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ABSTRACT

10 new class II methanol masers from the 6.7-GHz Methanol Multibeam survey catalogues
IIT and IV were selected for a monitoring programme at both 6.7 and 12.2 GHz with the
26-m Hartebeesthoek Radio Astronomy Observatory radio telescope for 2 yr and 9 months,
from 2012 August to 2015 May. In the sample, only masers associated with G339.986—0.425
were found to show periodic variability at both 6.7 and 12.2 GHz. The existence of periodic
variation was tested with four independent methods. The analytical method gave the best
estimation of the period, which was 246 £ 1 d. The time series of G339.986—0.425 show
strong correlations across velocity channels and between the 6.7- and 12.2-GHz masers. The
time delay was also measured across channels and shows structure across the spectrum which

is continuous between different maser components.
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1 INTRODUCTION

The two brightest class II methanol maser transitions (6.7 and
12.2 GHz) are now known to be uniquely associated with a very
early phase of high-mass star formation and to be reliable tracers of
high-mass young stellar objects (YSOs; Ellingsen 2006). It has been
postulated from the maser morphologies that they could be tracing
a circumstellar disc or torus (e.g. Norris et al. 1993; Phillips et al.
1998; Minier, Booth & Conway 2000; Bartkiewicz et al. 2011),
or collimated outflows associated with the high-mass YSO (e.g.
Minier et al. 2000). Multiple epoch and monitoring observations of
the 6.7- and 12.2-GHz masers in many star-forming regions have
shown that the masers are variable and in some cases highly vari-
able (e.g. Caswell, Vaile & Ellingsen 1995a; Caswell et al. 1995b;
MacLeod & Gaylard 1996). Since the masers are sensitive to the
physical conditions in the circumstellar environment, the observed
variability of the masers must tell us something about changes ei-
ther in the physical conditions where the masers operate or in the
conditions of the region where the seed photons, which stimulate
the emission, originate. Maser monitoring can therefore be a useful
probe of the physical conditions of those parts of the circumstellar
environments that affect the masers.
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In a monitoring programme to test the nature of the variability
in 54 methanol sources, seven sources showed periodic variations
(Goedhart, Gaylard & van der Walt 2003, 2004; Goedhart et al.
2009, 2013). The discovery of periodic variability in the 6.7- and
12.2-GHz methanol masers reported by Goedhart et al. (2003, 2004,
2009, 2013) was unexpected as it had not been previously reported
in any maser transitions associated with high-mass star formation
regions. Further monitoring programmes have been conducted in-
dependently and confirmed the existence of periodic variations in
eight more methanol masers (Araya et al. 2010; Szymczak et al.
2011; Fujiswa et al. 2014; Maswanganye et al. 2015; Szymczak,
Wolak & Bartkiewicz 2015), bringing the total number of periodic
masers to 15.

In an attempt to explain the origin of the periodic masers, five
mechanisms have been proposed, three of which suggest that the
variations are due to changes in the temperature of the dust grains
that are responsible for the infrared radiation field that pumps the
masers. These are (i) the rotation of spiral shocks in the gaps of
discs around young binary stars (Sobolev et al. 2007; Parfenov &
Sobolev 2014), (ii) periodic accretion in a circumbinary system
(Araya et al. 2010) and (iii) the pulsation of a YSO (Inayoshi et al.
2013; Sanna et al. 2015). The remaining two mechanisms propose
that the origin of variations is the result of changes in the flux of
seed photons (or radio continuum) owing to either (iv) a colliding
wind binary (CWB) system (van der Walt, Goedhart & Gaylard
2009; van der Walt 2011) or (v) a very young low-mass companion
blocking the ultraviolet (UV) radiation from the high-mass star in
an eclipsing binary (Maswanganye et al. 2015). There is currently
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Table 1. Monitored sources associated with class II methanol masers from the 6.7-GHz MMB survey catalogues IIT and IV. Columns (2) and (3) are right
ascension (RA) and declination (Dec.), respectively, reported by either Caswell et al. (2010) or Green et al. (2010). Column (4) gives the central frequencies.
Columns (5) and (6) give the velocity range within which masers were found. The flux densities reported from two epochs in the 6.7-GHz MMB survey are
given in column (7), from MX mode or beam-switching technique data, and in column (8), from a survey cube (SC) data (Green et al. 2009). The total time
span is given in column (9). Column (10) gives a number of epochs the source was observed, excluding observations which were considered as bad data.
Column (11) is the catalogue number in which the 6.7-GHz maser was selected from.

Source name Equatorial coordinates Frequency Velocity range MMB survey flux Monitoring window ~ Number MMB
(I, b) RA (2000) Dec. (2000) VL Vi MX data  SC data Start—end of catalogue
“,°) (hms)y ©’" (GHz) (kms™1) Jy) Jy) (MJID) epochs number
(1 2 (3) 4) ) (6) @) (3) &) (10) (11)
G312.07140.082 1408 58.20 —612423.8 6.7 —38.0 —28.0 67.86 83.2 56160-56710 35 v
12.2 —38.0 —28.0 67.86 83.2 56179-56339 6
G320.7804-0.248 15112348 —574125.1 6.7 —11.0 -3.0 34.92 24.44 56250-56801 39 v
12.2 -8.0 -3.0 34.92 24.44 56151-56339 13
G329.719+1.164 155807.09 —514332.6 6.7 —85.0 —70.0 7.69 24.44 56151-57115 66 v
12.2 - - - - 56171-56179 2
G335.426—0.240 163005.58 —484844.8 6.7 —54.0 —39.0 66.00 91.20 56151-56549 31 I
12.2 —54.0 —48.0 66.00 91.20 56160-56339 10
G337.052—0.226 1636 40.17 —473638.4 6.7 —88.0 —73.0 14.00 23.43 56151-57104 61 1
12.2 - - - - 56151-56160 2
G337.153—-0.395 163748.86 —47 38 56.5 6.7 —-52.0 —46.0 17.50 22.06 56160-56652 21 it
12.2 - - - - 56151-56179 2
G337.388—0.210 163756.01 —472101.2 6.7 —68.0 —50.0 23.00 24.38 56160-56800 35 I
12.2 - - - - 56151-56151 1
G338.925+0.634 1640 13.56 —453833.2 6.7 —70.0 —52.0 64.00 74.84 56150-57093 44 it
12.2 —70.0 —52.0 64.00 74.84 56151-56323 4
G339.986—0.425 16484631 —453151.3 6.7 —-92.0 —86.0 90.00 69.07 56160-57175 66 I
12.2 -92.0 —86.0 90.00 69.07 56160-57175 70
G343.354—0.067 165904.23 —424135.0 6.7 —129.0 —114.0 18.00 20.31 56150-56710 23 1T
12.2 - - - - 56151-56160 2

no direct observational evidence to support any of the five proposed 2 OBSERVATIONS AND DATA REDUCTION
mechanisms.

The observed light curves from the 15 periodic methanol masers 2.1 Source selection and HartRAO monitoring
show a wide variety of shapes. Maswanganye et al. (2015) classified
the light curves in four groups and argued that the light curves
could be a trace of the origin of the observed periodic masers. It
remains to be seen if there are more groups or whether these are the
only ones. It was also proposed by Maswanganye et al. (2015) that
there could be a total of 34 £ 10 periodic sources in the 6.7-GHz
Methanol Multibeam (MMB) survey catalogues I-IV (Caswell et al.
2010, 2011; Green et al. 2010, 2012). This implies that monitoring
more sources in the 6.7-GHz MMB survey catalogues, including
the recently published catalogue V (Breen et al. 2015), could result
in the discovery of more periodic sources. Such new discoveries
could result in a better characterization of the observed light curves,
and their possible relation to the period if such a relation does exist
at all. There are also possibilities for new mechanisms to explain
the origin of periodicity because some of the existing proposals use
the light curves as the guide for their arguments (e.g. van der Walt
et al. 2009; Araya et al. 2010; van der Walt 2011; Maswanganye
et al. 2015).

In order to increase our sample of periodic methanol masers
and improve the understanding of the methanol masers’ peri-
odic variations and characterize light curves, more sources should
be monitored. 10 sources from the 6.7-GHz MMB survey cat-
alogues III and IV were considered for monitoring at both
6.7 and 12.2 GHz. From the sample of 10, only the masers as-
sociated with G339.986—0.425 show periodic variations at both
6.7 and 12.2 GHz. This paper describes the details of the methods
used for data collection, reduction, calibration, results and analysis.

From the 6.7-GHz MMB survey catalogues III and IV, 10 sources
associated with methanol masers were selected for the monitoring
programme with the 26-m Hartebeesthoek Radio Astronomy Ob-
servatory (HartRAO) radio telescope at both 6.7 and 12.2 GHz.
The list of sources in the sample is given in Table 1. The selection
criterion for these sources was the same as given by Maswanganye
et al. (2015).

The data for the 6.7- and 12.2-GHz masers were captured using
the frequency switch technique into the 1024-channel spectrome-
ter for the 26-m HartRAO radio telescope. The spectral resolutions
were 0.044 and 0.048 km s~ for the 6.7- and 12.2-GHz maser obser-
vations, respectively. For any source with the brightest peak greater
than 20 Jy, a pointing observation to correct for pointing error was
made prior to the long on-source scan. The pointing observation
had five scans which were at north, east, west and south of the half-
power beam, and on-source. All sources were observed at least once
every 1-3 weeks. If a source showed any form of variability, the
cadence was increased to at least once every week (Maswanganye
et al. 2015). The typical on-source rms noise for the 12.2-GHz
masers for which there was no detection with the 26-m HartRAO
radio telescope was ~1 Jy, with the integration time between 6 and
8 min. In the case where a source had been observed more than once
in a day, the observations were averaged into one observation.

After pointing correction (if applicable) and data reduction, the
spectra were calibrated using the point source sensitivity (PSS)
derived from drift scans of Hydra A and 3C 123. Observations of
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Hydra A and 3C 123 at 6.7 and 12.2 GHz were made daily depending
on the availability of the telescope and they were independent of the
maser observations. In each drift scan observation, three scans, north
and south of the half-power beamwidth and on-source, were made.
After baseline corrections to the scans, the amplitudes of scans
were determined and used to calculate for the pointing corrections
and PSS. The flux density of the calibrators was adopted from Ott
et al. (1994). The PSS values were averaged over the period where
there were no step changes. The averaged PSS minimizes extrinsic
variations when the spectra are scaled to Jansky.

2.2 ATCA interferometry

Interferometric data on G339.986—0.425 were obtained from the
archive of the follow up observations of the 6.7-GHz MMB survey
with the Australia Telescope Compact Array (ATCA). The Aus-
tralian National Telescope Facility (ATNF) project code is C1462
(Cohen et al. 2006). Six snapshot scans were made with the 6B
configuration of the 22-m ATCA antennas. One scan was 2.67 min
long and the remaining five scans were 2.58 min. PKS B1934—638
was only observed at the beginning of the observations for 2.91 min
and it was used as the bandpass calibrator and flux density calibra-
tor. For gain calibration, PKS B1646—50 was used. The data were
reduced and calibrated with MIRIAD.

3 RESULTS

All the methanol masers associated with the sources given in Ta-
ble 1 were initially observed at least four times with the 26-m Har-
tRAO radio telescope at both 6.7 and 12.2 GHz. The search for the
12.2-GHz methanol maser counterparts was conducted indepen-
dently of the results of the 12.2-GHz MMB follow-up catalogue II
(Breen et al. 2012). Of all sources which passed the test phase at ei-
ther or both 6.7 and 12.2 GHz, only one source, G339.986—0.425,
has shown strong variations over the monitoring window in both
transitions. This section gives the results of the single dish mon-
itoring programme for the two brightest class II methanol masers
associated G339.986—0.425 and the rest of the sources which have
shown weak variations are given in the appendix.

The spectra obtained with the 26-m HartRAO radio telescope
for G339.986—0.425 are shown in Fig. 1. For both transitions, the
upper (lower) envelope was defined as the absolute maximum (mini-
mum) flux density attained over the monitoring window measured in
each channel. The average envelope was obtained by averaging the
flux densities across the monitoring window in each channel. The
6.7-GHz spectra obtained with the 26-m HartRAO radio telescope
are similar to that reported by Caswell et al. (2011). The 6.7- and
12.2-GHz spectra are similar but there is a maser feature around
—91kms~! in the 6.7-GHz emission which is absent in the in the
12.2-GHz spectra. The 6.7-GHz masing features occurred between
—91.8 and —86.5kms~', whereas 12.2-GHz maser features were
between —90.5 and —87.0km s~ !.

The time series for the flux density of the 6.7- and 12.2-GHz
masers at the peak velocities are shown in Figs 2 and 3, respec-
tively. By visual inspection, the time series show periodic variations
and strong correlation between the 6.7- and 12.2-GHz masers, and
within each maser peak. Caswell et al. (2011) reported variability in
flux densities over two epochs, but the nature of this variation was
not determined. The 2D plots in Figs 4 and 5 show the complete flux
density variations between —92.0 and —86.0 kms™! of the 6.7- and
12.2-GHz masers, respectively. All masers within the region show
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Figure 1. Spectra for the methanol masers associated with
G339.986—0.425 at both 6.7 and 12.2GHz. The velocity width
is ~5.5 and 3.5kms~! for the 6.7- and 12.2-GHz masers, respectively.
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Figure 2. Time series for the methanol masers associated with
G339.986—0.425 at 6.7 GHz.

similar patterns of variability, which implies that the time series at
the peak velocities are representative of the general behaviour of
the adjacent velocities.

4 DATA ANALYSIS TECHNIQUES

We searched for periodicity in the time series using the Lomb—
Scargle (Lomb 1979; Scargle 1982; Press & Rybicki 1989),
Jurkevich (Jurkevich 1971) and epoch-folding using linear statis-
tics (L-statistics; Davies 1990) methods. The correlations and time
delays between the time series of different channels were deter-
mined using the z-transformed discrete correlation function (zbcF;
Alexander 1997).

MNRAS 456, 4335-4345 (2016)



4338  J. P. Maswanganye et al.
60 : .
' i oy fily g -1
40 : % i : A 5 -89.496 km s
: f ‘
20| o Y, & iI Ir‘l
u} Ty
10 : ~ —
75 . . )
% : Lo R -89.160 km s~
o . . :
27 ' " o
2
N i
2600 s L . ]
7 i % 1ig i 1
g 40| LA g ", ;‘Ik = J 88.679 km s
¥ #
S 20 s g o
= 50
= i
6 o g
i L iy -88.583 km s~
40 t ot d
i Hgrt Y opem
20 e
80
of S o !
10 i il . ® LI -89.400 km s~
: 5 g !“ -: i N
20| = Tigg Tt
56200 56400 56600 56800 57000

MID (days)

Figure 3. Time series for the methanol masers associated with
G339.986—0.425 at 12.2 GHz.
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Figure 4. Time series for class II methanol masers associated with
(G339.986—0.425 at 6.7 GHz in 2D colour-map form.
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G339.986—0.425 at 12.2 GHz in 2D colour-map form.
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The Lomb-Scargle method is a modified classical periodogram
or spectral analysis. The significance of the fundamental peak or a
peak in the periodogram was tested with the false alarm probability
method (Scargle 1982).

The epoch-folding and Jurkevich methods use a trial period to
fold the time series. The epoch-folding using L-statistics and Jurke-
vich statistics are calculated from the folded time series. The period
in the epoch-folding is the location of the fundamental peak. In the
Jurkevich method, the period is derived from the location of the
absolute minimum.

The zpcr method fixes one time series and moves the other across
the reference time series to search for a correlation and time delay.

5 ANALYSIS

5.1 Period search

Of all the sources listed in Table 1, only G339.986—0.425 has
shown periodic variations. The Lomb—Scargle (Figs 6 and 7), epoch-
folding using L-statistic (Figs 8 and 9) and Jurkevich (Figs 10
and 11) results confirmed the existence of periodicity over the
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Figure 6. The Lomb-Scargle periodogram for G339.986—0.425 at
6.7 GHz. The dashed line is the cut-off power flux for false detected peak.
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detection of the peak.
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monitoring window and they also agreed in the determined period.
A summary of the determined periods and their uncertainties for the
peak velocities are given in Table 2. The uncertainty in the period
was estimated as the half-width at half-maximum (HWHM) of the
fundamental peak for the Lomb—Scargle and epoch-folding meth-
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Figure 10. The Jurkevich statistics result for G339.986—0.425 at 6.7 GHz.

1.0
0.75

0.50

0.25 -89.496 km s~' (248 days)

1.

08

0.6 "

04 -89.160 km 5! (247 days)

1.0

075 MWWM
0.25 -88.679 km s~ (248 days)

1.

0.8

0.6

04 88.583 ki 5!

02 -88. m s (244 days)

I

0.8

0.6

04 -89.400"km 51 (245 days)

0260 200 300 300 500 500 700 800 900
Test Period (Days)

Test statistic
2
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ods, and for Jurkevich method, it was the HWHM of the absolute
minimum dip. The epoch-folding method had smaller uncertainties
when compared to the other two methods.

All maser sources which were removed early in the monitoring
programme with small number of observation epochs, due to low
signal-to-noise-ratio with the 26-m HartRAO radio telescope, were
not tested for the periodicity.

Table 2. Summary of the determined periods using the Lomb—Scargle, epoch-folding and Jurkevich period search

methods.

Maser feature velocity Frequency Lomb-Scargle Epoch-folding Jurkevich
(kms™!) (GHz) (d) (d) (d)

(1) ) (3) 4) (5)
—91.068 6.7 250 + 25 242 + 16 245 +43
—89.400 6.7 249 + 25 246 + 12 248 + 30
—89.137 6.7 248 + 25 246 + 11 246 + 29
—88.610 6.7 251 £25 246 + 15 248 + 28
—87.907 6.7 247 £ 25 246 + 13 246 + 26
—89.400 12.2 245 + 29 245 + 17 248 + 40
—89.496 12.2 245 +£29 245 + 20 247 £ 45
—89.160 12.2 245 + 29 244 + 20 248 + 39
—88.679 12.2 245 + 28 242 + 23 244 + 43
—88.583 12.2 245 + 29 244 + 19 245 + 48

MNRAS 456, 4335-4345 (2016)
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G339.986—0.425 at 6.7 GHz with the best of the asymmetric cosine function
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The period and uncertainty estimate from the Lomb-Scargle,
epoch-folding and Jurkevich methods improve as the number of
cycles increase. These three methods do not use the errors in
the flux densities when calculating the periodogram or test statis-
tic. If an analytical function which can model the time series for
G339.986—0.425 can be found, then a weighted x? fit can be used
to find a better estimate of the period and its uncertainty.

Inspection of the time series in Figs 2 and 3 suggests that the
light curves are quasi-sinusoidal. The light curves show a gen-
eral behaviour of a fast rise to the local maximum which is fol-
lowed by a slow decay to the local minimum. David, Etoka & Le
Squeren (1996) used an asymmetric cosine function to model the
hydroxyl masers light curves as seen in OH/IR stars. These light
curves are similar to what is observed in the time series of the
6.7- and 12.2-GHz masers in G339.986—0.425. The light curves
of G339.986—0.425 can be modelled as the sum of an asymmetric
cosine (periodic variations) and a first-order polynomial (long-term
variations), which can be expressed using the following formula as
sy= Lot L (1

1 — fsin(wt + ¢)

where b, w (w = 27”, P is the period), ¢, f, m and ¢ are the amplitude,
angular frequency, phase, eccentricity (related to the asymmetry
factor f; ), gradient and y-intercept, respectively. The eccentricity fis
defined as f = sin (7t [ f, — 0.5]). The asymmetry factor is given by
the ratio of the rise time from the minimum to the maximum and the
period. The asymmetric cosine function in equation (1) is symmetric
if f, = 0.5 which implies that the eccentricity, f, will be zero. The free
parameters in equation (1) can be represented as a vector, P, which
is given as (b, w, @, f, m, ¢). The weighted chi-squared, x 2(t, P),can
be used to determine the free parameters of the model which best
fit the time series in Figs 2 and 3. The non-linear weighted x (¢, P)
can be solved with the Levenberg—Marquardt algorithm (Levenberg
1944; Marquardt 1963). The results from the minimized non-linear
weighted x2(¢, P) of the selected time series (Figs 2 and 3) are
shown in Figs 12 and 13. Each time series in Figs 12 and 13 was
fitted independently with the same initial guess period.

The summary of the periods, f, amplitudes and gradients is
given in Table 3. The errors in the free parameters were estimated
from the square-root of the diagonal entries in the inverse of the
covariant matrix Vp of the best-fitting parameters of the model,
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Figure 13. Time series for the methanol masers associated with
(G339.986—0.425 at 12.2 GHz with the best of the asymmetric cosine func-
tion (solid line).

6p = 4/ diagonal (Vp") (Press et al. 1992). The propagation of
error formula (Weiss 2012) was used to derive the uncertainties
of the periods from the angular frequencies w. The periods in Ta-
ble 3 agree very well for all components. The gradients from the
fits suggest a long-term linear decay and the f values also confirm
that there is asymmetry in the light curves. The values of f, for
G339.986—0.425 are close to that found by David et al. (1996)
for the log of flux, log(S,), of the OH masers light curves as-
sociated with OH/IR stars. The rise times of all components are
similar.

A comparison of the errors obtained with the Lomb—Scargle,
epoch-folding and Jurkevich methods with that obtained from the
fit of the asymmetric cosine shows that for the latter the error is
about a day or less while for the first three methods the errors
are between 11 and 48 d. This large difference in the errors needs
to be clarified. It should be noted that the Lomb-Scargle, epoch-
folding and Jurkevich methods do not specify a particular shape
of the light curve, which implies that the period is estimated non-
parametrically, whereas fitting an asymmetric cosine function is
parametric approach which will have some bias. Also, the uncer-
tainties of the periods given in Table 3 do not necessarily depend
on the number of cycles but rather number of data points. Although
in general, more cycles can also imply more data points. It needs to
be noticed that the error on the period from fitting the asymmetric
cosine is due only to the fitting procedure. Furthermore, the fit is
applied to only one instance of the sampling of the true light curve
with the implication that the error on the period does not have any
statistical meaning in terms of how the light curve was sampled. To
get a more realistic estimate of the error due to statistical effects,
three possible cases are considered: First, the observing times are
fixed and it is argued that variations in the amplitudes at the different
times, as reflected by the errors on the measured amplitudes, can
possibly give rise to larger errors on the estimated period. Second,
as indicated in Table 1, the number of samples, n, in the time series
is, respectively, 66 and 70 for the 6.7- and 12.2-GHz masers. This
fixed set of sampling times represents only one possible sampling
of the light curve on which an asymmetric cosine can be fitted. The
question is what would we expect for the error on the period if we
had more than one possible sampling of the light curves but with
the same number of time stamps. The third possible way to estimate
the error is to reliably model the observed light curve and through
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Table 3. Summary of the determined periods, eccentricities, amplitudes and gradients from the best-fitting asymmetric cosine into the selected time series
shown in Figs 2 and 3. Column (7) gives an asymmetry factor f, which is defined as f, = 0.5 + %n(f”) Column (8) gives the rise time from the local
minimum to the local maximum which is defined as the product of the period (column 3) and f, (column 7). The uncertainties in columns (7) and (8) were

derived from the error propagation formula (Weiss 2012).

Maser feature velocity Frequency Period f Amplitude Gradient fo Rise time
(kms™") (GHz) (@ dy) dyd™ (d
(1 (2) 3) “ (&) ©) O] ®)
—91.068 6.7 2486 £ 1.2 —0.05 £ 0.07 6.8+0.3 —0.0042 £ 0.0007 0.48 £0.02 120 £ 6
—89.400 6.7 2462 £ 0.4 —0.22 £0.02 272+£04 —0.023 +0.001 0.429 £ 0.008 105 £ 2
—89.137 6.7 2456 £0.3 —0.15 £0.02 342+£04 —0.0347 4 0.0009 0.453 £ 0.007 111 £ 2
—88.610 6.7 2464 £ 0.4 —0.33 £0.03 252+04 —0.037 £ 0.001 0.394 £ 0.009 97 £ 2
—87.907 6.7 2455 +£0.5 —0.25 £ 0.04 142+£0.3 —0.0088 £ 0.0008 0.42 £ 0.01 103 £ 3
—89.400 12.2 2455 +0.5 —0.19 £0.03 19.1 £0.3 —0.0139 + 0.0009 0.440 £ 0.009 108 £ 2
—89.496 12.2 2462 £ 0.3 —0.15 £0.02 289+03 —0.0260 £ 0.0009 0.451 £ 0.006 111 £ 2
—89.160 12.2 2454+ 0.6 —0.20 £0.03 16.6 £ 0.3 —0.0177 £ 0.0009 0.43 +£0.01 106 + 3
—88.679 12.2 2445 £ 0.6 —0.33 £0.04 142£03 —0.017 £ 0.001 0.39 £0.01 96 £ 3
—88.583 12.2 2452 +0.5 —0.18 £0.03 20.8+0.3 —0.0161 £ 0.0009 0.441 £ 0.009 108 + 2
a Monte Carlo method generate synthetic light curves on which an N
asymmetric cosine can be fitted. In the next couple of paragraphs \%; ;
we will consider each of these methods and show that a consistent 5
estimate for the period can be obtained. [E

In the first investigation, a Monte Carlo simulation was used to 3
generate 10* light curves from the time series of the —89.137 km s~ ‘5o
maser feature. The light curves were sampled from a Gaussian A~ ol 0.12 0.13 0.1 0.15 0.16 0.17 0.18
distribution with the observed flux density as the mean and the 1 / v Sample Size
experimental error in the flux density as a standard deviation. This 2460
was done for each time stamp in the original time series for all = oo
10* simulated light curves. The periods in the simulated time series “@245‘8 e * o o © %o 0%, o e
were estimated from both the weighted and unweighted fit of an b= SRR LRSS SRR 1L A T T
asymmetric cosine. The mean and the standard deviation of the 5 2454 Ve vVyviv'e VT e e °
determined periods were 245.6 £ 0.3 d for the weighted fit and PP B
246.0 £ 0.3 d for the unweighted fit. The estimated uncertainties 30 40 50 60 70 80

agree with values given in Table 3. We note, however, that the
experimental errors for the time series in the —89.137 km s~! maser
feature are very small relative to the measured flux densities, with a
mean percentage error of ~2 per cent. This is the main reason why
the calculated uncertainty in the period in this particular case is still
very small.

As already noted, the observed time series give us only one
sampling of the true light curve to which we fitted an asymmetric
cosine function to estimate, amongst other things, the period. To find
the statistical error on the period from fitting an asymmetric cosine to
the light curve a large number of independent sampling of the same
size of the light curve is necessary. For each sampling the period can
be estimated by fitting an asymmetric cosine and by repeating this
procedure for a large number of different samplings, it is possible
to find the mean and standard deviation of the estimated periods.
To by-pass the problem that the observed 6.7- and 12.2-GHz time
series each represent only one specific sampling of the respective
light curves, we note that the sampling data allow us to construct
a reduced time series, i.e. a time series with fewer sampling points
than the total number of sampling points. For example, in the case of
the 6.7-GHz masers the total time series consists of 66 time stamps
for which there are m = 66!/k!(66 — k)! combinations of time
stamps that can be used to construct a reduced time series consisting
of k < 66 time stamps. For each combination an asymmetric cosine
can be fitted to the reduced time series to estimate the period.
Using all m combinations result in m different periods from which
a mean period and standard deviation for a time series with k < 66
time stamps can be calculated. It is then possible to investigate the

Sample Size

Figure 14. The top panel is for the measured uncertainties in the periods
of the time series of the —89.137 km s~! maser feature as a function of one
over square-root of a sample size. For each sample size, the uncertainty in
the period was estimated as the standard deviation of the determined periods
from the asymmetric cosine fit model to the different combinations of the
data points (triangle-down points) and to the randomly uniformly sampled
time stamps which were used together with residuals of the best-fitting
asymmetric cosine to the observed time series, to generate the synthetic
time series (solid circle points). The solid and dashed line plots are the fitted
first-order polynomials to the triangle-down and solid circle data points,
respectively. The bottom panel is for the mean period in each sample size.
The triangle-down points correspond to Monte Carlo simulation where the
time series were randomly selected from 66 population. The solid circles
are for the Monte Carlo simulation where the time stamps were sampled
from a randomly uniform distribution.

behaviour of the error as a function of k for k < 64 = (n — 2) and
extrapolate that result to k = n = 66.

The total number of combinations, m, can be very large, which,
from a computational point of view, makes it unpractical to use all
m combinations. We have therefore limited m to 500 and applied
the above procedure for 30 < k < 64 for the 6.7-GHz masers and
30 < k < 68 for the 12.2-GHz masers. Fig. 14 shows how the
period (bottom panel) changes as a function of k for the 6.7-GHz
maser feature at —89.137kms~!. Using the central limit theorem
as a guide, we found that the error is proportional to 1/+/k with
the corresponding result shown in the top panel of Fig. 14. The
behaviour for the other maser features was found to be similar and
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Table 4. A summary of the determined periods by fitting our asymmetric
cosine model to the time series as the sample size is increased. The periods in
column (3) are from the Monte Carlo simulation where in each k sample size,
different combinations of time series were selected. The periods in column
(4) are from the randomly uniformly sampling time stamps to generate a
synthetic time series from which our asymmetric cosine model was used to
determine the period.

Maser feature velocity Frequency Period

(kms™h) (GHz) (d)

(1 2 (3) 4)
—91.068 6.7 249 £2 249 + 2
—89.400 6.7 246.2 £ 0.9 246 £ 1
—89.137 6.7 245+ 1 2457+ 0.9
—88.610 6.7 246.6 +£ 0.9 246 £ 1
—87.907 6.7 245+ 1 245+ 1
—89.400 12.2 246 £ 1 245 £ 1
—89.496 12.2 246 + 1 246 £ 1
—89.160 12.2 245+ 1 245+ 1
—88.679 12.2 243 +2 245 +£2
—88.583 12.2 244 £2 245+ 1

is therefore not shown. Since the error in the period is proportional to
1/+/k, we can estimate the error in the period for k = 66 and 70 from
an extrapolation of a first-order polynomial fitted to the relevant data
for each maser feature. The mean period and the extrapolated error
on the period for all the maser features shown in Figs 2 and 3 are
given in column (3) of Table 4.

In the third case we applied the above procedure to synthetic time
series simulated by randomly generating k — 2 uniformly distributed
time stamps between the start and end MJD of the observed time
series. The remaining two time stamps were the start and end times
of the real time series. Fixing the end point implies that every
time series spanned 1015 d. The light curve was assumed to be
given exactly by the asymmetric cosine fitted to the real data. Two
sources of scatter around the mean were introduced. The first was
to randomly sample from the observed experimental errors. The
second was to sample, also randomly, from the residuals between
the observed flux densities and the fit from the asymmetric cosine
to the real time series.

For each value of k, with 30 < k£ < 80, 500 synthetic time series
were generated and an asymmetric cosine was fitted to each of
them, from which the mean and standard deviation of the period
were determined. The relation between the standard deviation and
1/+/k, and mean period and k as obtained by using fit to the time
series of the —89.137 km s~! maser feature are shown in the top and
bottom panel of Fig. 14, respectively. The behaviour observed in
Fig. 14 was also noted in the other time series shown in Figs 2 and 3.
We can use the fitted first-order polynomial to the relation between
the standard deviation and 1/+/k to calculate the standard deviation
for sample sizes k = 66 and 70 corresponding to the number of time
stamps for the real 6.7- and 12.2-GHz time series, respectively. A
summary of the average period and the standard deviation of the
estimated periods is given in the fourth column of Table 4.

It is seen that the uncertainties in the periods obtained with the
latter two Monte Carlo simulations ranges between 0.9 and 2 d. The
periods in Table 4 are in a very good agreement with each other
and with the periods given in Tables 2 and 3. If we assume that
the time series shown in Figs 2 and 3 are statistically independent,
then the unweighted average period and its uncertainty are 246 4 2
and 246 + 1 d for the periods in columns (3) and (4) of Table 4,
respectively.
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Figure 15. The correlation and time delay results from the zbcr between
the 6.7- and 12.2-GHz masers. The solid lines are for the weighted fitted
second-order polynomial on the top half of zpcF correlation data points. In
each panel, the light curve corresponding to first velocity in the legend was
used as a reference light curve, which was the light curve of the 6.7-GHz
maser feature, and the second velocity was for the 12.2-GHz maser feature.
The —89.4km s~ ! maser feature was present at both 6.7 and 12.2 GHz. The
turning point of the weighted fitted second-order polynomial is marked as a
star point in each panel.

Since the latter two Monte Carlo simulations give results that are
in a good agreement with each other, we argue further that we can
reliably extrapolate the time series to have more than the observed
cycles by using the same approach as in our third Monte Carlo
method. This is to investigate how the uncertainty in the period de-
rived from the Lomb-Scargle and epoch-folding methods depends
on the number of cycles. The time series of the —89.137 kms™!
maser feature was used for this test. After 40 cycles, the determined
periods were 246 £ 3 and 246 + 1 d for the Lomb-Scargle and
epoch-folding methods, respectively. The uncertainties in the pe-
riod are seen to be in good agreement with those estimated above
and is in support of an error of about 1 d when fitting an asym-
metric cosine to the data. We therefore conclude that the period of
the 6.7- and 12.2-GHz masers associated with G339.986—0.425 is
246 + 1 d.

5.2 Time delay

The time series in Figs 2 and 3 suggest that there are correlations
between the 6.7- and 12.2-GHz masers, as well as across the chan-
nels of each maser. The correlation and time delay between pairs of
time series were tested with the zpcr. The results for the correlation
and time delay between the two masers (6.7 and 12.2 GHz) of a few
selected velocities are shown in Fig. 15. The location of a peak in
Fig. 15, which was the time delay, was determined from the turning
point of a second-order polynomial weighted x? fit. The errors in
the fitted parameters were estimated from the diagonal of the co-
variant matrix’s inverse (Press & Rybicki 1989). The error in the
location of the turning point, which is the time delay, was estimated
from the errors of the second-order polynomial coefficients using
propagation of error formula.

A summary of the determined time delay as a function of velocity
for both 6.7 and 12.2 GHz is shown in Fig. 16. The —89.400 km s~!
was present at both 6.7- and 12.2-GHz spectra, and was therefore
used as a reference time series for each maser. It is seen in Fig. 16
that for both 6.7- and 12.2-GHz masers the delays are negative
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Figure 16. The time delays between some of the selected bright velocities
with the —89.400kms~! in the 6.7 and 12.2 GHz used as a reference
time series. The vertical (dashed) lines mark the reference velocity. The
horizontal (solid) lines time delays panels mark the O d point. The average
spectra for the 6.7- and 12.2-GHz masers are given in the first and last
panels, respectively.

for the velocities less than —89.400kms~!. The 6.7-GHz maser
starts with a delay of about —20 d delay at around 91.0kms~!.
The delay decreases up to the reference velocity, then starts to
increase into positive days to reach the local minimum. After the
local minimum, the delay decreases to 0 d. Up to this point, the
general behaviour for both 6.7- and 12.2-GHz maser time delays
is similar. From this point, the 6.7 and 12.2 GHz are different but
both show well-defined structure which appear to be continuous.
One of the noticeable difference between the 6.7- and 12.2-GHz
maser delays is around —88.3kms™! where the 12.2 GHz is at
local minimum and the 6.7 GHz is almost at its absolute maximum.
For velocities greater than —88.0 km s~!, both show an increase in
the delays with 6.7 GHz increasing to about —66 =+ 29 d. The delays
for the 6.7- and 12.2-GHz masers range from —66 to 28 d, and from
—12 to 4 d, respectively.

5.3 Maser spot distribution

In order to find the maser spot distributions and attempt to link it
with time delays shown in Fig. 16, the 6.7-GHz maser associated
with the G339.986—0.425 data cube was deconvolved with Com-
mon Astronomy Software Applications (casa). The positions of the
maser features in each channel with emission were calculated with
Aps task sMFIT which output the coordinates of the positions and
their uncertainties. The declination (Dec.) and right ascension (RA)
offsets were calculated from the following equations:

RA et = (RA — RAO) cos (Dec.0),
Dec.oftser = Dec. — Dec.0, 2)

where Dec.0 and RAQ are the position coordinates of the reference
channel. The Dec. and RA offsets plot for the maser spots distri-
bution is shown in Fig. 17. The distributions do not show a simple
morphology such as linear, elliptic or circular structures. The un-
certainties of the maser spot coordinates suggest that the source is
not resolved with ATCA.

As shown in Fig. 16 there are time delays across the channels
which could suggest a structure which is correlated with velocity. In
order to test for possible links between the measured time delays and
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Figure 17. Methanol maser spot map associated with G339.986—0.425 at
6.7 GHz. The reference maser feature was at —88.61 kms~!.
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Figure 18. The velocity gradient associated with G339.986—0.425 at
6.7 GHz.

maser spots relative spatial distribution, the velocity versus distance
offset plot was made to test for velocity gradient and the results are
shown in Fig. 18. The uncertainties in the distance offsets were
derived from the propagation of error formula. The offset distances
were calculated from the Dec. and RA offsets using the distance
formula given in equation (3):

Distance offset = \/ RAfiser” + Dec.offet”- (3)

The error in the reference distance offset was undefined as the
distance of the reference channel is zero. The uncertainty on the
reference channel was therefore set to zero. The positional errors in
Fig. 18 are too large to draw a conclusion about a velocity gradient
of the 6.7-GHz masers associated with G339.986—0.425.

6 DISCUSSION

6.1 Possible origin of the observed periodicity

As already noted earlier, a number of hypotheses have been made in
the past to explain the periodic behaviour of the methanol masers.
The question now is whether the periodic behaviour of the masers
in G339.986—0.425 can be explained within the framework of any
these proposals. The main difficulty in trying to answer this question
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is that most of these proposals only broadly suggest a particular
mechanism but do not predict a specific flare profile or waveform.
At present only the CWB model of van der Walt (2011) allows for
the explicit calculation of a flare profile. For two other proposals,
i.e. that of Parfenov & Sobolev (2014) and Inayoshi et al. (2013), is
it possible to infer possible flare profiles or light curves? As for the
model of Parfenov & Sobolev (2014), these authors explicitly state
that their model is aimed to reproduce the characteristic features of
the maser flares as seen in, for example, G9.62+0.20E. The flaring
behaviour in G9.62+0.20E is, however, quite different from that of
G339.986—0.425 and we therefore will not consider this scenario
any further.

The second scenario is the CWB model of van der Walt (2011).
Although this model was originally developed to explain the
flaring behaviour of the masers in G9.6240.20E, van der Walt
(2011) also applied it to the smaller amplitude periodic masers in
G188.9540.89. Using the toy model of van der Walt (2011) we
explored the parameter space to try to produce a light curve similar
to that of G339.986—0.425. Light curves or flare profiles that very
much resembles that of G339.986—0.425 could be found for orbits
with an eccentricity of about 0.3. However, lowering the eccentric-
ity necessarily lowers the amplitude of the flaring behaviour and
in all these cases it was not possible to reproduce the amplitude of
the variations seen in G339.986—0.425. Lowering the eccentricity,
reduces ionization shock front variation range. This is expected to
results in a small amplitude variations range. We therefore con-
clude that also the CWB model cannot explain the periodic maser
in G339.986—0.425.

The third scenario is that of Inayoshi et al. (2013), which suggests
that the observed flaring is due to a pulsating young high-mass star.
As in the case of Parfenov & Sobolev (2014), these authors do not
explicitly present a predicted light curve. However, the underlying
mechanism for pulsationally unstable is, according to Inayoshi et al.
(2013), the xk-mechanism which is the same as for many other pul-
sating stars. It is therefore reasonable to expect the light curve of
the pulsating high-mass star to be similar to that of other pulsating
stars also driven by the k-mechanism like e.g. Cepheids and the
RR Lyrae stars (e.g. Szdkely et al. 2007; Ripepi et al. 2015). Fur-
thermore, we note that there are OH/IR stars with periods similar to
that of G339.986—0.425 and that the light curves of the associated
OH masers can also be fitted quite well with asymmetric cosines
(David et al. 1996; Etoka & Le Squeren 2000) as is also the case
for G339.986—0.425.

Thus, considering the shape of the light curve of the methanol
masers in G339.986—0.425 we conclude that it is compatible with
what is expected from an underlying pulsating high-mass star.
Adopting the results of Inayoshi et al. (2013) the mass of the star
can be calculated from their equation (2) and in this case is found
to be about 23 M.

6.2 Time delay

The question may arise whether the measured delays can be ex-
plained under the consideration of the YSO’s pulsational instability
as the origin of the periodicity. The masing cloudlets separations
around high-mass YSO are very small compared to the distance
between the maser cloudlets and the observer. This implies that the
emissions from masing cloudlets in the region will travel approxi-
mately equal distances to the observer. The measured time delay in
the maser time series could be due to their relative spatial positions
to the pulsating YSO. This ignores the effects of radiation repro-
cessing. If the masing cloudlets and YSO are projected on to a 2D
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plane, then the time delays give the least separation distances of the
masing cloudlets.

If the disturbances travel with the speed of light in a vacuum, an
8 & 3 d time delay between the 6.7 and 12.2 GHz at —89.400 km s~
implies that these masers are (1.4 £ 0.5) x 10’ au apart, which is
larger than the diameter of the Solar system. Since the velocities are
the same, the kinematics around these masers are more likely to be
similar because the masers are expected to be close to each other
in the molecular cloud. For a sound speed in a molecular cloud
of ~0.5kms™!, derived using equation (15.22) in Kwok (2007)
with the temperature assumed to be 100 K, and the disturbances
travel at sound speed, then an 8 & 3 d time delay implies that the
—89.400 km s~ ! maser features at 6.7 and 12.2 GHz are ~(2.3 +0.7)
x 1073 au apart. The separation is quite small. However, from the
maser spot map (Fig. 17) we approximate the total extent of the
maser emission angular separation to be 0.4 arcsec. The Galac-
tic longitude of G339.986—0.425 with a maser peak velocity of
—89.0kms~! can be used to derive the near kinematic distance to
the source using the rotation curve of Wouterloot & Brand (1989),
and it is ~5.6 kpc. Using the derived near kinematical distance
to G339.986—0.425, ~5.6 kpc, and the total extent of the maser
emission angular separation of ~0.4 arcsec, the diameter of the
total extent of the maser emission was calculated to be ~0.01 pc
or ~12 light days. The diameter of the 6.7-GHz maser emission
in G339.986—0.425 was found to be in good agreement with the
typical methanol maser region linear size of 0.003 pc for the near
kinematics distances of 6 kpc derived by Caswell (1997). If the
disturbances travel with a sound speed of ~0.5 km s~!, it will take
about 2 x 10* yr to travel the distance of 0.01 pc. The maximum
time delay measured in Fig. 16 is 66 &+ 28 d. In the case where the
disturbances travel with the speed of light in a vacuum, the separa-
tion distance for the maser features would be (1.1 £ 0.5) x 10* au or
0.06 £ 0.02 pc which is larger than the approximated total masing
cloudlets diameter. If the disturbances travel at sound speed then
the separation between these maser features would be (1.9 £ 0.8)
x 1072 au, which is much smaller than 0.01 pc. From this analysis,
it is clear that if the disturbances travel at sound speed, then the
total extent of the masing region is in many orders of magnitude
too small for a typical methanol masing region of about 0.003 pc
(Caswell 1997). Given that we see the masers in projection that
strongly suggests that it is either the seed photons or something
directly related to radiation that is causing the periodic changes.

The measured time delays in G339.986—0.425 are not easy to
explain. For a better understanding of such large delays and the time
delays structure seen in Fig. 16, interferometric data with a similar
spectral resolution as the one obtained with the 26-m HartRAO
radio telescope and high spatial resolution of the source is vital.
The spectral resolution of the ATCA data was 1.25 greater than the
26-m HartRAO radio telescope data.

7 SUMMARY

A search for periodic methanol masers associated with high-mass
YSOs was conducted with the 26-m HartRAO telescope and 10
methanol masers from the 6.7-GHz MMB survey catalogues 111
and IV were selected as the candidates for the search. The methanol
maser associated with G339.986—0.425 at 6.7 and 12.2 GHz was
the only source from 10 source sample to show periodic variations
with a 246 £ 1 d period.

The time series of the two brightest class II methanol masers as-
sociated with G339.986—0.425 show strong correlations and time
delays between the maser species and across the velocity channels.



The calculated time delays show remarkable structure when plot-
ted against velocities. The meaning of the structure is not clear
as the interferometric maser distribution did not help, mainly due
to insufficient spatial and spectral resolution. Another remarkable
behaviour was the time delay of 8 d between the —89.400 km s~!
feature for both 6.7- and 12.2-GHz masers. The velocity was the
same for both masers which suggests that the kinematics could be
similar if not the same.

The catalogue for periodic masers has been increased to 16
sources and will certainly improve the statistical analysis of these
sources. The G339.986—0.425 light curves had led to the proposal
that high-mass YSO pulsational instability could be the origin of
the periodicity. However, the origin of the periodic variations in
maser is still to be confirmed. Numerical modelling could possibly
help in narrowing the possibilities or introduce possible new model
in the origin of the observed periodicity in methanol masers, e.g.
testing the maser response to the wide variety of time-dependent
dust temperature light curves.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article:

Appendix: Spectra and time series for non-periodic methanol
masers

(http://www.mnras.oxfordjournals.org/lookup/suppl/doi: 10.1093
/mnras/stv2950/-/DC1).
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