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ABSTRACT 

VLBI observations of the galactic center compact radio source at 6, 3.6, 2.8, and 1.35 cm were 
carried out in an attempt to determine the source structure. At 6 cm and 3.6 cm, the sizes were 
approximately 0''05 and 0''015, respectively. The (X'OOl core component reported by Kellermann 
et al. at 3.8 cm was not detected at 3.6 cm. The observations do not allow a distinction between the 
suggestions that the apparent size of the radio source is controlled by interstellar electron scattering 
or free-free self-absorption. Thus, the source structure is not yet known despite the measured sizes, 
but an absolute upper Emit of 1015 cm can be set to the linear size. This poses a severe constraint on 
possible physical models of the underlying energy source. The plausibility of various models is 
discussed. 

Subject headings: galaxies: nuclei — interferometry 

I. INTRODUCTION 

The compact nonthermal radio source at the galactic 
center is of particular interest because it has properties 
similar to the extragalactic radio sources associated with 
radio galaxies and quasars. Furthermore, because of its 
proximity (60 times closer than the nearest external 
galactic nucleus), it can be studied in great detail. How- 
ever, this weak source (< 1 Jy) is embedded in the strong 
radio source Sgr A, making its study difficult. The 
detailed source structure is still unknown. There is a 
probable upper limit to its size of 0''001, which implies a 
brightness temperature of >1010 K (Kellermann et al 
1977). 

We report here VLBI observations of the galactic 
center compact source at 6.0, 3.6, 2.8, and 1.3 cm, 
carried out between 1977.4 and 1978.8, in an attempt to 
determine the source structure. 

To set a proper context, we review previous observa- 
tions in the next section (§ II). We present our observa- 
tions in § III and the results in § IV. In § V, we discuss 
the implications of the observations. In § VI, we discuss 
the plausibility of various physical models. Finally, in 
§ VII we discuss future observations which would be 
helpful to further understanding of the object. 

1 Based in part on a talk presented by K. Y. Lo at the URSI 
Symposium on Very Long Baseline Interferometry held in Heidel- 
berg, Germany, 1978 August 12. 

2 Radio Astronomy Laboratory, University of Cahfomia Berke- 
ley. 

3 Owens Valley Radio Observatory, Cahfomia Institute of Tech- 
nology. 

4 Miller Fellow at University of Cahfomia Berkeley, 1976-1978. 

II. PREVIOUS OBSERVATIONS 

Table 1 summarizes prior observations of the galactic 
center compact radio source. 

In 1973 and 1974, the NRL 26 m and NRAO5 43 m 
telescopes were used to study fine-structure in compact 
H ii regions (Lo 1974) at 6 cm, including the strong 
source, Sgr A. A marginal detection of 0.1 Jy correlated 
flux density towards Sgr A, at the Emit of the sensitivity 
of the interferometer, was noted. The result was not 
pubEshed, pending confirmation by further observa- 
tions. 

At the same time, BaEck and Brown (1974), also 
while studying compact H n regions at high angular 
resolution using the NRAO 35 km interferometers, de- 
tected unambiguously a compact radio source in Sgr A 
at both 3.7 and 11 cm and set an upper Emit of 0ÍT to 
the source size. 

Subsequently, the compact source was observed and 
detected using the NASA 64 m (MARS) telescope and 
the Owens Valley Radio Observatory (OVRO) 40 m 
telescope at 3.7 cm. This set an upper Emit of 0"02 to 
the source size (Lo etal 1975). However, this posed a 
puzzle as to why the compact radio source was only 
marginally detected at 6 cm on the NRL-NRAO inter- 
ferometer which has a fringe spacing of 0''05. 

At Jodrell Bank, Davies, Walsh, and Booth (1976) 
were studying the galactic center using radio-Enked in- 
terferometers and reported source size measurements of 
0i'5 and 1"5 at 18 and 31 cm, respectively. They noted 

5 The National Radio Astronomy Observatory is operated by 
the Associated Universities, Inc., under contract with the National 
Science Foundation. 
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TABLE 1 
Summary of Previous Observations 

505 

Date of 
Observation 

X OBS 
(cm) 

Source Parameters 
©a o S0

b(Jy) 

Interferometer 
USEDC 

Resolution 

o References 

3\. 
1974.58 ] 

(2) 1974.17 .. 

(3) 1975.42   
(4) 1974.5 

1975.25-.75 . 
(5) 1974.421 

1974.92 ] 

(6) 1976.25   

(7) 1976.92   
(8) 1977.50   

3.7 
11.0 
3.7 

18.0 
31.0 

3.8 

3.7 

6 
3.8 

<0.1 

<0.02 
0.5 
1.5 
0.017 
0.001 

0.014 ±0.002 
(0.001) 

0.015 
0.001 

<0.2 

0.8 
0.6 
0.7 
0.6 
0.25 
0.6 
0.2 

0.9 
<0.1 
<0.2 

NRAO-NRL 

NRAO 35 km 

OVRO-MARS 
Jodrell Bank 

NRAO- 
ÍMARS- 
IMARS- 

MARS- 
MARS- 
NRAO- 
NRAO- 
MARS- 

HSTK 
HSTK 
NRAO 
OVRO 
HSTK 
NRL 
HSTK 
NRAO 

0.05 

0.3 
0.9 
0.03 
1.5 
2.7 
0.009 
0.002 
0.002 
Ó.03-0.13 
0.002 
0.05 
0.009 
0.002 

a Full-width at half-power of a Gaussian model. 
b Component flux density. 
c Parameters of the interferometer are described in Walker et al. (1976). OVRO: Owens Valley Radio Observatory 40 m 

telescope. HSTK: Haystack Observatory 37 m telescope. NRAO: National Radio Astronomy Observatory 43 m telescope. 
MARS: Goldstone Deep Space Station, NASA, 64 m telescope. NRL: Naval Research Laboratory 26 m telescope. 

References.—(1) Lo et al 1974. (2) Balick and Brown 1974. (3) Lo et al. 1975. (4) Davies et al. 1976. (5) Kellermann et al. 
1977. (6) Lo étal. 1977. (7) Lo and Johnston 1976. (8) Geldzahler étal. 1979. 

that the observed source size of the compact source 
varied as X2, where X is the observing wavelength, and 
they suggested that the apparent size is controlled by 
interstellar scattering. They also pointed out that the 
wavelength dependence of the observed source size could 
explain the puzzle of the 6 cm results. 

Kellermann et al. (1976) measured a size of (X'017 at 
3.8 cm and reported the detection of a (X'OOl core 
component with 25% of the total flux of the com- 
pact radio source. Lo etal. (1977) observed the com- 
pact source at 3.7 cm in 1976 but could detect only the 
larger component and determined a source size of 
0''014. However, Geldzahler, Kellermann, and Shaffer 
(1979) reported results consistent with the model of 
Kellermann ei a/. (1976). 

Thus, it seemed that the structure of the compact 
source was somewhat ambiguous. The suggestion of 
interstellar scattering by Davies, Walsh, and Booth 
(1976) needed confirmation because their measurements 
at 18 and 31 cm could be confused by compact H n 
regions known to exist in the region (e.g., Balick 1972). 
Moreover, the existence of a core component makes the 
interstellar scattering interpretation more complex (cf. 
Backer 1978). Thus, even such a basic quantity as source 
size was still unsettled. 

In an attempt to delineate better the source structure 
of the compact radio source at the galactic center, we 
initiated the series of VLBI observations at 6, 3.6, 2.8, 
and 1.3 cm which are described in the next section. 

III. OBSERVATIONS AT 6.0, 3.6, 2.8, AND 1.3 
CENTIMETERS 

All the VLBI observations were made using the stan- 
dard Mk II recording terminals with a bandwidth of 2 
MHz. Maser frequency standards were used at all sites. 
The observations at different wavelengths were made 
with different combinations of telescopes, summarized 
in Table 2. The parameters of the interferometers formed 
are described in Table 3. The observational procedure 
and calibration are described below. 

a) 6 cm 

The 6 cm observations were made using the OVRO 
40 m telescope and the University of California Berkeley 
Radio Astronomy Laboratory 26 m telescope at Hat 
Creek (HTCK). Three sets of observations were made, 
two on consecutive days in 1977.34 and one in 1977.94. 
The experimental setup was identical on all three days 
and the observing frequency was 4850 MHz. 

The fringe amplitude of Sgr A was calibrated relative 
to that of NRAO 530. The single telescope flux density 
of NRAO 530 was measured at the 40 m telescope 
relative to Vir A and Cyg A, with assumed flux densities 
of 73.8 Jy and 376.5 Jy respectively. The flux density of 
NRAO 530 was determined to be 5.4 Jy and 5.5 Jy in 
1977.34 and 1977.94, respectively. 

Figure 1 shows the (w, u)-track of the HTCK-OVRO 
interferometer for observing Sgr A. For comparison, the 
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TABLE 2 
Parameters of Telescope Systems 

Diameter 
Telescopes (m) 

Wavelength 
(cm) 

Sensitivity 
(Jy/K) 

System Temperature 
toward Sgr A 

(K) Receivers Used 

HSTK. 

NRAO . 

MARS . 
OVRO . 

HTCKa .... 

37 

43 

64 
40 

26 

3.6 
2.8 
1.35 
3.6 
2.8 
1.35 
3.6 
6.0 
3.6 
2.8 
6.0 
3.6 

6.7 
6.7 

17.0 
4.9 
4.8 

17.0 
1.6 
5.2 
5.3 
5.4 

10.7 
11.6 

115 
110 
140 
100 
140 
120 
60 

150 
225 
110 
100 
220 

Cooled paramp 
Cooled paramp 
Maser 
Cooled paramp 
Cooled paramp 
Maser 
Maser 
Paramp 
Paramp 
Cooled paramp 
Cooled paramp 
Parampb 

aHTCK: Radio astronomy Laboratory, U. C. Berkeley, 26 m telescope at Hat Creek. 
b Borrowed from OVRO. 

TABLE 3 
Parameters of Interferometer Pairs 

Range of Fringe la Sensitivity 
Wavelength Basehne Spacings toward Sgr Aa 

(cm) Pair (km) (milh-arcsec) (Jy) 

6.0  OVRO-HTCK 399 27-150 0.037 
3.6  MARS-OVRO 240 30-110 0.025 

MARS-HTCK 735 10-45 0.035 
NRAO-HSTK 845 9-32 0.045 
MARS-NRAO 3260 22-2.1 0.015 
MARS-HSTK 3900 1.8-2.1 0.019 

2.8  NRAO-HSTK 845 7-25 0.060 
NRAO-OVRO 3325 1.6-1.8 0.055 
HSTK-OVRO 3930 1.4-1.8 0.055 

1.35  NRAO-HSTK 845 3.4-12 0.45b 

aCoherent integration time of 5,15,10, and 2.7 min at 6, 3.6,2.8, and 1.35 cm, respectively. 
bThis includes the effects of atmospheric attenuation and cross-polarization between 

linear and circular feeds. 

(w, ü)-track of the NRL-NRAO interferometer is also 
shown. Because of the favorable orientation of the 
HTCK-OVRO interferometer, the projected baseline is 
quite short as the source rises, making the detection of 
the compact radio source at 6 cm possible. 

b) 3.6 cm 

The 3.6 cm observations were made on January 24 
1978 using five telescopes: NASA 64 m (Mars), NRAO 
43 m, OVRO 40 m, Haystack 37 m (HSTK), and HTCK 
26 m. Feeds to receive right-circular polarization were 
used on all telescopes. 

The five telescopes form five interferometers (cf. Ta- 
ble 3) with sufficient sensitivity to detect the compact 
source in Sgr A. Amplitude calibration was made rela- 
tive to NRAO 530 which was measured to have a flux 

density of 5.4 Jy with the NRAO interferometer at 
Green Bank on the same day (R. L. Brown, private 
communication). Typically, the galactic center was ob- 
served for 45 minutes and then NRAO 530 for 15 
minutes, and the same cycle was repeated several times 
during the whole period of common visibility of Sgr A 
(~7 hours for telescopes on the same coast and only 
~3.5 hours for telescopes on opposite sides of the 
continent.) 

Telescope pointing corrections determined for NRAO 
530 were applied towards the compact radio source. The 
weather was generally good at all sites during the ob- 
serving period. 

c) 2.8 cm 

The 2.8 cm (10650 MHz) observations were made in 
1977.56 and 1977.94 using three telescopes: the NRAO 
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Fig. 1.—The (u,v) coverage of the NRL-NRAO and HC- 
OVRO interferometers in the direction of Sgr A (HC = Hat Creek). 

43 m, HSTK 37 m, and the OVRO 40 m. The telescopes 
were set up to receive left-circular polarization. Observa- 
tional procedures were similar to those adopted during 
the 3.6 cm observations. 

d) 1.35 cm 

The 1.35 cm observations were carried out on 1977.93 
using the HSTK 37 m and the NRAO 43 m telescopes. 
At both sites during the observations, the sky was clear 
and the atmospheric attenuation was low, with zenith 
optical depth of 0.05. The telescope pointing was opti- 
mized using NRAO 530 and the Sgr B2 H20 source, 
and the same pointing corrections were used on the 
galactic center. Observations of the galactic center were 
alternated with NRAO 530 and the Sgr B2 H20 source. 

IV. RESULTS 

The results from the VLBI observations at the various 
wavelengths are summarized in Table 4. Calibrator 
sources were detected during all the observations, while 
the galactic center compact radio source was detected at 
6 and 3.6 cm only. 

At 6 cm, the compact radio source was detectable 
during the first two hours after source-rise when the 
projected baseline of the HTCK-OVRO interferometer 
is short (cf. Fig. 1). The variation of fringe amplitude 
with the projected basehne length during both the 
1977.34 and 1977.94 observing sessions could be fitted 
by a single circular Gaussian model with full width at 
half-power (FWHP) of 0:,049±0:,015 (Fig. 2). The max- 
imum correlated flux density measured was 0.6 Jy dur- 
ing both sessions. If we extrapolate the fitted Gaussian 
model to zero spacing, the total flux density of the 
compact radio source was 1.1 ±0.2 Jy for both sessions. 
This agrees within the errors with the flux density mea- 
sured on 1977.95 using the 5-10 km spacings of the 
Very Large Array, 0.9 ±0.05 Jy (C. Bignell, private 
communication). 

At 3.6 cm, fringes were detected on the OVRO- 
MARS and HTCK-MARS interferometers. However, a 
problem in the local oscillator chain at HTCK pre- 
vented the fringe amplitudes on the HTCK-MARS 
interferometer from being calibrated. The fringe ampli- 
tudes on the OVRO-MARS interferometer were fitted 
with a Gaussian model with FWHP of 0"018±0"002 
(Fig. 3). This is consistent with the detection of fringes 
on the HTCK-MARS baseline. The extrapolated total 
flux density was 0.9 ±0.1 Jy. The flux density of the 
compact radio source measured on the same day on the 
NRAO 35 km interferometer at 3.7 cm was 0.73±0.1 Jy 
(R. L. Brown, private communication). The galactic 
center compact source was not detected on the other 
interferometers at 3.6 cm. The data were coherently 

TABLE 4 
Summary of Observations 

Source Parameters 
Date of ^ obs 0a s* Resolution 

Observations (cm) (") (Jy) Interferometer Used (") 

1977.93   1.35 <1.5 HSTK-NRAO 0.003-0.010 
1977.55]   2.8 ... <0.2 OVRO-HSTK 0.002 
1977.84/  <0.2 HSTK-NRAO 0.007-0.025 
1978.07  3.6 0.018 ±0.002 0.7 MARS-OVRO 0.03-0.11 

(0.001) <0.06 MARS-NRAO 0.002 
<0.08 MARS-HSTK 0.002 
<0.17 HSTK-NRAO 0.009-0.03 

1977.34  6 0.05 ±0.01 0.5 OVRO-HTCK 0.025-0.125 
a0: Full-width at half-power of Gaussian fit. 
hSc: Maximum correlated flux density; upper limits are 4 a. 
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Fig. 2.—A plot of the logarithm of the fringe amphtudes of 
the compact radio source at 6 cm versus the square of the pro- 
jected baseline. A Gaussian model is represented by a straight line 
whose slope depends on the square of the scale size. For the flux 
density scale, see text (§ IV). 

averaged for up to 15 minutes at a range of trial fringe 
rates to search for the fringe. The coherence time of 15 
minutes was verified by coherently averaging data on a 
calibrator source and checking that the fringe amplitude 
of the calibrator was not degraded. The upper limits 
given in Table 4 correspond to 4 times the rms mini- 
mum detectable fringe amplitude. 

At both 2.8 cm and 1.35 cm, no fringes were detected 
on Sgr A, while all calibrators were detected. The upper 
limits quoted in Table 4 correspond to coherent integra- 
tion times of 10 minutes (2.8 cm) and 2.7 minutes (1.35 
cm.) 

V. IMPLICATIONS OF OBSERVATIONS 

a) Wavelength-dependence of Observed Sizes 

When we plot the 3.6 and 6 cm measurements of the 
scale size of the galactic center compact radio source 
versus observing wavelength along with the measured 
sizes at 31 and 18 cm reported by Davies, Walsh, and 
Booth (1976), the points fall quite close to the X2 curve 
(Fig. 4). The negative results at 2.8 and 1.3 cm do not 
contradict the X2-dependence. Davies, Walsh, and Booth 
(1976) suggested that the X2-dependence of the apparent 
size could be due to scattering by interstellar electrons. 
An alternate explanation is that of an inhomogeneous 
synchrotron source with internal absorption by thermal 
electrons, spatially distributed with a 1/r radial depen- 
dence (de Bruyn 1976). 

It is impossible to distinguish between the two alter- 
native explanations of the wavelength dependence of the 

(B, Projected Baseline Length)2 X0bs 

Fig. 3 Fig. 4 
Fig. 3.—Same plot as Fig. 2, but for data at 3.6 cm. For the flux density scale see text (§ IV). 
Fig. 4.—A plot of the logarithm of the FWHP of the fitted Gaussian models versus the observing wavelength. DWB: measurements by 

Davies, Walsh, and Booth 1976. 
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observed size based on these observations. Any intrinsic 
polarization in the radiation from the compact source 
would be unaffected by interstellar scattering but would 
probably be completely depolarized by the thermal elec- 
trons, so that polarization measurements are important. 
A detailed map of the source brightness distribution 
may also help to distinguish between the two alterna- 
tives, since conventional models of interstellar scattering 
of a point source predict a Gaussian brightness distribu- 
tion. It should be noted that all the size measurements 
so far have involved a small number of fringe ampli- 
tudes along one or two loci in the (m,u) plane. Any 
structure that deviates from the simple circular Gaussian 
models may have escaped detection. 

d) Time Variation in Measured Source Size (?) 

Figure 3 shows size measurements with the same 
interferometer made two years apart. The observed 
change of 0''004 may not be significant and has to be 
confirmed by further observations. If the observed 
change were real and intrinsic to the source, it would 
imply an expansion velocity of 100 km s-1. If, on the 
other hand, the observed size was due to interstellar 
scattering, the characteristics of the anomalous scatter- 
ing medium must have changed in two years. As the gas 
near the galactic center has radial velocities as high as 
300 km s-1 (Lacy etal 1979), the scale size of the 
scattering medium over which the scattering characteris- 
tics change would be on the order of 100 AU. 

b) The Core-Halo Model 

Kellermann etal (1977) proposed a core-halo model 
for the galactic center compact radio source, with diam- 
eters of 07001 and 07017 and total flux densities of 0.2 
and 0.6 Jy for the core and the halo, respectively. We 
have failed in our 3.6 cm observations to detect fringes 
on the NRAO-HSTK, MARS-NRAO, and MARS- 
HSTK interferometers, yielding an upper limit of 0.12 
Jy (4 a) for the total flux density of the 07001 compo- 
nent. 

An upper limit of 0.1 Jy (4 a) from the core compo- 
nent had been obtained on the MARS-HSTK inter- 
ferometer on 1976.18 at 3.7 cm (Lo etal 1977). 
However, Geldzahler, Kellermann, and Shaffer (1979) 
reported 3.6 cm measurements at 1977.5 on the NRAO- 
HSTK, MARS-NRAO, and MARS-HSTK interferom- 
eters with results that are consistent with the core-halo 
models proposed previously by Kellermann et al (1977). 
The differences might be due to time variation in the 
flux density of the core component. More observations 
have to be made to verify the variability of the core 
component. 

c) Interstellar Scattering by Extremely Small Scale 
Irregularities 

To reconcile the core-halo model for the galactic 
center compact radio source and the presence of inter- 
stellar scattering, Backer (1978) invoked extremely small 
scale irregularities (1 km or less) in the interstellar 
electron distribution within a few parsec of the galactic 
center, and presented a set of model visibility curves at 
various wavelengths based on this model. In particular, 
the model visibility curves predict that the correlated 
flux density on baselines 800 km long (e.g., the HSTK- 
NRAO interferometer) would be 0.45 and 1 Jy at 2.8 
and 1.35 cm respectively. While the 1.35 cm observa- 
tions were not sensitive enough to check the predictions, 
the upper limit to the 2.8 cm correlated flux density 
obtained on the HSTK-NRAO interferometer does not 
confirm the model visibility curve. However, rapid mo- 
tions of gas clouds in the galactic center (Lacy etal 
1979) may allow rapid changes in the scattering. 

VI. SOURCE MODELS 

The compact radio source at the galactic center, with 
7^>109 K, is most likely an incoherent synchrotron 
source. (The observational parameters of the source are 
summarized in Table 5.) Since both the source size and 
the turnover frequency in the radio spectrum are uncer- 
tain, the physical parameters of the radio source are not 
well defined, although a discussion of the constraints 
has been given by Brown, Lo, and Johnston (1978). It is 
the smallest known synchrotron source located in a 
galactic nucleus (1<1014-1015 cm). Similar to the core 
radio source in M87, the galactic center source has a 
relatively steady flux density over several years. 

A strong constraint on the source model is the very 
small scale size of the radio source. While observations 
so far have provided an upper limit of 10-100 AU, 
inverse Compton scattering would set a lower limit to 
the source size: For an isotropic source, this limit is 0.5 
AU (0700005). There are at least three possible models 
—pulsars, binary stars, and massive collapsed objects— 
meeting the size limit. In the following, we consider their 
plausibility. 

a) Pulsars 

Davies, Walsh, and Booth (1976) suggested that the 
compact radio source could be a pulsar. The energy 
source for the radio source would be rotation of the 
neutron star. While there is sufficient energy available 

TABLE 5 
Observed Parameters of the Compact Radio Source 

Scale size   
Radio luminosity  
Brightness temperature... 
Spectral index  
Turnover frequency  
X-ray luminosity  
Upper limit to mass  
Flux variability, kS/S^ 

10l4-1015 cm 
3X 1033 ergs s-1 

>4X109K 
0.2 
>23 GHz 
< 1.5 X1036 ergs s -1 

<5X106 A/0 
< 1.0 over 6 years 
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from a rotating neutron star, the radiation mechanism 
of the compact radio source must be different from that 
of an ordinary pulsar: (1) the spectral index of pulsar 
radiation, a, (Svccva) generally lies in the range —3<a 
< — 1 (Sieber 1973), whereas that of the compact radio 
source is 0.2 (Brown, Lo, and Johnston 1978); and (2) 
the most luminous pulsar known— the Crab pulsar— has 
an average radio luminosity ~3X1030 ergs s_1, about 
1000 times less than that of the compact radio source. 

The radiation from the compact source could be 
incoherent synchrotron radiation from a source like the 
Crab nebula in a very small volume, but such a source 
would expand in a very short time unless confined by 
some mechanism. Reynolds and McKee (1980) sug- 
gested that the observed radiation is synchrotron emis- 
sion from a relativistic wind or jet and proposed that the 
synchrotron radiation originates just outside the shock 
in the surroundings of a pulsar caused by the relativistic 
wind from the pulsar (Rees and Gunn 1974). The emis- 
sion is confined to a region 1015 cm by ram pressure due 
to the pulsar moving (u~300 km s“1) through a dense 
interstellar cloud («~105 cm-3). 

However, if the pulsar has a high space motion, it 
seems coincidental that the source should be nearly 
coincident (< 1") with the 2 fi source, 1RS 16, presuma- 
bly the mass center of the galactic nucleus (Becklin et al 
1978). For a characteristic age of 106 years for the 
pulsar, a transverse motion of 100 km s_1 would have 
displaced the source by 0?5 since its birth. 

b) Binary Stellar Radio Sources 

Radio sources associated with binary stellar systems 
are known to be very compact: for example, VLBI 
measurements of large radio outbursts in Algol (Clark, 
Kellermann, and Shaffer 1975; Clark et al 1976) indi- 
cate that the radio source size is 0.1 AU or 1012 cm. 
Also, the spectra of the binary radio sources typically 
rise with frequency (a>0) (Gibson 1976). Thus, the 
galactic center compact radio source could be identified 
with a binary stellar system: Brown, Lo, and Johnston 
(1978) suggested that it may be similar to Cyg X3. 

However, the galactic center compact radio source 
differs from the binary radio sources in three respects: 
time variability, the radio luminosities, and X-ray 
luminosities. Radio emission from both the X-ray emit- 
ting and non-X-ray emitting binary stars is char- 
acterized by frequent, large outbursts (Gibson 1976): 
AS/Smin is often 10 or more. By contrast, the galactic 
center source has displayed no significant (AS/Sm{n> 
1.0) outbursts over six years (Ekers 1980). 

The galactic center compact radio source has a radio 
luminosity of ~ 10 33 5 ergs s_1. The non-X-ray emitting 
binary stellar radio sources typically have a radio 
luminosity of 1027 ergs s-1 (e.g., Gibson 1976). The 
X-ray emitting binary radio stars have luminosities more 
comparable to that of the galactic center source: e.g., 

Cyg X3 has a steady radio luminosity as high as 1032 

ergs s-1. On the other hand, while the binary stellar 
X-ray sources generally have X-ray luminosity >1037 

ergs s_1, the X-ray luminosity of the galactic center 
compact source is not more than 1036 ergs s-1 

(Cruddace a/. 1978). 
The galactic center compact source could be similar 

to the intriguing stellar system, SS 433 (Margon et al 
1979). Recent VLA and VLBI observations indicate that 
the structure of the SS 433 radio source is similar to the 
structure seen in powerful radio sources (Walker et al 
1980; Hjellming and Johnston 1981). However, the SS 
433 radio source is different from the galactic center 
compact source in that it has a negative spectral index 
(a<0) (Walker etal 1981) and varies significantly in 
flux density (Johnston et al 1980). 

c) Massive Collapsed Object 

The properties of the compact radio source at the 
galactic center are similar to those of compact nuclear 
radio sources in external galaxies (Jones, Sramek, and 
Terzian (1981), in particular, M81 (de Bruyn 1976; 
Kellermann etal 1976; Preuss etal 1977) and M104 
(de Bruyn 1976; Shaffer and Marscher 1979). Although 

i - 

o.i - 

The Galaxy 

S„(Jy) 

0.1 - I I 

MI04 (Sombrero) 
de Bruyn et al.f 1976. 

O.I 
M8I 
de Bruyn et al. 

I I 

Ol 10 100 
1/ (GHz) 

Fig. 5.—Radio spectra of the galactic center compact radio 
source, Ml04, and M81. The points of Ml04 and M81 are taken 
from de Bruyn 1976. For the Galaxy, the 20, 6, 2, and 1.3 cm 
points were measured with the VLA in 1979.9 (Lo, Johnston, and 
Brown 1979), and the 11 and 3.7 cm points were measured with the 
NRAO 35 km interferometers in 1978.07 (R. L. Brown, private 
communications). 
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the galactic center radio source is much less luminous 
(1033 5 compared to 1037-1038 ergs s-1), similarities 
include the radio spectrum (Fig. 5) and the weak varia- 
bility (de Bruyn 1976; Ekers 1980). If the similarities of 
the nuclear radio sources in the Galaxy, M81, M104, 
and the other galaxies are based on the same kind of 
underlying energy source but with increasing power 
output, a pulsar or a binary star is clearly ruled out as 
the energy source. 

To account for the infrared dust emission from the 
nuclear region, Lynden-Bell and Rees (1971) suggested 
that there may be a black hole in the galactic center. 
From their spectroscopic studies of the distribution of 
the 12.8 /a Ne n line in the galactic center, Lacy et al 
(1980) suggested that the most probable mass distri- 
bution responsible for the observed gas motion includes 
a central pointlike mass of several times 106 MG. 

While it is not understood in detail how radio emis- 
sion is produced by a massive collapsed object, the 
observed properties of the compact radio source at the 
galactic center seem consistent with the general picture 
of the energy being provided by the accretion of matter 
onto a collapsed object of several times 106 Af0. 

VII. FURTHER OBSERVATIONS 

It seems clear that current observations are insuffi- 
cient for defining the energy source and that further 
observations are necessary. To decide whether the en- 
ergy source for the compact radio source is massive or 
stellar, one would have to determine the mass of the 
object. One practical means of probing this question is 
by measuring the proper motion of the compact radio 
source. A stellar mass may have acquired a substantial 
space velocity; a transverse motion of 100 km s-1 

corresponds to a proper motion of 07002 per year at the 
distance of the galactic center. Such accuracy is achieva- 
ble with present techniques. A program to measure the 
proper motion was started by one of us (D. C. B.) in 
1975. 

Another method is to determine the velocity disper- 
sion of the central star cluster that the compact radio 
source may be associated with. The extended 2 fi source, 
1RS 16, which is nearly coincident with the source, is 
probably the best candidate for such a star cluster. 
Because of the very high extinction along the line of 

511 

sight to the galactic center, this would have to be done 
at the near-infrared wavelength. 

Polarization measurements would be useful for de- 
fining further the properties of the compact radio 
source: If the apparent brightness temperature of 109 K 
were intrinsic to the source, the radio emission might be 
due to gyrosynchrotron radiation by mildly relativistic 
electrons and significant circular polarization could be 
present (cf. Hjellming and Gibson 1980). However, in- 
spection of existing measurements with the 35 km inter- 
ferometers at 11 cm and with the VLA at 6 and 2 cm 
shows that circular polarization, if present, is less than a 
few percent. 

For more detailed comparison with the extragalactic 
nuclear sources, it is important to obtain brightness 
distribution maps at as high a frequency as possible, to 
minimize both the effects of interstellar scattering and 
the optical depth due to internal thermal electrons that 
may be present. Making such maps will have to await a 
VLB array for the necessary sensitivity and (m, v) cover- 
age. 

The observations reported here could not have been 
made without the much appreciated assistance of many 
people: Ken Johnston, Jim Moran, Mark Reid, Luis 
Rodriquez, Alan Rogers, Dave Shaffer, and Craig Walker 
helped observe; Bob Brown and Carl Bignell provided 
“short” baseline measurements to help calibrate the 
fringe amplitudes; A1 Moffet loaned an Owens Valley 
3.6 cm paramp for use on the 26 m telescope at Hat 
Creek; and Jack Welch as Director of the Radio Astron- 
omy Laboratory made the work much easier by his 
support and encouragement. Don Spitzmesser was in- 
strumental in scheduling the NASA 64 m telescope 
which was essential to the 3.6 cm observations. The 3.6 
cm paramp could not have been installed on the 26 m 
telescope at Hat Creek without Tap Lum. Tim Pearson 
contributed invaluable programming help in reducing 
the data. K. Y. L. benefited much from discussions with 
Chris McKee, Arieh Königl, Bob Brown, and Professor 
J. Oort. We thank Roger Blandford for helpful com- 
ments on an early draft of the paper. K. Y. L. thanks the 
Miller Institute for financial support during the major 
part of this work. Research at the Owens Valley Radio 
Observatory and at the Radio Astronomy Laboratory is 
supported by NSF. 
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