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ABSTRACT

This paper reviews the progress in the VLBI (Very Long Baseline Interferometry) studies of Sgr A*,
the best known supermassive black hole candidates with a dark mass concentration of 4x 108 Mg at the
center of the Milky Way. The emphasis is on the importance of the millimeter and sub-millimeter VLBI
observations in the detection of Sgr A*’s intrinsic structure and search for the structural variation.
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I. INTRODUCTION

Located at the galactic center, the extremely com-
pact non-thermal radio source Sgr A* which was first
unambiguously detected in February 1974 (Balick &
Brown 1974), is a best candidate for a single supermas-
sive black hole (SMBH) from both the observational
studies and the theoretical models (cf. Melia & Fal-
cke 2001). The presence of a black hole that serves as
an energy source for the luminosity observed towards
the galactic center was first proposed by Lynden-Bell
& Rees (1971), who further suggested the detection of
Sgr A* with VLBI observations as one of critical obser-
vations. The extinction due to the intervening dust in
the Galactic disk can be up to 30 magnitudes at optical
wavelengths, eventually blocking our optical view of the
galactic center. Fortunately, the dust extinction is not
a serious problem for the observations at other wave-
lengths like radio, infrared, X-ray and ~v-ray. Immedi-
ately after its discovery in 1974 with the high-resolution
radio interferometric observations, Sgr A* was thought
to actually define the galactic center (Balick & Brown
1974).

Since then, with ever-increasing sensitivity and res-
olution from the rapid development of astronomical fa-
cilities such as the X-ray space telescopes (Chandra and
XMM-Newton) and the ground large instruments (VLT
and Keck etc), Sgr A* had already been successfully
detected at X-rays (Baganoff et al. 2001; Porquet et
al. 2003) and near-infrared wavelengths (Genzel et al.
2003; Ghez et al. 2004). Recently, there were several
reports on the possible detection of TeV ~-rays by the
CANGAROO (Tsuchiya et al. 2004), Whipple (Kosack
et al. 2004) and HESS (Aharonian et al. 2004) groups.
All the observations in the last three decades strongly
support the SMBH nature of Sgr A*. The infrared ob-
servations went even one step further to suggest that
Sgr A* should be spinning (Genzel et al. 2003).

Proceedings of the 6th East Asian Meeting of Astronomy, held
at Seoul National University, Korea, from October 18-22, 2004.

Nowadays, the best estimate of the compact dark
mass is about 4x10° Mg, with a radius of about 100
astronomical units (AU). This is based on the deter-
mination of the orbital motions of those early-type
stars within the vicinity of Sgr A* measured at in-
frared wavelengths (Schodel et al. 2002; 2003; Eisen-
hauer et al. 2003; Ghez et al. 2003; 2005). On the
other hand, the VLBI measurements of the position of
Sgr A* with respect to the extragalactic radio sources
show that the possible intrinsic proper motion of Sgr A*
itself which is perpendicular to the galactic plane is
only about —0.4 £ 0.9 km s, inferring a lower limit
of 0.4x10%° My to the mass directly associated with
Sgr A* (Reid & Brunthaler 2004). Future improve-
ments in the measurements of both the orbital motions
of stars and the proper motion of Sgr A* should be
able to reduce the uncertainty in the determination of
Sgr A*’s mass. Therefore, we can say that we have
known the mass of Sgr A* to a great extent, the main
uncertainty being the exact distance to the galactic cen-
ter.

The accurate measurements of both Sgr A*’s mass
(as a gravitational source) and structure (as a radiative
source) are of great importance in testing its SMBH
hypothesis. In this paper, we present an overview of the
measurements of the structure of Sgr A* from the high-
resolution VLBI observations, with the emphasis on the
observations made at millimeter (mm) wavelengths.

II. VLBI OBSERVATIONS IN GENERAL

VLBI observations can provide the highest angu-
lar resolution achievable with any astronomical instru-
ments (Kellermann & Moran 2002). At a distance of
8 kpc to the galactic center (Reid 1993), an angular
separation of 1 milli-arcsecond (mas) corresponds to a
linear size of 8 AU. The Schwarzschild radius (Rg) of
a 4x10% Mg SMBH is 0.08 AU or 10 micro-arcsecond
(unas) in angular size. For comparison, the Schwarz-
schild radius of two well-known SMBH candidates NGC
4258 (Miyoshi et al. 1995) of 39x10° Mg at 7.2 Mpc

- 261 —



262 SHEN

and M 87 (Junor, Biretta & Livio 1999) of 3x10° Mg
at 14.7 Mpc is about 0.1 and 4 pas, respectively. Thus,
Sgr A* is the closest SMBH candidate with the largest
angular size of its Schwarzschild radius on the sky. To-
gether with its rising spectrum (c.f. Falcke et al. 1998)
of ~1 Jy at about 10—20 GHz, Sgr A* is undoubtedly
one of the best prime targets for the VLBI observa-
tional study.

However, because of the diffraction effect due to the
interstellar electrons along the line of sight to the galac-
tic center, the scattering angle (fsca) of a point source
varies with wavelength (A) as sca o< A20. As a result,
for the Sgr A* which has an intrinsic finite (angular)
size (6iny), the observed apparent angular size (Bobs)
can be expressed as

Hgbs = 952ca + 6i2nt ’ (1)

Obviously, as the scattering angle fsc, is far greater
than the intrinsic size Oint, i.€. Bsca >> Bint, the mea-
sured apparent size fobs is dominated by the scatter-
ing effect; therefore it is very difficult to estimate the
intrinsic size. In fact, this is the case for the VLBI
observations of Sgr A* carried out at centimeter (cm)
wavelengths since the observed apparent size can be
reasonably fitted by a A? dependence. This suggests
that Sgr A*’s cm emission comes from a region much
smaller than the scattering angle.

It should be mentioned that while VLBI techniques
have been applied to delineate the structure of Sgr A*
ever since it was discovered in 1973, Sgr A* has not
been imaged properly prior to the availability of the
Very Long Baseline Array (VLBA) in 1990s, mainly due
to poor (u,v) coverage from the lack of sufficiently short
baselines. At that time, the size scale and its wave-
length dependence were mainly derived from FWHM
(Full Width at Half Maximum) diameter of (circular)
Gaussian models fitted to visibility data of Sgr A* that
were inadequate for obtaining an image. With the ad-
vent of the VLBA, several images have been produced
at different wavelengths, confirming the approximately
East-West elongated elliptical Gaussian structure with
an axial ratio of ~ 0.5 (Bower & Backer 1998; Backer et
al. 1993; Lo et al. 1993; Alberdi et al. 1993; Jauncey
et al. 1989; Lo et al. 1985).

In 1997, we launched the first quasi-simultaneous
VLBA plus an antenna from the VLA (Very Large Ar-
ray) observations of Sgr A* at five wavelengths (6.0,
3.6, 2.0, 1.35 and 0.7 cm) (Lo et al. 1998). With stan-
dard procedure of hybrid imaging, images for Sgr A*
were successfully produced at all five wavelength. The
consistent East-West elongation of source structure was
seen at all wavelengths. Furthermore, for the first time
the A-dependence of the scattering along the minor axis
was determined as

gmin — (0.76 4 0.05)A? mas , (2)

sca

where X in cm. The scattering angle along the major

axis is given by

gm2i = (1.43 £ 0.02)A1 99003 mas | (3)

sca

in good agreement with the previous results of 1.42)2
(Alberdi et al. 1993) or 1.40A? (Rogers et al. 1994).
Then, we can extrapolate these relations to get the scat-
tering angular size at any other wavelengths. It can
been seen that because of the quadratic size-wavelength
relation, the scattering angle reduces very fast with the
wavelength. The scattering angle along the major axis
at 1 mm, only 1% of that at 1 cm, is less than 15 pas or
less than 1.5R; of Sgr A*. Since the emission region
cannot be much smaller than the event horizon, the
scattering angular size at mm wavelength is compara-
ble to the intrinsic size of Sgr A*, i.e. Ogca ~ Oing. An
immediate important implication is that at mm wave-
length the source intrinsic size will come to play with
the scattering effect to cause a deviation of Oyps from
fsc (see Eq. (1)). This announced the feasibility and
importance of exploring the intrinsic shape and size of
Sgr A* radiation at mm waveband with an key prereg-
uisite that we can measure the apparent structure with
a high enough accuracy.

III. MILLIMETER VLBI OBSERVATIONS

Over the past decade or so, VLBI experiments have
been carried out steadily at mm wavelengths (7 and
3.5 mm). However, unlike the cm-VLBI observations,
the mm-VLBI observations are severely limited by the
atmosphere. The fact that Sgr A* has a southerly dec-
lination (~ —30°) and most existing VLBI antennas
are located in the Northern Hemisphere means that
most of the observational data of Sgr A* were taken at
low elevation angles (10° — 20°) where atmospheric ef-
fects are substantial. As a consequence, this introduces
a large atmospheric absorption due primarily to spec-
tral line transitions of water vapor and oxygen at mm
wavelengths. And such an absorption increases with
the decreasing elevation angle, i.e. the lower elevation,
the larger and more variable opacity. Furthermore, the
short and variable coherence time at mm wavelength,
combined with the compromised sensitivity due to the
high system temperature and the lower antenna effi-
ciency of mm VLBI antennas, seriously limits the high
signal-to-noise-ratio (SNR) detections of mm-VLBI ob-
servations of Sgr A*. Thus, there could be large uncer-
tainties in the results obtained from the widely used
conventional imaging process, i.e. the self-calibration
technique for VLBI imaging, whose biggest drawback
is its non-uniqueness when the SNR is poor.

We have already known that at mm wavelength, the
intrinsic size of Sgr A* should be comparable to the
scattering size, and thus a deviation of fops from fsca
is expected. However, the significance of such a devi-
ation is highly dependent on the accuracy of the size
measurements. Currently, the angular resolution of a
typical mm-VLBI observation is a few times larger than
the scattering size, making it very difficult to reduce the
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errors of the measurements with the traditional imag-
ing and model-fitting methods. So, any possible devia-
tion seen in the previous data has been ascribed to the
errors in the calibration of the VLBI data.

In order to minimize the calibration errors and fi-
nally to obtain the most accurate estimates of the
source structure, we tried two things in the mm-VLBI
observations and data analysis. First, mm-VLBI ob-
servation of Sgr A* must be done dynamically, i.e., the
exact observing date is not fixed, but depends on the
weather condition at most antenna sites which usually
are separated by a few thousand kilometers. This is to
minimize the atmospheric effects. While observing, a
frequent antenna pointing check observations of com-
pact and strong SiO maser sources, roughly in every
10 minutes, is necessary to maintain the best refer-
ence (offset) pointing and calibration. Furthermore,
in about every 10 minutes, the spectral-line observa-
tions are carried out towards the nearby compact SiO
maser source VX Sgr. This is to obtain time-dependent
relative antenna gains as a function of observing time
(elevation) by the least-squares fit of the autospectra of
the SiO maser at different elevation to a well calibrated
total-power spectrum. Compared to the amplitude self-
calibration based on the clean models of Sgr A*, this
offers a much better amplitude calibration to the visi-
bility data. Second, in order to obtain a reliable quan-
titative description of Sgr A*’s structure, we developed
a method of model-fitting to the visibility amplitude
directly without self-calibration imaging (Shen et al.
2003). The basic idea is to make use of the closure am-
plitudes, which are free of any errors, as the constraint
to the model-fitting. This is very effective for the data
analysis of Sgr A* whose emission can be well repre-
sented by an elliptical Gaussian model. This is because
VLBI observations of Sgr A* have shown that the clo-
sure phases are consistent with zero value, suggesting
that Sgr A*’s radiation has a symmetric structure and
the size would be fully decided by the visibility ampli-
tudes. It should be mentioned that it is necessary to
perform the correction to the measured visibility am-
plitude bias which is always positive and is a function
of SNR with a stronger bias at a lower SNR (c.f. Shen
et al. 2004). In our analysis by implicitly using the
closure amplitude relation, the absolute amplitude in-
formation will not be kept, just like the lose of absolute
position in the self-calibration imaging.

We have applied this model-fitting procedure to
the existing archival VLBI data to obtain the two-
dimension apparent structure of Sgr A*. We then ob-
tained the best fitted relation between the scattering
angle and wavelength as follows (Shen et al. 2004),

0221 = 1.390% mas , (4)
and )
O™ — 0.76\? mas , (5)

sCa

Our results are consistent with that through directly
fitting to the closure amplitudes (Bower et al. 2004).

Compared with previous results (equations (2) and
(3)), new results show an about 3% decrease in the
scattering angular size along the East-West direction,
while for the minor axis along the North-South direc-
tion, both are in good agreement.

The shortest (routine) VLBI observing wavelength
is 3.5 mm (86 GHz). In April 1999, 3.5 mm VLBI
observations with six CMVA (Coordinated Millimeter
VLBI Array) antennas are believed to be best mod-
elled by a circular Gaussian (Doeleman et al. 2001).
This is mainly because of the lower sensitivity and
heterogeneous CMVA data could not warrant a model
more complex than the circular Gaussian. In Novem-
ber 2002, we successfully carried out the first 3.5 mm
VLBA imaging observation (Shen & Lo 2004). As a
result, the first 3.5 mm VLBI image of Sgr A* was pro-
duced. This observation, with its dynamic scheduling
and the highest sensitivity, has for the first time de-
termined its elliptical shape of Sgr A* roughly along
the East-West direction at 3.5 mm, consistent with the
morphology seen at longer wavelengths. The best fitted
structure is 0.21(F0:03) mas by 0.13(1393) mas with a
position angle 79(*33)°. Due to the poor spatial res-
olution along North-South (i.e. the minor axis) direc-
tion, the minor axis size has a quite large error bars,
however, the major axis is very well determined. By
comparing the measured major axis size with the ex-
trapolated scattering angle at 3.5 mm, we can derive
an intrinsic size (FWHM) of Sgr A*'s emission at 3.5
mm about 1 AU, equivalent to about 13Rs.. Therefore,
30 years after its discovery, we have finally detected its
most compact emission region. Assuming its circular
symmetry, we derive a lower limit to the mass den-
sity of 6.5x10%! Mgpc™3. Here, a lower limit to the
central dark mass of 0.4x10° My from the absolute
proper motion study of Sgr A* by the VLBA (Reid &
Brunthaler 2004) was used to avoid possibly extended
mass distribution at the scale of about 10 mas of near-
IR observations. This is the highest mass density ever
measured in any celestial object and strongly argues
the SMBH nature of Sgr A*. The results have been
confirmed by our new 3.5 mm VLBA observation in
September 2003 (Shen et al. 2004). A lower bound to
the intrinsic brightness temperature is about 1019 K,
in favor of the non-thermal origin of the radiation.

It has been realized that the resolution of the VLBA
observations of Sgr A* is too poor to determine the mi-
nor axis size along the N-S direction. It can be shown
that the addition of the GBT (Green Bank Telescope)
of the NRAO (National Radio Astronomy Observatory)
into the VLBA observations can greatly improve the
resolution in N-8 by a factor of 3 (Shen et al. 2003).
In March 2004, two-epoch 7 mm VLBA plus the just
commissioned GBT observations of Sgr A* were car-
ried out. This actually is the first VLBI observations
to make use of the GBT at 7 mm. The results are con-
sistent with the previous ones, but with much better
accuracies. Thus, we are able to obtain a reliable es-
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timate of the intrinsic size along the major axis of 2.1
AU or about 27Re. (Shen et al. 2004), consistent with
the detections by Bower et al. (2004).

We can further obtain the wavelength dependence ,
Bine < AP of the intrinsic major axis size through
fitting to the detected intrinsic sizes at both 7 and
3.5 mm. This shows that the emission of Sgr A* is
stratified with the shorter wavelength emission com-
ing from the region closer to the central engine. The
lower limits to the intrinsic size of 0.008 and 0.02 mas
inferred from the absence of refractive scintillation at
wavelengths of 0.8 and 1.3 mm, respectively (Gwinn et
al. 1991) are also consistent with the extrapolation of
this intrinsic size - wavelength relation. It is interest-
ing that the extrapolated intrinsic size at about 1 mm
will reach the last stable orbit (LSO) radius of 3Rsc
for a non-rotating (Schwarzschild) SMBH. For a rotat-
ing SMBH, the radius of LSO could be smaller, but in
any case, a break in the wavelength-dependent intrinsic
size is inevitable with the decreasing wavelength. The
fitted Sgr A*’s intrinsic size vs wavelength can be nat-
urally explained by the jet related models (e.g., Falcke
& Markoff 2000; Yuan, Markoff & Falcke 2002), or the
pure accretion model with the existence of non-thermal
electrons (Yuan, Quataert & Narayan 2003).

IV. PROSPECTS

In 1982, the total flux density variation in Sgr A*
was first reported at wavelengths 11 and 3.7 cm (Brown
& Lo 1982). Tt has been well recognized that Sgr A*
is a time variable source, with the temporal variation
in its intensity seen at all the observable wavelengths,
i.e., radio band from cm to sub-mm (c.f. Zhao 2003),
infrared (Genzel et al. 2003; Ghez et al. 2004) and X-
rays (Baganoff et al. 2001; Goldwurm et al. 2003;
Porquet et al. 2003), on time scales from minutes,
hours, days to months. Recently, an intra-day variabil-
ity (IDV) in 2 mm flux density of Sgr A* has been found
from the Nobeyama Millimeter Array (NMA) observa-
tions (Miyazaki et al. 2004). The flaring state that
was first detected at near-IR and X-rays simultaneously
can be conveniently explained with a Synchrotron Self-
Compton model involving up-scattered sub-mm pho-
tons from a compact source component (Eckart et al.
2004). The observed intensity variations at radio and
X-ray bands seem to be correlated. A strong radio
outburst which was just 13.5 hrs after the onset of the
X-ray flare observed by the XMM-Newton (Porquet et
al. 2003) was picked up by the weekly VLA monitor-
ing program at 7mm (Zhao et al. 2004). Thus, large
X-ray flares could result in a significant radio outburst
and if so, the radio outburst component must quickly
expand to a large size in order to avoid drastic energy
loss from Synchrotron Self-Compton scattering (Zhao
et al. 2004). The correlation between flux density at 7
mm and spectral index suggests that the variation at
the short radio wavelengths is intrinsic rather than due
to the interstellar scintillation (Herrnstein et al. 2004).

Therefore, it seems inevitable that the variability in
the radio flux density of Sgr A* would accompanied by
the structural change. An outstanding question then is
whether Sgr A*’s structure is variable too.

In table 1 is a summary of the Sgr A* size measure-
ments from the VLBI observations in the literature.
Some fluctuations in the observed (apparent) source
size of Sgr A* up to several o can be seen. These fluctu-
ations have so far been ascribed to uncertainties in the
calibration of the VLBI data. In addition, the different
VLBI array involved and quite large time spanning of
the observations make the comparison very uncertain.
However, we cannot rule out that the source size has
varied substantially.

Because that such kind of variability appears to be
more pronounced at shorter wavelengths with a rela-
tively large amplitude fluctuation and that the inter-
stellar scattering effect decreases with the wavelength,
VLBA imaging at its highest available frequency is the
most preferable. The future VLBI search for the struc-
tural variability in Sgr A* should make use of a as much
wider recording bandwidth as possible to increase the
detection sensitivity. Also, to minimize (eliminate) the
possible long-term variation in the scattering screen,
more frequent VLBI monitoring with a short time inter-
val is necessary. A coordinated multi-wavelength (ra-
dio, infrared and X-ray) campaign would provide the
unique opportunity to investigate whether or not the
source size changes with the flux density variations at
higher energy bands. Because it is still very difficult to
predict the outbursts, it would be very helpful to use
other monitoring observations (by the Sub-Millimeter
Array (SMA) at 1.3 mm, the NMA at 2 and 3 mm
and, the Australia Telescope Compact Array (ATCA)
at 3 mm) as a trigger to the high-resolution VLBI ob-
servations. This will improve the probability of de-
tecting the structural variation and further help us to
better understand the relationship between the radio
flares and the possible structural variation. Future joint
mm-VLBI observations with the antennas from China,
Japan and Korea are very promising for imaging and
monitoring studies of the structure of Sgr A* (Shen &
Fletcher 2002).

After considering all the general relativistic effects
on the radiation in the very vicinity of the central black
hole, the simulation shows that regardless of the exact
emission model, the image always exhibits a shadow at
the center (Falcke, & Melia 2000). TIts characteristic
diameter is about 5 times that of Schwarzschild radius.
It is nearly 50 pas for Sgr A*. Obviously, Sgr A* will be
the most important target for the future sub-mm VLBI
experiment to test the general relativity. Such kind of
shadow, if confirmed by future observations, would be
the most direct evidence for the existence of SMBH.
Our simulations (Miyoshi et al. 2004) show that we
would be able to study the shadow by investigating the
visibility distribution in the near future even before a
complete sub-mm VLBI array is available.
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These years great progress has been seen in the
polarization-sensitive VLBI observations of active galac-
tic nuclei (AGN). But it is quite different for Sgr A*.
Only recently, has the linear polarization and its vari-
ation been convincingly detected at wavelengths of 2
mm and shorter by the James Clerk Maxwell Telescope
(JCMT) and BIMA (Aitken et al. 2000; Bower et al.
2005). Circular polarization, which is very weak in
AGN, however, has been first detected by the VLA
(Bower, Falcke & Backer 1999) and then confirmed
by the ATCA (Sault & Macquart 1999). We should
keep in mind that these observations are not at the
VLBI-scale. Our quasi-simultaneous, multi-wavelength
VLBA imaging observations in 1997 can only set an up-
per limit to the linear polarization at wavelengths of 7
mm and longer. But the preliminary results seem to
suggest a circular polarization detected at 7 mm with
a fractional circular polarization of ~0.7%. Definitely,
more sensitive high-resolution VLBI polarization obser-
vations are needed to verify this potentially intriguing
results. And future VLBI polarization imaging at sub-
mm wavelength, once available, will undoubtedly help
us to better understand accretion disks, jets and mag-
netic fields surrounding the SMBH (Bromley, Melia &
Liu 2001).
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TABLE 1.
SUMMARY OF SGR A* SIZE MEASUREMENTS

Epoch Svie1 Omajor Ominor Axial Ratio P.A.  References
(yrs) Jy) (mas) (mas) (Bminor/Omajor) (%)
v =1 GHz
1975.5 ......... 0.264+0.03  1500+£300 1500 1.0 3
v = 1.7 GHz
1974.42 ........ 0.56+0.06 5004100 500 1.0 3
v =27 GHz
1974.12 ........ 0.6+0.1 180430 180 1.0 1,3
v =5 GHz
1997.10 ........ 0.604+0.09 49.6+£4.50 25.1+2.00 0.51+0.09 8143 17
v =8 GHz
1997.10 ........ 0.734+0.10 18.0%1.53 9.88+1.68 0.55+0.14 7846 17
1991.90 ........ 17.5+0.5 8.5+1.0 0.4940.06 8745 12
1983.36 ........ 16.1+0.3 16.1 1.0 9
1983.35 ........ 15.540.1 0.5540.25 98+15 7
1982.30 ........ 17.44+0.5 0.53+0.10 8216 8
1978.07 ........ 0.7 18+2 18 1.0 6
1976.18 ........ 0.940.06 1442 14 1.0 5
1975.38 ........ 0.6+0.1 15+4 15 1.0 2,3
1974.50 ........ 0.6 17 17 1.0 4
v = 15 GHz
1997.10 ........ 0.68+0.06 5.84+0.48 3.13+1.14 0.5440.21 73+14 17
v = 22 GHz
1997.10 ........ 0.744+0.04 2.70%£0.15 1.504:0.59 0.56+0.25 81411 17
1992.85 ........ 1.05+0.10 2.674+0.15 1.63+0.41 0.61+0.12 79+10 18
1991.49 ........ 0.98+0.05 2.6+0.2 1.3 0.5 87 12
1991.47 ........ 1.07+£0.15  2.60+0.20 1.30+0.88 0.5+0.3 80+15 11
1985.11 ........ 1.24+0.4 1.84+0.09 1.8 1.0 9
1983.47 ........ 0.9840.05 2.240.2 1.214+1.21 0.5540.5 87130 7
v = 43 GHz
1997.10 ........ 1.03+0.01 0.70+0.01 0.584:0.07 0.8340.11 8718 17
1994.75 ........ 1.2840.10 0.76+0.04 0.554+0.11 0.73+0.10 TTET 16
1992.62 ........ 2.10+£0.10 0.74+0.03 0.40+0.20 0.54+0.29 90410 13
1992.40 ........ 1.4240.10 0.75+0.08 0.75 1.0 10
‘ v = 86 GHz
1999.27 ........ 14 0.34+0.14 0.17+0.02 0.50+0.26 22420 20
1.4 0.184+0.02 0.18 1.0 20
1995.18 ........ 1.804+0.30 0.1940.03 0.19 1.0 15
1994.25 ........ 1.40+0.20 0.15+0.05 0.15 1.0 14
1993.27 ........ 1.254+0.35 0.22+0.19 0.22 1.0 19
v = 215 GHz
1995.17 ........ 3.1+0.1 0.1540.04 0.15 1.0 15, 19
2.0+0.2 0.114+0.06 0.11 1.0 15, 19
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