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Abstract. We present VLBI observations of 6.7 and 12.2 GHz Previous high resolution imaging of 6.7 and 12.2 GHz
methanol masers in 14 star-forming regions, namely NGC 7538gthanol maser sources has been conducted in the South-
S 252, W 75N, W 48, G 31.28+0.06, S 231, S 255, S 268¢n hemisphere using the Australia Telescope Compact Array
Mon R2, G 9.62+0.20,Cep A, W51, G 59.78+0.06 and G 29.9GATCA) at 6.7 GHz and the Parkes-Tidbinbilla Interferometer
0.02. In 10 of these sources, the methanol masers show el@iFl) at 12.2 GHz. Norris et al. (1988, 1993, 1998) and Phillips
gated morphologies in the VLBI map and exhibit linear velocitgt al. (1998) found that in many sources, the 6.7 and 12.2 GHz
gradients. These linear structures have lengths of 50 to 1308ser features were aligned and exhibited linear velocity gra-
AU. We consider whether these structures are consistent wdients. They argued that the linear structures were consistent
circumstellar disks. Assuming that we see the whole diameteith rotating disks of masers seen edge-on. The derived values
of a Keplerian disk then we derive sub-solar central masses wattthe radii of these disks and the approximate enclosed masses
the exception of W 48. However, it is possible that we only seleduced by assuming Keplerian rotation, were 500 to 2000 AU
masers in a fraction of the disk which lies in front of a youngnd 3 to 100 M), respectively. These results agreed with the-
massive star. Assuming that the Keplerian disks have diametarstical models of accretion disks around massive stars&Lin
of 1000 AU, then the derived enclosed masses vary from 1 toPBngle 1990), but the values of the enclosed mass depended
M. We suggest that other models such as accelerating outflévesvily on the estimation of the radius of the disks. Further-
could explain the linear structures; proper motions are needadre, when both 6.7 and 12.2 GHz masers were present in a
in order to discriminate between the possible models. given source, similar velocity features were found to be spa-
tially coincident. Walsh et al. (1998) also observed that 36 out
Key words: masers — techniques: interferometric — stars: ciof 97 6.7 GHz methanol maser sites were linearly extended and
cumstellar matter — stars: formation — ISM1Hegions in some cases exhibited linear velocity gradients along many of
these lines of maser features. The derived values of enclosed
mass were in some cases too high making the model of Keple-
rian rotation of masers around massive stars inconsistent. Walsh
et al. (1998) suggested that 6.7 GHz methanol masers instead

6.7 and 12.2 GHz methanol masers are generally seen towai@se behind shock fronts.

star-forming regions. Recent surveys have confirmed that 6.7 We began a Northern hemisphere campaign to observe
and 12.2 GHz methano' masers are usua”y detected in rﬁéﬁthanol masers in 1997 When Sevel’a| telescopes Of the Eu-
gions exhibiting typical signposts of massive star formatiofPean VLBI Network (EVN) were equipped with 6.7 GHz
e.g H,O and OH maser sites (Caswe” et al. 1993, 1995) afﬂ:eivers. Minier et al. (1998, 1999) used the EVN and the
IRAS sources satisfying the WoddChurchwell criteria (Wood VLBA, respectively to observe NGC 7538, W 75N and S 252 at
& Churchwell 1989) for ultra Compact Hil (UCH”) regions6.7 and 12.2 GHz. A few years earlier, Moscadelli et al. (1999)
(Walsh et al. 1997; Slysh et al. 1999). These masers are usubif§l observed the 12.2 GHz methanol masers in W 3(OH) us-
extremely bright and have flux densities from a few tens toi3d the VLBA. In all cases, alignments of maser components
few thousands of Jy. For instance, the 6.7 GHz masers are mgse found which exhibit linear velocity gradients, although in
than 10 times stronger on average than their galactic OH mag@me sources e.g W 3(OH) additional components were dis-
counterparts (Caswell et al. 1995). For these reasons, i.e cldaited more randomly. In order to clarify the nature of the 6.7
association with star formation and strong emission, 6.7 affd 12.2 GHz methanol maser sites, i.e to investigate the pos-
12.2 GHz methanol masers appear to be appropriate t00|5$t§}|||ty that these masers al’ise from Ol’del’ed structures SUCh as

probing star-forming regions using interferometric technique@isks or shocks, we have conducted further VLBI observations
at 6.7 and 12.2 GHz toward 14 star-forming regions. We have

1. Introduction
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1094 V. Minier et al.: VLBI observations of 6.7 and 12.2 GHz methanol masers. |

Table 1. Summary of the methanol maser observations. The coordinates are either from our VLBI observations presented in this paper (ref. 1),
or are the observed positions taken from Menten (1991; ref. 2), Caswell et al. (1995; ref. 3) and Phillips (priv. comm., ref. 4). The flux density
peak is from Menten (1991) and Caswell et al. (1995)

Source Epoch Coordinates (J2000) Flux density peak (Jy) Ref.
name 6.7GHz 12.2GHz RA(h ms) D&J(") 6.7GHz 12.2GHz

NGC 7538 Nov. 98  Nov. 98 23:13:45.364 61:28:10.55 346 198 1
S 252 May 97  Jul. 97 06:08:53.7 21:38:30 495 235 2
W 48 May 97  Jul. 97 19:01:45.5 01:13:28 560 109 3
G 31.28+0.06 May97  Jul. 97 18:48:12.7 -01:26:36 80 140 3
W 75N May 97 - 20:38:36.8 42:37:59 1080 0 2
S231 Nov.98 — 05:39:13.059 35:45:51.29 208 0 1
S 255 Nov.98 — 06:12:54.024 17:59:23.01 72 0 4
S 269 Nov. 98 — 06:14:36.7 13:49:41 61 1.3 2
Mon R2 Nov.98 — 06:07:47.9 -06:22:57 337 4.2 3
G9.62+0.20 - Nov. 98 18:06:14.8 -20:31:32 5090 180 3
Cep A - Jan. 99 22:56:18.095 62:01:49.45 1420 300 1
w51 - Nov. 98 19:23:39.429 14:31:04.65 33 21 1
G 59.78+0.06 - Jan. 99 19:43:11.248 23:44:03.34 42 16 1
G 29.95-0.02 - Jan. 99 18:46:03.741 -02:39:21.43 206 53 1

selected 14 strong methanol masers at 6.7 and 12.2 GHz ob-Slighty different observing strategies were used during the
servable with Northern hemisphere interferometers with god Bl campaigns. In 1997 a typical observing sequence with
UV coverages. In this paper, we present these VLBI obsenimth the EVN and VLBA was 13 minutes on a strong calibrator
tions toward the following 14 well known star-forming regionsfor the purpose of band-pass, delay and rate calibration, fol-
NGC 7538, S 252, W 75N, W 48, G 31.28+0.06, S 231, S 296wed by 39 minutes on the maser source. Observations on a
S 269, Mon R2, G 9.62+0.20, Cep A, W 51, G 59.78+0.0given source were repeated 5 to 7 times depending on the source
and G 29.95-0.02. In Sect. 2, we describe our observationsdaslination. During the EVN and VLBA observations in 1998
well as the data reduction procedure. Maps of all the obsenemtd 1999, we modified our observing strategy in order to bet-
sources, derived physical parameters and comments on indivai-determine the absolute position of the methanol maser sites.
ual sources are given in Sect. 3. Discussion on the nature of @teserving blocks of 44 minutes were repeated over 24 hours for
methanol maser sites, i.e if the @BH masers are located inthe EVN experiment in 1998, and over 12 hours for the VLBA
disks, behind shocks or in other regions, takes place in Sectegperiments in 1998 and 1999. Each 44 minute observation
started with the observation of a strong continuum calibrator,
followed by the observations of a methanol maser alternating
with a compact and close continuum source for the purpose of
The5; — 6pA* transition at 6668.518 MHz and ti® —  phase referencing. For the EVN observations, about 10 scans of
3_1E transition at 12178.595 MHz are the two strongesti minutes and about 15 scans of 5 minutes were taken on each
methanol masers. In the Northern hemisphere only the EVNiifethanol maser source and on the nearby compact continuum
equippedto observe the 6.7 GHz transition while only the VLBAource, respectively. For the VLBA observations, about 16 scans
can observe at 12.2 GHz, so both arrays were used. The 6.7 GIfig minutes and about 25 scans of 3 minutes were taken on each
EVN observations were conducted in May 1997 and Novemh@ethanol maser source and on the nearby compact continuum
1998 (3 antennas in 1997: Onsala, Effelsberg and MedicinagSurce, respectively.

antennas in 1998: Onsala, Effelsberg, Medicina, Torun and Jo- The methanol maser spectra generally span 10 Kussu-

drell Bank). The star-forming regions observed at 6.7 GHz wesgly contain features separated 4% km s~ and having mini-
NGC 7538, W 75N, W 48, G 31.28+0.06, S 252, S 231, S 269um FWHM of~0.2kms™! (e.g Caswell et al. 1995). There-

S 255, and Mon R2. The VLBA observations at 12.2 GHz wefgre we used a bandwidth of 0.5 MHz at 6.7 GHz (covering
conducted in July 1997, November 1998, and January 1999kms!), and a bandwidth of 1 MHz at 12.2 GHz (cover-
(all antennas in 1997 and 1998; 9 antennas in 1999). The stag 25kms!). Observations at both 6.7 and 12.2 GHz were
forming regions observed at 12.2 GHz were NGC 7538, S 23@corded in VLBA modes and correlated on the NRAO corre-
W 48, 31.28+0.06, G 29.95-0.02, G 9.62+0.20, G 59.78+0.08tor using 512 channels in 1997 and 1024 channels in 1998 at
CepA, and W 51. Many of these sources exhibited both 6.7 agd GHz, and 256 channels in 1997 and 512 channels in 1998
12.2 GHz masers, but they were not systematically observedali 1999 at 12.2 GHz. The corresponding velocity resolutions
both frequencies. In Table 1, we summarise our observatiofg&re 0.04 and 0.02 knt$ at 6.7 GHz, and, 0.1 and 0.05 km's

i.e the name of the observed sources (Column 1), the epoghg2.2 GHz, respectively.

of observations (Columns 2,3), the coordinates of the sources The data were calibrated and reduced using the Astronomi-
in J2000 (Columns 4, 5), and the flux densities expected frasal Image Processing System (AIPS) and the DIFMAP package.
single dish observations (Columns 6,7).

2. Observation and data analysis
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Fig. 1.NGC 7538: Map of 6.7 GHz (circles) and 12.2 GHz (stars) methanol masers and spectra at 6.7 GHz (full line) and 12.2 GHz (dashed line).
Values in the map give LSR velocities of maser features. Dashed lines and/or circles in the VLBI map show interesting geometrical structures.

Standard calibration, fringe-fitting and imaging procedures toevery channel and found their relative positions from the posi-
analyse spectral line VLBI data were used (Reid 1995). Sintien of the reference channel by applying elliptical Gaussian fits
lar reduction techniques were applied to all sources at bothasbund the peak emission. We found that the relative positions
the frequencies. The bandpass corrections were determineabthe masers agreed within a few mas with their “pre-located”
using strong continuum calibrators in the AIPS task BPASSositions determined in the FRMAP and DIFMAP maps. We
Doppler corrections were ensured by running the tasks SETdah set up a lower and upper limit to the error in relative po-
and CVEL. The amplitude calibration was derived from thsition of Suas and 1 mas depending on the size of the maser
total power spectra of methanol masers using ACFIT. The dspots” and the signal-to-noise ratio derived from Gaussian fit.
termination of the residual delay, and the first calibration of tHeéor 2 sources in 1997 at 6.7 GHz, W 48 and G 31.28+0.06 the
fringe-rate were estimated by using strong continuum calibrdeclination error in relative position may be much larger than 1
tors as source models in FRING. Complementary phase aalas because of poor UV coverage due to low declination. We
ibration, using CALIB, were applied to the phase referenceekere able to find absolute positions for 6 sources by applying
1998 and 1999 data using the observations of the compact cetiandard imaging techniques (IMAGR and JMFIT) to the data
tinuum source before and after the spectral line sources. Thaged and phase referenced with an external calibrator source.
data were then self-calibrated in order to remove the residWe expect that the dominant contribution to errors in absolute
fringe-rates that were not corrected by the first run of FRIN@osition is that of the unmodelled atmosphere, and depends on
For this purpose, we used a strong maser component withitha angular separations of the calibrators and maser sources. At
single channel, that was believed to arise from a single, cof7 GHz, the positions of a few EVN antennas may also be a
pact and spatially isolated maser. This was used as a single poiajor source of errors. We estimate an upper limit of 30 mas
source model in FRING. The derived corrections were appliedror based on the continuum calibrator fringe-rates.

to all the other channels. Further self-calibrations were achieved

by self-calibrating the data in DIFMAP with cleaned images of

the reference channel. Each group of channels corresponding.t&esults and comments on individual sources

different features in the methanol maser spectra were mappegd.. .
using DIFMAP and the AIPS task FRMAP in order to esti[fn ﬁus section, we present VLBI maps of each of the 14 methanol

mate their positions by making large images-g-5 arcse, maser sources that we observed using the EVN and VLBA.

Finally, using the AIPS tasks IMAGR and JMFIT, we image or each source (Figs. 1 to 14), we give the cross-power spec-
L ) S . . . fa (scalar averaging) taken on the shortest VLBA baseline
with higher spatial resolution (image size, 54212, pixel size,

. .’ .Los Alamos-Pie Town at 12.2 GHz and on the EVN baseline
2and 0.2 mas at 6.7 and 12.2 GHz, respectively), the em'SS'E?rcélsberg-Onsala at 6.7 GHz, as well as the VLBI maps of the
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Fig. 2. S 252: Map of 6.7 GHz (circles) and 12.2 GHz (stars) methanol masers and spectra at 6.7 GHz (full line) and 12.2 GHz (dashed line)

masers. For each VLBI map, the plotted position of a maser cotimuously distributed within Al. Indeed 6.7 GHz masers trace
ponent is the averaged position of velocity channel emissicamsnore extended region in radius than 12.2 GHz masers in A.
within2 mag and 1 ma3at 6.7 GHz and 12.2 GHz, respectivelylt is expected from theoretical models that 6.7 GHz masers can
It corresponds in most of the cases to average velocity chanreddsur in a wider range of density or larger range of radii in a
over ~0.2kms!, i.e the typical FWHM of methanol maserdisk than 12.2 GHz masers (Sobolev et al. 1997). B, C, and D
features. The averaging method shows clearly the overall stratso define a line of three maser clumps that do not exhibit any
ture of each maser source. In addition, itidentifies sub-groups/efocity gradient. Finally new masers have been detected in E
maser components well separated (more than a few mas) frefrich were not observed in the earlier observations of Minier
each other. However, this way of averaging the positions breaksl. (1998). They roughly form a circle that may coincide with
the extended masing regions into separate spots in the casthefcircular structure seen in the 15 GHz continuum map (see
sources having a continuous distribution of maser componemnier et al. 1998).
The nature of the maser distribution within a specific cluster of
masers will be clarified in the comments on individual sourcesé,n2 S 252
order to differentiate between large structures of separate maser
components and continuous distributions of maser componefi252 is an extended HIl region excited by an O6.5V star and lo-
corresponding to broad spectral features. All the given positiotated at a distance of 2.2 kpc (Haikala 1995). It contains massive
are relative to the reference channel positions located at the stir-forming regions such as S 252A, B and C. The methanol
gin of the map. The available absolute position of this refereng&ser source is probably associated with the far-infrared source
feature is given in Table 1. GL5180 (Snell et al. 1988). The 6.7 and 12.2 GHz methanol
masers delineate a line of masers, with a roughly linear velocity
3.1. NGC 7538 gradientalong it (Fig. 2) despite a few masers following a differ-
ent velocity distribution. The whole linear structure is extended
The 6.7 and 12.2 GHz methanol masers in NGC 7538-IRSoter 120 mas or 270 AU. A weak isolated maser feature lies
were observed in May and July 1997, and imaged by Miniaporth of the line.
et al. (1998). We give here the results of the new observations
from November 1998. 6.7 and 12.2 GHz masers are groupe |g W 48
5clumpslabelled A,B,C,D and E. 12.2 GHz masers are spatially
coincident with 6.7 GHz masers when both occur in A and &/ 48 is agalactic HIl region lying at a distance of 3.4 kpc (¥all
Masers in A lie along a line 0f£280 AU in extent. This line et al. 1990). Toward this source Wodd Churchwell (1989)
of masers is more extented at 6.7 GHz than at 12.2 GHz. VMetected a strong UC Hll region, G 35.2-1.74, that is believed
suggest that the 6.7 and 12.2 GHz masers in Al arise frontoabe a site of massive star formation and which has associated
single radius of an edge-on disk as interpreted by Minier et &lH, and CHOH masers (Caswell et al. 1995). Unfortunately,
(1998) while 6.7 GHz masers in A2 lie in the same disk but e absolute position of the G®H masers is not known within
different radii. That is indicated by different velocity gradientsan accuracy better than a few arcsec. Nevertheless, they are
Al masers exhibit a clear linear velocity gradient suggestipgobably located at the position of a strong inonised region,
rotating masers at a constant radius, while A2 masers fall onté/a48A, imaged by Onello et al. (1994). The methanol maser
slighty different line. Note that the maser components are capectra at 6.7 and 12.2 GHz present a double peaked profile
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Fig. 3. W 48: Map of 6.7 GHz (circles) and 12.2 GHz (stars) methanol masers and spectra at 6.7 GHz (full line) and 12.2 GHz (dashed line)
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Fig. 4. G 31.28+0.06: Map of 6.7 GHz (circles) and 12.2 GHz (stars) methanol masers and spectra at 6.7 GHz (full line) and 12.2 GHz (dashed
line)

(Fig. 3). The masers producing the lower velocity features (fro8. G 31.28+0.06
40.15 to 42.56 km's!) are located south from the East-Wes . . . .
dashed line in Fig. 3. The higher velocity masers (from 43.43 031'284'0'06 is an UC Hil region located at 5.6 kpc in the gi-

46.70) lie north from the same axis. The masers are distributaeirglt Hil region W 43 (Kurtz_ etal. 1994;. B'“”? etal. 1999). It 1S
also closely associated with other typical signposts of massive

ZL?Q?n?:%”gcnon North-South illustrated by the long dash% ar formation such as GI®OH and OH masers (Caswell et al.
T 1995; Walsh et al. 1998). The spectra of the 6.7 and 12.2 GHz

methanol masers show many features over 10kh(Eig. 4),
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Fig. 5. W 75N: Map of 6.7 GHz methanol masers (circles) and spectrum at 6.7 GHz (full line)

the 12.2 GHz emission being stronger than the 6.7 GHz maséssael& Felli 1978). The spectrum contains many features over
The corresponding VLBI map is complex. The masers are ¢he velocity range -11 to -15knt$ (Fig. 6). The masers are
ganised in 2 clusters (A and B in Fig. 4), 3 isolated and singigouped into three clusters A, B and C in the VLBI map (Fig. 6).
components, and one pair of features at the center of the maps an elongated structure of 40 mas or 100 AU, with a clear
Note that despite their large uncertainities in declination offseglocity gradient along it.

the 6.7 GHz masers draw approximately the same pattern as the

12.2 GHz masers. The aligned group of masers A is 150 masof g 555

780 AU in extent, and has a linear velocity gradient.

The 6.7 GHz methanol masers arise from the high-mass star-
forming region S 255 IR embedded within the optical HIl re-
gion complex S 254-S 257 (Caswell et al. 1995; Miralles et al.
W 75N is a very active region of massive star formation exhibit997). Three compact Hll regions were detected toward S 255
ing OH, H,O masers (Haschick et al. 1981; Hunter et al. 1994R (S 255-2a, S 255-2b and S 255-2c¢ by SielBally, 1986)
Torelles etal. 1997). The 6.7 GHz methanol masers fall into tvamd one UC HIl region G 192.58-0.04 (Kurtz et al. 1994). The
groups in the VLBI map (Fig. 5). Group A corresponds to the®ethanol masers are not associated with any detected compact
features between 3 and 6 km'sn the spectrumin Fig. 5. Group HII region. The cross-power spectrum contains four features,
B corresponds to the strongest emission. A and B are separdktede features centred around 4.8 kmh and one at 1.82 knis

by ~400 mas or 800 AU at a distance of 2 kpc. Group A is lezorresponding to the groups of masers A and B, respectively in
cated at the North-East of the position of VLA1 in Torelles et alhe VLBI map (Fig. 7). A and B are separated4b200 mas or
(1997). Furthermore, the elongated structure of group A seeft¥ AU at a distance of 2.5 kpc.

to be aligned with the linear structure of OH and®imasers

found by Torelles et al. (1997) and Baart et al. (1986) that §S8 S 269

believed to trace outflows from VLAL (W 75N(Ba)). Group A

also exhibits a linear velocity gradient along a line of 380 AUhe 6.7 GHz methanol masers in the Hll region S 269 are prob-
in extent. ably associated with the young IRAS source 06117+1350 or
S 269-IRS 2 that is powered by a massive young O star (Eiroa
etal. 1994). Thisinfrared source also shows OH ayp@ khasers
(Genzeld; Downes 1977), but does not have any UC Hll region
The 6.7 GHz methanol maser site S 231 lies in the region of seamission (Kurtz et al. 1994). The methanol masers fall into two
formation S 235 at a distance of 2.5 kpc (Caswell et al. 1994istinct groups separated by 60 mas or 240 AU at a distance of

3.5. W75N

3.6. 5231
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Fig. 7. S 255: Map of 6.7 GHz methanol masers (circles) and spectrum at 6.7 GHz (full line)

4 kpc (Fig. 8). Group A corresponds to the weak feature centréd@ GHz show that the spectrum of the methanol masers contain
at 14.7kms! (Fig. 8) and is very compact while group B deat least five features over 3 km's(Fig. 9). The masers fall onto
lineates a linear structure e6f14 mas or 55 AU in extent, anda linear structure 170 mas or 130 AU in extent in the VLBI map.
show a clear linear velocity gradient.

3.10. G 9.62+0.20

3.9. Mon R2 G 9.62+0.20 is an HIl region complex located at 5.7 kpc. One

The Monoceros R2 stellar cluster is a huge massive star-formafghe UC HII regions, component E in Hofner et al. (1996), is
region located at a distance of only 830 pc; it has been extessociated with the strongest 6.7 GHz methanol maser that was
sively studied by Carpenter et al. (1997). Our observationsiaiaged by Phillips et al. (1998). The 12.2 GHz methanol maser
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is much weaker, but its spectrum is still very rich in featurez11. Cep A

(Fig. 10). The 12.2 GHz maser components fall onto two Ilneﬁ]e CO condensation, Cepheus A (CepA), contains many mas-
of masers. Note that the maser components are continuousl!

o L SI\XB star-forming regions. One of them, the UC HII region
distributed within A, B, C, E, F, G and H. The clusters A, BCepA-HW 2 (Hughes 1985) is associated with®J OH and

and C form indeed a linked masing region with a linear veloci%( OH masers. The kO masers delineate an ordered struc
3 . -

gradient along it, while the other clusters are well isolated a?ér_'e that is thought to be a rotating disk of 800 mas or 600

separated structures. ‘I_’he angular distance_between the "ne,ﬁjsm extent at a distance of 730 pc (Torelles et al. 1996). The
~100 mas corresponding to 570 AU at a distance of 5.7 ki H masers are spherically distributed around the UC Hill re-

This is typically the diameter of the UC HIl region of component.

A ) ion and spread over a larger region of 2 arcsec (Migenes et al.
Ettglatlgég;nsed by atype B1 ZAMS (Hofner etal. 1996; Tes 992). The 12.2 GHz C¥OH masers are organised into three

clumps in the VLBI maps corresponding to three features in the
spectra (Fig. 11). The velocities of the @BH masers are ap-
proximately the same as the velocities of the OH masers located
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at similar positions. Therefore, the 12.2 GHz methanol masetar cloud G 49.5-0.2 (83114 pc) and is coincident with OH,

are probably associated with the OH maser shell. H,0 and NH, masers (Zhang et al. 1998). The spectrum of this

12.2 GHz methanol maser contains a single feature spanning

3.12. W 51 from 55.6 to 56.24 kms!, that may be resolved in 2 distinct
features (Fig. 12). It corresponds in the VLBI channel map to

W 51 is one of the most luminous sites of massive star fa-linear structure 0£9.5 mas or 70 AU in extent, with a clear

mation in our galaxy. It is located at a distance of 7.5 kpc. Velocity gradient along it (Fig. 12). The maser components are

contains a large number of O and B stars in formation. W 51iisdeed continuously distributed along the linear structure.

divided into three regions, W 51A, W 51B and W 51C (Carpen-

ter & Sanders 1998). The methanol maser sites G 49.49-0

and G 49.49-0.39 (Caswell et al. 1995) in W 51A are associat%?' 3.6 59.78+0.06

with W 51-North and W 51el/e2, respectively. We observélthis methanol maser source (Caswell et al. 1995) is associ-

G 49.49-0.37 which is located within the massive giant moleated with the young star-forming region CO 59.79+0.84 which
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also contains HO and OH masers (Lada et al. 1981; Baz saroni et al. 1998). The cross-power spectrum of the 12.2 GHz
Sivagnaman 1987). The spectrum consists of two features cerasers contains a broad feature spanning 95.4 to 95.6kms
tred at 16.98 and 26.89 km'§, that form two clusters of a few that is a blend of at least two components (Fig. 14). The masers
mas in extent separated by 700 mas (Fig. 13). The positiond&fscribe a clear linear structure of 10 mas or 85 AU in extent,
the 12.2 GHz CHOH masers coincides with the OH and® with a linear velocity gradient along it. The maser components
masers. No UC Hll regions were detected toward G 59.78+0.8& continuously distributed along the linear structure although
by Kurtz etal. (1994) despite its association with an IRAS sourtigey are represented as well separate spots in the Fig. 14.
(19410+2336) satisfying the color criteria for UC HIl region
(Wood& Churchwell 1989). Kurtz et al. (1994) have suggeste
that such sources are heated either by low mass stars or by youn
massive protostars. In the first case, no ionised region wouldhe. Summary of the results

produced, while in the second case the radio continuum from )
an UC HIl region would be too weak to be detectable. Note thigt S€ct- 3, we have presented observations of 6.7 and 12.2 GHz

the spectrum of the 6.7 GHz methanol maser in G 59.78+0 Bigthanol masers toward 14 sources. All these sources are asso-

contains many other features between 16.98 and 26.89km Liated with regions of massive star formation, and most of the
methanol masers are associated with a detected UCHII region.

We classify our methanol maser structures into four categories
3.14. G 29.95-0.02 as similarly defined by Phillips et al. (1998) and Norris et al.
G 29.96-0.02 is an UC HiIl region located at a distance of(3998);linear defines a source in which the masers form a line;
kpc (Wood& Churchwell 1989), and is powered by a O7 st Source is defined adongatedf the masers are mainly dis-
(Watsoné& Hanson 1997). The methanol maser site G 29.9§1outed along a single position angle; a sourceasiplexf no
0.02 (Caswell etal. 1995; Menten 1991) coincides with th@H 'arge and ordered structure can be found; and finally a source
masers and a Nphot core, but is slighty offset by a few arc-S simpleif it only c_ontams a fevyilsollated maser spots. Some
sec from the continuum peak of the UC HIl region (Cesaroni 8pUrces have ambiguous classifications, e.g G 31.28+0.06. To
al. 1998). The NH hot core is believed to be a signpost of agv0id any confusion, we call a sourteear when at least one
embedded high mass star in early stage of its formation, bef§fgar morphology dominates the whole structure. In our sample
the UC HIl region phase since no radio continuum emissiéf 14 sources, 2 sources aienple(Cep A and G 59.78+0.06), 2
has been detected. In addition, a velocity gradient along {FRUrces areomplexG 31.28+0.06 and S 255), 1 sourceisn-
NH; core structure suggests that a rotating disk like structure@ted(W 48), and the 9 other sources &rear. Within thelin-

present at the location of the methanol and water masers (EB[SOUrces, 7 of them exhibit a linear velocity gradient along the
line of components. Additionally, W 4&(ongatedland Mon R2

Biscussion
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(linear) also show blue and redshifted masers, i.e masers apble 2. Measured parameters of the linear structures of mageis.
proaching and receding. Finally, there is a line of masers withtained by linear fitting of v-x plot in Figs. 15 and 16. The length is
a linear velocity gradient within theomplexmorphology of the linear extent of each line of masers

G 31.28+0.06. Intotal in our sample of 14 sources, we detect lin
ear velocity gradients in 10 regions. Position-velocity diagrareQurce

Length(AU) 2(kms ' AU~")

for these 10 cases are shown in Figs. 15 and 16. The propem&$> 7538 280 9.% 10‘2
of these linear structures are presented in Table 2. The meassé82 240 5.5 1013
velocity gradients span about a factor of 10; and excluding th&48 1300 11.410
: i .28+0.06 780 21073
largest and smallest gradients the remaining sources show N 380 £ 6:10-°
a factor of 3 variation in velocity gradient. S 231 o5 17 210-3
S 269 55 6.%10°3
4.2. Do the methanol masers trace disks? Mon R2 130 2%10°°
) _ W51 70 5.%1073
A number of possible models such as accelerating outflows afég 95.002 85 1481073

edge-on rotating disks can be constructed to explain the lines
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of masers with linear velocity gradients. Nevertheless the rd@lhe line of sight velocity is, in the case of rotating disk of
atively narrow ranges of size and velocity suggest a commprasers at constant radius around a newly formed star, a linear
mechanism. It has been argued by Norris et al. (1998) that edfymction of x (Fig. 17d). If the methanol masers lie within an
on Keplerian disks most naturally explain the observed lineannular region over a range of radii, then each ring of masers
velocity gradients. Here we investigate this explanation to semund the central star at a radiugs associated with a line in
if the required disk sizes and central masses are reasonaldéocity vs major axis offset (v-x) diagram. Thus the clear linear
Other possible explanations (shocks, outflows) of the data asdocity gradients in the v-x diagrams, as seen in NGC 7538,
considered in Sect. 4.5 G 31.28+0.06, W 75N, S 231, W 51, G 29.95-0.2, and S 269
We argue that 10 methanol masers sources have morphd@kigs. 15 and 16), are consistent with masers occuring ata single
gies and velocity distributions satisfying the rotating disk modeddius in an edge-on disk. Inthe case of S 252, W 48 and Mon R2,
illustrated in Fig. 17. For such a rotating disk seen nearly eddhe line of sight velocity is not a clear linear function of the major

on the line of sight velocity is, axis position. We are probably observing masers associated with
x . other structures in S 252, e.g the spot at the center of the map
v = Vrot X X081+ Vsys (1) could be part of an outflow originating from the disk. In W 48

. . L ) . and Mon R2, the disks could be inclined and masers could arise
whereV’.,, is the rotational velocity; is the radius of the circle from alarger range of radii than in e.g NGC 7538. Therefore the

of masersy;,; is the systemic velocity,is the inclination angle v-x diagram is not reduced to a single line. If the masers are in
of the disk andr is the linear distance in projection from the

stellar position (see Fig. 17). If the disk is edge-ois zero.
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Table 3. Derived Keplerian parameter% deduced from% in Table 2 and Eq. (2), while diameter of the digk€ 2r) and enclosed mass
(M) are derived under three cases. Case 1 gives the enclosed/fn@ssuming that the whole diameter of the disk is given by the observed
length in Table 2. The enclosed mag5 is calculated in Case 2 by assuming that we only observe a fraction of a disk of 1000 AU in total
extent.ds in Case 3 is found by taking/=10 Mg, in % for each source

Source Distance f}—i Case 1l Case 2 Case 3
name (kpc) (M, AU3)  d(AU) M (Mg) d(AU)  M>(Mg) d(AU)  Ms3(Mg)
NGC 7538 2.7 9.410°8 280 0.25 1000 11.7 940 10
S 252 2.2 3.410°8 240 0.06 1000 4.3 1320 10
W 48 3.4 14.5%10°8 1300 6 - - - -

G 31.28+0.06 5.6 0.4610°8 780 0.26 1000 0.6 2600 10
W 75N 2 3.5¢10°8 380 0.24 1000 4.4 1320 10
S 231 25 33.410°8 95 0.04 1000 41.7 610 10
S 269 4 4.%10°8 55 0.001 1000 5.8 1200 10
Mon R2 0.83 59.%10°8 130 0.17 1000 74.6 520 10
W 51 75 3.%10°8 70 0.002 1000 4.6 1300 10
G 29.95-0.02 9 241078 85 0.02 1000 30.8 680 10

vary from 4.5<107% t0 5.97x 10~ 7 M, AU 3. Our results are
consistent with those of Phillips et al. (1998) and Norris et al.
(1998) who observed 16 linear structures with velocity gradi-
ents out of a total of 45 sources investigated with the ATCA and
the Australian VLBI network. However, there is a serious dif-
ference in our results when we derive the mass enclosed by the
disk (assumed to be the mass of the forming star). Although the
velocity gradients which we measure, and hence the values of
M/r® (1072-10"" M, AU ~?) are similar to those determined

by the Australian groups, the linear sizes covered by our North-
ern sample of masers are up to ten times less. In deriving the
enclosed massy/, our estimate is clearly very sensitive to the
assumed radius. A lower limit to the mass can be derived by
assuming that the observed line of masers traces the full diam-
eter of the disk; in this case we find sub-solar masses (see Case
1, Table 3). These limits are much smaller than those obtained
by Norris et al. (1998) and Phillips et al. (1998).

UC HIl Region

4.3. Why do we derive sub-solar masses?

Fig. 17a—d.Maser disk model as proposed by Norris et al. (1998We observe lines of masers from 55 to 780 AU in extent with
Small circles indicate masing regioas’lan view of maser disky is . L.
' el g regt e islp 1 qthe exception of W 48 which is 1300 AU. These lengths are

a view with a slight inclination of that could explain the elongate ; )
morphologies as in W 4&is an edge-on view d that illustrates the ~7-10 times smaller than those of the lines (585 to 5460 AU)

linear morphologies as in NGC 7538. Masers might only be obsendgaged using the ATCA by Phillips et al. (1998). Since we find
over a fraction of the disk where the velocity coherence is suitable ®imilar velocity gradients, the derived values of the mass are
masing mechanisnd is the velocity vs major axis position diagram~300-1000 times lower than those in Phillips et al.

for casec andb in case of a small inclination angle wherev = Assuming the rotating disk hypothesis to be correct, there
Viot X X081+ Vsys are 3 possible explanations for these discrepancies:

Keplerian motion within a disk, the velocity gradient measured- The methanol masers observed by Phillips et al. each covers
from the v-x diagram is given by: a broader velocity range\v~ 10-25 km s't) than those of

our Northern sample in which the velocity range is typically
v = /GM/r3xcosi 2) Av~ 5kmsL. For a given velocity gradient, this broader
da velocity range corresponds to a greater linear dimension and
wherelM is the enclosed mass. Using Eq:20 and the values hence a greater enclosed mass. SihEés proportional to
of 42 in Table 2, we derive the measured ratifyr* in the case d?, a factor of 10 in d implies a factor of #Gn mass.
of a Keplerian disk for all of the disk like structures with the2. Resolution differences. The resolution of the EVN and
exception of W 48. The values of /r3 are givenin Table 3and  VLBA are considerably finer than that of the ATCA. As a
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result the structure observed with the ATCA may be furthabout 1000 AU, we can estimate the enclosed mass from the
resolved by the VLBI. For example, in the one source whidbserved ratiof—g{ (see Case 2 in Table 3). Alternately given
is common to both our samples, G 9.62+0.20, we observéat massive stars have a mass-d0D My, we can estimate the
different morphology and velocity gradient. While Phillipgliameter of the disk at which the masers occur (see Case 3 in
et al. observe at 6.7 GHz a linear velocity gradient along tfiable 2). We find\/ between 0.6 and 74.6 Min Case 2 while
whole structure of maser components, our 12.2 GHz ddte diameter calculated in Case 3 is in the range 520-2600 AU.
do not exhibit any linear gradient. Although this is a comFhese results agree with recent observations of rotating disks
parison of the 6.7 GHz to 12.2 GHz masers, the similarityf a few thousand AU in extent around young massive stellar
of the spectra at both frequencies suggests that the 6.7 abgbcts of a few tens of solar masses (see for example, Shepherd
12.2 GHz maser components should roughly trace the safa&urtz 1999, and Cesaroni et al. 1999).
structure in the VLBI map as seen in NGC 7538, W 48 and
S 252. ;
3. Difference of interpretation of the data, perhaps as a resﬁ'l?' Tracing outflows or shock fronts
of the different resolutions. In some cases, Phillips et &longated morphologies and linear velocity gradients are also
have considered the full extent of the map to represent txpected in the case of masers tracing bipolar outflows, e.g
diameter of the disk when there is velocity gradient acrobgpolar maser emission from HD101584 (Te Lintel Hekkert et
the map, although the masers do not form a simple elan- 1992). Although there is no theoretical support for Class
gated structure. We might for example interpret the ATCA methanol masers forming in such environment, the observed
maps of G 323.74 and G 337.61 in terms of smaller lidinear morphologies could trace collimated outflows originating
ear structures and isolated maser clusters rather than siriggen a protostar. It has been mentioned in Sect. 3.5 as a possible
elongated structures. explanation of the linear structure in W 75N that aligns on the
line of H,O and OH masers. Linear morphologies could be parts

In conclusion, the selection criteria of the observed mas@routflows, not necessarily the inner part originating from the
the different ways of interpreting some linear morphologigg€thanol masers.

derive sub-solar masses. locity gradient is required along the line of masers that forms

tangentially to the shock front. Such a hypothesis may explain
the case of G 9.62+0.20 where there are two lines of masers
without any linear velocity gradient (see Fig. 10). These 2 lines

Since most of these methanol masers are closely associated @ftftasers may arise from the expanding front surrounding the
high mass protostars and UCHII regions, it is reasonable W& HIl regionas OH masers are sometimes found to do (Forster
assume that maser action will occur only in suitable parts ofaCaswell 1989).

rotating disk around a young massive stellar object. The masers

couldtrace insome cases only afraction of the disk in front of the

star_ or qt the edges Wherg the velocity coherence along the %nf:Conclusions

of sight is greatest, while in other cases, perhaps as presented in

Norris et al. (1998), the masers delineate the full diameter of ti\ée have mapped the spatial distribution of the 6.7 and 12.2 GHz
disks. For instance if we consider in the case of W 48 that theethanol masers in 14 star-forming regions. The VLBI maps
two axis in Fig. 3 are indeed the minor and major axis of a digk 10 out of these 14 sources reveal elongated structures of
seen with aninclination angle ef20°, then the maser located atmasers with linear velocity gradients along them, compatible
the north of the minor axis are all blueshifted with respect to thndth rotating disks seen almost edge-on. This confirms recent
southern masers. Or the northern masers are receding whileadhgervations of methanol masers by Norris et al. (1998) and
southern masers are approaching. By modelling that structureRyllips et al. (1998). If we are seeing the whole diameter of the
a Keplerian disk of diameter400 mas or 1300 AU at a distancemethanol maser disk then we derive sub-solar enclosed masses.
of 3.4 kpc, and by using the measured velocity gradient (Fig. 18)more likely explanation of our results is that we only see a
we find that the enclosed massi My . In a similar way, we fraction of the rotating disk around young massive stars, and
can fit the elongated structure of masers in Mon R2 (see FigtBgrefore derive central masses which are too small. For in-
with a disk inclined at 19 Along that disk structure of 160 masstance, assuming that the disks have a diametel6D0 AU as

or 130 AU in extent, the velocity is roughly a linear functiorfound in W 48, we estimate the central mag$etween 0.6 and

of the major axis offset position (Fig. 16). Assuming that the4.6 M. We stress that the disk model is not the only possible
whole disk is detected in W 48, we repeat the calculations e¢enario. Masers forming in outflows and behind shock fronts
Case 1in Table 3 using the orders of valuedbéndd observed could also explain some of the observed geometrical structures.
in W 48. Thus if we assume that the diameter of such disksRsoper motion studies have been undertaken in order to validate

4.4. Tracing partial disks around young massive stars
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