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Summary. We report VLBI observations at 22 GHz of
12 galactic water vapor sources in regions of star for-
mation. The improved sensitivity in this experiment
permitted the determination of relative positions to a
few milli arc sec for maser lines =10 Jy. In all of the
sources the H,O lines are concentrated in “‘centers of
activity” of size ~10'® cm. In the Orion nebula, the
dominant H,0, OH and SiO source is coincident in
position with the strong compact IR source, IRc4 in
the Kleinmann-Low nebula. We think that each “‘center
of H,0 activity” should be identified with the envelope
of a young, massive star. The number of ‘“‘centers”
probably indicates that in Orion-KL, W3-IRS 5 and
W49 N, clusters of 2 to 10 OB stars are currently being
formed in regions of size ~3 10" cm. The H,O sources
W51 M and NGC 7538 S appear to be associated with
single stars. The spatial distribution of the H,O velo-
cities in these latter two sources suggests that the stellar
envelopes are expanding and rotating, and shaped like
disks. Strong H,O emission comes preferentially from
the line of sight to the star and the edges of the disk.
Weaker, “high velocity’” features may be blown out at
the poles. Alternatively, the “high velocity” fragments
could be shot out through transient holes or tunnels in
circumstellar shells. The examples of Orion-KL, W51 S,
and possibly W49 N; show that there is H,O emission
at the same position and at the same velocity as OH
maser radiation at 1665 MHz.

Key words: very long baseline interferometry — H,O
masers — star formation — circumstellar shells

The strong H,O sources in regions of star formation
show two different types of line radiation. Strong, low
velocity emission occurs at about the radial velocities of
the associated molecular clouds or H 11 regions, often
with a symmetrical arrangement of lines or line groups
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over a range of ~+15 km s~!. Weak, high velocity
features are spread +15 to +250 km s~! around the
low velocity emission. Recent VLBI and single-dish
observations show that the low velocity masers tend to
cluster in ‘“centers of activity” of size 10'® cm, which
are sometimes surrounded by a larger zone containing
the weak, high velocity features (Walker et al., 1977;
Genzel and Downes, 1977a).

The high luminosities of the H,O lines (typically
10™* Ly in a 50 kHz-wide line at 22 GHz) require
powerful pump sources.

The symmetrical patterns in the spectra and the
VLBI observations of “‘centers of activity” suggest that
the material is in ordered motion in disks or shells

‘around massive stars. The H,O masers thus promise

to be sensitive probes of the motions of this circumstellar
material. We present here a further discussion of these
ideas, with the help of new VLBI results of improved
sensitivity and positional accuracy for twelve galactic
H,O sources.

Observations and Data Reduction

The observing dates and the instrumental parameters
of the participating stations are given in Table 1. The
data were recorded with the NRAO Mark II video tape
recording system (Clark, 1973). The coherence times
at 22 GHz, defined as the integration time for which the

_fringe amplitude falls to half of its true value, were 30

and 600 s for data taken with rubidium and hydrogen
maser standards respectively.

The data were reduced on the Mark IT VLBI pro-
cessor of the NRAO in Charlottesville, Virginia. The
mapping technique was the standard fringe rate method
(Moran, 1976). The initial output of the processor is a
cross-correlated spectrum of 128 channels covering 2
MHz, with a velocity resolution of 0.34 km s~!. The
data are then coherently averaged over records of length
2-15's, depending on the spatial field of view required.
A strong spectral feature is selected as a reference, and
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Table 1. Instrumental Parameters for the Individual VLB Stations
Station Telescope System Temp. Aperture S/T. = Response Type of  Type of Observing 2
Diameter in Zenith Efficiency for point source Time Receiver Dates
(m) (K) in the Zenith Standard
(9y/K)
Simeis, 22 100 0.38 19 H-maser maser 4- 6 Dec. 1976 (LC)
Crimea 27-28 Feb. 1977 (LC)
Onsala 20 110 0.503) 18 H-maser maser 27-28 Feb. 1977 (LC)
Effelsberg 100 160 0.25b) 2.2 Rubidjum  cooled 27-28 Feb. 1977 (LC)
paramp

Haystack . 37 120 0.17 17 H-maser maser 4- 6 Dec. 1976 (RC, LC)

27-28 Feb. 1977 (LC)
Maryland 26 1500 0.43 13 H-maser mixer 4~ 6 Dec. 1976 (NS)

Point

a) Includes attenuation by radome;
tentative value

b) For inner 80-m diameter

its phase is subtracted from those of the other line
features. This procedure makes it possible to coherently
integrate for longer than the coherence time of the
interferometer clocks. A second Fourier transform of
60 such records gives the unnormalized fringe visibility
as a function of fringe rate and spectral frequency, that
is, radial velocity (see Fig. 5 as an example).

The fringe rate, relative to that of the reference, is
determined for the strongest feature in each frequency
channel, with the simplifying approximation that there
is only one H,O feature per channel. The mapping
program then analyses the change of this relative fringe
rate with hour angle and fits to it a positional offset
(04,0,), in R.A. and Dec., from the reference feature
(Johnston et al., 1971).

The theoretical accuracy with which a relative
position can be determined is ~0.01 milli arc sec for a
200 Jy line and a typical baseline in this experiment.
However, systematic errors and approximations in the
processing and post-processing reduction limit the
- positional accuracy in practice to about 1 milli arc sec.
The errors quoted in the tables and figures in this paper
are twice the positional uncertainties derived from the
least-squares fitting in the mapping program. This seems
to be a realistic error estimate, from a comparison of
fringe-rate maps made in the past six years.

The minimum detectable line flux in this experiment
was ~10 Jy. There has thus been an improvement in
positional accuracy and sensitivity of a factor of ~5
over most previous H,O-line VLBI experiments.

Results on Individual Sources
W3-IRS 5

The compact infrared object W3-IRS 5 has H,O emis-

sion with a complicated spatial structure. The plot of

c) Polarization is given in parentheses (RC, LC = right, left
circular, NS = linear north-south)

fringe rate vs. spectral frequency reveals that there are
often several features at a given radial velocity. Table 2
gives the relative H,O positions measured in February
1977, and Figure 1 compares them with positions
obtained with the Hat Creek interferometer (triangles;
Forster et al., 1977) and in VLBI maps of January 1974
(crosses, Moran et al., 1978) and March 1975 (squares,
Walker, 1977). For the few features common to all four
measurements, the relative positions coincide to within
the errors of 071.

IRS 5 consists of at least three centers of H,O
activity, indicated roughly by the dashed boundaries in
Figure 1. These three “‘centers’ have similar H,O line
intensities, and overlap in radial velocity, with a mean
of —40 km s™!. IRS 5 has also been resolved in the
infrared, into a double source with a separation of 1”
(see Wynn-Williams, 1976). We suspect that the H,O
lines and infrared emission both originate in the same
circumstellar shells, and that IRS 5 is a young star
cluster comparable in linear size with the Kleinmann-
Low nebula in Orion.

W 3 (OH)

The new results (Fig. 2 and Table 3) confirm the 2"
east-west distribution of H,O masers seen in earlier
interferometric measurements (Moran et al., 1973;
Mader et al., 1975, 1977; Forster et al., 1977). As in the
past, the center of activity at the east radiates >909% of
the H,O luminosity, and is presumably the location of
a massive star.

The line at —48.1 km s~* which has dominated the
spectrum of W 3(OH) since its discovery, was a double
source in December 1976 and February 1977 (cf. Fig. 3).
The double consisted of two components of nearly
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Table 2. Relative intensities and positions of Hy0 features in
W3-IRS5 in February 1977

FI978ACA - 2.766- ~.113G

VLSR Average Relative Pos‘itionb)

Relative )

Intensity’ 8, (R.A.) 9y (Dec.)
(km s=1) (per cent) (mi1li arc sec)
-33.9 30 +423 £ 8 + 273 £
-34.6 100 +446 + 20 -1614 +
-35.8 100 =71+ 2 - 539 £
-35.8 80 +360 + 60 + 680 * 2
-37.3 7 -282 + 2 - 169 #
-38.5 15 -40+ 3 - 36t
-39.2°) 50 0 0
-39.6 40 -286 + 8 + 688 t
-40.6 30 - 69+ 20 + 537 =
-40.6 50 + 15 = 40 +1010 *
-41.6 60 =291 £ 3 - 158 *
-42.3 10 - 29 + 100 + 828 +
-43.6 20 +329 + 8 + 775 £
-44.3 20 -194 + 3 -363+ 4
-45.1 4 +38 =+ 20 + 570 + 100
-47.1 20 -282 + 5 - 70+. 5
-49.7 5 -161 + 4 -320+ 5

a) From cross-correlation spectrum ; 100 % = 200 Jy.
b) Errors are two standard deviations.

£) Reference feature; (0,0) = 02"20™53.145 + 0.0,
+61°52'21.4" £ 0.4 (1950)

(Forster et al. 1977).

equal intensity, separated by 6.3+ 0.3 milli arc sec, (or
2.6 10'* cm) in position angle 1.7° east of north.

The —50.3 km s ~* feature in the “center of activity”
indicated by the dashed ellipse in Figure 2 is of particular
interest. This component flared up in May-June 1977
relative to the H,O features at other velocities (Haschick
et al., 1977). The H,O intensity rose steeply in 4 days
and then decayed slowly over 25 days to its original
value. Haschick et al. conclude that the source of ex-
citation must have been of short duration and highly
directional.

A comparison of VLBI maps from 1971 onwards
proves that the positions of the H,O masers in W3 (OH)
‘have remained constant to within 071 over the years.
There appears to be only one real “center of activity”
with several H,O lines at different velocities; the weaker
emission to the west seems to come from isolated spots,
each at a single velocity. If the weak emitters are ‘“high
velocity features” associated with the center of activity,
then why are they grouped in a preferential direction?
It would be interesting in this context to map the other
high velocity features in the spectrum of W3 (OH) over
the range —20 to —75 km s ™1, which were outside our
2 MHz observing bandwidth in these experiments.

Orion-KL

Our new VLBI map (Fig. 4 and Table 4) has greatly
improved sensitivity over previous maps, and covers all
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Fig. 1. Spatial distribution of the H,O features in W 3-IRS 5 relative to
the line at —39.2 km s™! in February 1977 (small circles). Shaded
circles indicate strong lines (=100 Jy) in the cross-correlation spectra;
unshaded circles represent weaker lines. Labels are LSR velocities
(km s~1). Velocities in brackets are minor features found in plots of
fringe rate vs. spectral frequency. Dashed ellipses denote the approxi-
mate boundaries of “centers of activity”’. The relative positional errors
(see Table 2) are comparable with the size of the circles. Where this is
not the case, errors are shown by dotted Lines. Also shown are the
positions of features observed in January 1974 (Moran et al., 1978;
small crosses) and in March 1975 (Walker, 1977; squares). Triangles
are positions measured by Forster et al. (1977). These different data
were aligned on the feature at —34.2 km s 1, which is common to all
maps. The zero of the coordinate system is 02821™53.14°10.05",
+61°52'21.4" +-0.4" (1950), derived from the data of Forster et al.
The linear scale is for an assumed distance of 3 kpc. The inset shows
the single dish spectrum obtained at Effelsberg in February 1977

the strong, low-velocity lines. The new VLBI positions
are plotted relative to the feature at 10.8 km s~*. The
triangles give the position of the lines at 2.4, 3.7 and
26.8 km s~ (Moran et al., 1973 and Forster et al., 1978),
which were not visible in February 1977. Weaker
features on the plots of fringe rate vs. spectral frequency
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(Fig. 5) can be assigned to the individual centers of
activity. These features are listed in brackets in the
figures, but are not given in Table 4.

The large cross in Figure 4 is the position of the 1665
MHz maser lines of OH at 3.9, 7.1 and 8.6 km s~!
(Hansen et al., 1977). A new map by Norris (1977), with
the Jodrell Bank radio-link interferometer, shows that
the other strong OH lines in the range 17 to 23 km s !
are ~ 575 east and 3”5 north of the position marked by
the cross.

Figure 6 also shows the H,O data, aligned with the
absolute position of the feature at 10.8 km s~! (Forster

1
80
Projected E-W Base line (1051)

position angle 1.7° east of north

et al.,, 1978), and superimposed on the 21 p infrared
emission of the Kleinmann-Low nebula (Rieke et al.,
1973; Wynn-Williams and Becklin, 1974). The large
crosses mark the positions of the weak, high-velocity
H,O0 features mapped with the 100-m telescope (Genzel
and Downes, 1977a).

Figures 4 and 6 show that the low velocity lines
cluster in at least nine “‘centers of activity” of size 12

10'® cm, indicated by the dashed lines in the figures.

Some of the “centers” appear to be elongated rather
than spherical, even if these boundaries are slightly
arbitrary. Error bars are not drawn in the figures,
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Table 3. Relative intensities and positions of H,0 features in W3(OH) ['_ I | T I T I I T I I
b 3100%cm
VLSR Average Relative Positions . ol— o~ ~ 17
Relative .\ Dec. 76 (Haystack-NRL) Feb. 77 (Bonn-Onsala-Crimea) 9.9 %, o} 5.3 —
Intensity 8, ( WAL 8, (Dec. 8y (R.A.) ey (Dec.) 10-8* \ o} \V;[ 4_2] ”\‘?7‘-
(km s=1) (per cent) (milli arc sec) (milli arc sec) o 154 1.0 \ga3e

-42.3 1 - 4+ 8 5: 6

4.5 5 - 55 2 30 +136 £ 50 - 564 & 2 +151 & 2 g ]

-46.3°) 100 0 0 0 0

-47.5 - -- -1900 +180 -220 110 ®>‘

-a8.19) 100 -l 4 +72% 7 3t 2 +85% 2 . RVA =S — -

-49.8 3¢ -44 * 40 +25 % 60 -98 + 10 -44 £ 10 g g; 50

-50.3 40 -55 + 30 -12: 60 -80 + 30 0+ 30 - el 145 —————— |

-50.9 30 +5:10 +17 220 35+ 10 50 8 Z [Z_‘g%

-51.5 20 -1374 + 30 +224 + 60 -1370 180 -- = 17~0]

-51.5 20 - - x4 46+ 3 o= -20" —

-52.6 4 -- -- -1111 ¢ 30 -170 + 30

-55.5 8 - 915 20 +80:40 - 921+ 2 49 s 2 2 e (& L |

-57.4 1 - -- -810¢ 6 +46: 5 Py g]z %%

754 88
-28"— 8:3#[11.0 —
a) From cross-correlation spectrum; intensities are average of spectra in Dec. 76 and 183%|12.7
Feb. 77; 100 % 6000 Jy. 248 %?g
b) Errors are two standard deviations. 32 -
©) Reference feature; (0,0) = 02M23™7.305 + 0.035, 61°38'57.6" * 0.4" ,[.. I L e, e KUt L8 NN IS
(1950) (Forster et al. 1977) ’ * 0 - 8" 2" 6" 20" 24" 28" -3
4 Double source (see text); position given here probably refers to centroid. Relative R.A., eX
B A —
Table 4. Relative Intensities and Positions of Hy0 10-8
Features in Orion - KL in February 1977 ;;
. i b) =
VLSR Average Relative Position Z
'}ﬁlﬂ:g‘ﬁy a) e, (RA) e (ec.) &
(km s=7) (per cent) (milli arc sec) E
(.

-6.1 0.4 - 8690 ¢ 70 -15920 ¢ 2000

-5.3 0.5 S11680 20 -19500 ¢ 400

-4.9 1 -iso:o + ; -17180 ¢ ig 10 0 10 20 30

-3. - + -17 + . .

-i.j 2; -lzgsg £ 7 -Ligg £ 20 Radial Velocity (km s)

0.8 1 - 8370% 7 -12900 100 Fig. 4. VLBI positions for the low-velocity H,O features in Orion-KL
2: i 1::?2 . 2‘7) :24;22 . ;g in February 1977, relative to the line at 10.8 km s ~*. Labels are LSR
27 10 14400 ¢ 7 -24160 ¢ 100 velocities in km s™!. Circles indicate the main features; strong
3.2 40 212250 + 7 -18600 * 100 (>1000 Jy) lines are marked by asterisks and shaded circles. Weaker

y 0 .
3.8 4 -l4d10 s 7 -24150 &7 features on the plots of fringe rate vs. spectral frequency (cf. Fig. 5)
p g P
5.3 10 S 4605 7 - %05 20 are listed in brackets. Typical error bars (not shown) are 0701—0"1.
e : et o e The lines at 2.4 and 3.7 km s ™! (upright triangles; Moran et al., 1973)
) R + R . and at 26.8 km s~! (inverted triangle; Forster et al., 1978) were not
7.6 30 12126 £ 7 -19270 ¢ 40 el N . R
8.3 40 S11540 £ 40 -21270 * 200 visible in February 1977. Dashed lines are possible boundaries of
8.9 50 19083 + 7 -22450 £ 60 “centers of activity”. The cross marks the position of the OH features
9.9 2 *Bse 7 - 25 60 at3.9,7.1 and 8.6 km s ! (Hansen et al., 1977). The linear scale is for

12';) ul)z “14380 % 7 a0 A e an assumed distance of 500 pc. The zero of the coordinate scale is

1.9 10 S s0: 10 -23750 ¢ 70 05832m47.58° +0.02°5, —05°24'09”3 + 0”5 (1950) (Forster et al., 1978).

12.4 10 - 570t 10 -23750 ¢ 70 The spectrum (lower diagram) is that observed at Onsala in February

14.5 1 - 9300 ¢+ 20  -13500 ¢ 200 1977

15.4 3 -85+ 7 -1310% 60
16.2 9 419635 ¢ 10 -22137 ¢ 50
17.0 5 -14985 ¢ 7 -22005 ¢ 10

17.6 8 -19710 * 40 -22380 * 200 .. .. .

18.3 15 1380 * 20 -21160 ¢ 400 although declination uncertainties, especially, can some-

18.8 1 419790 + 40  -22690 * 800 : "

20.5 2 -15600 * 60  -18190 ¢ 1200 times be large (1 ) . P

22.8 1 21030 ¢ 80  -23190 ¢ 1600 As we discuss later, the fringe visibilities of almost

e o0, s et all features are low, that is, the emission is resolved on

25.8 8 18690 + B8 22035 ¢ 40 : most baselines (see also Johnston et al., 1977). We are

27.1 % Cl4668 x5 19385+ 20 therefore seeing only compact cores or sharp edges in

7.1 30 -18700 £ 1000  -23150 ¢ 1000 h ial distributi h h h H.O

28.1 55 14648 = 5 -19385 s 20 the spatial distribution, rather than the strong H,

33 ! 14640 50 -20070 ¢ 80O features which dominate single-dish spectra. This point

is especially valid for the so-called ‘‘shell features” at

a) From cross-correlation spectrum; 100 % 6000 Jy.

b) Errors are two standard deviations.

©) Reference feature; (0,0) = 0sf3gM7 5%+ 0.02%
-05°2409.3" = 0.5 (1950),
(Forster et al, 1978)

—5and +16 km s™! (cf. Genzel and Downes, 1977a;
Moran et al., 1977). For this reason, and because many
features are blended and have large positional uncer-
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units are 1, 5, 10, 15, 25 and 50% of the strongest feature at 10.8 km s ~* (6000 Jy)

tainties, we do not think it worthwhile to make a
detailed model of the velocity structure in Orion from
this map. In general, however, the sources in Orion-KL
probably follow the same scheme which we will describe
for W51 M and NGC 7538 S.

The centers of H,O activity are in or near the KL
nebula. The spatial distributions of the H,O “‘centers”
and the infrared stars are similar; for example, the mean
separation between H,O centers is about the same as
that between IR stars. The dominant H,0, OH and
SiO source (“Source A” in Fig. 6) appears to coincide
with the compact infrared source IRc4, which has a
total luminosity =10* L, (Rieke et al., 1973). Most of
the other H,0O sources do not have infrared counter-
parts. Source A is either qualitatively different from the
other H,O sources, or else the infrared measurements
have missed the weaker sources.

Source A is somewhat unique in that its ‘“‘shell
features” at —5and +16 km s ™! agree in velocity with
SiO and OH maser lines, and are resolved even on short
baselines. However, it is similar to the other H,O centers
in overall size (10'® cm), velocity range (10—30 km s~ %)
and H,O luminosity (107°-10"* Ly). It seems more
likely that there is only a slight quantitative difference
between Source A and the other H,O centers. The
absence of infrared emission at the position of some of

the H,O centers is presumably a matter of sensitivity.
The stars in these other centers may be of smaller mass
than Source A, or of lower surface temperature or sub-
ject to greater extinction, even at 21 p. The last ex-
planation is supported by two examples: the core of the
Sgr B2 molecular cloud is optically thick even for
wavelengths > 50 p (Gatley et al., 1978), and the source
C1 in K3-50 (the OH and H,O source ON-3) has
several hundred magnitudes of visual extinction (Wynn-
Williams et al., 1977a).

If the high velocity features in Figure 6 are fragments
of matter blown out by stellar winds (Strelnitskii and
Syunyaev, 1972), it is not clear whether each fragment
has come from the nearest “center of activity”’, or from
one dominant source, possibly Source A itself. The high
velocity, H,O fragments may be related to the outward
flow seen in other molecules. The high velocity wings
of 12COinthe J=1—0,2—1and 3—-2transitions appear
to come from a dense (n,> 5 10° cm ~3), hot (Ti, > 100
K) region roughly centered on the Kleinmann-Low
nebula. The half-power width of the high velocity region
may be <30” (Scoville, 1977; Zuckerman et al., 1976;

~Kwan and Scoville, 1976 ; Wannier and Phillips, 1977;

Phillips et al., 1977).
The “line” of single H,O features, which appeared to
run northeast-southwest in some earlier observations,
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Fig. 6. Positions of H,O sources in the Kleinmann-Low nebula in Orion. The VLBI positions of the low-velocity H,O features (Fig. 4) are shown
as small circles, superimposed on the contours of 21 p infrared radiation from the KL nebula (Rieke et al., 1973; Wynn-Williams and Becklin,
1974). The VLBI positions have been calibrated with the Hat Creek position of the feature at +10.8 km s~* (Forster et al., 1978). Dashed lines
indicate possible boundaries of “‘centers of activity” for the low-velocity H,O emission. Crosses show the positions of weak, high velocity features,
measured at Effelsberg in Fall 1976 (Genzel and Downes, 1977a). Labels next to the crosses are LSR velocities in km s~*. Shaded circles
indicate compact infrared sources. The linear scale is for an assumed distance of 500 pc. Source A is the dominant H,O source discussed in the text

disappears in maps with sufficient sensitivity. The whole
region, including the KL nebula, the molecular cloud
and the cluster of “centers of activity’” obviously has a
somewhat elongated shape. Attempts to correlate the
H,O with the lower contours of the 5 GHz continuum
map by Martin and Gull (1976) should be regarded with
caution, however.

Sgr B2

The present observations are the first VLBI results on
Sgr B2 (for recent single-dish work, see Genzel et al.,
1976, and references therein). Because the common
observing time for Sgr B2 is short for VLBI stations in
the northern hemisphere, the relative position measure-
ments are not as accurate as for the other sources in this
paper. In spite of this problem, the VLBI data (Table 5)

confirm the picture of three main, compact H,O sources
in Sgr B2. We refer to the three main sources as Sgr B2
North, Middle and South. In Sgr B2 N, some of the
features are spread over 2” or 3 10'” cm. Sgr B2 N may
thus be a cluster of H,O centers as in W3-IRS5 or
Orion KL. Sgr B2 M showed fringes in our experiment,
but their intensities were not sufficient for accurate
position measurements. Table 5 shows that most of the
H,O features in Sgr B2 S are contained within a zone
of 0.2”, which corresponds to 3 10'® cm, the typical size
of a “center of activity”’. The luminosity of Sgr B2 S is
comparable with that of W 51 M.

W49 N

Our ma-p of December 1976, made from the NRL-
Haystack data, agrees well with the map of Walker et al.
(1977), and adds a new center of activity (marked by an
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Fig. 7. (upper): Positions of H,O and OH sources in W49 N. Dotted
circles denote H,O centers of activity. Shading denotes the strongest
““centers”. “Centers of activity’ which have “high velocity features”
-are marked by radial dashes. Crosses denote OH masers (Harvey et al.,

1974; Mader et al., 1975, 1977). Labels are radial velocities for OH
(1667 MHz in bracketts, otherwise 1665 MHz). The dashed cross with

triangle gives the positional uncertainty of the nearest compact H 11
region (Wink et al., 1975). The linear scale is for an assumed distance
of 14 kpc.

(Lower): an enlargement of the dashed rectangle in the upper
diagram. Only H,O features are shown. Large circles denote centers
of low-velocity H,O activity. Filled large circles are the strongest
centers of activity. Small dots denote high-velocity H,O features.
Labels are H,0 radial velocities (km s ~*) contained in each center of
activity. Asterisks denote strongest components in the past six years.
The diagrams shown here are composites from data obtained in
several experiments (Moran et al., 1973; Knowles et al., 1974; Mader
etal.,, 1975,1977; Walker et al., 1977, and this paper). The high velocity
H,O data are from Walker et al. The zero of the coordinate scale is
19°07™49.78° - 0.02¢, +09°01'17"1 + 074 (1950) (Dieter et al., 1978)
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Table 5. Relative Intensities and Positions of H,0
Features in Sgr B2 in February 1977

VLSR Average Relative Position b)
Relative ) 8, (R 8 y (Dec.)
Intensity

(km s=1) (per cent) (milli arc sec)

Sgr B2 North:
(Relative to 41.5 km s="):

0.6 20
41.5¢) 30

(Relative to 62.8 km s~'):

49.9 12 S 149: 70 4 43: 30
50.8 10 +1000 + 80 -1550 x 30
52.5 6 1160 + 150 + 890 £ 60
56.1 10 +1950 + 400 + 660 £150
62.8%) 100 0 0

Sgr B2 South:

51.5 3 - 190 £ 200 + 100 + 30
57.6 4 - 702200 + 7015
61.8 5 - 60 £200 + 7915
63.9 10 S10+100 + 9%+ 10
65.2 6 - 20+ 80 +100+ 30
66.2 4 - 90 150 + 8115
67.3 3 +1030 + 500 - 940 + 60
69.84) 100 0 0

72.3 17 S120+150 + 7810

E3
73.0 8 - 250+ 50 + 91+ 3

a)Frum cross-correlation spectrum; 100 % = 400 Jy (Sgr B2 N);
1000 Jy (Sgr B2 S).

b) Errors are two standard deviations.

©) Reference features for Sgr B2 N: (0,0) = 17744™0.03% 0.03%,
(Forster et al. 1978) -28921'16.3" + 1" (1950).

9) Reference feature for Sgr B2 S: (0,0) = 17M44™10.6° + 0.3%,
-28°22'39" + 4" (1950).
Fringes were detected on Sgr B2 M, but the intensity in Feb. 77 was
not sufficient for accurate measurements. The 1950 position of
Sgr B2 M is 17M44™10.4S + 0.35, -28022'00" + 4" (Genzel and Downes
1977b).

asterisk in Table 6), slightly to the southeast of the two
main centers, plus a single, new feature located about
172 to the northeast of the main groups, at a radial
velocity of 18.2 km s 2.

Figure 7 (upper) shows that there are about ten
centers of activity in W49 N, most of which lie in a

‘region of size 3 10'7 cm. This is the same size as the H,O

clusters in Orion and W 3-IRS 5. The strongest centers
of activity in W49 N seem to be more compact, however,
than in the latter sources (Walker, 1977). The H,0
cluster is clearly separated from the H 11 region (Wink
et al., 1975) and the main OH source (Harvey et al.,
1974; Mader et al., 1975, 1977). Figure 7 (upper) also
shows that there are some weaker H,O and OH features
spread out over the whole region. On the plot of fringe
rate vs. spectral frequency for W49 N, we detected weak
H, 0 features at velocities of +6.3 and +14.0 km s 1,
which appear to come from the vicinity of the main OH
source.

Figure 7 (lower) is an enlargement of the dashed
rectangle in the upper diagram. The radial velocities
given for the “low velocity features™ are an average
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Fig. 8. Positions of the strong, low-velocity H,O sources in W51 N, relative to the feature at +59.5 km s, in February 1977. Labels are
LSR velocities (km s ™). Relative positional uncertainties are indicated by circles. Dashed lines indicate possible “centers of activity”. The linear
scale is for an assumed distance of 8 kpc. The inset shows the single-dish spectrum of W51 N obtained at Effelsberg in February 1977.
The zero of the coordinate scale is 19°21™22:53 + 052, +14°25'19" + 3" (1950) (Genzel and Downes, 1977b)

from several experiments in the last six years (Moran
et al., 1973; Knowles et al., 1974; Mader et al., 1975,
1977; Walker et al., 1977; and this paper). The mean ve-
locity of the centers of activity increases from ~ —5 km
s ! in the southwest to ~ +12 km s ! in the northeast,
possibly indicating a large-scale gradient. Figure 7
(lower) shows that several of the “centers” are surround-
ed by swarms of high-velocity features. These high ve-
locity data are taken from Walker et al. (1977).

WS5IN

W51 N lies 1:5 northwest of the main H,O source in
"W 51, and near the compact continuum component
labelled G 49.5-0.4(d) on the map by Martin (1972).
The H,O source has an interesting, broad spectrum
ranging from —150 to +150 km s~!. The strongest
emission (~400 Jy) occurs between velocities of 0 and
70 km s . Figure 8 shows the map of radial velocities
between 49 and 76 km s, obtained from the Onsala-
Crimea baseline (Table 7). The features extend over a
region of size 1”, with two possible, main concentrations
separated by 0”5. This corresponds to a projected linear
separation of 6 10'® cm if the source is at a distance of
8 kpc, or 2 10'® cm if the H,O velocity centroid is 35 km
s~! and the kinematic distance is 2 kpc. It is not clear
whether the results show two or more independent
sources or a single, extended source in a later stage of
evolution.

W 51 Main and South

Figure 9 shows the relation of the southern and main
H,O sources in W 51 (Table 8). The H,O lines at 51.0
and 57.8 km s ™! probably come from W51 S, a source
whose spectrum between —10 and +5 km s™! was
reported by Genzel and Downes (1977b). W 51 S also
appears to be associated with 1665 MHz OH emission
at 58 km s~! (Mader et al., 1977) and to be near a
compact H 11 region (Scott, 1978).

The emission of the strong H,0 source W51 M in
the velocity interval 49 to 76 km s ! is concentrated to
a region of 0725 (3 10'® cm) indicated by the dashed
ellipse in Figure 9. There are also some weaker features
spread over a zone of 2 10'” cm. Scott (1978) has found

- a supercompact H 11 region 2724078 away from the

H,0 source, with the Cambridge 5-km telescope at 15
GHz. On the basis of this positional displacement, we
think that the exciting star of the compact H 11 region
does not provide the energy for the H,O source W 51 M.

Figure 10 shows that except for the line at 68.7 km
s~1, all of the strong H,O lines are concentrated to an
even smaller region of 60 milli arc sec or 7 105 cm. Two
knots of about equal intensity and similar velocity
structure, which are separated by only 7.5 10'* cm,
contain 609, of the total luminosity (see inset in Fig. 10).
The map in Figure 10 leads us to the following con-
clusions.

a) If the weaker, more extended features are regarded
as “high velocity features™, the 2” (2 10'7 cm) extent of
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Fig. 9. Positions of maser features in the H,O sources W 51 Main
and W 51 South in February 1977, relative to the feature at 62.5kms 1.
Labels are LSR velocities in km s ~*. Small dots are VLBI measure-
ments, and the dashed circle gives the positional uncertainty in the
singledish position for features at Vigg=—10-+5 km s~ (Genzel
and Downes, 1977b). The small dashed ellipse contains most of the
H,O0 flux of W51 M, and is shown in enlargement in Figure 10. The
cross is the position of the OH maser at 1665 MHz, with V; gz = + 58 km
s~! (Mader et al., 1977). The linear scale is for an assumed distance of
8 kpc. The zero of the coordinate scale is 192126520+ 0302,
+14°24'43"6 +- 074 (1950) (Forster et al., 1978). The solid ellipses give
the positional uncertainties for continuum sources measured with the
Cambridge 5-km telescope at 15 GHz (Scott, 1978)

the region in which they are found is comparable with
that of the high velocity features in Orion, and larger
than that in W 49.

b) The strong ““low velocity emission” of W51 M is
concentrated in a “belt” of length 3 10'® cm and width
5 10'° cm, running northeast-southwest. It is likely that

R. Genzel et al.: VLBI Observations of H,O Sources

Table 6. Relative Intensitjes and Positions of Hy0
Features in W49 N in December 1976

vLSR Average Relative Position b)
Relative ) 8y (R.A,) ey (Dec.)
Intensity

(km s=1)  (per cent) (milli arc sec)

- 8.3 0.1 0+ 80 + 20 + 200

-7.9 0.2 + 52 + 80 + 120 = 200

- 6.2% 0.6 + 200 + 30 - 82+ 80

- 4.7 4 + 15+ 20 + 290 + 60

- 4.1 4 + 200 + 40 + 626 + 150

- 2.6 6 + 559 + 20 + 155 + 40

- 0.3 14 0 0
1.4 2 + 181 + 40 + 555 + 100
2.7 8 + 40 + 60 + 590 + 200
4.0 1.5 - 100 #100 + 250 + 200
5.2 2 - 5+140 + 450 + 100
6.3 2 + 10 + 30 + 245 + 80
7.1 3 + 25+ 20 + 80+ 60
8.2 5 + 11+ 6 +290 + 20
9.4 2 +1123 +180 + 391 + 500
10.9 100 - 5+ 6 +291 + 20
11.8 7 +1112 + 20 + 561 + 60
16.0 3 + 733 + 40 + 589 + 100
17.5 1.5 + 126 + 20 + 570 + 60
18.2 0.7 + 760 + 80 +1340 + 200

2) From cross-correlation spectrum; 100 % ~90 000 Jy.

b) From Haystack-NRL baseline; errors are two standard
deviations.
©) Reference feature; (0,0) - 19707"49.78% + 0.02°,

09°01'17.1" & 0.4" (1950),
(Dieter at al. 1978).

Table 7. Relative Intensities and Positions of Hy0 features in
W5IN in February 1977

VLSR Average Relative Positionb)
¥§12:;¥: a) 8y (R.A.) ey (Dec.)
Y
(km s=1) (per cent) (mi1li arc sec)
58.4 20 + 65 = 40 - 88 + 40
59.5¢) 40 0 0
60.3 60 +442 + 10 - 490 + 10
63.3 100 +939 = 10 -1162 + 10
64.7 20 -135 + 8 -1212 + 8
67.1 25 +427 + 8 - 470 £ 8
73.4 10 - 44 £ 40 - 274 £ 30
75.1 10 -38 =10 - 270 £ 10

a)

From cross-correlation spectrum; 100 % = 380 Jy.
b) Onsala-Crimea baseline; errors are two standard deviations.

2 Reference feature; (0,0) = 19h21m22.3S

S
14925119" A

"3%° (1950)

E4
*

(Genzel and Downes, 1977b)

this source represents only one object. The two central
knots both have emission at ~63 and ~69 km s, at
about equal intensities. More detailed observations of
this source show that the two knots have an almost
identical velocity structure (Walker, 1977). There ob-
viously has to be a high degree of symmetry in any model
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Table 8.
December 1976 February 1977
Relative Position Relative Position
. Average 8, (R.A.) 6. (Dec.)
VLSR a;?:atgse & (RA-) ey (fec-) Relatgve ) x y
Intensity ) Intensity

(km s~ 1) (per cent) (milli ‘arc sec) (per cent) (milli arc sec)
50.4 —_ J— 0.1 - 507 + 400 1162+ 200
51.0 €) 5 +292 + 40 -7728 + 40 + 15 770 200
53.3 —_ —_— 1 1530 + "40 - 515 + 20
53.8 70 - 14.3 * 8 - 57+ 10 —_ p—
54.6 -_ _— 26 - 25,0+ 1.5 - 13.6 + 0.8
55.4 J— 5 - Jx 8 - 977+ 4
55.9 100 -12.9+ 15 1.4+ 15 —_ —_
56.5 —_— —_— 28 - 35,0 2 - 46.5+ 1
57.0 7 -172  + 100 307 = 150 8 - 18.2+ 8 - 10.3+ 4
57.6 —_ -206.2 = 6 369.3 £ 2
57.8 4 5 -233 %1500 -6429 * 1500 5 - 6 -6309 * 200
59.7 _— - 5 + 7.5% 2 7.7 1.5
60.1 7 -159.5 * 100 273 + 150 13 -212.0 ¢ 15 263 * 80
60.9 — _— 3 0.8 6 8.0+ 3
62.5 30 0 0 100 0
63.6 60 - 7.4% 7 10.8 * 8 ) 17 - 3.1t 2 - 58+ 1
64.3 10 4.6+ 20 - 157 : 25 3 + 6.0+ 4 8.5: 3
65.4 20 - 11: 15 - 1.0+ 20 10 - 5.0+ 15 - 2.2+ 0.6
65.6 10 - L7: 15 - 267% 0.8
67.5 30 - 48+ 5 22+ 8 60 - 24 1 - 5.0% 0.6
€8.7 — 40 7.8+ 2 109.0 £ 0.8
69.6 40 - 67+ 5 10.2: 8 —_ —
70.0 30 -21.1 + 10 41.6 = 15 —_—
70.5 30 - 5.4+ 10 - 1.2+ 10 27 06t 2 24t 2
71.1 — —_ 10 - 13t 2 - 08¢t 2
72.1 10 7.8+ 15 6.1+ 15 5 0.3+ 0.8 - 0.2 0.4
73.0 - - 1 - 46.0 + 10 -138 6
74.6 - - 1 - 475+ 6 - 1413 + 4
752 - - 5 - 7.9+ 10 - 123+ 8
783 - 4 0.6 + 3 - 75t 2
756 - 1 - 9.6+ 20 - 60.4 t 20

a) From cross-correlation spectrum; 100 % = 1400 Jy in Dec. 76;
1150 Jy in Feb. 77.

b) Errors are two standard deviations.

<) Emission at 51.0 km s~ was stronger from W51 S in Dec. 76, and
from W51 M in Feb. 77.

9 ye1 s,

®) Reference feature; (0,0) = 19:;21"'26.20s

S
18°24'43.6" + 0.4" {1950)(Forster et al. 1978).

which accounts for the H,O emission, in order to produce
such a double velocity, double knot structure.

¢) The single-dish spectrum of W51 M averaged
over roughly two years show three main, stable, groups
of lines, even if the symmetry was not always as striking
as in February 1977 (Fig. 10, inset; see also the data of
Little et al., 1977).

In the following section, we present two qualitative
models for the kinematics of W 51 M. The general picture
of an expanding dust shell, bounded on the inner side
by a dust front and on the outer side by a shock front,
has been adopted from Davidson and Harwit (1967),
de Jong (1973), Kahn (1974), Yorke and Kriigel (1977),
and Cochran and Ostriker (1977). The first model is of
an expanding and rotating disk. The second model is

an, expanding spherical shell which sporadically ejects
faster-moving features.

Figure 11a shows the first model. The ellipsoidal
dust shell or disk, with a radius of 1.5 10'® cm and a
thickness of 3 10'5 cm, is observed almost edge-on. The
H,O features at ~55 and ~69 km s are at the front
and back of the disk, and the central star has a radial
velocity of 63 km s~*. The line at 68.7 km s ! comes
from the edge of the disk; its velocity suggests that the
disk may be rotating at about 6 km s ~*. The star would
then have a mass of 20—40 M, . The features at a relative
velocity of ~0 km s™! originate outside a shock front
which expands at a velocity of 6 to 8 km s~ into the
surrounding medium.

High velocity features could be envisaged as being
driven out along the poles of the disk. The model in
Figure 11a requires a large stellar mass to account for

_ rotational velocities of 6 to 8 km s™!. A model with

expansion only (Fig. 11b) means that all lines other than
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Fig. 10. Positions of strong, low-velocity H,O emission in W 51 Main in February 1977. The positions are relative to the feature at 62.5km s ~*.
The figure is an enlargement of the small ellipse shown in Figure 9. The inset to the right is in turn an enlargement of the intense maser group near
the center of this figure. The relative positional uncertainties (~2¢ for the main figure, 1o for the inset) are given by shaded circles for strong
(>300 Jy) features, and unshaded circles for weaker features. Error bars larger than the general mean are indicated by dashed crosses. Labels are
LSR velocities in km s ™. The linear scale is for an assumed distance of 8 kpc. The central knots discussed in the text are the main shaded
groups in the inset. The inset at the bottom right shows the single-dish spectrum of the low-velocity emission, obtained at Effelsberg in

February 1977. The dashed ellipse shows the region interpreted in the text as being a circumstellar disk. The coordinate zero is the same as in
Figure 9
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Fig. 11. Kinematic models of W 51 M. The H,O emission is presumed
to arise in a dense, expanding disk or shell around a massive star. The
labels give the line-of-sight velocities relative to the star; observed
LSR velocities are in parentheses (cf. Fig. 10).

Model a) : an expanding and rotating disk observed nearly edge-on.
The radial velocity of the star is 63 km s ™!, the expansion and rotation
velocities are both ~7 km s *. The H,O features at ~0km s ! could
come from either the front or back of the disk, slightly outside the
shock front. High velocity features could be blown out at the poles
of such a disk.

Model b) : an expanding shell, viewed perpendicular to the line of
sight to the earth. The star, with Vi gz ~66 km s, has directional
flares from time to time, which drive higher-velocity material through
holes or tunnels in an otherwise stable shell. The shell expands at a
velocity of 3 km s™!

those emitted in the inner 0703 are ‘“high velocity
features”. The central star may flare from time to time,
and burn “holes” or “tunnels” in the circumstellar shell.
The alignment of H,O features in W 51 M and W3 (OH)
might then indicate the direction of temporary, high-
density streams. The entire shell could nevertheless be
stable over long periods of time.

NGC7538-IRS 1

NGC7538-IRS 1 appears to coincide, within 075, with
a strong infrared source, IRS 1, and a super-compact
Huregion (Harrisand Scott, 1976 ; Wynn-Williamsetal.,
1974; Willner, 1976; Genzel and Downes, 1977b).
Fringes were obtained on the lines at —60.7 and — 57.2
km s~!, which were separated by 0728 or 1.5 10'® cm
(Table 9). .

25

Table 9. Relative Intensities and Positions of H,0 Features in

NGC7538 in February 1977

Relative Positionb)

VLSR Average
Relative a) 8, (R.A.) 6, (Dec.)
Intensity y

(km s-=1) (per cent) (milli arc sec)

-57.2 10 +275.8 + 0.6 +12.5 £ 0.2
-60.7¢) 100 ) 0
NGC7638 S:
-45.0%) 100 0 0
8.2 10 142 + 15 +75 4 20
-53.5 80 L1605 2 180 & 2
-54.2 60 144 1 “125+ 1.5
-54.8 20 +78% 4 157 ¢ 4
-56.3 20 _87t 6 304+ 7
-61.3 100 -4 3 H13: 4

a) From cross-correlation spectrum; 100 % = 600 Jy for
NGC7538-1IRS1 and 150 Jy for NGC7538S.

b) Errors are two standard deviations.

2 1950 positions for reference features:
hym H S

=4 23.11736.47> + 0.05

(0.0 {+e1°11'49.4" £ 0.5"

hy m S S
_{23M1M36.14% = 0.05
(0,0) {+61°10'29.7" + 0.5

} NGC7538-1RS1
} NGC7538S

from data of Forster et al. (1978).

NGC7538 S

NGC 7538 Slies 1.5south of IRS 1, and has OH emission
at roughly the same velocities as the H,O. Wynn-
Williams et al. (private communication) have found far
infrared and millimeter radiation from this source, but
nonear infrared emission. There is also no radio emission,
to a limit of 5 mJy at 5 GHz (Israel, 1977). If there is an
optically thick H 11 region in NGC 7538 S, it must have
a size smaller than 0715. These facts suggest that NGC
7538 S is cooler or more obscured in the near infrared
than IRS 1, which is associated with a compact H i1
region, of diameter 1”.

As with IRS 1, the small spatial extent of the H,O
source (Fig. 12) of 074 (2 10'® cm) indicates that NGC
7538 S is a single object, similar in many respects to
W 51 M. Figure 12 includes the VLBI data of Moran
et al. (1978) from January 1974, which agree nicely with
the new results. The H,O spectrum appears to be an
asymmetric “triple”, with some weak emission between
the main components. Figure 12 also shows a model of
NGC 7538 S as an expanding disk inclined to the line of
sight.

Sizes of Individual H,O Features

We now discuss the investigation of fringe visibilities of
three sources, W3(OH), Orion-KL and W 51 M. The
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Fig. 12. (left) : Relative positions of H,O
masers in NGC 7538 S, in February 1977.
The positions are relative to the feature at
—45.0km s~* and the zero of the
coordinate scale is 23211™36514 £0:05,
+61°1029”7 + 05 (1950), from Forsteret al.
(1978). Average positional uncertainties are
indicated by shaded circles for strong
(>100 Jy) features and by open circles for
weaker features. Triangles are positions
measured in a VLBI experiment of January
1974 (Moran et al., 1978).

The linear scale is for an assumed
distance of 3.5 kpc. The lower inset shows
the single dish spectrum obtained at
Effelsberg in February 1977.

(Upper right) : Model of NGC 7538 Sin
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terms of a disk inclined at an angle of ~30°
to the line of sight. Labels give velocities
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1501y the assumed velocity of the central star.

1 Values in parentheses are the observed LSR
velocities. The disk is assumed to be
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conclusions probably apply to the other sources in this
survey as well. A characteristic of the VLB network
used here is that the best linear resolution in W 51 is the
same as the poorest linear resolution in Orion, namely
4 10'* cm. Overall, the experiment is sensitive from
310'2cm to 6 10 cm in spatial structure.

In W3(OH) and W51 M, the visibilities of the
strongest features are high, that is, between 0.4 and 1.0,
on all baselines, indicating that the masers are smaller

than 4 10! cm (~3 A.U.) in apparent size. In W51 M,

there is some evidence that minor features (>200 Jy in
the single-dish spectra) are resolved, even on the shortest
baseline.

Most of the Orion features are also unresolved on
the shortest baseline, which means that the upper limit
to their size is, again, 4 10*> cm. Only the prominent
“shell features at — 5 and +16 km s~ in Source A, and
the strong feature at + 5.3 km s™!, in the northeastern
part of the Orion map, have low visibilities on the Onsala-
Effelsberg baseline. A/l features in Orion are completely
resolved on the Haystack-Effelsberg baseline, which
shows that these H,O masers are not much smaller than
10'3 cm (~1 A.U.). From this size, and the typical line
flux density of 10° to 10* Jy, the line brightness tempera-
ture is ~10'%2 to ~10' K.

The visibility of some features in Orion and W3(OH),
and to a lesser extent, in W 51 M, changes systematically
with interferometer hour angle. The typical time scales
of the variation are hours, which may correspond to
structure on an angular scale of 510 milli arc sec, or
10'"4-10*> cm. This structure resembles the “double
knots” in W 51 M. Some lines in the single-dish spectra

Radial Velocity (km s

velocity components in the direction of the
earth

50 45

are not visible in the cross-correlation spectra. They may
be much larger clouds, like the “‘shell features” of
Source A in Orion.

Models of H,O Sources

We summarize here basic observational facts which
must be incorporated in models of H,O sources.

1. Spatial Structure

a) Nearly all of the individual “centers of activity’’ de-
scribed in this paper show low velocity H,O features
distributed over ~ 10" cm. The map of W 51 M provides
evidence for disk structure in one of these centers.

b) Individual masers have an apparent diameter of
10'*-10"* ¢m. In Orion-KL, W 3-IRS 5 and W3(OH),
a given radial velocity sometimes seems to come from
two different emission knots separated by 10'4-10'5 cm.
Maps of W51 M and CRL 2591 (Walker, 1977) show
that two spatially distinct knots can even have many
velocity components in common. This phenomenon has
been verified in independent experiments, and on
independent baselines, and appears to be an important
property of the masers.

c) The observations of W49 N (Walker et al., 1977)
and possibly W 51 M (this paper) suggest that some,
but not all, centers of activity are surrounded by swarms
of high velocity features over a spatial extent of 5 10*¢
—4 107 cm. If the weaker lines in W3 (OH) are also to be
interpreted as ‘‘high velocity fragments™, they would
indicate that such fragments are found in a preferential
direction from the ““center of activity”.
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d) Individual centers of activity often appear in
clusters, of overall size 3 107 cm, with two to ten
members, and an average projected separation of 5 10
cm between them (e.g., W3-IRS 5, W75 S, Orion-KL,

W49 N). In W 3-IRS 5 and Orion, this also seems to be

the typical separation between compact IR sources.

2. Relation to Other Objects

a) Where infrared observations of high resolution and
sensitivity are available (e.g. Orion-KL, W3-IRS 5,
NGC 7538, CRL 2591, some Sharpless H 11 regions).
there are infrared sources in the vicinity (<107 cm) of
the H,O masers. A detailed coincidence, however, be-
tween centers of H,O activity and compact infrared
sources (which are not H 11 regions) exists so far only
for IRc4 (H,O Source A) and IRc2, both in Orion-KL,
and for CRL 2591 (Wynn-Williamsetal., 1977b ; Walker,
1977).

b) The strong H,O masers are near (<3 10'® cm)
“compact” H 11 regions but not coincident with them
(Lo et al.,, 1975; Cato et al., 1976; Baudry et al., 1976;
Forster et al., 1978; Genzel and Downes, 1977b). The
exciting stars of the H 1 regions, therefore, do not
provide the energy for the H,O masers, except possibly
for the stars in new class of ““supercompact” H 11 regions,
like NGC 7538-IRS 1 and ON-1.

c) With observations of high sensitivity, one often
finds OH maser emission at the same position and radial
velocity as H,O emission (e.g. W 51 S, Orion-KL, NGC
7538, W49 N?), although the strongest OH and H,O
sources in a region may not coincide (Mader et al.,
1975, 1977).

d) The lifetime of the H,O-emitting phase appears
from source statistics to be on the order of ~2 10* yr,
while the time required to form a massive star is 10°—~10°
yr (see, e.g., Yorke and Kriigel, 1977). If the former
value is roughly correct, only <109 of the newly-

formed stars in a region will be H,O emitters at any

given time. If so, the examples of Orion-KL, W 3-IRS 5
and W49 N, which all have a multiplicity of centers of
'H,O activity, suggest then that star formation must
have started at about the same time in regions of 3 107
cm in diameter (cf. Elmegreen and Lada, 1977).

3. Kinematics

a) The VLBI and single dish observations of W 51 M,
Orion-KL, W49 N and W3(OH) show that despite
the large variability of individual lines, the velocities
of the main, low-velocity emission groups remain
constant to within +0.5 km s~! (Sullivan, 1973; Little
et al., 1977). '

b) The coarse symmetry in the low velocity emission
and the maps of W51 M and NGC 7538 S, indicate
that the sources are either expanding or contracting,
with some rotation. The most likely interpretation is
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expansion. The velocities of ~10 km s~ at radii of
10'® cm, the high temperatures and densities required
to excite the H,O at these radii, and the existence of
high-velocity features at greater radii from the central
star than the low velocity emission, all suggest that
matter is flowing away from the stars. That is, the objects
are probably not protostars, but stars which have already
formed.

We now briefly describe two complimentary aspects
of shell models for the kinematics and observed structure
of the centers of activity.

i) The “Maximum Maser Gain Model”

Assume that the H,O is everywhere inverted by the same
amount, and that the circumstellar material is homo-
geneous, and arranged in shells or disks. The positions
where an observer will see the strongest maser gain will
then be determined by the type of motion (expansion,
contraction or rotation), the velocity gradients in the
shell, the shell thickness, etc. Figure 13 gives a qualita-
tive idea of the location of the observed “hot spots”
and the resulting H,O spectra for different types of
motion in the shell (cf. Van Blerkom and Auer, 1976;
Olnon, 1977). Here we presume for simplicity that H,O
masers are partially saturated, so that some non-linear
amplification causes only those spots to be observed
which have the most favorable gain paths. For example,
in W51 M, the VLB results might be described by a
decellerated expansion (Vocr®, where V=velocity,
r=radius and a < 0), with some rotation. “High velocity
features™ would have to come from temporary holes in
the shells (“‘tunnel model”) or else be blown out at the
poles of a disk.

The greatest difficulty with this ‘“homogeneous”
picture is the apparent variety of velocity distributions
observed in VLB maps. The conditions in the shells

would therefore have to vary appreciably from source
to source.

ii) The “Planetary” Model

Again, we assume that the star is surrounded by a shell
or disk. The location of maser emission is determined
not by geometrical effects, however, but simply by the
positions of dense blobs of matter. This picture easily
explains high velocity features, since only a few dense
fragments are required. However, it is hard to account

. for the spectral symmetry and a long duration of the

H,O emitting phase. If the H,O lines come from a few
of the denser clumps in the shell, then there should not
be too much symmetry in the observed spectra. Such
clumps cannot be gravitationally bound, and would
disperse in ~10® years. Furthermore, with only a few
condensations around a star, the obscuration might not
be as great as in a shell model, and one might expect to
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Fig. 13.Qualitative diagram of the expected maser emission from
circumstellar shells or disks with various velocity laws. The medium is
assumed to be homogeneous with uniform H,O inversion. The left
diagrams show contours of constant velocity as seen by an observer,
for one quadrant of the shell. 10 units=the velocity of expansion,
contraction or rotation relative to the central star. The arrows are the
rays of maximum maser gain as seen from the earth. The diagrams
at the right are the expected spectra for the entire shell. The second
diagram from the top for example, shows that in a decellerated
expansion (or free-fall contraction), the spectrum is “triple”, and the
strongest features will be displaced from the line of sight to the star

see more radio, infrared and optical radiation at the
positions of the H,O sources than is the case.

In reality, these two viewpoints probably must be
combined: the motions of a shell or disk determine the
general properties of the spectra, averaged over several

R. Genzel et al.: VLBI Observations of H,O Sources

years. The inhomogeneities govern the positions and
velocities of individual spectral features at any given
time.

The Infrared Problem

A hot dust shell of temperature 300 K, diameter 10'¢
cm, thickness 10'*-10'> cm and H, density 10°~10°
cm 3, has a large optical depth at 10—20 p and should
be a strong infrared source. Many centers of H,O
activity, however, are apparently not detectable IR
sources. The upper limit of ~25 Jy on 20 p radiation
from the position of W51 M for example, (Wynn-
Williams et al., 1974) requires an extinction 7,,,=1 in
front of a dust shell with the above parameters. For a
mixture of ice, graphite and silicate grains, 74,5~ 51072
ny,? at 10-20 p, where ¢ is the thickness of the cloud
in cm (Forster et al.,, 1978). A cold cloud of radius
107 cm and density 10° cm ™ would therefore have a
large enough optical depth even at 20 p to reduce the
radiation from a 300 K circumstellar dust shell to below
the published levels of detection.

An Alternative Explanation

In several well-investigated cases, an H,O source is near
(<3 10'7 cm), but not coincident with, a very compact
H nregion (Forster et al., 1978). As opposed to a ““shell”
picture, there is therefore a fundamentally different
explanation in which the H,O masers are in small
(<1 M) fragments farther than 10"’ cm away from the
exciting star of the compact H 11 region, without an
internal stellar heat source of their own. The shock and
ionization fronts of the H 1 region are assumed to pass
through these isolated cloud fragments and collisionally
excite the H,O masers. In this picture, the H,O masers
would appear in an irregular fashion, in a much later
evolutionary stage than in the “shell” model.

Although such a model would easily explain why
many centers of H,O activity have not yet been detected
in the infrared, it poses some serious problems of its
own: :

i) In all of the cases investigated by Forster et al,,
there is only one strong center of H,O activity in the
immediate vicinity of the compact H 1 regions. If the
shock fronts from these compact H II regions were
simply hitting isolated fragments, one would expect to
see several H,O masers, roughly situated in a ring
around the H 11 regions.

ii) If the plasma in an H 1 region of density N, ~10°
cm 3, expanding at 10 km s *, were able to give all of
its kinetic and thermal energy to a dense cloud of
diameter 10'5 cm, the power transferred would be only
103 erg s 1. The luminosity of the H,O maser lines in
W 51 M, however, is 10°! erg s . Furthermore, in this
sort of collisional pumping, there are at least ten in-
frared line photons emitted for each photon at 22 GHz
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(Goldreich and Kwan, 1974; Shmeld et al., 1976), so
that the actual power required to excite the H,O maser
in W51 M is at least 10***2 erg s 7!. Hence, the kinetic
and thermal energy of a shock front from an expanding
H 11 region cannot account for the energy continuously
radiated by the strong H,O masers over many years.
iii) For cloudlets located outside of a compact H 11
region, at distances >10'" ¢cm from the exciting star,
~ the radiation from, say, an O 5 star with 3 10° L, is too
diluted to heat the dust in the cloudlets to > 100K, even
if the cloudlet is optically thick in the near infrared, or
to pump the masers by direct radiation (Strelnitskii,
1974).

For the reasons given here, together with the ap-
pearance of the VLBI maps, the low and high-velocity
emission, and the coarse “symmetry’’ in the H,O spectra,
we conclude that each center of H,O activity must have
its own source of energy, namely, a massive star.
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