a distribution 
of sources, whereas ^efT must be < 31,000 K if a central 
source is dominant. 

4. Gas sink. A gas sink which accepts gas at a rate 
equal to that required for cloud production must be 
present. 

Models which might explain these conclusions will 
be discussed in a subsequent paper (Lacy, Townes, and 
Hollenbach, in preparation). 
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