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THE compact non-thermal radio source at the Galactic Centre,
known as Sgr A*, may mark the location of a massive black hole',
Here we present images of Sgr A* with milliarcsecond resolution
obtained by using five telescopes of the partially completed Very
Long Baseline Array (VLBA) in conjunction with a few additional
telescopes. The image of Sgr A* at a wavelength of 3.6 cm confirms
almost exactly the elliptical gaussian model that has been proposed
on the basis of previous, more sparse data>*, The source size at
1.35 cm wavelength is 2.4+ 0.2 mas, similar to previous results>®,
At both wavelengths, the radio source is smooth, without detectable
fine structure. These observations, along with other recent results®,
support the suggestion’ that the radio emission from Sgr A* is
strongly scattered by electron-density fluctuations along the line
of sight. On the assumption® that the emission is due to a black
hole accreting stellar winds from massive stars in the central
0.5 pc, the observations are consistent with a black-hole mass of
<2x10° M.

Since the compact radio source at the Galactic Centre, Sgr A*,
was first unambiguously detected in 1974 (ref. 9), there have
been many attempts to determine its structure®>'°, but the lack
of radio telescopes with the appropriate combination of short
and intermediate spacings meant that the source could not be
imaged adequately. The partially completed VLBA now provides
the necessary short spacings and has been used in conjunction
with other telescopes to image Sgr A* at wavelengths 1.35 and
3.6 cm.

The 1.35-cm observations were made on 28 June 1991, using
nine telescopes: five of the 25-m diameter VLBA telescopes (Pie
Town, Kitt Peak, Los Alamos, Fort Davis and Owens Valley),
the phased Very Large Array (VLA), the NASA Goldstone 70-m
telescope, the Haystack 37-m telescope and the NRAO 43-m
telescope in Green Bank. The Mk III very-long-baseline inter-
ferometry (VLBI) recording terminals were used in mode A
(56-MHz recording bandwidth) at the telescopes, except for the
VLBA telescopes where the VLBA recorders were used in a
compatible mode (50-MHz recording bandwidth). Data recor-
ded from the Owens Valley VLBA telescope and the Goldstone
70-m telescope could not be used, because of technical difficul-
ties at the time of observations. At short wavelengths such as
1.35 cm, the antenna gain changes, and atmospheric attenuation
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becomes significant and difficult to calibrate at the low elevations
at which Sgr A* is observed (from the Northern Hemisphere).
To overcome these difficulties which limit the accuracy of the
determination of the visibility amplitudes, we observed an H,O
maser source in Sgr B2 at the end of each scan of Sgr A*.
This maser source, being ~0.7 degree away from SgrA¥,
allows reliable calibration of the visibilities of Sgr A*. We also
observed the unresolved source 1730—130 (NRAO 530) as a
check on the calibration. Using the VLA data, we determined
the total flux density of Sgr A* to be 0.98+0.05 Jy during the
observations.

The 3.6-cm observations were made on 25 November 1991
using seven telescopes: the same five VLBA telescopes, the
phased VLA and the NASA Goldstone 70-m telescope. The
VLBI recordings were made with a bandwidth of 28 MHz.
Observations alternated between Sgr A* and the neighbouring
calibrator source 1730—130 (NRAO 530). The measurements
at the VLA during the observations of Sgr A* were used to
determine the flux density of Sgr A* as 0.79+0.05 Jy.

The data were correlated at the Haystack Observatory on
the Mk ITIA correlator'! and the correlation coefficients were
then edited, calibrated and analysed using the Caltech VLBI
package.

Sgr A* was detected on the short and intermediate baselines,
whereas the calibrator source NRAO 530 was detected on all
the baselines. The measured visibility amplitudes were well fitted
by the amplitudes of an elliptical gaussian brightness distribu-
tion. The major axis angular diameter (FWHM) is 17.5+ 0.5 mas,
with an axial ratio of 0.49+0.06, and the position angle (PA)
of the major axis at 87°+ 5°.

Using the standard procedure of hybrid mapping'?, we have
also derived the image shown in Fig. 1. The source is well
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FIG. 1 ‘Hybrid image of Sgr A* at wavelength 3.6cm. The beam is
12.4 mas X 6.6 mas (PA=6.6°). The contour levels are -2, 2, 4, 8, 16, 32,
64,96 and 128 mJy per beam. A typical r.m.s. noise in this image is 0.45 mly
per beam. The origin of the image is at RA(1950)=17 h 42 min 29.34 s,
Dec(1950)=—28°58' 18.6".
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resolved by the synthesized beam of 12.4 mas X 3.6 mas (major
axis PA =6.6°). An elliptical gaussian model fitted to the decon-
volved image has the following parameters: major axis (full
width half maximum, FWHM)=17.5+0.5 mas, minor axis
(FWHM) = 8.5+ 1.0 mas, major axis PA=87°+3° essentially
identical to a model fitting the visibility amplitudes.

There is no evidence of any fine structure at angular scales
smaller than the gaussian source size in either the visibility
amplitudes or the hybrid image. Further evidence that the source
structure is smooth and symmetric can be seen in the closure
phase data. Whenever the closure phase can be measured, it is
consistent with zero, implying an absence of any asymmetric
small-scale structure.

The 1.35-cm visibility amplitudes are well fitted by a circular
gaussian model with a diameter of 2.4+0.2 mas (Fig. 2). If we
fix the axial ratio at 0.5 and the PA of the major axis at 87°, the
same data can also be modelled by an elliptical gaussian bright-
ness distribution, with a major axis diameter of 2.6+0.2 mas.
The currently limited north-south (u, v) coverage of the partial
VLBA does not provide sufficient constraint on the ellipticity
of Sgr A* at 1.35 cm. But an independent experiment at 1.35 cm
(using the same telescopes but without the special calibration
using the H,O maser source in Sgr B2) reported an elliptical
gaussian model for Sgr A*: major axis (FWHM) = 2.6+ 0.2 mas,
PA =75°+£10° and an axial ratio=0.5+0.2 (ref. 13).

These results, based on the more extensive current data using
the partially completed VLBA, confirm the apparent source

FIG. 2 Visibility amplitudes of Sgr A* at wavelength 1.35 cm i5
plotted against time (ut) for six baselines all involving Kitt
Peak. The solid curves are the predicted amplitudes for a
circular gaussian model source with a FWHM diameter of
2.5 mas. There are no model curves plotted on the baselines
from Kitt Peak to Green Bank and Haystack because the
predicted amplitudes are vanishingly small. The amplitudes
are consistent with pure noise, given the short integration
time used to minimize decorrelation of the visibility due to
the atmosphere.
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structure of Sgr A* previously determined from much sparser
data®®. Given the definitive determination of the elliptical
gaussian shape of Sgr A* at 3.6 cm, comparison to images at
other wavelengths is now required to examine the wavelength
(A) dependence of the source size as well as source shape. The
A% dependence of size scale noted before may be too simplified
a description. Comparison of the source sizes measured at
A=1.35cm over 8 years can, however, now be used to set an
upper limit of 0.04 mas yr™! to any change in the source size
(corresponding to a radial expansion velocity of ~0.8 km s~ at
8.5 kpc)®. If we assume that the observed size is dominated by
interstellar scattering, then the upper limit can be two times
larger.

It has been suggested’ that the observed source size of Sgr A*
is affected by scattering of interstellar electrons, but the large
observed size of Sgr A* requires rather extreme conditions™
The wavelength dependence of the observed source size of
Sgr A* could also be due to the synchrotron and free-free opacity
of the source'®, but ad hoc assumptions are needed to reproduce
the A? dependence Recent results from OH maser source-size
measurements indicate a ~30’ region of pronounced scattering
centred on Sgr A* (ref. 6), strengthening the interpretation of
interstellar scattering.

If the observed source structure of Sgr A* at 3.6 cm is due to
interstellar scattering, the measured visibilities should pose some
constraints on the parameters characterizing the structure of the
interstellar electrons. The expected relation is P, (g) = Ciq™*,
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where P, is the power spectrum of the electron density fluctu-
ations as a function of the wavenumber, g =24/ b (b is the scale
size of the fluctuations), in the range 27/ b, to 27/ b,, where b,
and b, are the inner and outer scales, respectively®. The VLBI
image is derived from observations over about 7 hours, a time-
scale longer than that for diffractive scattering, 44, but short
compared with the timescale for refractive scattering, ¢.;. The
image obtained by VLBI is thus an ‘average’ image, as defined
by Goodman and Narayan'® who analysed the dependence of
the measured visibility on projected baseline length b (and
therefore scale size in the scattering medium) for various para-
meters of the power spectrum P, . The profile of V(b), the
normalized visibility V against projected baseline length b, is
sensitive to the index of the power spectrum under certain
conditions'”"'%,

We have fitted In (1/ V(b)) to a power-law dependence on b
(corrected for ellipticity of the image) with data selected for
sufficient signal to noise ratio, yielding a power law index of
2.05+0.15, where the errors are the bounds of fits with different
data selections'®. This value can be taken to imply that the
power-law index, «, of P;,_ is 4.05, similar to that determined
previously?® but higher than that found for other objects'”'®
and higher than the value of a Kolmogorov power spectrum
(e =11/3). On the other hand, it could be consistent with a
Kolmogorov power spectrum with an inner scale of turbulence
by that is larger than the maximum baseline on which Sgr A*
is detected, ~450km (ref. 19). The A-dependence of the
measured major-axis sizes (A'***%%) is consistent with either
possibility.

One might expect some deviation of V(b) from a smooth
bivariate gaussian form with our integration time, but such
effects should be small relative to both the gain errors in our
data and the limits we can set on V(b) on the longer baselines
(V<0.05). For example, deviations at the level of V~0.01,
presumably due to this effect, have been detected in another
radio source’’. On our most sensitive closure-phase triangle
(Goldstone, VLA and Pie Town), there is no evidence for a
detectable source on the long baseline Goldstone-VLA at the
level of V(b)=0.01.

The anisotropy of the image (in terms of both axial ratio and
position angle) is unchanged over a timescale of ~7.5 years,
the interval between the 3.6-cm observations reported here
(November 1991) and the first detection of elongation of the
source (May 1983)'°, which is longer than t,.,. This ‘permanent’
anisotropy suggests an anisotropy in the spectrum of density
fluctuations. In general, the image will be stretched out perpen-
dicular to the direction along which the projected density blobs
are elongated'®, which could be due to strong and smooth
magnetic field threading the turbulent region or to anisotropic
velocity fields arising from stellar winds or supernovae'’.

The unique properties of the radio source Sgr A* in the Galaxy
cannot be explained by any known stellar radio source®?. It
may be best explained by a massive black-hole model®?, but its
mass is not known. The absence of proper motion of Sgr A* is
consistent with its being massive®*. Direct determination of the
mass distribution at the centre is clearly necessary. The best
kinematic evidence for the presence of a large point mass at the
Galactic Centre is from modelling the high-speed ionized gas
within the central few parsecs®®. Similar evidence from stellar
velocity dispersion is also suggestive, although the current uncer-
tainties of the core radius and the mass-to-light ratio of the
central star cluster constrain the mass model™ *’. The Sgr A*
radio source has been modelled as a massive black hole accreting
the fast wind generated by the sources in IRS16 (ref. 8). If one
uses the predicted intrinsic source size of this model®®, the
1.35-cm measurement of the source size can be interpreted to
exclude a black-hole mass of >2 x 10° solar masses (Mo). Given
the many assumptions involved in the modelling, such limits on
the mass are uncertain. The quest for the intrinsic source struc-
ture of Sgr A* requires further VLBA imaging at shorter
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wavelengths, where scattering by interstellar electrons (propor-
tional to A%) decreases. Together with high-resolution infrared
observations of the stars and gas in the central parsec, such
observations will help to determine the true nature of the centre
of the Galaxy. O
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LITTLE is known about the excited-state structures of most inor-
ganic compounds. Time-resolved resonance Raman and time-
resolved infrared spectroscopies can provide only indirect struc-
tural information for short-lived excited species in solution at
room temperature. Time-resolved X-ray diffraction’ has the poten-
tial to give more direct information, but no excited-state structures
have yet been reported ; picosecond gas-phase electron diffraction
has been proposed recently?, but not yet demonstrated. Here we
report a technique that combines the X-ray absorption fine-struc-
ture (XAFS) method® with rapid-flow laser spectroscopy® to
measure structural changes in a solution-phase excited-state
transition-metal complex with microsecond resolution. We find
that the triplet excited state of Pt(P,OsH,)4™, with a lifetime of
about 4 ps, undergoes a contraction in the Pt-Pt distance of
0.5210.13 A relative to the ground state. We anticipate that
time-resolved XAFS will have broad applications in chemistry and
biology.
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