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ABSTRACT

A sample of 54 6.7-GHz methanol masers was monitored using the Hartebeesthoek 26-m
telescope during the period 1999 January — 2003 March. The observations were taken at 1-2
week intervals, with daily observations when possible if a source was seen to be varying rapidly.
It was found that the majority of the sources display a significant level of variability. The time-
range of variations range from a few days up to several years. The types of behaviour observed
included non-varying, monotonic increases or decreases, as well as aperiodic, quasi-periodic
and periodic variations. Seven sources show clear evidence of periodicity, with periods ranging

from 132 d up to 520 d.
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1 INTRODUCTION

High-mass stars in their early evolutionary phases are deeply em-
bedded in their natal molecular cloud, making it impossible to ob-
serve them directly at optical wavelengths. Class Il methanol masers
appear to be closely associated with newly formed massive stars
(Menten 2002; Minier et al. 2003, and references therein) and are po-
tentially powerful tools for studying conditions in these regions. At
present, the exact location of these masers relative to the (proto)star
is unknown. High-resolution imaging has shown that some sources
have maser spots in linear or arc-like structures with velocity gra-
dients characteristic of Keplerian rotation (Norris et al. 1998), im-
plying that these masers may be in circumstellar discs, but there are
many sources which do not have such structure (Walsh et al. 1998).
It was speculated that some sources may be associated with outflows
or expanding H 11 regions (Minier et al. 2002).

A number of methanol masers have been found to be vari-
able at 6.7 GHz (Caswell, Vaile & Ellingsen 1995; MacLeod &
Gaylard 1996) and 12.2 GHz (Moscadelli & Catarzi 1996; MacLeod
& Gaylard 1993). The variability of the masers can be used to ex-
amine changing conditions in the star formation region. The study
by Caswell et al. (1995) followed the variability of a small sample
of masers for a short time, with intervals between observations of
the order of three months. However, observations of G351.78-0.54
show rapid variations on a time-scale of weeks when the maser
is in an active phase (MacLeod & Gaylard 1996). On the other
hand, other masers appear to be non-varying over the same time-
scales. Regular monitoring of a large sample of methanol masers
will be able to quantify the nature of the variability and the time-
scales over which it occurs. The range of behaviour we might expect
to find in well-sampled time-series of sufficient duration are: non-
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varying; monotonic increase or decrease; and fluctuations which
may be aperiodic, quasi-periodic or periodic. No results of a multi-
year monitoring programme on a large sample of class II methanol
masers have been published to date.

It is relevant to widen the scope to consider other maser species
in star-forming regions. Little long-term monitoring of ground state
hydroxyl masers has been reported for many years; for example
Sullivan & Kerstholt (1976) monitored 11 sources at typically 10
epochs over five years. Most the maser peaks showed slow secular
changes in amplitude, while one, the +-0.6 km s~! feature in W75S,
was noted to show ‘semi-periodicity’, but the light curve is very
undersampled. Similarly, Lekht (1974) showed that there were long-
term changes in NGC6334 A and B and W75S with six or seven
measurements over 6 yr. Weaver, Dieter & Williams (1968) found
that several maser peaks in NGC6334 varied over a two month period
in 1965, but with no discernable periodicity. Excited state hydroxyl
masers were monitored at 4.765 GHz by Smits (1997), Smits, Cohen
& Hutawarakorn (1998) and Smits (2003). These revealed non-
varying and aperiodic variable masers.

Water masers at 22 GHz in star-forming regions have been sub-
ject to a number of monitoring programmes, which revealed a high
level of variability and large amplitude flaring. Most recently, Brand
et al. (2003) analysed 14 star-forming regions monitored once ev-
ery 2-3 months for up to 13 yr. They describe ‘a periodic long-term
variation in several sources. This may be a consequence of periodic
variations in the wind/jets from the exciting YSO (young stellar ob-
ject).” This is based on data covering two cycles in Sh2-269 and Sh2-
184, with a repeat time of about 2000 d. Lekht & Krasnov (2000)
find an 11.5-yr period in the masers in W75N, based on 20 yr of data,
which also corresponds to about two cycles. White & MacDonald
(1979) monitored 14 sources for 2.5 yr; no periodic variations were
reported. Trinidad et al. (2003), monitoring 11 sources, found no
periodic variations over 8 months.
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Long term monitoring data can ultimately be used to test maser
models and to probe the maser environment. Variations in maser flux
density could be as a result of turbulent motions in the cloud with
subsequent changes in maser path length, the passage of shocks,
changes in the intrinsic brightness of the star or the radiation reach-
ing the masing region, or partial quenching of the maser region.
Some of the variations may be extrinsic to the maser source, e.g.
interstellar scintillation. Drifts in the maser velocity would give an
indication of motion in the masers, as seen for water masers en-
trained in outflows (Liljestrom et al. 1989; Brand et al. 2003). Thus
the sensitivity of methanol masers to changes in their environment
make them a sensitive probe of changing conditions at small angular
scales.

A programme to monitor the variability of a large sample of 6.7-
GHz methanol masers was started in 1999 January. The details of
the observing and calibrations are given in Section 2. The source
selection process is noted in Section 3. Section 4 discusses the quan-
tification of variability and illustrates and describes the behaviour
of each source. The results are summarized in Section 5.

2 OBSERVATIONS

The monitoring programme used the 26-m telescope at HartRAO.
All observations were made using left circular polarization. The
sources were observed at intervals of 1-2 weeks, with observations
at 2-3 d intervals when a source was seen to be varying rapidly.
The observing parameters are summarized in Table 1. Two different
bandwidths were used. The 0.32-MHz bandwidth spectra provide
the better velocity resolution, but have half the velocity range ob-
tained with 0.64-MHz bandwidth spectroscopy, which had to be
used for some sources.

Pointing corrections were calculated by taking observations offset
by half a beamwidth to the north, south, east and west of the source
position. These observations were done on the stronger sources in
the sample and applied to nearby weaker sources. The pointing
corrections at 6.7 GHz are on average less than 5 per cent, therefore
it is not a dominant factor in the calibrations.

Since 2000 April the telescope surface, comprising perforated
aluminium panels, has been progressively replaced with new high-
accuracy solid panels. The point source sensitivity (PSS) of the
telescope was regularly measured by observing 3C123, 3C218 and
3C274. Prior to the upgrade the PSS was found to be 15.7 Jy K~!
at 6.7 GHz, based on the Ott et al. (1994) flux scale. During the up-
grade period regular calibrations were made using precision Dicke
radiometry at 4.9 and 8.6 GHz. Changes relative to the pre-upgrade
values for the PSS at 6.7 GHz were obtained by interpolating the
PSS measured at these two wavelengths. The corrections obtained
are believed to be accurate to 5 per cent or better.

The validity of the corrections was tested by applying them to
a number of maser features in different sources in the monitoring
sample that appeared to be non-varying. The strongest peaks in the

Table 1. Observing parameters for sources with large and small velocity
ranges.

Rest frequency (MHz) 6668.518

System temperature (K) 50

Half Power Beamwidth (°) 0.133

Number of spectral channels 256

Correlator bandwidth (MHz) 0.64 0.32
Velocity range (km s~ 1) 28 14
Correlator resolution (km s™!) 0.112 0.056
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Figure 1. Normalized time-series for maser features showing strongly cor-
related variations. The solid line shows a third-order polynomial fit to the
data.

sources G339.88-1.26, G309.92+4-0.48, G336.01-0.82, G340.79-
0.10 and G344.23-0.57 appeared to show very little variation but did
show common behaviour at the 5 per cent level in their time-series
(Fig. 1). This can be characterized by a slow third-order variation
probably caused by uncalibrated system changes. An additional gain
correction based upon a least-squares fit to these time-series was
applied to the data. The large sample size as well as the presence of
independently varying features towards the same source provided
an effective means of cross-checking the amplitude calibration.

3 SOURCE SELECTION

The initial source list mainly consisted of those identified as variable
by Caswell et al. (1995) or van der Walt et al. (1996). G351.78-
0.54 had been monitored on a regular basis from 1993 to 1995 by
MacLeod & Gaylard (1996) and was found to be highly variable on
time-scales of a few months. Other sources were selected because
comparison of the fluxes reported by Caswell et al. (1995) and those
reported by Menten (1991) showed that the peak fluxes had changed.
Sources reported to be variable at 12.2 GHz (Moscadelli & Catarzi
1996) were also selected. Some sources were dropped after the ini-
tial test observations because they were too weak or because of
confusion with a neighbouring source. The final source list is given
in Table 2.

4 OVERVIEW OF RESULTS

Seven sources, viz. G188.954-0.89, 196.45-1.68, G328.237-0.548,
G331.13-0.24, G338.92-0.06, G339.62-0.12 and G9.62+0.20,
show strong evidence of periodicity. Rigorous analysis of the peri-
odicity is beyond the scope of this paper and will be presented in
Goedhart, Gaylard & van der Walt (in preparation). The following
sections describe the variability seen in the entire source sample.

4.1 Variability index

Each maser spectrum consists of a number of peaks, corresponding
to emission from maser spots at different velocities. Channels with
no maser emission show the maxima and minima of the noise in
the spectra. Velocity channels at the maximum of each peak were
selected for the following analysis. Because the relation of the spatial
structure of the maser to the velocity structure is not known in many
cases, it was decided not to average the channels in each peak (to
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Table 2. Sources monitored at 6.7 GHz. The Vg (velocity relative to the
local standard of rest) on which the receiver band was centred is given, plus
the number of observations of each source.

Source RA (B1950) Dec (B1950) Vi Num.

tmy C’'n (kms™')  Obs.
G174.20-0.08 05:27:324 33:45:52.0 2.5 205
G213.71-12.60  06:05:21.7 —06:22:28.0 11.0 372
G189.03+0.79 06:05:40.9 21:31:37.6 11.0 152
G188.95+0.89 06:05:53.5 21:39:02.0 10.0 386
G192.60-0.05 06:09:59.1 18:00:10.0 35 181
G196.45-1.68 06:11:47.1 13:50:34.0 14.0 198
G287.36+0.64 10:46:03.4 —58:10:58.0 -2.0 193
G291.27-0.71 11:09:44.7 —61:02:17.2 —26.9 166
G294.52-1.62 11:33:15.0 —62:58:13.0 —11.5 172
G298.26+0.74 12:09:08.4 —61:29:375 —30.0 161
G305.21+0.21 13:08:01.7 —62:18:453 -38.0 171
G308.92+0.12 13:39:37.0 —61:53:44.0 —54.0 177
G309.92+0.48 13:47:11.9 —61:20:18.8 -59.0 126
G312.11+0.26 14:05:02.2 —60:58:48.0 —50.0 179
G316.64-0.09 14:40:31.6 —59:42:40.0 —-19.5 131
G318.95-0.20 14:57:03.8 —58:47:01.2 —35.0 176
G320.23-0.29 15:06:00.5 —58:14:14.0 —64.5 122
G322.16+0.64 15:14:457 —56:27:28.0 —58.5 133
G323.77-0.21 15:27:49.8 —=56:20:15.0 -50.5 178
G328.81+0.63 15:52:00.3 —52:34:222 —44.5 168
G328.24-0.55 15:54:06.1 —53:50:47.0 -39.0 136
G331.13-0.24 16:07:10.8 —51:42:29.0 —86.5 136
G331.28-0.19 16:07 :37.9 —=51:34:122 —82.5 171
G335.55-0.31 16:27:11.3 —48:39:28.0 —114.5 121
G336.01-0.82 16:31:21.8 —48:40:51.0 —47.0 131
G336.99-0.03 16:31:51.9 —47:25:03.0 —121.5 126
G337.92-0.46 16:37:25.0 —47:01:21.0 —38.5 166
G338.93-0.06 16:39:36.5 —46:00:05.0 —43.0 182
G339.62-0.12 16:42:26.5 —45:31:18.0 —34.5 134
G339.88-1.26 16:48:24.8 —46:03:33.9 —36.0 127
G340.79-0.10 16 :46:38.4 —44:37:18.5 —100.0 148
G344.23-0.57 17:00:35.0 —42:14:29.0 —24.5 130
G345.00-0.22 17:01:38.5 —41:24:59.0 —26.0 129
G345.50+0.35 17:00:54.2 —40:40:18.0 -17.0 162
G351.42+0.64 17:17:323 —35:44:04.0 =7.0 135
G351.58-0.35 17:22:03.2 —36:10:09.0 —93.5 143
G351.78-0.54 17:23:20.7 —36:06:45.4 1.5 217
G354.614-0.47 17 :26:59.8 —33:11:34.0 —20.0 135
G359.61-0.24 17:42:27.2 —29:22:18.0 20.5 126
G9.624-0.20 18:03:15.9 —20:31:529 2.5 278
G10.33-0.17 18:06:06.7 —20:05:34.0 10.5 152
G10.47+0.03 18:05:40.5 —19:52:23.0 69.0 116
G12.89+0.49 18:08 :56.4 —17:32:14.0 35.0 170
G12.68-0.18 18:10:59.3 —18:02:40.0 55.5 130
G12.91-0.26 18:11:44.2 —17:52:58.0 38.0 168
G23.01-0.41 18:31:56.7 —09:03:18.0 71.0 115
G23.44-0.18 18:31:55.3 —08:34:01.0 103.5 116
G35.20-1.74 18:59:13.1 01:09:07.0 43.0 113
G45.07+0.13 19:11:00.5 10:45:41.0 585 171
G52.67-1.09 19:30:20.2 16 :51:04.0 66.0 139
G59.78+0.06 19:41:03.6 23:36:51.0 25.0 121
G78.12+3.63 20:12:40.0 41:04:20.0 —6.0 80
G81.88+0.78 20:36:504 42:27:23.0 6.5 124

reduce the noise) in order to minimize the chance of combining data
from multiple maser spots.

While it is easy to judge the degree of variability of a source
by eye, a more objective method is needed to deal with a large
number of sources. The following formula for a variability index /
is an adaptation of that developed by Stetson (1996) for automated
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searches for Cepheid variables:

SV () —m)? = S0 [n(t;) — Al

m

I =

ey

where N is the total number of observations, m(¢;) is the observed
flux density at a given velocity channel, n(t;) is the flux density at
a noise channel (the noise time-series channel is any channel in the
spectrum in which there is no maser emission) and m and 7 are
the average flux densities. The variability index is normalized by
dividing by the average maser flux density, which is taken over the
entire time-series. Thus, a non-varying maser will have an index
tending towards zero. Note that the index can go negative for time-
series with a poor signal-to-noise ratio (S/N). Therefore the average
flux as well as the S/N has to be taken into account when interpreting
the variability index.

Table 3 gives the statistics and variability index for the peak chan-
nels for each identifiable feature. The average rms noise is given as
well as the average uncertainty o ,, for each maser peak taking into
account the rms noise as well as calibration error. This is given by

2
8T,
Om = Unnsz + (i * Tm) s (2)

sys

where Ty is the average system temperature, § 7'y is the uncertainty
in the system temperature, 7', is the antenna temperature at the
maser peak and o s is the rms noise. The rms noise is calculated
using the radiometer equation (Kraus 1986):

K * Ty

Urms Eale——— T
NINEEE N

where K is the correlator quantization factor (K = 1.235 for the
HartRAO correlator), Av is the bandwidth per channel in Hz, 7 is
the total integration time, f = 1 if the observations were position-
switched and f = 2 if frequency switching was used.

Fig. 2 shows histograms of the variability indices for all the maser
peaks. The majority of the maser features have I < 5 but masers
undergoing strong flares can have much higher indices. The ranges
corresponding to descriptions such as ‘highly variable’ and ‘sig-
nificantly variable’ are difficult to define, but for ease of discussion
divisions have been selected after visual examination of the data set.
The most variable maser feature in the sample is an otherwise in-
significant feature in G351.42+0.64 (Fig. 3) with a variability index
of 112.3. This peak increased from below the detection limit of 1.5
to 250 Jy in two months. It stayed at this level for about a month and
then gradually subsided to below the detection limit over the next 10
months. For comparison, Fig. 4 shows the time-series of four maser
features with low variability indices. The features with / = 2.80 and
even / = 1.00 show moderate variability. A variability index below
0.5 generally suggests that little significant variability occurred, but
as noted previously, this has to be considered in conjunction with
the S/N of the feature.

There does not appear to be any correlation between the average
flux density of a maser peak and its degree of variability, as can be
seen in Fig. 5. Masers with an average flux density below 5 Jy were
generally too weak to determine a reliable variability index, unless
the maser feature underwent a flare.

3

4.2 Notes on individual sources

Upper and lower envelopes were calculated by finding the maxima
and minima in the time-series at each velocity channel. They serve as
auseful visual indication of the range of variability of a source. These
envelopes, as well as time-series for selected velocity channels are
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Table 3. Statistics of the time-series of the maser peaks.

Source maser ave Om Oms S/N 1

velocity flux
(ms™h) dy  dy Ay

G174.20-1.68 0.37 3.69 0548 0.548 7 4.17

1.66 5736  0.550 0.548 104 4.58

2.16 5.66 0.552 0.548 10 0.31

3.62 6.33  0.560 0.548 11 0.97

4.02 894 0563 0.548 16 0.97

4.41 6.16 0.566  0.548 11 0.98

G213.71-12.60 10.49 68.69 0.762  0.693 90 4.77

1094 34396 0.768 0.693 448 53.42

11.96 4225 0.782 0.693 54 4.67

12.24 23.50 0.786  0.693 30 1.56

13.02 18.09 0.797 0.693 23 1.07

G189.03+0.79 8.87 14.09 0.647 0.587 22 0.13

9.65 8.00 0.657 0.587 12 —-0.09

10.55 456 0.670 0.587 7 0.94

10.78 3.86 0.673 0.587 6 0.82

G188.95+0.89 8.48 11.10  0.611  0.563 18 0.08

9.72 26.82  0.625 0.563 43 0.37

10.51  530.38 0.635 0.563 835 2.02

10.79 43797 0.639 0.563 686 2.14

11.46 10795 0.648 0.563 167 0.61

G192.60-0.05 1.81 290 0400 0.397 7 1.02

4.12 19.11 0413 0.397 46 0.10

4.62 60.01 0417 0.397 144 2.39

5.41 34.12 0424 0.397 80 0.61

G196.45-1.68 14.73 7.83  0.526 0.354 15 0.46

15.18 3227 0.535 0.354 60 1.22

15.91 488 0.550 0.354 9 1.44

G287.36+0.64 —2.45 13.62 0.373  0.367 36 0.09

—2.23 27.00 0.372  0.367 73 0.11

—1.89 86.10 0.371 0.367 232 0.43

—1.05 11.23  0.368 0.367 30 0.58

—0.65 3.61 0368 0.367 10 0.23

G291.27-0.71 —30.43 4580 1.042 0.679 44 0.31

—29.64 7533  1.026 0.679 73 0.99

—29.14 40.18 1.016 0.679 40 0.03

G294.52-1.62 —11.90 12.86  0.476 0.351 27 2.78

—11.51 413 0468 0.351 9 0.09

—11.00 6.28 0460 0.351 14 0.11

—10.21 8.58 0446 0.351 19 0.31

—8.92 0.69 0425 0.351 2 3.02

G298.26+0.74 —30.06 12.60 0.862 0.343 15 0.05

G305.21+0.21 —43.90 39.74  1.312  0.734 30 0.56

—38.39 400.22 1202 0.734 333 1.94

—36.03 49.79  1.156 0.734 43 0.35

G308.92+0.12 —55.41 11.41  1.469 0.382 8 0.04

—54.79 40.72 1453 0.382 28 0.12

—54.56 28.71  1.448 0.382 20 0.18

—54.34 29.10 1.442 0.382 20 0.29

—53.55 9.02 1423 0.382 6 0.14

—52.71 9.47 1402 0.382 7 0.13

G309.92+0.48 —62.93 81.42 1.595 0.603 51 0.18

—62.37 187.22 1582 0.603 118 0.46

—61.70 100.66 1.568 0.603 64 0.26

—60.91 113.78 1.551 0.603 73 0.39

—59.79  800.00 1.526 0.603 524 1.91

—58.89 173.87 1.507 0.603 115 0.45

—58.55 30238 1.500 0.603 202 1.11

—57.99 186.55 1488 0.603 125 0.56

G312.11+0.26 —-51.52 4.18 1351 0.375 3 0.04

—50.90 599 1.336 0.375 4 0.12

—49.94 17.89  1.313  0.375 14 0.40

Table 3 — continued

Source maser ave Om O rms S/N I
velocity flux
(kms™") Gy dyy  dy)
G316.64-0.09 —24.00 4.14 0.848 0.610 5 0.13
—23.55 496 0.841 0.610 6 0.17
—22.76 320 0.827 0.610 4 0.28
—22.31 3334 0.820 0.610 41 1.00
—21.75 14.00 0.811 0.610 17 0.56
—21.19 18.62 0.802 0.610 23 0.37
—20.29 73.54 0.788 0.610 93 0.32
—19.84 80.64 0.781 0.610 103 2.55
—18.49 9.56 0.760 0.610 13 0.19
—17.93 13.97 0.752  0.610 19 0.41
—17.03 444 0.739 0.610 6 0.62
G318.95-0.20 —38.09 13.96 1.143 0.703 12 0.38
—37.25 4691 1.127 0.703 42 0.77
—36.80 11893 1.119 0.703 106 1.69
—36.24 65.17 1.108 0.703 59 0.20
—35.28 95.33  1.091 0.703 87 0.24
—34.61 545.16 1.079 0.703 505 0.91
—33.60 29.80 1.061 0.703 28 0.26
—32.92 37.87 1.049 0.703 36 0.39
G320.23-0.29 —70.34 5.07 1.815 0429 3 0.28
—62.25 28.53 1.618 0.429 18 0.67
—61.92 2642 1.610 0.429 16 0.42
—61.47 1720  1.599 0.429 11 0.55
—60.79 7.80 1.583 0.429 5 0.31
—59.33 8.07 1.548 0.429 5 0.59
—58.77 521 1.534 0429 3 1.18
G322.16+0.64 —64.01 16451 1.656 0.748 99 16.51
—63.33 258.86 1.642  0.748 158  27.51
—63.00 250.32  1.635 0.748 153 3.09
—62.43 7796 1.624 0.748 48 0.80
—62.10 115.15 1.617 0.748 71 3.09
—61.87 68.55 1.612 0.748 43 1.25
—60.07 2647 1.575 0.748 17 4.15
—59.62 10.11  1.566  0.748 6 1.49
—57.60 20.20 1.525 0.748 13 25.61
—56.81 59.85 1.510 0.748 40 10.37
—56.37 102.73  1.501 0.748 68 10.56
—55.13 5147 1476 0.748 35 1.45
—54.57 80.77 1.465 0.748 55 7.54
—53.78 40.56 1.449 0.748 28 0.37
—53.22 53.03 1.438 0.748 37 1.38
G323.77-0.21 —53.09 203.38  1.890 0.907 108  10.92
—51.07 343327 1.834 0907 1872 41.01
—50.56 2670.50 1.821 0907 1467 43.76
—49.55 1155.88 1.793  0.907 645 11.84
—49.10 803.47 1.781 0.907 451 5.72
—48.54 977.17  1.766  0.907 553 4.37
—48.15 47393 1.756  0.907 270 4.95
G328.81+0.63 —46.64 7447 1.227 0.625 61 0.12
—46.25 13348 1.220 0.625 109 0.44
—45.24 60.31 1.200 0.625 50 0.06
—44.45 241.19 1.185 0.625 204 1.57
—43.83 247.62 1.173  0.625 211 0.52
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Table 3 - continued Table 3 — continued
Source maser ave Om Oms  S/N I Source maser ave Om O tms S/N 1
velocity flux velocity flux
(kms™") dy  dy  dy) (kms™") dyy  dy  dy
G328.24-0.55 —49.56 50.46 1480 1.141 34 0.69 G339.88-1.26 —39.82 21.20 1.110 0.579 19 0.03
—45.41 60.22 1.566 1.141 38 0.38 —38.81 1563.23 1.089 0.579 1435 2.44
—44.73  670.79 1.556 1.141 431 4.37 —38.14 502.65 1.076  0.579 467 0.40
—44.28 186.12 1.548 1.141 120 5.35 —-37.57 673.56  1.065 0.579 633 0.87
—43.27 107.32 1.532 1.141 70 0.54 —36.67 650.32  1.047 0.579 621 0.69
—38.66 58.23 1.462 1.141 40 0.47 —35.66 428.03 1.027 0.579 417 0.69
—-37.99 141.45 1.452 1.141 97 0.99 —35.21 65093 1.018 0.579 639 4.65
—37.43  292.10 1.444 1.141 202 1.62 —34.54 271.65 1.005 0.579 270 0.43
—37.09 156.40 1.439 1.141 109 1.06 —33.87 352,50 0992 0.579 355 0.69
—36.42 34.76 1.429 1.141 24 1.08 —33.19 111.68 0979 0.579 114 4.24
—35.07 21.18 1410 1.141 15 0.90 —32.29 66.94 0962 0.579 70 6.81
—34.73 9.77 1.406 1.141 7 0.55 —30.16 8.14 0922 0.579 9 1.95
G331.13-0.24 —-90.77 645 2334 0414 3 5.27 G340.79-0.10 —108.43 2543  2.651 0.577 10 14.65
—85.60 13.37 2205 0414 6 7.18 —107.76 12.68 2.635 0.577 5 12.53
—84.93 9.11 2.189 0414 4 1.52 —107.09 38.31 2619 0.577 15 41.69
—84.25 18.89  2.172 0414 9 342 —106.64 17.03  2.609 0.577 7 6.66
G331.28-0.19 —85.43 17.12 2.041 0.678 8 0.19 —106.07 39.61 2596 0.577 15 0.06
—85.09 31.37  2.033 0.678 15 0.92 —105.17 108.76  2.575 0.577 42 0.24
—84.30 820 2.017 0.678 4 0.14 —104.72 52.83 2564 0.577 21 0.19
—83.80 10.12  2.006 0.678 5 0.16 —104.05 50.33 2549 0.577 20 0.24
—83.74 10.29  2.005 0.678 5 0.32 —102.14 9.44 2504 0577 4 0.04
—82.45 14.69 1.977  0.678 7 0.85 —101.69 13.43 2494 0.577 5 0.08
—81.49 41.27 1.957 0.678 21 0.14 —99.22 17.36 2436 0.577 7 0.28
—81.05 18.65 1.948  0.678 10 0.13 —98.66 6.35 2423 0.577 3 0.09
—80.31 14.98 1.932  0.678 8 0.18 G344.23-0.57 —26.41 3412 0.980 0.771 35 1.45
—79.58 7.29 1917 0.678 4 0.25 —24.50 16.40 0954 0.771 17 0.18
—78.85 45.97 1.902 0.678 24 0.89 —23.49 3.65 0941 0.771 4 0.67
—178.07 116.89 1.885  0.678 62 0.40 —22.70 9.47 0930 0.771 10 0.54
—77.67 40.60 1.877 0.678 22 0.20 —21.13 9.59 0911 0.771 11 0.25
G335.55-0.31 —116.75 1439 3.141 0414 5 0.08 —20.45 9.58 0902 0.771 11 0.12
—113.15 10.41 3.046 0414 3 0.09 —19.78 9488 0.895 0.771 106 0.21
G336.01-0.82 —53.41 312.36 1465 0.797 213 1.37 G345.00-0.22 —30.38 2372 0.811 0414 29 7.96
—52.28 21.34 1.443  0.797 15 0.50 —29.93 10.62 0.802 0.414 13 0.16
—48.46 22.16 1.371  0.797 16 0.20 —29.37 6.10 0.791 0414 8 —0.11
—48.01 13.16 1.362  0.797 10 0.41 —29.04 7.58 0.785 0414 10 0.07
—45.09 29.15 1.308  0.797 22 0.22 —28.25 26.73 0.769 0.414 35 1.01
—44.42 3.89 1.296  0.797 3 0.07 —27.69 1726 0.758 0.414 23 0.28
—43.40 3.74 1.278  0.797 3 —0.08 —26.79 68.59 0.741 0414 93 12.01
—42.73 5.56 1.266  0.797 4 0.39 —26.11 79.93 0.729 0.414 110 0.17
—41.94 17.24 1.252  0.797 14 0.61 —25.78 16.52 0.722 0414 23 0.11
—41.38 41.67 1.242  0.797 34 0.30 —23.75 52.12  0.685 0.414 76 4.06
G336.99-0.03 —125.88 23.69 3.212 0.39%4 7 0.31 —22.97 85.27 0.670 0.414 127 14.61
G337.92-0.46 —38.73 29.74 1.046  0.442 28 0.85 —22.52 130.27 0.662 0414 197 10.97
—37.83 21.81 1.026  0.442 21 0.06 —21.50 472 0.644 0414 7 0.18
—37.50 4.75 1.019 0.442 5 0.05 G345.5040.35 —22.73 3.57  0.679 0.461 5 0.01
—36.43 331 0995 0.442 3 0.08 —20.93 456 0.651 0461 7 1.43
G338.93-0.06 —41.99 22.98 1.093  0.365 21 0.69 —19.70 49.14  0.632 0.461 78 4.43
—41.37 8.76 1.079  0.365 8 0.35 —19.14 49.84 0.623 0461 80 2.14
G339.62-0.12 —37.76 38.92 1.017 0418 38 0.09 —18.46 113.39  0.613 0.461 185 3.06
—37.31 28.49 1.007 0.418 28 2.85 —17.67 182.09 0.602 0.461 302 5.80
—36.97 31.43 1.000 0.418 31 1.22 —16.66 80.05 0.588 0.461 136 2.35
—35.74 96.06 0972 0418 99 18.42 —16.55 80.56 0.587 0.461 137 2.80
—34.84 439 0952 0418 5 0.70 —15.65 139.99 0.575 0.461 244 1.68
—33.49 44.16 0923 0418 48 2.87 —14.53 159.02 0.560 0.461 284 2.07
—32.93 81.52 0910 0418 90 0.64 —14.30 17576 0.557 0.461 315 2.08
—32.25 37.19 0.896 0418 42 1.23 —12.95 349 0.541 0461 6 1.05
—31.24 230 0.874 0418 3 0.65 —11.04 244 0520 0.461 5 1.38
—30.57 3.39  0.859 0418 4 0.31
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Table 3 — continued

Table 3 — continued

Source maser ave Om O tms S/N 1 Source maser ave Om O tms S/N I
velocity flux velocity flux
(kms™") dy  dy) dy (kms™") dy  dy  dy
G351.42+0.64 —11.16 1911.15 0.614 0.558 3111 3.68 G10.4740.03 59.45 15.52 1400 0.309 11 0.05
—10.37 3337.34 0.607 0.558 5498 10.37 61.58 433 1.447  0.309 3 —0.13
—-9.92 401.28 0.603 0.558 665 2.63 64.62 8.91 1.516  0.309 6 —0.01
—8.57 11423  0.592 0.558 193 1.48 65.29 10.09 1.531 0.309 7 —=0.04
—7.90 67.38 0.587 0.558 115 2.60 68.21 598 1.597  0.309 4 0.06
—7.34 195.37 0.583 0.558 335 9.56 72.37 24.03 1.690  0.309 14 0.08
—6.89 88.12 0.580 0.558 152 0.96 73.38 16.69 1.713  0.309 10 0.15
—6.55 120.71 0.578 0.558 209 0.47 74.06 14.06  1.728 0.309 8 0.00
—5.88 2145 0.574 0.558 37 11229 75.07 27.73  1.751  0.309 16 0.29
—2.62 30.17 0.562 0.558 54 141 76.31 9.63 1.779  0.309 5 —=0.03
G351.58-0.35 -95.97 7.55 2.135 0.340 4 0.01 G12.68—0.18 51.17 10555 1444  0.736 73 3.36
—95.52 17.59 2.125 0.340 8 0.05 52.24 27496 1467 0.736 187 1.83
-95.07 10.51 2116 0.340 5 0.01 54.32 2696 1.511 0.736 18 1.69
—94.28 46.97 2.099 0.340 22 0.05 54.94 2720 1.524  0.736 18 2.89
—93.72 10.06 2.086 0.340 5 —=0.01 55.50 12.69 1.536  0.736 8 0.64
G351.78-0.54 1.28 160.76  0.341 0.340 472 14.00 57.02  133.21 1.568  0.736 85 1.29
1.73 176.42 0342 0.340 516 9.32 57.58 36228 1.580 0.736 229 2.66
G354.61+0.47 —25.40 1439  0.729 0.518 20 0.66 5842  138.03 1.599 0.736 86 0.93
—24.38 13329 0.715 0.518 186 1.10 58.14 90.58 1.592  0.736 57 1.47
—23.15 123.75 0.698 0.518 177 0.51 59.04 56.34  1.612 0.736 35 3.21
-21.91 12.04 0.681 0.518 18 0.25 59.15 63.76  1.614  0.736 39 4.83
—21.01 7.63 0.670 0.518 11 0.17 59.83 92.01 1.629  0.736 56 8.98
—20.23 457 0.660 0.518 7 0.43 60.73 9.60 1.648 0.736 6 0.79
—18.09 1424 0.634 0518 22 0.35 G12.894-0.49 30.17 387 0.840 0.528 5 0.32
—16.97 59.63 0.621 0.518 96 0.17 31.74 378 0.867 0.528 4 0.44
—16.18 36.08 0.612 0.518 59 0.64 32.75 8.09 0.885 0.528 9 1.12
—14.72 543 0.597 0.518 9 0.22 33.76 41.77 0902 0.528 46 0.29
G359.61-0.24 18.37 494 0492 0.308 10 1.72 34.66 7.59 0918 0.528 8 0.70
19.15 23.10 0.505 0.308 46 0.71 36.57 362 0952 0.528 4 0.99
19.94 21.05 0.519 0.308 41 3.54 37.81 6.69 0975 0.528 7 3.03
20.84 327 0.534 0.308 6 0.29 38.71 2486 0991 0.528 25 1.62
21.85 477 0.551 0.308 9 0.42 39.27 5472 1.001  0.528 55 1.46
22.41 43.08 0.561 0.308 77 0.98 G12.91-0.26 35.42 541 0983 0.542 5 0.18
22.75 48.22  0.567 0.308 85 6.67 35.87 1537  0.992 0.542 15 0.36
23.98 12.01 0.589 0.308 20 0.59 36.20 6.81 0.999 0.542 7 0.31
G9.62+4-0.20 —1.88 19.00 0.767 0.765 25 0.17 37.27 6.58 1.020  0.542 6 0.38
—1.21 29.57 0.766  0.765 39 0.12 38.62 46.68 1.046  0.542 45 0.10
—-0.76 40.77 0.765 0.765 53 1.08 39.35 24482 1.061 0542 231 0.85
—0.42 3421 0.765 0.765 45 0.19 39.80 276.82 1.070 0.542 259 0.54
—0.14 42348 0.765 0.765 554 19.94 G23.01-0.41 72.62 46.27 1.564  0.449 30 0.49
1.26 437475 0.766 0.765 5712 28.95 74.19  283.88 1.595 0.449 178 1.09
1.94 121.33  0.767 0.765 158 1.68 7475  281.86 1.606  0.449 175 1.72
3.12 68.07 0.771 0.765 88 1.04 75.09  311.02 1.613 0.449 193 1.28
5.31 62.19 0.782 0.765 80 0.22 76.55 27.17  1.642  0.449 17 0.31
6.43 12.71  0.790 0.765 16 0.47 78.69 846 1.684 0.449 5 0.13
G10.33-0.17 4.66 13.04 0.517 0.508 25 0.66 79.25 11.73 1.696  0.449 7 0.11
4.99 8.88 0.519 0.508 17 3.04 80.60 37.39  1.723  0.449 22 0.28
6.12 348 0.524 0.508 7 0.44 81.16 55.09 1.734  0.449 32 0.65
6.57 1.59 0.526 0.508 3 0.82 81.72 44.67 1.745  0.449 26 0.26
7.24 5.74 0.530 0.508 11 0.21 82.40 3324 1.758  0.449 19 0.79
8.14 3.50 0.536  0.508 7 0.39 G23.44-0.18 95.86 16.88  2.043  0.636 8 0.81
8.93 2.79  0.541 0.508 5 0.17 96.64 33,53  2.058 0.636 16 0.39
9.94 109.01 0.549 0.508 199 3.04 97.43 18.72 2.073  0.636 9 0.17
10.73 20.30  0.555 0.508 37 0.31 98.11 17.18 2.086 0.636 8 0.27
11.62 89.56 0.563 0.508 159 1.41 102.60 16.26  2.173  0.636 7 0.50
12.41 32.02 0.570 0.508 56 1.53 102.94 54.85 2.180  0.636 25 1.00
13.09 335 0.577 0.508 6 0.50 104.51 10.10 2.210 0.636 5 0.29
13.98 325 0.586 0.508 6 041 104.85 6.78  2.217  0.636 3 0.16
14.66 10.05 0.593 0.508 17 0.59 106.98 6.84 2.258 0.636 3 0.25
15.45 497 0.602 0.508 8 1.49
15.67 524 0.604 0.508 9 0.64
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Table 3 - continued

Source maser ave Om O rms S/N I
velocity flux
(kms™") dy  dy  dy
G35.20-1.74 4098 172.35 1.019  0.407 169 1.00

4143 251.71 1.029 0407 245 0.78
4244  796.83 1.050 0407 759 7.56
43.23 66.72  1.066  0.407 63 2191
43.56 5342  1.073  0.407 50 4.75
44.12 6298 1.085  0.407 58 0.88
44.69  220.19 1.097 0407 201 8.86
46.03 16.14  1.126  0.407 14 0.46

G45.07+0.13 57.77 43.64 1496  0.530 29 0.11
G52.67-1.09 64.60 6.68 1.863  0.505 4 3.18
G59.78+0.06 26.91 1445 0.860 0.438 17 0.00
G78.12+3.63 —8.47 240 0422 0379 6 —0.07

—7.24 8.46 0411 0.379 21 1.24
—6.56 2322 0405 0379 57 1.86
—6.11 40.72 0402 0379 101 3.49
—4.99 233 0394 0379 6 1.03
G81.88+0.78 3.47 53.10  1.031  1.026 51 3.52
403 16092 1.033 1.026 156 14.43
459 23159 1.035 1.026 224 1.92
5.15 10433  1.037 1.026 101 1.04
577 102.13  1.040  1.026 98 0.56
7.12  543.06 1.047 1.026 519 13.41
9.25 2122 1.061  1.026 20 2.62

given in Figs 6-60. Intensity contour plots for sources of particular
interest are given in Figs 61-77, which are available online at
http://www.blackwellpublishing.com/products/journals/suppmat/
MNR/MNR8340/MNR8340sm.htm. The data for the contour plots
were gridded using Barnes smoothing (Kelley 2003) with length
scales of 5 d for the time-axis and 0.05 km s~ for the velocity. This
reduced the noise in the contour plots, compared to the unsmoothed
data shown in the time-series plots. Significant gaps in the data can
cause spurious features in the contour plots, and where these occur
they are blanked out to prevent misinterpretation.

Where maser spot maps are available, we give a summary of the
observed morphology.

G174.20-0.08/AFGL5142 (Figs 6 and 61). The peak at 1.66 km
s~! remained constant at approximately 70 Jy for several years be-
fore before decreasing to about 30 Jy. The feature appears to have
started increasing in flux density towards the end of the period cov-
ered in this paper. Cross-correlation of the time-series at 4.02 and
1.66 km s~! shows a time delay of 98 d. The peak at 0.37 km s~
flared up to 20 Jy at the same time that the main peak reached its
minimum level. There is no significant activity from the other fea-
tures. The contour plot suggests that the intensity variations in the
main peak vary back and forth across the line profile.

G213.71-12.60/MonR2 (Figs 7, 8 and 62). This source shows
the most noticeable changes in spectral line profile. The 10.94
km s~! feature increased in flux density from 150 to 700 Jy over
three years. The behaviour in this feature is correlated with that of
the weaker feature at 10.49 km s~!. Fig. 8 shows the time-series
and range of variation in the spectrum for observations taken from
1997 August to 1998 August. The observing parameters for this
data set are the same as described in MacLeod & Gaylard (1996).
The spectrum is markedly different from that seen in later years,
with the maser feature at 12.24 km s~! dominant. The contour
plot shows that the flares drift across the maser features. Smits

© 2004 RAS, MNRAS 355, 553-584
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Figure 2. Histogram of the variability indices. The top panel shows the full
range of variability indices. The binning interval is 2.5. The most variable
maser features are identified on this histogram. The bottom panel shows the
lower end of the distribution in more detail. The binning interval is 0.2.

et al. (1998) noted a similar phenomenon in the 4.765 GHz hy-
droxyl masers in this source. The spot maps of Minier, Booth &
Conway (2000) show a linear structure 170 mas (130 au at 830 pc) in
extent.

G188.95+0.89/S252 (Figs 9 and 63). All the features in this
source show a simultaneous sinusoidal modulation with a period
of 416 d. The masers spots have a linear arrangement 110 mas
(300 au at 2.2 kpc) in extent, but the position—velocity distribution
is not consistent with a Keplerian disc (Minier et al. 2000). The
contour plot indicates that the range of velocities at which emission
is detectable is expanding at 9.5 to 10 km s~!, possibly owing to the
general slow increase in brightness of the emission.
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Figure 3. Time-series of the —5.88 km s~! feature in G351.424-0.64. This
feature has the highest variability index in the sample.
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Figure 4. Time-series of a moderately variable feature in G345.50+0.35
with other time-series showing progressively less significant variations above
the noise.

G189.03+0.79 (Fig. 10). This source is very weak and the
changes in the time-series are dominated by the noise. No significant
variations are seen.

G192.60-0.05/S255 (Fig. 11). In contrast to the non-varying 4.12
km s~! feature, those at 1.81, 4.62 and 5.41 km s™! are moderately
variable on time-scales of a few months to a year. None of the
features show correlated variations. The spot maps of Minier et al.
(2000) show that the feature at 1.81 km s~! is offset by 180 mas
(500 au at 2.5 kpc) from the rest of the features, which are clustered
within 70 mas (200 au) of each other.
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Figure 5. Variability index plotted against average flux density. Note that
the scales are logarithmic.

G196.45-1.68/S269 (Figs 12 and 64). There appears to be a low
amplitude sinusoidal variation at all features, with a period of 668 d.
However, the time-series is not long enough to confirm the trend.
The spotmaps of Minier et al. (2000) show two groups of masers
separated by 60 mas (240 au at 4 kpc). The most variable feature
at 15.91 km s~! is not visible in these observations. Extrapolation
of the sinusoidal behaviour back to the time of the European VLBI
Network (EVN) observations in 1998 November shows that this
feature would have been at its minimum intensity.

G287.36+0.64 (Fig. 13). All the features appear to be slowly
increasing in strength. The Australia Telescope Compact Array
(ATCA) observations of Walsh et al. (1998) show that all the features
are clustered within 0.04 arcsec.

G291.27-0.71 (Fig. 14). The peaks at —30.43 and —29.64 km s~!
shows a monotonic decrease in flux density. The peak at —29.14 is
not significantly variable.

(G294.52-1.62 (Fig. 15). The peak at —11.90 km s~! is moderately
variable with an overall decrease in flux density, and may be quasi-
periodic, but more data are required to confirm this. The maser at
—8.92 km s~! flared above the detection limit for a few weeks.
The peak at —10.21 km s~! showed a systematic decrease in flux
density then started increasing in flux density. A maser at —8.92 km
s~! flared above the detection limit to a maximum flux density of
9.7 Jy at JD 2452149. It stayed above 2 Jy for about 300 d before
dropping below our detection limit.

G298.26-+0.74 (Fig. 16). This single-peaked source is weak and
not significantly variable to within the noise.

G305.214-0.21 (Fig. 17). The peak at —38.94 km s~ shows a
gradual increase in flux density. The other features have a low vari-
ability index but also show a slow monotonic increase in flux den-
sity. None of the variations appear to be correlated across different
features. The spot maps of Phillips et al. (1998) show a complex
distribution. The features at —45 to —43 km s~! are 22 arcsec away
from the cluster in the range —40 to —35 km s~!, which are clustered
within 0.4 arcsec (300 au at 8 kpc).
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G308.92+0.12 (Fig. 18). This source is not significantly variable
above the noise. The maser spots have a linear distribution (Phillips
et al. 1998) over 0.3 arcsec (1500 au at 5.3 kpc).

G309.92+0.48 (Fig. 19). This source does not show any signifi-
cant variability, except for a slight dip in flux density seen at most of
the features at JD 2451700. The maser spots are in an arc 0.8 arcsec
(4000 au at 5.3 kpc) in extent and show a linear velocity gradient
(Phillips et al. 1998).

G312.11+0.26 (Fig. 20). This source is very weak, with the dom-
inant feature at —49.94 km s~! being only slightly variable above
the noise.

G316.64-0.09 (Figs 21 and 65). The features in the spectrum are
labelled to show the corresponding spots in the maps of Phillips
et al. (1998). Some of the features show a quasi-periodic variation
with a mean period of 321 + 48 d. The contour plot shows clearly
that there are phase lags between different peaks, that at —22.31 km
s~! (I) lagging the brightest peak at —19.84 km s~! (F) by 42 d,
for example. The spot I is offset by 0.1 arcsec (130 au at 1.3 kpc)
from the cluster of spots D, E, F and H, which are separated by
less than 0.05 arcsec (65 au). Features A, B, C and G form another

© 2004 RAS, MNRAS 355, 553-584

cluster about 0.1 arcsec south of the aforementioned cluster. The
variations seen are therefore consistent with the spatial distribution
of the masers.

G318.95-0.20 (Fig. 22). The features in the spectrum are labelled
to show the corresponding spots in the maps of Norris et al. (1993).
This source shows very weak simultaneous modulations superim-
posed on increases or decreases in brightness in different maser
peaks. Features C, B, D and E show a correlated increase in inten-
sity and are in a cluster 0.07 arcsec (140 au at 2 kpc) in extent. The
other maser features are scattered over a region 4.5 arcsec (9000 au)
in extent.

G320.23-0.29 (Fig. 23). The peaks at —62.26, —61.47 and
—61.92 km s~! show simultaneous, sporadic flares. The other fea-
tures are not variable to within the noise. The spot map of Walsh
et al. (1998) shows the maser spots scattered loosely over an area
of 0.4 arcsec (1900 au at 4.7 kpc). The spots showing correlated
variations are on the western side of the cluster and separated by
less than 0.2 arcsec (900 au).

G322.16+0.64 (Figs 24 and 66). This source is complex and
highly variable. The correlated flares occur in all the features, but
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Figure 20. (a) Range of variation in spectrum of G312.11+40.26. The solid, dashed and dotted lines are the averaged spectrum, the upper envelope and the
lower envelope, respectively. (b) Time-series for selected velocity channels.

120

100

Flux density (Jy)

‘..l. e
L]

-14

T RIS
I.I.I.I.I.I.

26 24 22 20 -18
v, (kms")

-16

100
=
-
2
R%
=
Q
o
><
=
=

10

(b)

T 1T 7 U L B
- V%VV vaw
- &ﬁ%& W@W
. Pl
- L] " "] v. # a
S n G [ oy ‘ﬂ
M, SR e
& 4 4,
REA By o &‘“‘}.3 £
Ao RS ° ¢ o &
— o® 08P o 0o %o o°
L A4 KRS
I T I AT ST

B 2231kms
iy 19 -21.75kms
R 1 _"*' 14 2119kms]

b 1 <2029 ks
- At gpa [V -1084kms
% s s
Asa
¥
GO
ry *®

11200 11400 11600 11800 12000 12200 12400 12600

JD - 2440000
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Figure 24. (a) Range of variation in spectrum of G322.1640.64. The solid, dashed and dotted lines are the averaged spectrum, the upper envelope and the

lower envelope, respectively. (b) Time-series for selected velocity channels.

the strength of the flares varies between different features. The flares
are quasi-periodic with a mean interval of 176 + 30 d between
maxima. The contour plot makes phase lags in the flares in different
peaks more evident than the time-series plot. This can be seen in
comparing the contours for the peaks at —54.6 and —56.4 km s~
and —62.1 and —63.1 km s~

G323.77-0.21 (Fig. 25). This source is moderately variable. The
variations appear to occur simultaneously and with similar percent-
age amplitudes at all the features. One noteworthy flare occurred
around JD 2451770, when the dominant feature flared from 4000 to
5800 Jy and then decreased to its pre-flare levels. The time-series
suggest that there may be a preferred interval between maxima in
the variations of about 150 d. The feature at —53.09 km s~! showed
a slow increase in mean flux density, in addition to the correlated
flares. The features from —52.5 to —47.5 km s~! lie in a curve span-
ning 0.15 arcsec, with a linear velocity gradient, while the feature
at —53.09 km s~! is offset by 0.25 arcsec (750 au at 3 kpc) (Norris
et al. 1993; Phillips et al. 1998).

G328.81+0.63 (Fig. 26). All the features in this source show
the same trend of a slow monotonic increase in flux density,

© 2004 RAS, MNRAS 355, 553-584

even though most of the features have a low (I < 1) vari-
ability index. It has a linear spot distribution covering 1 arc-
sec (3100 au at 3.1 kpc) but no velocity gradient (Norris et al.
1998).

(G328.24-0.5 (Figs 27 and 67). Recent Australian Long Baseline
Array (LBA) observations by Dodson, Ojha & Ellingsen (2004)
show that there are three centres of emission are seen in the beam of
the HartRAO telescope. G328.254—0.532 covers the velocity ranges
from —37 to —39 km s~! and —50 to —49 km s~'. These masers
are moderately variable. G328.237-0.548 covers the velocity range
from —42 to —47 km s~! and has an angular extent of 300 mas (900
au at 3 kpc). The feature at —44.28 km s~! shows variations with
a period of 216 d and this is seen, but less clearly, in the weaker
emission from the other features in this cluster. G328.327-0.548W
has emission in the range —31 to —37 km s~! but is too weak to
monitor with the HartRAO antenna.

G331.13-0.24 (Figs 28 and 68). The spectra are labelled to show
the corresponding spots in the map of Phillips et al. (1998). There
are three sets of maser features: A to F form a cluster 0.2 arcsec
(960 au at 4.8 kpc) in extent, G is 0.3 arcsec (1400 au) south of the
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Figure 29. (a) Range of variation in spectrum of G331.28-0.19. The solid, dashed and dotted lines are the averaged spectrum, the upper envelope and the

lower envelope, respectively. (b) Time-series for selected velocity channels.

main cluster while H and I are at 0.5 arcsec (2400 au) to the west of
the main cluster. This source is highly variable. The features B to
F show simultaneous periodic flares with an apparent period of 572
d, while G and I show similar behaviour but with a period of 472
d. The other maser features are too weak to monitor. The contour
plot shows the behaviour very clearly. The features at —91.56 and
—90.77 km s~! are below the detection limit for almost 50 per cent
of the cycle.

G331.28-0.19 (Fig. 29). Most of the features are not significantly
variable, except for the feature at —85.09 km s~!, which had been
gradually decreasing in flux density since the start of the monitor-
ing program. However, the maser feature started increasing in flux
density towards the end of the observing period. The spots form
an elongated cluster spanning 0.1 arcsec (500 au) on the long axis
(Phillips et al. 1998). The variable feature does not appear to be
offset from the other maser spots.

G335.55-0.31 (Fig. 30). This source is very weak and shows no
variability to within the noise.

G336.01-0.82 (Fig. 31). The features are not significantly vari-
able, except for the feature at —53.41 km s~!, which has shown an

© 2004 RAS, MNRAS 355, 553-584

overall decline in intensity coupled with small amplitude, irregular
variations throughout the monitoring period. This maser spot is at
the northern edge of a loosely scattered cluster of spots and 0.05
arcsec from the nearest maser spot (Walsh et al. 1998).

G336.99-0.03 (Fig. 32). The feature at —125.88 km s~' shows
sporadic flares at intervals of 200 to 400 d, causing changes in
intensity of up to 50 per cent. The other features are very weak and
show no variation to within the noise.

G337.92-0.46 (Fig. 33). The peak at —38.73 km s~! increased
from 20 to 50 Jy and then decreased back to 20 Jy after about 1.5 yr.
In contrast, the —37.83 km s~! feature showed only slight variations
during this period. The spot map of Walsh et al. (1998) shows these
maser spots separated by 0.16 arcsec (500 au at 3 kpc).

(G338.92-0.06 (Figs 34 and 69). The —41.99 km s~ feature shows
remarkable, high-amplitude variations with a period of 132 d, which
are well visualized in the contour plot. The time-range of the obser-
vations covers 12 cycles. The weaker maser feature at —41.37 km
s~! shows only slight indications of this periodicity.

G339.62-0.12 (Figs 35 and 70). The spectrum is labelled to
show the corresponding spots in the map of Walsh et al. (1998). The
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lower envelope, respectively. (b) Time-series for selected velocity channels.

majority of the peaks in this source are variable. The group of fea-
tures in the velocity range from —38 to —35.5 km s~! (D-G) show
simultaneous periodic flares with a period of 202 d. In the peak at
—35.74 km s~! (E), a flare lasting from JD 2451700 to 2452100 is
superimposed on this behaviour. The features from —32 to —34 km
s~! (A—C) show much smaller variations, which appear to lag behind
those of the other group. The maser at —32.25 kms~' (A) underwent
a very rapid fall from 40 to 20 Jy at JD 2452200, followed by a slow
recovery. The contour plot assists considerably in visualizing the
variations. The spatial distribution of the maser spots is complex,
but the clustering of the maser spots is consistent with the variabil-
ity seen. Features A, B and C are clustered together with an angular
extent less than 0.1 arcsec. Features D, E and F are 0.6 arcsec away
(1800 au at 3 kpc). G is directly north of D—F and about 0.3 arcsec
from both A—C and D-F. However, the position uncertainty in the
ATCA spot map is of the order of 0.1 arcsec. High-resolution maps
of this maser region will be needed to interpret the correlations and
time-delays in the periodic flares.

(G339.88-1.26 (Fig. 36). The majority of the features in this source
are not significantly variable. The velocity features at —38.81 and
—35.21 km s™! have been showing a slow decrease in flux density

over the monitoring period. The feature at —33.19 km s~! shows a
monotonic increase in flux density from 79 to 143 Jy. The feature at
—32.29 km s~! remained relatively constant at 75 Jy until about JD
2452200, after which it decayed to 15 Jy, but it may have begun to
recover near the end of the monitoring period. The maser spots have
a linear distribution spanning 0.7 arcsec but do not show a velocity
gradient (Norris et al. 1998).

G340.79-0.10 (Fig. 37). This source has a complex spectrum in
which the features in the range —110 to —106.5 km s~ are highly
variable, but those at less negative velocities are essentially constant.
The feature at —107.09 km s~! initially had a flux density of 140 Jy
but decayed monotonically to about 2 Jy. The spot maps of Phillips
et al. (1998) show a complex distribution covering 0.6 arcsec. Be-
cause the spectral features show strong velocity blending, high-
resolution maps at each velocity channel will be necessary in order
to interpret the variability.

(G344.23-0.57 (Fig. 38). The feature at —26.41 km s~! is moder-
ately variable, but the remainder show little or no variation to within
the noise. The maser spots lie in a curve 1 arcsec in extent but show
no velocity gradient (Walsh et al. 1998). The variable feature is
0.2 arcsec from the nearest maser spot.

© 2004 RAS, MNRAS 355, 553-584
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Figure 38. (a) Range of variation in spectrum of G344.23-0.57. The solid, dashed and dotted lines are the averaged spectrum, the upper envelope and the

lower envelope, respectively. (b) Time-series for selected velocity channels.
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Figure 39. (a) Range of variation in spectrum of G345.00-0.22. The solid, dashed and dotted lines are the averaged spectrum, the upper envelope and the

lower envelope, respectively. (b) Time-series for selected velocity channels.

G345.00-0.22 (Figs 39 and 71). The masers are highly variable,
with simultaneous flares. The most extreme behaviour is seen in
the feature at —30.38 km s~!, which ranged from 5 to 70 Jy. By
contrast with the strongly varying bright peaks, the weakest peak
plotted in the time-series, at —29.93 km s~!, shows the least variabil-
ity. The contour plot shows that two flares across the whole spectrum
stand out at JD 2451800 and 2452540. The spatial distribution of
the spots is complex, with two distinct groups of spots seen (Walsh
et al. 1998). However, the peak velocities listed by Walsh et al.
(1998) do not correspond to those seen in the HartRAO spectra and
it is not possible to identify the maser spots without a reference
spectrum. It is likely that the relative intensities of the masers have
changed considerably since the ATCA observations in 1994/1995.
The velocity features appear to be heavily blended, thus high-
resolution maps at each velocity channel are necessary to understand
the structure of this maser source.

G345.50+0.35 (Figs 40 and 72). This source is highly variable.
The different features show the same pattern of flares but the pro-
gression of the flares varies. There appears to be a slight time-lag
in the flares across the spectrum, with the maxima occurring first at
—17.67 km s~!. The maser spots have a complex distribution (Walsh

© 2004 RAS, MNRAS 355, 553-584

etal. 1998) with no obvious correlation between the spatial distribu-
tion and the time-lags. However, the uncertainty in the ATCA maps
is of the same order as the separation between maser spots.

G351.42+0.64/NGC6334F (Fig. 41). The feature at —5.88 km
s~! has the highest variability index in the entire sample. It is be-
low the detection limit for most of the monitoring period. The three
brightest masers show a very slow increase in brightness, but with
very little short term variability. The two weaker features at —7.34
and —2.62 km s~! show well correlated variations. The maser spots
occur in a line, but a position—velocity diagram shows two lines
with opposite slopes, implying the presence of two Keplerian discs
with opposite rotations (Norris et al. 1998). Higher resolution maps
will be necessary for further analysis because there is a high degree
of blending in the spectral features, as evidenced by differing be-
haviour in the time-series, but the existing spot maps only show a
few features.

G351.58-0.35 (Fig. 42). The variability indices indicate that this
source is not variable to within the noise. Visual inspection of the
data indicates a possible weak modulation of the time-series of the
—94.28 km s~! feature but the amplitude would be of the order of
1 Jy, which is less than the expected calibration error of 2.1 Jy. The
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Figure 40. (a) Range of variation in spectrum of G345.504-0.35. The solid, dashed and dotted lines are the averaged spectrum, the upper envelope and the
lower envelope, respectively. (b) Time-series for selected velocity channels.
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Figure 41. (a) Range of variation in spectrum of G351.42+40.64. The solid, dashed and dotted lines are the averaged spectrum, the upper envelope and the
lower envelope, respectively. (b) Time-series for selected velocity channels.
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Figure 43. (a) Range of variation in spectrum of G351.78-0.54. The solid, dashed and dotted lines are the averaged spectrum, the upper envelope and the

lower envelope, respectively. (b) Time-series for selected velocity channels.
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Figure 44. Monitoring data for G351.78-0.54 in the years 1992 to 1998. (a) Range of variation in the spectrum. The solid, dashed and dotted lines are the
averaged spectrum, the upper envelope and the lower envelope, respectively. (b) Time-series for selected velocity channels.

maser spots have a complex distribution (Walsh et al. 1998) with an
angular extent of over 2 arcsec. The variable feature is at the edge
of the cluster and 0.4 arcsec (2700 au at 6.7 kpc) from any of the
other maser features. It is likely that this maser is associated with a
different exciting source from the other masers.

G351.78-0.54 (Figs 43, 44, 73 and 74). This source is highly
variable. The two peaks show uncorrelated, cyclical behaviour with
a characteristic time-scale of about three months. The flares in the
peak at 1.21 kms~' show a delay in the progression of the flare across
this peak. The flares start at the higher velocities, with the intensi-
ties at lower velocities gradually increasing. The rate at which the
flare propagates through the maser feature varies from one flare to
another. This behaviour was first reported by MacLeod & Gaylard
(1996), for observations from 1993 to mid-1995, and interpreted
by them as being caused by a clumpy outflow passing behind an
extended maser structure. The HartRAO data set for this source
includes data from 1992 to 1998, with observation parameters as
described in MacLeod & Gaylard (1996). The time-series shown in
Fig. 44 and the intensity contour plot in Fig. 74 covers the time-
range 1992 September to 1998 February. The behaviour in the two
monitoring periods is essentially the same. However, the gradual

© 2004 RAS, MNRAS 355, 553-584

overall decay in intensity in the first period was reversed in the sec-
ond. The contour plots provide a clearer indication of the behaviour,
and how it differs in the two peaks. The maps of Norris et al. (1998)
show only two maser spots corresponding to each of the two ve-
locity peaks. Higher resolution observations would need to be done
in order to determine whether the maser features do in fact have an
extended structure.

G354.61-0.47 (Fig. 45). This source is moderately variable,
with simultaneous variations being most evident in the flares at
JD 2451610 and 2452350. The weak blended ‘shoulder’ at —25.40
km s~! shows the largest relative variation. The feature at —16.18
km s~! nearly doubled in strength during the monitoring period, but
showed the least relative change when flares occurred in the other
peaks.

G359.61-0.24 (Fig. 46). The variations at different features are
uncorrelated. The 22.41 km s~! feature initially had a flux density
of 118 Jy but has steadily decayed to about 15 Jy at the end of the
monitoring period. The 18.37 km s~ feature underwent one flare,
but stayed unvarying to within the noise otherwise. The logarithmic
scale used of necessity in the time-series plot does not make apparent
the very large range in amplitude that occurred in the masers in this
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source — it is more evident in the upper and lower envelopes in the
plot of the spectrum.

G9.62+4-0.20 (Figs 47 and 75). The strongest features in the
spectrum show periodic flares with a period of 246 d. Data for
the first seven flares observed at both 6.7 and 12.2 GHz was pre-
sented in Goedhart, Gaylard & van der Walt (2003). A time-delay
of ~30 d can be seen in the flares at 1.21 and —0.14 km s~'.
The flares at 1.2 km s~! are simultaneous at 6.7 and 12.2 GHz.
This source has been imaged at 6.7 GHz using ATCA (Phillips
etal. 1998; Walsh et al. 1998) and at 12.2 GHz using the Very Long
Baseline Array (VLBA) (Minier et al. 2000). The close correlation
of the flares at 6.7 and 12.2 GHz indicates that the two species
of masers are probably spatially coincident. However, the existing
low-resolution spot maps at 6.7 GHz show no correspondence to
the high-resolution 12.2-GHz maps. The —0.14 km s~! feature is
offset from the 1.21 km s~! feature by 90 mas (500 au at 5.7 kpc)
in the 12.2-GHz maps. Comparison of the scales of the maps from
the ATCA and the VLBA show that low-resolution maps may be
misleading if used to interpret time-delays in maser features.

G10.33-0.17 (Fig. 48). This source is moderately variable with
the three groups of features in the ranges 4-6, 9-13 and 14-16

km s~! showing different behaviours. The spot maps of Walsh et

al. (1998) show three complexes, corresponding to the grouping in
velocity. The variability is consistent with the maser groups being
in different regions of the star formation complex.

G10.4740.03/ W31 (Fig. 49). This source exhibits only very
gradual variations in the various maser peaks. However, when it
was first discovered, Menten (1991) reported a peak flux of 823 Jy,
yet the observations of Caswell et al. (1995) show a peak flux of 61
Ty for the 75.07 km s~! feature and it has stayed at ~30 Jy for the
duration of the HartRAO monitoring program.

G12.68-0.18/W33B (Fig. 50). All the maser peaks show quasi-
periodic, simultaneous variations with a time-scale of approximately
307 £ 60d.

G12.8940.49 (Figs 51 and 77). This source exhibits little vari-
ability above the noise except for the 39.27 km s~! feature, which
shows evidence of a rapid ‘flickering’ that has not been fully sam-
pled with our time interval of 1-2 weeks. This variation appears
not to be due to calibration errors or noise since a weaker feature
at 33.76 km s~! shows no evidence of this behaviour. The maser
spots have a complex distribution (Walsh et al. 1998) with most of
the maser spots clustered in an area less than 0.2 arcsec in extent.

© 2004 RAS, MNRAS 355, 553-584
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Figure 47. (a) Range of variation in spectrum of G9.62+-0.20. The solid, dashed and dotted lines are the averaged spectrum, the upper envelope and the lower
envelope, respectively. (b) Time-series for selected velocity channels.

150

Flux density (Jy)
S
S

wn
(=}

| T | T | T T | T | T | T | T
A mBlhaas, A A a4

100 = » “""’vaw&vw 4 Xpppr '

- %VV# L4 =

zZ [ PP byt paat R S U
§la < ® 466kms
g - : %fﬂ‘ %«3@% G 44 5%1“* < = 499 kﬂii
= n [ + Qegtt te . 7.24km.s |

? pre 9.94 k.

S 10 &%+ + + :‘ ?.'!il ‘&‘5 e e 9 1073?11:.3:
c 19 11.62km.
E C s f.;i‘; +&> ‘5‘%%6&3 . o 2 <>g .°& P % o 4» 1;41 ks
— B KT o 0k 0 Ce m, QPP 1+ 14.66kms"

C ° £ "o i

© o o 0 P 00 ]
L L3 o o "I | .
L4 s B °
- [ ] —
® <
® v 1S

11200 11400 11600 11800 12000 12200 12400 12600
JD - 2440000

Figure 48. (a) Range of variation in spectrum of G10.33-0.17. The solid, dashed and dotted lines are the averaged spectrum, the upper envelope and the lower
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lower envelope, respectively. (b) Time-series for selected velocity channels.
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channels.

The non-varying maser feature is offset by 1.5 arcsec from the main
cluster.

G12.91-0.26/W33A (Fig. 52). The two main features at 39.35
and 39.80 km s~! show very little variation. The feature at 35.87 km
s~! increased monotonically from 12 to 20 Jy. The features from
35 to 37.5 km s~! are part of a cluster less than 0.1 arcsec in extent
(Walsh et al. 1998) but the error on the positions is greater than the
extent of the cluster.

G23.01-0.41 (Fig. 53). The dominant features at 74.19, 74.75 and
75.09 km s~!' show simultaneous low-amplitude short-term varia-
tions, but different long-term trends.

G23.44-0.18 (Fig. 54). This sources shows moderate, uncorre-
lated variations. The peak at 102.94 km s~! shows slow variations
with a time-scale of about 2.5 yr. The 96.64 km s~ feature shows a
monotonic increase from 30 to 40 Jy, while the 95.86 km s~! feature
was constant at 20 Jy until JD 2452050, then decreased steadily to
8 Jy.

G35.20-1.74 (Fig. 55). The maser peaks show independent long-
term changes, but the 100-d long flare peaking at JD 2452060 oc-
curred simultaneously in several of the features. The largest varia-
tion was seen in the 43.23 km s~! peak, which initially rose from
35 to ~100 Jy then decayed monotonically to a level of 5 Jy. The
maps of Minier et al. (2000) show two groups of masers with linear
structures covering 400 mas (1500 au at 3.4 kpc) but neither have a
velocity gradient. The highly variable feature at 43.23 km s~! is not
present in the spectrum of the EVN observations in 1997 May. The
start of the HartRAO time-series shows this feature slowly increas-
ing strength from a minimum of 35 Jy, so it probably was below the
detection limit in 1997.

G45.074-0.13 (Fig. 56). This single-peaked source shows a low
amplitude, possible sinusoidal variation. However, the period of
the variation would be of the order of four years, with only one
cycle observed. A longer time-series is necessary to confirm this
trend.

© 2004 RAS, MNRAS 355, 553-584
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G52.67-1.09 (Fig. 57). This source is moderately variable —
sometimes decreasing in flux density until it is below the detec-
tion limit, but the S/N is too low to make definitive statements on
the nature of the variability.

G59.784-0.06 (Fig. 58). The single feature strong enough for
variations to be seen above the noise level has been increasing mono-
tonically in flux density.

G78.12+43.63 (Fig. 59). This source may be variable but the S/N
of the observations is too low to be definitive as it was always ob-
served at a low elevation.

G81.88+40.78/W75N (Fig. 60). All of the features show simul-
taneous irregularly spaced flares with differing amplitudes.

4.3 Summary of results

The most significant result is the discovery of clear periodicity in the
time-series of a number of maser sources in the sample. However,
all the potential types of behaviour described in the introduction are
seen in this sample, as follows.

(1) Non-varying masers are seen in G309.92+0.48, G318.95-
0.20, G335.55-0.31, G339.88-1.26, G340.79-0.10, G344.23-0.57,
G351.424-0.64 and G12.91-0.26.

(i1) Some maser features show a steady increase in flux density,
e.g. in G213.71-12.60, G287.36+0.64, G305.214-0.21, G318.95-
0.20, G323.77-0.21, G328.81+0.63, G328.24-0.55, G339.62-
0.12,G339.88-1.26,G23.44-0.18, G35.20-1.74 and G59.78+-0.06.

(iii) Conversely, a generally steady decrease in brightness oc-
curs in maser features in G291.27-0.71 and G359.61-0.24. A fea-
ture in G340.79-0.10 nearly fitted this description, but its decay
from 100 to a few Jy may have turned around during the last
few hundred days of monitoring. A rapid decline was also seen
in a maser in G35.20-1.74, again down to the level of detectabil-
ity. The asymmetry between the number of maser peaks showing
steady increases and those showing steady decreases hints that the
growth phase of masers may be long and the decay phase much
shorter.

(iv) Variability is seen on all time-scales that could be sampled
effectively in this programme, down to the apparent variations in
G12.894-0.49 on a time-scale of less than one week.
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Figure 57. (a) Range of variation in spectrum of G52.67-1.09. The solid, dashed and dotted lines are the averaged spectrum, the upper envelope and the lower
envelope, respectively. (b) Time-series for selected velocity channels.
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Figure 58. (a) Range of variation in spectrum of G59.78+0.06. The solid, dashed and dotted lines are the averaged spectrum, the upper envelope and the
lower envelope, respectively. (b) Time-series for selected velocity channels.
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Figure 59. (a) Range of variation in spectrum of G78.12+3.63. The solid, dashed and dotted lines are the averaged spectrum, the upper envelope and the
lower envelope, respectively. (b) Time-series for selected velocity channels.
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Figure 60. (a) Range of variation in spectrum of G81.88+4-0.78. The solid, dashed and dotted lines are the averaged spectrum, the upper envelope and the

lower envelope, respectively. (b) Time-series for selected velocity channels.

(v) Much of the variability is aperiodic and it may occur indepen-
dently in individual maser peaks in a given source, or be correlated
across a number or all of the peaks. In some cases the variations
are delayed by varying amounts in different peaks. Extremely large
amplitude flares occur occasionally, the most extreme example be-
ing the —5.88 km s~! feature in G351.42+0.64, and variations of a
factor of two in brightness are common.

(vi) The majority of sources are significantly variable but show
no predictable pattern, e.g. G213.71-12.60, G345.00-0.22 and
G10.33-0.17, i.e. are aperiodic. Flares (high amplitude increases
in flux density) tend to last between 2—4 months to more than a year.
The time between flares ranges from weeks to years.

(vii) In several sources, the intervals between maxima in the vari-
ations appear constrained within a limited range, and we label these
quasi-periodic variables. Examples are G316.6-0.09 (321 + 48 d
mean interval between maxima, 3.3 cycles observed), G12.68-0.18
(307 £ 60 d, 4.9 cycles).

(viii) Variations that appear to be strictly periodic occur in
G188.954-0.89 (416 d, 3.5 cycles), G196.45-1.68 (668 d, 2.2 cy-
cles), G328.237-0.548 (216 d, 6.8 cycles), G331.13-0.24 (470 d,
3.1cyclesand 572 d, 2.8 cycles), G338.92-0.06 (132 d, 11.4 cycles),
G339.62-0.12 (202 d, 7.5 cycles), G9.624-0.20 (246 d, 6.1 cycles).
In the shorter period variables in which a substantial number of cy-
cles have been observed (e.g. 11 in G338.92-0.06), the periodicity
is quite unambiguous and the period is well determined. Where only
a few cycles have been monitored (e.g. two in G196.45-1.68), the
possibility remains that the variations may turn out not to be strictly
periodic on longer time-scales, and these may be considered prob-
ably periodic. The waveforms exhibited by this set of masers are
far from uniform. For G188.95+0.89, and G196.45-1.68, the data
are reasonably well modelled by a sinusoid. In G331.13-0.24 the
profile is much sharper and resembles a repetitive ‘UUUU’, while
G338.92-0.06 has the inverse waveform, ‘NNNN’. In G9.62+0.20
quiescent intervals are punctuated by short, rapidly rising flares that
decay more slowly. G328.237-0.548 appears to be intermediate be-
tween the waveforms of G331.13-0.24 and G9.62+0.20. However,
a detailed analysis of the quasi-periodic and periodic masers is be-
yond the scope of this paper and will be discussed in Goedhart
et al. (in preparation).

(ix) Visual inspection shows velocity shifts in maser peaks (as
seen in some water masers) do not occur over a 4-yr time-scale.

Where the emission peak does shift in velocity, the repetitive na-
ture of the events, as in G351.78-0.54 and G213.71-12.60, suggest
that it is not the maser spots themselves that are changing veloc-
ity, as noted in the former case by MacLeod & Gaylard (1996),
but is more likely to be due to sequential flaring along a string of
masers.

(x) There does not appear to be a correlation between types of
maser variability and the linear or complex distributions of the maser
spots.

5 DISCUSSION

Caswell et al. (1995) stated that about 75 per cent of the maser
features in their survey sample showed no significant variability
and even the most variable features did not have very high amplitude
variations. They speculated that this implies that the maser gain is
not very dependent on changes in the path length. From the results of
the HartRAO study, it is clear that methanol maser variability may be
more widespread than initially thought; 55 per cent of the 372 maser
features analysed have a variability index greater than 0.5, indicating
significant variability. As in the Caswell et al. (1995) sample, the
ratio of minimum to maximum amplitude for most sources is less
than 2, but some sources show spectacular variations with more than
a 30-fold increase in flux density (as in the case of G331.13-0.24),
or more than 250 times (for G351.42+0.64).

The general level of variability seen in this sample is similar
to that seen in hydroxyl masers. They generally show moderate
variability on long time-scales Sullivan & Kerstholt (1976), Smits
(2003), with some notable exceptions such as S269, where the flux
density increased by more than 260 times (Clegg & Cordes 1991;
Clegg 1992). However, the remarkable periodic and quasi-periodic
variations seen here have not been identified in hydroxyl masers.
The behaviour labelled as periodic in several water masers has only
been seen on monitoring over decades; periods of the order of a
year, as seen in these methanol masers, are not recorded in water
masers.

There is little similarity to other behaviour noted in water masers,
which show extremely strong outbursts with increases in flux density
ranging from 40 per cent to more than 1840 per cent and have gradual
changes in velocity (Brand et al. 2003; Hunter et al. 1994; Liljestrom
etal. 1989). Water maser spectra also tend to change completely over
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the years, with some features disappearing completely and new ones
appearing. The only methanol maser source that showed this sort
of change in its spectral profile was G213.71-12.60 (Mon R2). In-
terestingly, Smits (2003) reported spectacular flaring in the excited
hydroxyl maser in this source, but there is apparently no correlation
with the methanol maser variability (D.P. Smits, private communi-
cation). The source G351.78-0.54 also displayed high but uncor-
related variability in the main-line hydroxyl and methanol masers
(MacLeod & Gaylard 1996). The similarity between the hydroxyl
and methanol maser behaviour is consistent with the masers arising
in similar regions. However, the lack of correlated variations is sig-
nificant, as it is believed that the masers are radiatively pumped by
the same mechanism (Cragg, Sobolev & Godfrey 2002). It could be
that the variations are due to extremely localized changes in path
length or density, or there are changes in the level of the seed photons.
There is also evidence that hydroxyl masers may be prone to radia-
tive instabilities which lead to short-term variations of the order of
minutes or hours (Scappaticci & Watson 1995; Xu et al. 2000). Such
rapid variations have not been seen in any of the sources observed
from horizon-to-horizon during gain-curve calibration at HartRAO.
However, one of the masers features in the source (G12.89+0.49)
shows evidence of rapid variations with time-scales less than a
week.

The time-scales of variation may shed light on the processes af-
fecting the masers. Short-lived random flares may be due to turbu-
lence in the molecular cloud if these variations are not correlated
across different features, or changes in the stellar luminosity if all
maser features in the region are affected. Itis also possible that short-
term correlated variations may be due to interstellar diffraction or
refraction. However, interstellar scintillation can only occur when
the size of the maser region is similar to the scale size of the density
fluctuations in the interstellar medium. If the angular separation be-
tween maser spots is larger than the scale size, the variations due to
interstellar scintillation would not be correlated between different
maser spots.

Longer-lived flares, especially those which cause major changes
to the spectral features, as in G213.71-12.60, indicate a far greater
disturbance of the medium. These may be caused by outflows or
shock waves passing through the masing region. Proper motion
studies of 6.7-GHz methanol masers are still in their early stages
and insufficient data is available at the moment to support any ex-
planations of observed variability. Studies of maser variability also
need to be combined with multiwavelength observations designed
to probe the structure of the cloud and find the location of the star
exciting the masers. Are the variations linked with outflows? Studies
of northern hemisphere sources indicate that outflows can indeed be
found towards newly formed massive stars (Beuther et al. 2002).
However, the majority of the sources in the HartRAO sample are far
south and have not been searched for outflows as yet.

Sometimes correlated variations across several different features
can be seen combined with flares restricted to one feature. This indi-
cates that there are changes taking place locally, such as turbulence,
as well as more widespread changes. The correlated variations are
likely to originate in changes in the radiation coming from the central
region, as spatially separated features are unlikely to be affected in
exactly the same way by local turbulence. Comparison with existing
spotmaps shows that, in general, maser features with separations of
less than 0.2 arcsec show correlated variations. The clustering seen
in maser features is also consistent with correlated variability. How-
ever, it is clear from comparison of ATCA results with those from
the EVN and LBA that higher resolution observations are necessary
to understand uncorrelated or time-delayed variability. For exam-
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ple, G328.24-0.5 was initially reported by Norris et al. (1993) as
being two sources separated by 1 arcmin. Phillips et al. (1998) sub-
sequently resolved the southern source into two clumps on either
side of an unresolved H1 region and separated by approximately
0.4 arcsec, leading them to believe that the masers were associated
with the same H niregion. However, the LBA observations of Dodson
et al. (2004) lead them to conclude that the two sites are unrelated.
This is consistent with the observed variability, where one group of
maser features is periodic.

The quasi-periodic masers indicate that there is some mechanism
that is driving the variations which is repetitive, but not deterministi-
cally so. A possible mechanism might be density waves propagating
in the accretion disc assumed to be present at this stage around the
forming star (Durisen et al. 2001).

Masers with a strictly periodic variation must be driven by a de-
terministic mechanism. The possible mechanisms will be discussed
in detail in Goedhart, Gaylard & van der Walt (in preparation). The
range of periods is not consistent with any known type of pulsating
star listed in the General Catalogue of Variable Stars (Kholopov
et al. 1985). The infrared pump photons reaching the maser region
could be modulated by a disc-outflow system; the simulations of
Ouyed, Clarke & Pudritz (2003) show that outflow jets can develop
acorkscrew structure or wobbling motion. However, high-resolution
multiwavelength observations show no evidence of outflows associ-
ated with the periodic source G9.62+0.20E. Most plausible is that
the system contains more than one massive object, so that orbital
motion of the object(s) around high mass protostar modulates the
masers. Such a system could cause modulation in either the pump
or the seed photons. The stars in a very young UC H 11 region would
be embedded in an ionized plasma. One or both of the stars could
have supersonic velocities relative to the plasma, creating shock
waves. Changes in the viewing angle of the shockwave during an
orbit could cause periodic modulation of the emission propagated
out to the maser region. While this mechanism provides the requi-
site period, a full explanation needs to account for the variety of
waveforms observed, the fact that not all the maser peaks may be
modulated with the same period, and that substantial phase lags can
occur between different maser peaks.

In summary, this programme has provided four years of monitor-
ing data containing typically 150 data points for each of 369 maser
peaks in 54 6.7-GHz methanol masers. Unsuspected behaviour has
been discovered in the form of periodic and quasi-periodic varia-
tions, and the general level and time-scales of variability has been
quantified.
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