
THE ASTROPHYSICAL JOURNAL, 508 :275È285, 1998 November 20
1998. The American Astronomical Society. All rights reserved. Printed in U.S.A.(

METHANOL MASERS AS TRACERS OF CIRCUMSTELLAR DISKS

R. P. NORRIS,1 S. E. BYLEVELD,1,2 P. J. DIAMOND,3 S. P. ELLINGSEN,4 R. H. FERRIS,1 R. G. GOUGH,1 M. J. KESTEVEN,1
P. M. MCCULLOCH,4 C. J. PHILLIPS,4 J. E. REYNOLDS,1 A. K. TZIOUMIS,1 Y. TAKAHASHI,5

E. R. TROUP,1 AND K. J. WELLINGTON1
Received 1995 May 16; accepted 1998 June 12

ABSTRACT
We show that in many methanol maser sources the masers are located in lines, with a velocity gra-

dient along them which suggests that the masers are situated in edge-on circumstellar, or protoplanetary,
disks. We present VLBI observations of the methanol maser source G309.92]0.48, in the 12.2 GHz

transition, which conÐrm previous observations that the masers in this source lie along a line.(20È3~1 E)
We show that such sources are not only linear in space but, in many cases, also have a linear velocity
gradient. We then model these and other data in both the 6.7 GHz and the 12.2 GHz(51È60A`)

transition from a number of star formation regions and show that the observed spatial and(20È3~1 E)
velocity distribution of methanol masers, and the derived Keplerian masses, are consistent with a circum-
stellar disk rotating around an OB star. We consider this and other hypotheses and conclude that about
half of these methanol masers are probably located in edge-on circumstellar disks around young stars.
This is of particular signiÐcance for studies of circumstellar disks because of the detailed velocity infor-
mation available from the masers.
Subject headings : accretion, accretion disks È circumstellar matter È

ISM: individual (G309.92]0.48) È masers

1. INTRODUCTION

A fresh wave of studies of masers as probes of star forma-
tion has been stimulated by the discovery of the strong
methanol maser transition at 12.2 GHz by(20[ 3~1 E)

et al. and then the discovery of the strongBatrla (1987),
methanol transition at 6.7 GHz by(51È60 A`) Menten

Although methanol masers at other transitions have(1991).
also been extensively studied (see for example Elitzur 1992,
for a review), the 6.7 and 12 GHz transitions are particu-
larly strong and accessible to synthesis instruments, so here
we restrict the discussion to these two transitions. Extensive
surveys (e.g., et al. et al.Norris 1987 ; Koo 1988 ; Kemball,
Gaylard, & Nicolson & Gaylard1988 ; MacLeod 1992 ;

Gaylard, & Nicolson Gaylard,MacLeod, 1992 ; MacLeod,
& Kemball & MacLeod et al.1993 ; Gaylard 1993 ; Caswell

et al. et al. have1993, 1995 ; Schutte 1993 ; Ellingsen 1996a)
shown these methanol masers to be extremely common in
Galactic star formation regions, but none is known outside
our Galaxy et al. with the exception of(Ellingsen 1994a)
two masers in the LMC et al. et al.(Sinclair 1992 ; Ellingsen

These surveys also show that they are frequently1994b).
associated with OH and masers, which in turn areH2Oknown to be generally associated with compact H II regions.
Thus we surmise that most of the methanol masers are
associated with compact H II regions, powered by young O
or B stars

The current interest in methanol masers arises not only
because they provide information additional to that provid-
ed by OH and but also because the structures of someH2O,
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methanol masers are much simpler than those of OH and
masers. The Ðrst maps of methanol sources were madeH2Owith a single-baseline interferometer by et al.Norris (1998,

hereafter who commented that some of the sourcesN88),
showed linear structures that had not been seen before in
OH or masers. The Ðrst maps at 6.7 GHz by etH2O Norris
al. hereafter showed that this e†ect was rela-(1993, N93)
tively widespread. Only a few sources have so far been
mapped by interferometers or synthesis instruments (N88 ;

et al. et al. butN93; Menten 1988a, 1988b ; Menten 1992),
about half of these show simple linear structures with an
approximate velocity gradient along them. This surprising
result is in contrast to OH and masers, where noH2Omaser in a star formation region has ever been observed to
have the tightly collimated linear structure that seems rela-
tively common in methanol masers, although a few OH and

sources do have a roughly elongated morphology (e.g.,H2O et al. and linear structures are seen in high-Norris 1982),
velocity masers. For convenience in this paper, we refer to
those masers that are located along straight or curved lines
as ““ linear,ÏÏ and those that have a complex or very compact
morphology as ““ complex.ÏÏ

Unfortunately, most of the methanol sources that have
been mapped lie in the Southern Hemisphere, while most of
the OH and masers and compact H II regions thatH2Ohave been mapped with high resolution lie in the Northern
Hemisphere. There are thus very few sources where high-
resolution information exists both on the methanol masers
and at other wavelengths in the same source. In only one
case et al. do we know how a linear maser(Ellingsen 1996b)
source is related to the parent H II region. We consider it
signiÐcant that in this case the masers lie across a diameter
of the H II region.

suggested that the lines of masers may representN93
circumstellar disks (also referred to as accretion disks and
protoplanetary disks in the literature) seen edge-on because
the spatial scales and velocity gradients are approximately
those expected for such disks. Circumstellar disks appear to
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be very common around young stars and contain large
amounts of warm molecular gas (e.g., & SargentBeckwith

and so appear to be likely sites for molecular masers.1993),
The principal objective of this paper is to examine the evi-
dence for the hypothesis that the strong methanol masers lie
within these circumstellar disks.

In of this paper, we present details of very long base-° 2
line interferometry (VLBI) observations of the (1220È3~1E
GHz) transition of methanol in the source G309.92]0.48.
In we present the results of these observations and° 3
compare them to the earlier 6.7 and 12.2 GHz maps. In ° 4
we consider the morphology of methanol masers, and in ° 5
we discuss the alternative hypotheses that might produce
the observed linear features, and model our results in terms
of a rotating circumstellar disk.

2. OBSERVATIONS AND DATA REDUCTION

G309.92]0.48 was observed in three separate VLBI
experiments in 1989 November, 1990 April and July, with
the 64 m Parkes antenna of the Australia Telescope Nation-
al Facility (ATNF), the 70 m Tidbinbilla antenna of the
NASA Deep Space Network, and the Mount Pleasant 26 m
antenna of the University of Tasmania. The data were
recorded on MkII VLBI tapes and then correlated on the
MkII correlator operated by the National Radio
Astronomy Observatory (NRAO). The individual antennas
were equipped with room-temperature 12 GHz receivers,
giving system temperatures D250 K.

We observed G309.92]0.48 for a total of 10 hr over a
wide range of hour angle, together with calibration obser-
vations of extragalactic continuum sources. Observations
from the separate VLBI experiments were combined after
checking them for consistency of calibration. We used a
bandwidth of 0.5 MHz, divided into 96 frequency channels
at correlation, to give a velocity resolution of 0.3 km s~1
after Hanning smoothing. Because of instrumental limi-
tations at the time, we observed only one linear polariza-
tion, but since the masers are not strongly linearly polarized

et al. and because any small e†ects would be(Caswell 1993),
averaged out by the range of parallactic angles, this should
not produce any signiÐcant errors. Before combining the
di†erent epochs of data, we checked the individual data sets
for consistency and were unable to detect any changes in
amplitude or component separation between epochs.

All the data were calibrated and reduced using the AIPS
processing system. We calibrated the bandpasses using
additional observations of the continuum source 3C 273,
and calibrated the amplitudes by normalizing the cross-
correlation spectra by the simultaneous autocorrelation
spectra from each antenna.

We then selected one spectral feature (the [59.80 km s~1
featureÈsubsequently referred to as the reference feature)
which, since its amplitude was constant with hour angle,
appeared to be unresolved. We used this unresolved refer-
ence feature to calibrate the phase of the data on other
features in the source, by subtracting its phase from the
phase of every other spectral channel. We then mapped and
CLEANed the data to produce an image of the maser spots
corresponding to the emission in each spectral feature.

The size (FWHM) of the synthesized beam of the Aus-
tralian VLBI Array at 12.2 GHz in this experiment was

which is comparable to, or larger than, the0A.011 ] 0A.007
size of the individual maser spots et al.(McCutcheon 1988 ;

et al. et al. However, ourMenten 1992 ; Ellingsen 1996b).
relatively poor UV coverage, together with limited ampli-
tude calibration information, meant that, in this experi-
ment, our dynamic range in each channel map was in the
range 10È30, and we could not measure accurate maser spot
sizes. All observed maser spots were strongly visible on all
baselines, with no indication of resolution e†ects, except
that component ““ e ÏÏ is weaker in the VLBI data than in
single dish-spectra. Our data are not of sufficient quality to
determine unambiguously whether this is due to resolution
or to other instrumental e†ects. Otherwise, within our esti-
mated 20% amplitude calibration uncertainties, we believe
that essentially all the Ñux appearing on the spectra is rep-
resented in the maps.

The positional errors on VLBI maps are dominated not
by thermal noise but by systematic e†ects, and are noto-
riously difficult to estimate. As discussed below, comparison
of these results with earlier PTI positions implies that the
errors are of order 5 mas in most cases.

3. THE VLBI RESULTS

The resulting map and spectrum are shown in Figure 1,
and the measured relative positions of the individual spots
are shown in These VLBI positions agree with theTable 1.
Parkes-Tidbinbilla Interferometer (PTI) positions obtained

FIG. 1.ÈSingle-dish spectrum (left), VLBI map (middle), and v-a diagram (right) of G309.92]0.48. Note that not only does the center map show a linear
structure, but a linear structure is also present in the v-a diagram, which is consistent with an edge-on rotating ring of masers. 12 and 6.7 GHz spectra are
represented by broken and full lines respectively. The Ñux scale to the left of the spectrum refers to the 6.7 GHz data, and that on the right refers to the 12.2
GHz data. The origin of the velocity axis in the right panel is arbitrary.
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TABLE 1

POSITIONS OF THE MEASURED FEATURES IN G309.92]0.48

Velocity Right Ascension Declination Flux
Feature (kms~1) (mas) (mas) (Jy)

a . . . . . . . [58.00 141.7 34.0 15.3
x1 . . . . . . [58.13 132.0 54.4 2.7
x2 . . . . . . [58.65 82.4 34.6 3.2
b . . . . . . . [58.84 57.0 21.5 12.1
x3 . . . . . . [59.29 25.8 3.5 2.2
c . . . . . . . [59.51 18.6 5.2 25.0
x4 . . . . . . [59.67 13.2 4.6 10.8
d . . . . . . . [59.80 0.0 0.0 140.0
e . . . . . . . [60.38 [157.0 [172.3 4.0

NOTE.ÈLabels a through e correspond to the labels used by N93
to ]4 are new features. The last column gives the measured cross-]1

correlated Ñux density.

by to within 5 mas, except for feature ““ e,ÏÏ which showsN88
a di†erence in position of 22 mas. Thus the new VLBI map
essentially conÐrms the earlier lower resolution maps,
except that four new features (]1 to ]4) have been identi-
Ðed in the VLBI data. These features were not visible in the
earlier data because of the lower quality of those data.
However, we note that these new features follow the same
alignment as the features already known.

It is signiÐcant that the new VLBI maps, containing four
new maser features, do not show any structure other than
the line of features revealed in the Australia Telescope
Compact Array (ATCA) and PTI data. This conÐrms that
ATCA maps are reliable for determining the overall struc-
ture of these maser sources, and that the technically more
difficult VLBI maps are needed only when the detailed Ðne-
scale structure or accurate positions are needed, as, for
example, when measuring the proper motions of the masers.

4. THE MORPHOLOGY OF METHANOL MASER SOURCES

In we list all the methanol sources for whichTable 2
interferometer or synthesis images are available. Of the 17

methanol maser sources listed, nine show a linear or curved
morphology. We refer to those masers as ““ linear.ÏÏ The
remaining eight are either very compact or show a more
complex distribution that is similar to the complex distribu-
tions seen in OH and masers, and those we refer to asH2O““ complex.ÏÏ In none of the linear sources studied here have
the OH and masers been studied with sufficientH2Oresolution to make a detailed comparison with methanol,
and none of the northern OH and masers which haveH2Obeen studied in detail has detailed maps of the methanol
masers, with the exception of W3(OH) et al.(Menten 1988a,

which is complex. We therefore have no information1988b)
at present on the distribution of the OH and masers inH2Olinear methanol maser sources. However, we assume that
the OH masers found associated with the linear methanol
sources will be as complex as the northern ones that have
been studied. These OH and masers generally appearH2Oto lie outside their parent H II region, and so we assume that
this is also the case for the linear methanol sources.

The remaining discussion is conÐned to the nine linear
sources, together with one source (G351.42]0.64) which,
on further examination, may be two linear sources. Figures

show the spectra and maps of the masers for each2È11
source, together with a v-a diagram (discussed below) for
each. In each case, we have taken the 6.7 GHz data from

and combined it with the 12 GHz data fromN93 N88
where available. Because accurate absolute positions are
not available for the 12 GHz masers, we have combined the
data by moving the 12 GHz masers relative to the 6 GHz
masers such that features common to both transitions are
coincident. In some cases (e.g., G345.01] 1.79) there are so
many features in common, with so little positional error,
that the identiÐcation is beyond doubt. In other cases the
identiÐcation is less certain, and we have identiÐed those
pairs of features at each transition whose velocities and
positional separations are most closely matched. We then
determined the major axis of the combined cluster using a
least-squares Ðt, and then measured the separations a of
each maser spot when projected onto the major axis of the

TABLE 2

ALL METHANOL SOURCES FOR WHICH INTERFEROMETER OR SYNTHESIS IMAGES ARE AVAILABLE

Kinematic Keplerian
Distance Diameter Mass

Source References (kpc) Morphology (AU) (M
_

)

G305.21]0.21 . . . . . . N93 8.0 Line 1600 1
G309.92]0.48 . . . . . . N88, N93 5.5 Curve 4300 10
G318.95[0.20 . . . . . . N93 2.0 Curve 1000 4
G323.74[0.26 . . . . . . N88, N93 3.0 Complex
G328.23[0.53 . . . . . . N93 2.9 Two clusters
G328.81]0.63 . . . . . . N93 3.1 Line 7300
G331.28[0.19 . . . . . . N88, N93 4.8 Line 1100
G336.42[0.26 . . . . . . N93 6.7 Line 2600 14
G339.88[1.26 . . . . . . N88, N93 3.0 Line 3100
G340.78[0.10 . . . . . . N93 9.4 Complex
G345]1.79(N) . . . . . . N88, N93 2.3 Line 600
G345]1.79(S) . . . . . . N88, N93 2.3 Line 670 4
G351.42]0.64 . . . . . . N88, N93 1.7 Two clusters 3400, 1200 9, 2
G351.78[0.54 . . . . . . N93 2.2 Compact
G9.62]0.19 . . . . . . . . . N93 2.0 Complex
G188.95]0.89 . . . . . . N88, N93 ? Complex
W3(OH) . . . . . . . . . . . . . M88, M92 3.0 Complex

NOTE.ÈDiameters and masses are those derived from the modeling in this section. Diameters are
given for linear sources only. Masses are given only for sources with a linear dv/da relationship, and
are very uncertain.

REFERENCES.ÈN88: et al. N93 : et al. M88 : et al.Norris 1988 ; Norris 1993 ; Menten 1988a, 1988b;
M92 : et al.Menten 1992.
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FIG. 2.ÈSpectrum, map, and v-a diagram of G309.92]0.48. In this and subsequent diagrams : open circles represent 12 GHz mazers from N88, and Ðlled
circles represent 6.7 GHz masers from N93; 12 and 6.7 GHz spectra are represented by broken and full lines, respectively ; the Ñux scale to the left of the
spectrum refers to the 6.7 GHz data, and that on the right refers to the 12.2 GHz data ; the cross in middle panel represents the position angle and origin of the
Ðtted major axis on to which the positions have been projected to obtain the position o†sets shown in the right panel, and the origin of both axes in the right
panel are arbitrary.

cluster, and plotted that against its velocity v. It is remark-
able that several of the sources show a line not only in the
right ascensionÈdeclination plane, but also in the v-a plane.

5. DISCUSSION

5.1. T he Origin of L inear Methanol Maser Sources
noted that several of the masers they mappedN88

showed a linear or arclike morphology, and this was con-

Ðrmed by the 6.7 GHz observations of This e†ect hasN93.
now been observed in too many sources and using too
many di†erent techniques to be dismissed as an artifact of
either chance alignments or technical problems. Of the 17
sources (listed in now mapped by interferometersTable 2)
or synthesis instruments, nine (shown in Figs. may be2È11)
described as essentially linear or curvilinear. We now con-
sider three possible ways in which a linear morphology
might arise in a star formation region.

FIG. 3.ÈSpectrum, map, and v-a diagram of G305.21]0.21

FIG. 4.ÈSpectrum, map, and v-a diagram of G318.95[0.20. The dotted lines in the right panel, in this and subsequent Ðgures, indicate the position and
velocity of the parent star, such that all masers lie in only two quadrants, which is consistent with an edge-on rotating circumstellar disk.
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FIG. 5.ÈSpectrum, map, and v-a diagram of G328.81]0.63

5.1.1. Jets and Collimated OutÑows

A linear morphology could, in principle, indicate a jet
emanating from the star. OutÑows of gas with velocities of a
few km s~1 are common within star formation regions (e.g.,

& Go� mez-Gonza� lez although they areBachiller 1992),
broad and uncollimated and quite unlike the tightly colli-
mated lines we see in the methanol masers. On the other
hand, narrow collimated jets (e.g., et al.Rodriguez 1986,

et al. Brugel, & Bu� hrke1989, 1990 ; Torelles 1989 ; Mundt,
have been seen in other star formation regions, but1987)

these are associated with high-velocity Ñows.
These high velocities contrast sharply with the low veloci-

ties seen in the methanol masers. Furthermore, the high-
energy processes needed to produce and collimate these jets
are unlikely to leave the fragile methanol molecules intact.
Thus, there is no observational or theoretical support for

FIG. 6.ÈSpectrum, map, and v-a diagram of G331.28[0.19. The one maser feature in the ““ wrong ÏÏ quadrant is consistent with the positional error
estimated by N93 of 0A.02.

FIG. 7.ÈSpectrum, map, and v-a diagram of G336.43[0.26



FIG. 8.ÈSpectrum, map, and v-a diagram of G339.88[1.26. The 12 GHz component in the lower right-hand quadrant in the right panel (corresponding
to ““ g ÏÏ in N88 and N93) is anomalous.

FIG. 9.ÈSpectrum, map, and v-a diagram of G345.01] 1.79(N)

FIG. 10.ÈSpectrum, map, and v-a diagram of G345.01]1.79(S)

FIG. 11.ÈSpectrum, map, and v-a diagram of G351.42]0.64. The two clusters in the map (middle panel) clearly appear as two lines in the v-a plane,
indicating two separate rotating circumstellar disks around separate parent stars, with opposite senses of rotation.
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the methanol lines to represent highly collimated outÑows
or jets. We note that a speciÐc prediction of the jet hypothe-
sis is that the line of masers should be radial to the parent
star or H II region.

5.1.2. Shock Fronts

A layer of cool dense dust and gas is expected to lie
between the shock and ionization fronts surrounding a
compact H II region, and it has been suggested that OH
masers in particular lie within this zone (e.g., Elitzur 1992).
In the case of the complex source W3(OH), et al.Menten

have shown that the OH and methanol masers(1988b)
occupy rougly the same region. For this to be true for the
linear methanol sources too, it is necessary to provide a
mechanism that will produce the observed narrow lines of
methanol masers. For example, if methanol masers were to
lie close to a very smooth regular shock front, then they
could appear as lines or arcs if observed edge-on. A spher-
ically symmetric H II region would then be seen as a circle of
masers surrounding the H II region, although we might
expect inhomogeneities or anisotropies to break up this
circle to produce an arc similar to that seen in Figure 1.
However, we have no evidence that such smooth regular
shock fronts exist, since in all observed cases, such as
W3(OH), there seems to be considerable irregularity.

This hypothesis also su†ers from the problem that it does
not explain the observed smooth velocity gradients in any
natural way. It also predicts that the lines of masers should
occur around the circumference of the compact H II region.

5.1.3. Edge-on Circumstellar Disks

Circumstellar disks have been observed around a number
of young stars using a variety of techniques (e.g., &Smith
Terrile et al. & Wen and1984 ; Telesco 1988 ; OÏDell 1994),
are also expected to form around massive stars (Hollenbach
et al. Such disks are now believed to be common1994).
around young stars and contain large amounts of warm
molecular gas (e.g., & Sargent There is thusBeckwith 1993).
a strong prima facie case to expect molecular masers to
occur within these disks. If the methanol masers occur in
these disks, and these disks are observed edge on, then this
would naturally explain the observed linear structures, and
would predict that these masers lie across a diameter of the
H II region, If some disks were observed at a slightly
inclined angle, with the masers occurring in a limited range
of radii within the disk, then this may also explain the
curved arcs we observe in sources such as G309.92]0.48.
However, the large fraction of masers with linear structure
implies that a disproportionate number of these disks are
edge-on, and in below we discuss possible reasons for° 5.3
this.

5.2. Comparison with Continuum Data
et al. have imaged the compact contin-Ellingsen (1996b)

uum sources associated with the methanol maser sources
G339.88[1.2 and G351.42]0.64. The continuum source in
G351.42]0.64 is, like the methanol masers in that source,
complex and may be the result of several energizing stars. It
is therefore difficult to interpret this source in terms of any
simple model. In G339.88[1.26, on the other hand, there is
a simple compact continuum source with a slight extension
to the northeast, a suggesting an outÑow along this axis.
The line of masers in this source lies across a diameter of the
H II region, and is perpendicular to the continuum exten-

sion. This result and orientation is consistent with the
edge-on circumstellar disk hypothesis, and appears to be
inconsistent with the jet hypothesis, unless we invoke two
jets emitted symmetrically from the star, perpendicularly
to the continuum extension. The observation of
G339.88[1.26 is also inconsistent with the shock-front
hypothesis, which predicts that the masers surround the H II

region. Although this result appears to support the circum-
stellar disk hypothesis, we acknowledge that only one linear
source has so far been observed, and that observations of
other sources are needed before this particular evidence can
be considered conclusive.

In G339.88[1.26, both the jet and the shock hypotheses
fail to explain the velocity gradient of a few km s~1 along
the length of the maser line, which is explained by the cir-
cumstellar disk hypothesis in a natural way. We therefore
favor the circumstellar disk hypothesis. However, an arbi-
trary distribution of the diskÏs inclination angles is inconsis-
tent with the large fraction of disks that we observe edge-on,
and so our model must explain why we see so many edge-on
disks.

5.3. W hy Do We See Many Edge-on Disks?
We propose two mechanisms that will produce selection

e†ects which make us see more edge-on disks at other incli-
nations.

The Ðrst mechanism (mechanism a), shown in Figure 12
(top), concerns the conditions under which maser action
occurs. In an interstellar gas cloud containing excited mol-
ecules, maser action will occur predominantly along these
columns through which there is a maximum number of
molecules with the same line-of-sight velocity (so that they
radiate at the same frequency). In a disk, much greater
column depths are found in maser columns lying within the

FIG. 12.ÈDiagram showing the two mechanisms which lead us to view
circumstellar disks preferentially edge-on. Top: the masers within the
Splane of the disk have a greater column length than those perpendicular
to it, and so are brighter. Bottom: any maser emission emitted perpendicu-
lar to the disk is absorbed by the hemispherical optically thick H II regions
above and below the plane, whereas masers that emit within the plane
su†er no absorption.
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plane of the disk than those inclined to that plane. Other
e†ects caused by di†erential rotation are discussed below in
° 5.4.

Assuming an density of 107 cm~3, aH2 methanol/H2abundance of 10~7 et al. and a column(Menten 1988c),
density of 3] 1016 cm~2 et al. we derive a(Cragg 1992),
column length of 3] 1016 cm. This enormous length is
probably greater than is physically realistic, indicating that
the column density or another parameter has been overesti-
mated. However, even after reducing it by an order of mag-
nitude, it is still comparable with the radius of the disk

et al. and therefore can only be achieved(Hollenbach 1994),
by maser columns lying in the plane of the disk. Therefore,
the masers, which are strongly beamed, will radiate more
strongly in the plane of the disk than perpendicular to that
plane. Thus the strongest masers observed will be those in
edge-on disks.

The second mechanism (mechanism b), shown in Figure
(bottom), concerns the optical depth of the H II region12

surrounding the parent star. If the parent OB star is sur-
rounded by a disk, then that disk will bisect the compact
H II region. The high density of neutral material in the disk
shields the fragile molecules within it from the ultraviolet
photons in the surrounding H II region, so the interior of the
disk remains un-ionized. Masers within the disk that radiate
in the plane of the disk will beam their emission through
this neutral material into the interstellar medium. However,
masers within the disk that radiate perpendicular to the
disk will beam their emission through the H II region.

et al. have shown that this H II region isHollenbach (1994)
likely to be optically thick at centimeter wavelengths, and
so the maser emission will be absorbed. Thus, once again,
the strongest masers observed will be those in edge-on
disks.

It is not clear which of these two mechanisms will domi-
nate. In mechanism b, the optical depth is proportional to
v~2.1, and so will be less e†ective for the 12 GHz transition
than for the 6 GHz transition. Therefore, if this mechanism
dominates, we expect to see fewer linear maser sources at 12
than at 6 GHz. We see no indication of this in our data,
leading us to favor mechanism a.

Both mechanisms predict that the strongest maser
sources should be in edge-on disks, but weaker maser
sources may be found in disks at other angles, so that in any
Ñux-limited sample, the sample will contain a dispro-
portionately large number of edge-on disks. However, if the
required maser column length is sufficiently long
(mechanism a) or the optical depth of the H II region is
sufficiently high (mechanism b) then perhaps all methanol
masers are necessarily in edge-on disks. We see no evidence
for any correlation between morphology and peak Ñux in
our small sample of sources, which may indicate that the
e†ect is dominant even for the weakest masers studied here.

5.4. T he Geometry of the Maser Spots
Because we observe the masers in projection, we have no

information on the physical location of the masers in the
disk. Maser action occurs along those lines of sight where
there is a sufficient optical depth of excited gas at a similar
velocity. In a uniform Keplerian disk with no internal
motion, this coherent optical depth reaches a maximum
tangentially at the limbs and radially in front of the central
mass, giving a double- or triple-peaked spectral proÐle,
depending on the thickness of the masing region of the disk

Smith, & Strelnitski & Wallin(Ponomarev, 1994 ; Watson
Such a triple spectrum is demonstrated by the spec-1994).

tacular Keplerian water masers around the nucleus of NGC
4258 et al.(Miyoshi 1995).

However, the spectra of the methanol masers are clearly
not double- or triple-peaked, and we attribute this to local
velocity and density perturbations within the disk. The
shape of the maser spectrum from a Keplerian disk depends
not only on the geometry of the disk, but also on the inter-
nal gas motion within the disk. In the case of the circumnu-
clear disk in NGC 4258, its rotational velocity (vrot D 1000
km s~1) is much larger than the internal motion, and so the
masers have a roughly triple-peaked proÐle, corresponding
to three distinct clusters of masers. In the methanol maser
disks, on the other hand, the rotational velocity of the disk

km s~1) is comparable to the internal motion(vrot D 4 vturbof the gas, and so the positions at which maximum coher-
ence length is achieved will be those at which regions of gas
with similar velocities happen to be aligned along the line of
sight. Such columns of maser emission need not be contig-
uous, but may involve widely separated regions of excited
gas. However, the velocities of the masers will still cluster
around the Keplerian rotation curve, with a velocity disper-
sion corresponding to the magnitude of the local velocity
variations within the disk. The locations, and velocities, of
the masers will also be a†ected by local density enhance-
ment, and we may speculate that some of the masers may
indicate regions of high density, or protoplanets, within the
circumstellar disk.

We note that the ratio is critical in determiningvrot/vturbthe maser spectrum, the observed spatial distribution of
maser spots, and the observed v-a diagram. For large

the spectrum of an edge-on disk will resemblevrot/vturb,NGC 4258 : it will have a two- or three-peaked spectrum,
and the maser spots will follow a Keplerian curve or else be
conÐned to a single radius. For small the spectrumvrot/vturb,will be complex, the maser spots will still be located along a
line in the spatial domain, but they will occupy all four
quadrants of the v-a diagram. For we expect avrot/vturb D 1,
complex spectrum, but in the v-a diagram there will be some
evidence of a velocity gradient, which will be expressed by
the spots tending to fall into only two quadrants of the
diagram. This latter case is most similar to the case that we
observe in the methanal masers, from which we deduce that
in most of these sources the internal velocity of the gas is
similar to the rotational velocity of a few km s~1, although
in one or two cases, such as G345.01]1.79(S), the points in
the v-a diagram fall along a line indication that vrot[ vturb.We also note that G345.01]1.79(S) has one of the highest
velocity ranges (presumably corresponding to of thevrot)sources studied here, although the number of sources
studied here is too small for us to determine whether or not
this is signiÐcant.

Our knowledge of the details of the methanol masers is
poor, so it is difficult to estimate the length of the maser
column, and hence the beaming angle. If it were possible to
estimate the fraction of compact H II regions with linear
methanol maser sources, then by modeling the disks, we
would be able to estimate the beaming angle of the masers.
However, our statistics are not yet adequate to justify such
a calculation, which moreover would be confused by the
selection e†ects described in We conclude that we° 5.3.
know very little about the shape and position of the masers
themselves and instead conÐne ourselves in the rest of this
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paper to discussing the kinematics of the medium in which
they are embedded.

5.5. Modeling the Disks
Modeling circumstellar disks (e.g., showsRuden 1995)

that the motions within the disk are expected to be essen-
tially Keplerian, although the disks around higher mass
stars may contain a signiÐcant fraction of the mass of the
star et al. and so may be slightly non-(Hollenbach 1994)
Keplerian. Thus our circumstellar disk hypothesis implies
that (1) the maser velocities should be roughly consistent
with Keplerian rotation, and (2) modeling this rotation
should result in a mass of the central star in the range 3È120

for an OB star. The jet and shock hypotheses make noM
_such prediction. In this section we model the velocities of

the masers.
Our knowledge of the conditions within the disk, and our

knowledge of the maser pumping mechanism, are both
poor. Thus we know neither the minimum radius from the
parent star at which methanol can survive in the disk, nor
the maximum radius at which there is sufficient radiation to
pump the masers. Furthermore, the maser pumping mecha-
nism itself may conÐne the maser emission to a limited
range of radii, as happens in OH/IR stars (e.g., Elitzur 1992).
In the folowing discussion, we consider the minimum radius

and maximum radius at which maser emission canr& r'occur.
If and are similar, so that the masers are locatedr& r'in a thin ring around the star, then we expect the line-of-

sight velocities v(a) of the masers in an edge-on disk to be a
linear function of observed distance a from the star. Four of
the sources (G305.21]0.21, G309.92]0.48, G336.43[0.26,
G345.01]1.79[S]) do indeed show such a line in the v-a
diagram, and one complex source (G351.42]0.64) shows
two.

The gradient of this line is a function (dv/da) \
of the mass M of the star and the radius of(GM/r'3 )1@2 r'the ring. However, although the gradient dv/da is well deter-

mined by the data, this gradient does not itself provide any
useful physical parameters. Instead, the mass of the star is
proportional to However, is poorly determinedr'3 . r'observationally, as the masers are not uniformly distributed
around the ring, and the measurement of the observeda',
extent of the masers, gives only a lower limit to There-r'.
fore, only a rough estimate of the stellar mass is obtained.
For the masers whose v-a relationship is linear, these esti-
mates of the ring size and stellar mass are given in Table 2.
It is remarkable that the derived masses lie roughly in the
range appropriate to an OB star.

If and are well separated, then each ring of maserr& r'emission will produce a line whose gradient dv/da is a func-
tion of r. The ensemble of lines from each element of the
disk will therefore produce a distribution of points which
lies in only two quadrants of the v-a diagram, as shown in

In this case again provides a lower limit toFigure 13. a'but the mass of the star now depends on an envelope tor'the quadrant, and so in this case the mass cannot be deter-
mined to any useful accuracy. However, we point out that
the requirement for the masers to lie in only two quadrants
of the v-a diagram is a sensitive test of the circumstellar disk
hypothesis.

If the disk is not edge on, then the same result is obtained
if we project the separation onto the major axis of the
observed distribution. Thus the circumstellar disk hypothe-

FIG. 13.ÈRotation curves of a rotating disk. Each broken ring in the
upper part of the diagram corresponds to a line in the lower part. The
shaded area indicates the locus in the v-a diagram where masers might be
found.

sis predicts that in all cases where we see the disk edge-on,
or nearly edge-on, the maser points should lie in only two
quadrants of the v-a diagram. This result is not speciÐc to
Keplerian rotation, but holds for any rotating disk.

Unfortunately, existing observations cannot constrain
the location of the star relative to the line of masers with
sufficient accuracy to be useful, and we have no information
on the velocity of the central star. Thus our requirement
that the masers reside in only two quadrants of a diagram
with speciÐed axes is weakened to the condition that we
should be able to draw axes such that the masers reside in
only two quadrants. This is still a sensitive test provided we
demand that a signiÐcant number of maser components
resides in both halves of the diagram.

In Figures we have drawn axes on each v-a diagram,2È11
other than those Ðve where the masers clearly lie along a
line, such that the masers occur in only two quadrants. In
each case it is indeed possible to do so, within uncertainties
imposed by the data, with the exception of only one 12 GHz
maser component in G339.88[1.26. We consider that this
one spurious point, out of D100 maser positions plotted,
does not detract signiÐcantly from the otherwise impressive
Ðt of the data to the model. The anomaly can probably be
attributed to peculiar local motions, as discussed above in

In the case of G351.42]0.64, the v-a diagram shows° 5.4.
two clear lines, indicating two separate centers of activity in
this source. We note that the two lines show opposite senses
of rotation, and that both senses are found equally in the
sources discussed here. In view of the four sources which
show a linear velocity gradient (indicating a ring, as dis-
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cussed above), and the remaining sources (exempliÐed by
G339.88[1.26) which show masers in only two quadrants
of the v-a diagram, we consider it extremely unlikely that
these alignments occur by chance.

In we list the lower limit masses derived fromTable 2
these plots, as well as the diameter of the inferred circum-
stellar disk, as discussed above. Both these quantities
depend critically on the extent of the masers, rather than
being constrained by the gradient of the v-a correlation, and
so are subject to large uncertainties.

In (right) we show the v-a diagram of the newFigure 1
VLBI data on G309.92]0.48. Not only is the new plot
consistent with that derived from the earlier data, but the
four new points Ðt the same model. It is also noteworthy
that more accurate positions from the VLBI data show a
better Ðt to the rotational disk model than do the earlier,
poorer quality, data. We consider this strong support for
the circumstellar disk hypothesis.

5.6. Complex Sources and the Relationship to other Masers
In this paper we have explicitly ignored the complex

sources. It is possible that these are face-on disks, although
they do not tend to be any weaker than the linear sources
and so we consider this unlikely. In some cases, such as
G351.42, they may be caused by the confusion of two adja-
cent sources. However, in the one complex source where
detailed information is available, W3(OH) et al.(Menten

the methanol masers are roughly coincident1988, 1988b),
with the OH masers. We know this cannot be the case for
the linear masers, as linear arrangements of OH masers are
unknown, and so it is possible that the complex methanol
maser sources are intrinsically di†erent from the linear
sources.

In the linear sources the methanol masers probably lie in
a circumstellar disk, while the OH and masers lie inH2Othe cool gas outside the H II region, between the shock and
ionization fronts. In the case of the complex sources, the
methanol and OH may co-exist in that same region.

We also note that the linear sources themselves appear to
be further subdivided into two distinct classes : those which
show a linear v-a plot (e.g., G309.92]0.48 and
G345.01]1.79[S]) and those with v-a plot showing two
clusters of masers in opposite quadrants of the diagram
(e.g., G339.88[1.26). While this appears to be a genuine
division, the small number of sources so far studied does not
yet permit us to study this e†ect in any further detail.

5.7. Further Observational Tests
We list two further observational tests of the circumstel-

lar disk hypothesis.

1. Regardless of the kinematics of the masers, if we
assume that they have a transverse velocity range similar to
the observed radial velocity range, then a proper motion of
order yr~1 should be observed. Therefore, if the0A.0005
masers are contained within a rotating disk, we should be
able to observe the orbital proper motion within a few
years. We have already taken Ðrst-epoch VLBI obser-
vations for this test and will continue to do so annually.
There should also be a corresponding acceleration of the
maser features within the spectrum (of D0.01 km s~1 yr~1),
but a longer time will be required before this e†ect is
observable, as small changes may be masked by intensity
variations within the masers.

2. If the predominance of linear sources is caused by the
selection e†ects described above, then linear structures may
be less common in weaker sources. We have started to
explore this by mapping a larger sample of sources.

6. CONCLUSION

We have examined the evidence for the hypothesis that
some methanol masers are contained within rotating
edge-on circumstellar disks and Ðnd that the data strongly
support this hypothesis. New VLBI observations of
G309.92]0.48 conÐrm the linear structure seen in earlier,
lower resolution images of this source. Detailed modeling of
this and nine other methanol maser sources with linear
structure has shown that the velocities and positions of the
masers in these sources are consistent with a model in which
the masers are located in a rotating disk surrounding the
parent star. Of the D100 maser positions plotted, only one
fails to support this model. The model also produces disk
sizes and central masses which are consistent with theoreti-
cal models of circumstellar disks around OB stars. The pre-
dominance of edge-on sources is caused by one or both of
two selection e†ects which cause edge-on sources to be
more easily visible than face-on sources, so that about half
the observed methanol maser sources are in edge-on disks.
We conclude that methanol maser sources with linear mor-
phology probably delineate rotating, edge-on, circumstellar
disks.

We thank the Director and sta† of the Tidbinbilla DSN
station for their assistance with the VLBI observations. We
also thank Peter te Lintel Hekkert and Jim Caswell for
some helpful comments on an early draft of this paper.
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