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Abstract. The 22 GHz H2O maser line was observed towards 79 candidate high-mass protostellar objects from a flux-limited
sample of 6.7 GHz methanol sources. The emission was detected in 41 sources, towards 28 of these for the first time. The
detection rate of 52% was similar to rates reported for other samples of high-mass protostars selected mainly with far-infrared
(FIR) colour criteria. The median value of H2O maser luminosity of 10−5.5 L� is equal to that of the CH3OH maser luminosity,
whereas the median OH maser luminosity was found to be ∼1.5 orders of magnitude lower. Comparison of the velocity ranges
showing maser emission implies that for the majority of sources the H2O and CH3OH maser lines originate from different
regions. The percentage of sources with emission in two or three of the maser species, their association with radio contin-
uum and IR emission and the maser and IR luminosities are consistent with the view that evolutionary phases with H2O and
CH3OH masers largely overlap and precede the OH maser phase, while at a later stage OH and CH3OH masers may coexist.
Strong correlations of OH and CH3OH maser luminosities with IR luminosity and only a marginal correlation of H2O and
IR luminosity confirm current pumping schemes of all three maser lines.
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1. Introduction

It has been established that the physical conditions in mas-
sive star-forming regions favour maser emission from the water
(H2O), hydroxyl (OH), and methanol (CH3OH) molecules (e.g.
Kurtz et al. 2000; Reid & Moran 1988), although the different
maser species probe varying temperature, density and chemical
regimes (Menten 1996, for a brief review).

The 22 GHz transition of H2O is one of the best known
and most widespread tracers of extremely young and heavily
embedded low- and high-mass stars. Several single dish sur-
veys of H2O masers were carried out towards known ultracom-
pact HII regions (UCHIIRs) and UCHIIR candidates selected
on the basis of their IRAS colours (Wouterloot & Walmsley
1986; Churchwell et al. 1990; Palla et al. 1991, 1993; Codella
et al. 1995, 1996) and also towards what Sridharan et al. (2002)
and Beuther et al. (2002) identify as high-mass protostellar ob-
jects (HMPOs), i.e. sources with the same colours as UCHIIRs
but with little or no radio emission. In these surveys detection
rates were frequently high (up to 67%) but strongly dependent
on the sensitivity of the observations and selection criteria.

From the observations over the last decade, it has become
clear that H2O maser emission marks the earliest stages of

� Table 3 is only available in electronic form at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/434/613

high-mass star formation and, more specifically, arises in out-
flows from young stellar objects (Menten 1996).

High-mass star forming regions frequently display
methanol maser emission. Several hundreds of methanol
masers were detected towards UCHIIR candidates selected
with the IRAS colour criteria of Wood & Churchwell (1989,
hereafter WC89) or other less stringent criteria (Menten 1991;
Schutte et al. 1993; van der Walt et al. 1995, 1996; Walsh
et al. 1997; Slysh et al. 1999; Szymczak et al. 2000) as well
as in unbiased surveys of selected areas of the Galactic plane
(Caswell 1996; Ellingsen et al. 1996; Szymczak et al. 2002).

These studies have shown that almost all UCHIIR candi-
dates with extremely red IRAS colours are methanol sources,
suggesting that methanol masers are closely associated with the
earliest stage of high-mass star formation, in many cases with
a stage preceding the formation of an UCHIIR.

Few studies have examined the relationship between H2O
and CH3OH masers in the same samples of high-mass proto-
star candidates; see papers by Codella & Moscadelli (2000)
and Beuther et al. (2002). The detection rate of Codella &
Moscadelli (2000) was ∼22% for both species, but only 40% of
the H2O sources had a CH3OH counterpart, indicating that at
least a substantial number of sources is either in an H2O maser-
or a CH3OH maser bearing-phase. The formation of H2O and
CH3OH masers in identical environments is precluded by very

Article published by EDP Sciences and available at http://www.aanda.org or http://dx.doi.org/10.1051/0004-6361:20042437

http://www.edpsciences.org/
http://www.aanda.org
http://dx.doi.org/10.1051/0004-6361:20042437


614 M. Szymczak et al.: Water masers in methanol maser sources

different excitation requirements; for H2O masers collisional
pumping occurs in shocks at the interface between the outflow-
ing material and the surrounding molecular gas (e.g. Elitzur
et al. 1989), while for CH3OH masers radiative pumping (pos-
sibly) in circumstellar discs is proposed at much lower temper-
atures and densities (e.g. Cragg et al. 2002).

This view is confirmed by high resolution observations,
which do not show spatial correlation between the two maser
species in detail (on a ∼sub few thousand AU scale, Forster &
Caswell 1989), although in regions harbouring masers in both
species these are found within 0.15 pc of the exciting source, if
the latter is directly detected at all (Beuther et al. 2002).

In this paper we present the results of H2O maser obser-
vations of a homogeneous and unbiased sample of 6.7 GHz
CH3OH maser sources. The sample was obtained from a blind
survey of the Galactic plane in the longitude range 20◦−40◦
and latitude range from −0.◦52 to 0.◦52 (Szymczak et al. 2002).
We note that the sample is flux-limited and does not suffer from
other factors such as incompleteness or confusion of IR surveys
and uncertainties of selection criteria, which usually affected
other samples. The whole sample was recently searched for all
four OH transitions at 1.6 GHz (Szymczak & Gérard 2004).

This study continues our attempts at better characterizing
the properties of the sample selected on the basis of showing
6.7 GHz methanol maser emission. For the reasons mentioned
above, high angular resolution data are needed to study the as-
sociation between H2O and CH3OH masers in individual tar-
get sources. Nevertheless, our homogeneous and large data set,
although taken at low angular resolution, allows for meaning-
ful statistical analyses of maser kinematics (via LSR velocities
and velocity ranges) and luminosities. Moreover, we emphasize
the “signpost effect”: wherever there is a maser, there must be
an exciting source. High resolution follow-up studies at radio,
millimeter and infrared wavelengths will reveal these sources’
properties. Our detections provide a source list for future high
resolution studies.

2. Observations and results

2.1. Observations

We observed the 616 → 523 (22 235.0798 MHz) transition of
H2O on 2003 August 12−15 and 19 with the Effelsberg 100 m
telescope. The half-power beam width was 40′′. During the
observations the system temperature varied between 60 and
150 K around a median value of 92 K. The spectrometer was
split into two banks of 4096 channels, each of which was used.
The bandwidth of 20 MHz was centred on the centroid of the
CH3OH velocity interval (Szymczak et al. 2002), giving an ef-
fective velocity coverage of ∼260 km s−1 and a spectral resolu-
tion of 0.066 km s−1. The radial velocities were measured with
respect to the local standard of rest (LSR). The observations
were made in the position switching mode and resulted in a
mean rms noise value of 0.45 Jy in the spectra. The calibration
is estimated to be uncertain by ∼30%.

We searched for the H2O line towards 79 targets from a
sample of CH3OH masers found in the unbiased survey of the

Table 1. 22 GHz line parameters for the new detections.

Source (l, b) ∆V Vc Vp S p S i

(km s−1) (Jy) (Jy km s−1)

20.24+0.07 1.1 57.3 1.7 1.3
21.57−0.03 99.0 1.6 1.1
22.05+0.22 53.4 2.5 0.8
23.19−0.38 2.6 78.5 78.1 31.9 22.1
23.26−0.24 5.1 57.1 55.3 2.3 2.8
23.39+0.19 2.1 72.0 3.3 3.5
23.97−0.11 42.8 52.4 32.8 8.8 14.2
24.33+0.14 54.5 85.5 61.7 7.4 39.6
24.53+0.32 7.1 106.0 103.3 5.5 6.2
24.93+0.08 47.7 1.1 1.3
25.71+0.04 63.4 1.2 0.7
25.83−0.18 56.4 94.7 94.9 338. 754.
27.21+0.26 18.6 4.1 5.9
27.36−0.16 16.5 89.5 95.7 50.6 121.
27.78+0.07 33.1 85.2 69.6 1.1 2.3
28.19−0.05 7.4 92.7 90.7 7.1 15.6
28.40+0.07 40.1 2.6 2.6
28.82+0.37 7.3 86.8 87.2 81.5 93.4
28.85+0.50 5.5 87.3 86.9 12.2 29.4
30.31+0.07 4.3 46.6 47.9 5.6 9.3
30.70−0.07 46.7 76.2 54.7 1.9 10.8
30.78+0.23 7.6 62.9 39.1 0.5 1.7
30.79+0.20 12.4 70.8 72.0 5.5 7.7
33.64−0.21 56.4 1.2 1.5
36.11+0.55 10.1 76.7 72.4 2.5 5.0
37.47−0.11 3.8 61.7 56.7 3.6 5.5
37.60+0.42 11.1 86.3 90.2 1.1 5.8
39.10+0.48 7.2 27.0 24.4 1.2 3.5

Galactic plane for the 6.7 GHz methanol line (Szymczak et al.
2002).

2.2. New detections

The 22 GHz maser line was detected in 41 sources, 28 of which
are new detections. The basic parameters of the new detections
and previously known masers, determined from Gaussian fit-
ting, are summarized in Tables 1 and 2, respectively. The source
designation in galactic coordinates, the velocity range of emis-
sion (∆V), the velocity centre between the extremes (Vc), the
velocity of peak emission (Vp), the flux densities of peak (S p)
and of integrated emission (S i) are given. The same definitions
hold for all types of maser observations discussed in the paper.
The spectra of newly detected and previously known masers
are shown in Figs. 1 and 2, respectively. Hanning smoothing
was only applied to noisy spectra and reduced the resolution
by a factor of 2.

Most of the new detections are relatively weak, frequently
only showing a single narrow feature. There are only three
sources with a peak flux density higher than 50 Jy. Four
sources have maser emission over a velocity range larger than
40 km s−1.
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Table 2. 22 GHz line parameters for previously known masers.

Source (l, b) ∆V Vc Vp S p S i

(km s−1) (Jy) (Jy km s−1)

20.08−0.14 15.6 24.7 23.6 18.8 46.4

21.87+0.01 4.4 22.3 23.2 7.0 12.6

22.35+0.06 88.3 3.6 3.1

23.01−0.41 26.0 79.5 77.0 206.0 534.6

23.44−0.18 96.4 11.0 12.2

24.79+0.09 94.0 80.0 112.3 413.0 1575.2

27.28+0.15 31.2 6.7 5.2

29.95−0.02 30.8 95.4 99.3 27.6 148.1

30.59−0.04 72.0 9.0 21.3 1.0 3.6

30.76−0.05 27.0 80.5 87.1 1.0 5.2

30.82−0.05 71.0 93.5 101.4 169.0 250.2

33.13−0.09 68.7 1.6 2.0

37.55+0.19 89.1 1.0 1.5

2.3. Data summary

The properties of our 79 targets derived from the present ob-
servations and other data available in the literature are summa-
rized in Table 3. The kinematic distances have been determined
from the central velocities of the 6.7 GHz masers as measured
by Szymczak et al. (2002) and the expression for the Galactic
rotation curve given by Brand & Blitz (1993). The centre ve-
locity, Vc, of the methanol line is a reliable estimator of the
systemic velocity, since it usually coincides with the velocity
of CS emission (Bronfman et al. 1996), tracing dense gas, to
within 4 km s−1 (Szymczak & Gérard 2004). The sources are
within the solar circle, so there are two solutions for the kine-
matic distances. For a few objects, unambiguous distances were
taken from the literature.

The isotropic maser luminosities of the three maser
molecules are derived. The OH maser luminosity was obtained
using the sum of integrated flux densities of the 1665 and
1667 MHz lines (Szymczak & Gérard 2004). These main lines
dominate in the studied sources, whereas the satellite lines
at 1612 and 1720 MHz are rarely seen and, if seen at all, rela-
tively weak; therefore their contributions are ignored. The lu-
minosity of the methanol maser emission was inferred from
the integrated flux density in the 6.7 GHz line (Szymczak et al.
2002).

The present observations are used to derive the water maser
luminosity for 41 targets. Assuming that with our sensitiv-
ity we are able to detect a maser feature of velocity width of
1 km s−1 our luminosity upper limit is 2.6×10−22 W m−2, which
corresponds to 10−6.7 L� for source at 5 kpc. H2O masers in
25.40+0.11, 26.59−0.01, and tentatively 30.82+0.27, were re-
cently discovered with the same instrument and similar sen-
sitivity (Sridharan et al. 2002) and 37.53−0.11 by Hofner &
Churchwell (1996). These four objects were not detected in
the present study. Assuming “equivalent” velocity range of
1.5 km s−1 for all four objects we estimate upper limits on the
ratio of the luminosities derived in the previous studies and our
observations of 12.7, 6.1, 1.7, and 6.8, respectively.

Flux density variations of that order are commonly seen in
water masers (Brand et al. 2003). Although detailed analysis of
the variability of the H2O sources is beyond the scope of the
present paper, we note similar ratios among 13 known sources
in the sample. We found the highest change (increase) in the
integrated flux density by a factor of 37 in 23.01−0.41 as com-
pared to data taken at epoch 1992.99 (Valdettaro et al. 2001).

The shape of most of the spectra also exhibit substantial
changes. For instance the 27.28+0.15 maser was previously
detected at −22.5 km s−1 with a peak flux density of ∼0.4 Jy
(Churchwell et al. 1990) while we detected only a new feature
of a 5.9 Jy peak flux density at 31.2 km s−1.

To determine the IR luminosity, we identified candidate
IRAS source counterparts to within 1′ from the methanol posi-
tion (Szymczak et al. 2002). We then estimated the total IR flux
using the relation given by Walsh et al. (1997) (their Eq. (3))
adopting the same factor Y = 0.6 to incorporate the flux from
outside the IRAS wavelength range.

Radio continuum counterparts of our targets were identi-
fied within 1′ from the methanol position using mainly the
VLA 5 GHz catalogue of UCHIIRs (Becker et al. 1994).
Sources with radio continuum emission are marked in the last
column of Table 3.

3. Discussion

3.1. Detection statistics

H2O masers were detected in 52% (41/79) of the sources in our
CH3OH sample (Table 3). Sridharan et al. (2002) reported a
detection rate of 42% for their sample of 69 high-mass proto-
stellar objects, which are basically bright IRAS point sources
with colours typical of UCHIIRs with detected CS emission
and without significant radio emission at 5 GHz. They carried
out the observations with the same instrument and sensitivity
as we. Our sample has only three sources in common with that
of Sridharan et al. It appears that the detection rates for both
samples do not differ significantly. However, the real differ-
ence in the detection rates might be larger and our value should
be regarded as a lower limit, since the errors on our methanol
positions of about 30′′ for strong sources and as large as 70′′
for weak sources (Szymczak et al. 2002) are comparable to or
larger than the 40′′ beamwidth of our H2O observation: we sim-
ply may have missed sources. As we did not make raster map-
ping to find peak position our integrated flux density estimates
may by quite uncertain as well (see Sect. 3.3).

Sridharan et al. used the IRAS positions, and consequently
their data do not suffer as much from that effect, although many
IRAS positions have uncertainties>10′′. In our sample we note
a considerable decrease of the H2O maser detection rate for
the sources with weak methanol emission. This can be due to
inaccurate positions of methanol sources. However, it could be
also related to a correlation of luminosities of both maser lines
(see Sect. 3.3). Finally, variability may play a role, which is
difficult to quantify.

Churchwell et al. (1990) detected H2O masers in 67% of
84 IRAS colour-selected UCHIIRs showing radio continuum
emission. The sensitivity of their observations was about
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Fig. 1. Spectra of the newly detected water masers.
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Fig. 2. Spectra of previously known water masers.

a factor of 2.7 better than ours. When scaled to the sensitiv-
ity of our observations their detection rate is reduced to 53%,
which is in excellent agreement with the present detection rate.
We note that Churchwell et al.’s sample is largely independent
from ours, with only 7 objects in common. Therefore, it is very
likely that both samples probe the same population of objects
with a high probability of the occurrence of H2O maser emis-
sion. Palla et al. (1991) investigated the H2O maser properties
of a sample of 260 bright IRAS objects. For about half of their
sources (125), which satisfied the WC89 colour criteria, the de-
tection rate was 26%. We note that in our survey there is a large
number of maser sources well below their detection limit (3σ)
of about 5 Jy.

When our data are scaled to their sensitivity the detection
rate would decrease to 25%. Thus for both samples the percent-
age of H2O masers is nearly the same. We conclude that the
percentage of H2O masers in the unbiased sample of methanol
sources is nearly the same as that reported for the above three
largely independent samples of high-mass protostar candidates
selected by different criteria. The 6.7 GHz methanol maser
line is as powerful a tool to probe high-mass star forming re-
gions and identify high-mass protostars as methods based on
far-infrared, radio continuum, and thermal line data (WC89;
Sridharan et al. 2002).

Water maser emission generally exhibits strong flux varia-
tions (e.g. Brand et al. 2003), which can influence the detection

rate. It is very likely that the four known sources mentioned in
Sect. 2.3 were not detected due to variability. This implies that
the detection rate can vary by 5−6%.

We suspect that the number of H2O masers in the sample
detected at least at some epochs could be increased if not de-
tected sources were reobserved.

3.1.1. Sources with masers in different species

With the completion of the present survey we possess data for
the three major maser species for a medium-size sample of ob-
jects. This allows us to deduce information on the occurrence
or non-occurrence of maser emission in different species.

To do this we applied a common sensitivity of 1.6 Jy, which
is a cut-off level for the unbiased CH3OH survey (Szymczak
et al. 2002), for OH data (Szymczak & Gérard 2004) and the
present H2O observations. Table 4 summarizes the number and
percentage of sources with masers from more then one species
together with radio and IRAS properties.

The percentage of sources with both methanol and water
masers (44%) in our sample is larger than the 29% in Sridharan
et al.’s (2002) sample. However, for their subsample of 29 ob-
jects observed with a few arcsecond resolution this percent-
age is 56% (Beuther et al. 2002). Codella & Moscadelli (2000)
found that about 40% of H2O masers associated with UCHIIRs
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Table 4. Statistics on the overlap of maser species, radio continuum
emission and IRAS emission. The third column gives the percentage
of sources with masers in two or three of the maser species (OH,
H2O, and CH3OH) with respect to the total number of sources stud-
ied (79). The fifth and seventh columns are the percentages of radio
and IRAS counterparts, respectively, with respect to the number of
maser sources given in the second column.

Overlap Nmaser % Nradio % NIRAS %

OH/CH3OH/H2O 9 11 4 44 5 56

OH/CH3OH 12 15 4 33 4 33

CH3OH/H2O 26 33 10 38 14 54

CH3OH 32 41 6 19 18 56

with detected radio continuum emission have CH3OH counter-
parts.

Although association of both maser species in the sam-
ple might be partly caused by insufficient angular resolution
we notice a high fraction of sources showing both CH3OH
and H2O emission. As this fraction is comparable to that
reported for the above mentioned samples we suggest that
CH3OH maser efficiently probes the same population of high
mass star-forming regions as do far infrared colour criteria
(WC89). In the same population, evolutionary phases in which,
both, CH3OH and H2O emission is produced, can overlap
significantly (Codella & Moscadelli 2000) and both masers
likely originate in similar environments, although the phenom-
ena actually producing the maser emission may be quite dif-
ferent – warm, moderately dense gas for CH3OH and hot,
shocked, dense gas for H2O (Menten 1996). Masers from dif-
ferent species may arise from different young stellar objects
within the same protostellar cluster. The correlations discussed
in the following sections should be interpreted only as pres-
ence of a given maser type in the star-forming complex during
its evolution.

Forster & Caswell (1989) established that OH and
H2O masers closely associate in compact groups of size of
∼0.03 pc, whereas in more extended groups (∼0.15 pc) are
spatially intermixed but usually do not coincide. They pro-
pose a scenario that close OH/H2O associations last about
105 yr during an accretion phase. When accretion terminates
OH/H2O groups expand over the next 104 yr and then disap-
pear. Caswell et al. (1995) showed that OH and CH3OH masers
are very closely associated and generally occur near a common
energy source.

A view of the W3(OH) region (Menten 1996) provides
lessons applicable here. OH and CH3OH, but no H2O maser
emission is observed towards half of the ultracompact (size ≈
2000 AU) HII region radio emission. In contrast, very intense
H2O maser emission is observed towards a separate protostar or
cluster of protostars 0.06 pc (or 6′′) away, which also gives rise
to strong thermal molecular and dust emission (Wyrowski et al.
1999). At the resolution of the IRAS satellite these sources can-
not be separated. Needless to say, with our coarse resolution, in
particular at 6.7 GHz, H2O and CH3OH masers would appear
as coextensive.

The probability of finding an OH maser counterpart of a
CH3OH/H2O maser source is relatively low (Table 4). This
may suggest less overlap of their evolutionary phases as com-
pared to overlap of the CH3OH and H2O maser phases. Further
arguments supporting this suggestion are presented in Sect. 3.3.

3.1.2. Association with radio and IRAS sources

Out of 79 sources, 24 (30%) are associated with radio contin-
uum emission (Tables 3 and 4). This percentage may be an
overestimate, again, due to the relatively high uncertainty of
the methanol positions. From high resolution data, Walsh et al.
(1998) derive that only 20% of methanol masers are accom-
panied by radio continuum. Beuther et al. (2002) found con-
tinuum emission at centimeter wavelengths in about 31% of
sources with CH3OH and H2O masers. The presence of radio
continuum is thought to be a signpost of high-mass stars that
have recently ignited and should, thus, indicate more evolved
objects. Therefore, a prevalence of CH3OH and H2O masers
without detectable radio continuum emission, in the three al-
most independent samples of high mass protostar candidates,
implies that most of them are in the earliest stages of evolution.

Alternatively, some of the objects may be associated with
less massive stars where the ionization rates are too low to pro-
duce observable UCHIIRs. The latter possibility is less prob-
able as generally no methanol emission was detected towards
low-mass young stellar objects (Minier et al. 2003), whereas
such objects frequently show very intense H2O maser emission
(e.g. Valdettaro et al. 2001). Objects with only CH3OH maser
emission (Table 4) have the lowest percentage of radio coun-
terparts (19%). This seems to be consistent with Beuther
et al.’s (2002) result and may suggest that due to the ignition
of the central object the CH3OH maser emission ceases be-
fore the H2O maser emission. However, there are well-known
counter examples, perhaps most prominently W3(OH) dis-
cussed above.

There are only two sources 24.51−0.05 and 28.31−0.40
with only OH maser and radio emission. We cannot state, how-
ever, that they are more evolved than other our targets. More
than 50% of the sources are associated with an IRAS point
source (Table 4).

This is consistent with results reported by Ellingsen et al.
(1996) and Beuther et al. (2002). The percentage of methanol
sources associated with mid-infrared emission (MIR) is ∼70%
(Walsh et al. 2001) as IRAS point sources do not always
coincide with the MIR sources possibly due to significant
confusion.

3.2. Velocities

The distributions of velocity ranges of OH and CH3OH masers
in the sample do not differ (Fig. 3); the averages are 8.0 ± 0.7
and 8.6 ± 0.5 km s−1, respectively. ∆V of these masers is never
larger than 20 km s−1. In contrast, out of 45 H2O sources 33%
have∆V larger than 20 km s−1 while in 22% of sources its value
exceeds 40 km s−1. This suggests that at least one third of the
water masers in the sample originate from environments differ-
ent than the methanol masers and some of them can be associ-
ated with outflows or jets.



M. Szymczak et al.: Water masers in methanol maser sources 619

−

Fig. 3. Histograms of the velocity extent of three maser lines.
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Fig. 4. Histograms of the difference in the centroid of the velocity
maser intervals.

The distributions of the difference in Vc between CH3OH
and OH and between CH3OH and H2O are shown in Fig. 4.
Out of 43 OH masers, 88% have velocity differences smaller
than 5 km s−1. Among H2O masers, about 61% have velocity
differences less than 10 km s−1 and 37% have differences less
than 5 km s−1. The small velocity difference between CH3OH
and OH implies that the maser lines of both molecules emerge
either from the same regions of material surrounding the cen-
tral object or from different clumps which are not strongly per-
turbed by the neutral shocks. This interpretation is consistent
with high angular resolution observations of W3(OH) (Menten
et al. 1992), where the distribution of the 6.7 GHz methanol
masers follows closely that of the 1665 MHz OH masers.

Figure 4 implies that the majority of the H2O masers orig-
inate in regions of velocities considerably different from the
methanol velocities. As already discussed above, high res-
olution data indicate that there are clear spatial separations
between both maser types (Beuther et al. 2002). Moreover,
the velocity differences can reflect different excitation condi-
tions. The excitation of H2O maser is due to collisions with
H2 molecules within shocks associated with outflows or ac-
cretion (e.g. Elitzur et al. 1989) and requires densities, n, of
∼109 cm−3 and temperatures, T , of ∼400 K.

Radiative pumping in dense circumstellar gas (e.g. discs)
is favoured for CH3OH masers (e.g. Cragg et al. 2002, find

Fig. 5. Histograms of the maser luminosity for three species assuming
the near kinematic distance.

n = 105−108 cm−3 and T ≈ 100 K). The distributions in
Fig. 4 are shifted to positive values; the centroids of the OH
and H2O maser velocity intervals are generally blue-shifted rel-
ative to the centroids of the methanol velocity intervals being
good estimates of the systemic velocities if one assumes that
CH3OH masers originate in discs. If all three lines are associ-
ated with the same central object, this shift implies that OH and
H2O masers are seen preferentially in front of the central ob-
ject. CH3OH masers are likely confined to the innermost dense
parts of the environment of a high-mass star, while OH orig-
inates in less dense outer clouds and H2O marks the high ve-
locity part of outflows (Codella et al. 2004). The prevalence of
the blue-shifted methanol maser emission may indicate that it
arises from infalling gas.

3.3. Luminosities

Although the near-far kinematic distance ambiguity was
largely not resolved, near kinematic distance are more likely
for a large number of the sources listed in Table 3 (Churchwell
et al. 1990; Walsh et al. 1997). The luminosity distributions
for the three maser species shown in Fig. 5 were derived as-
suming the near kinematic distances. The median luminosity
of H2O masers is 10−5.5 L� and equals that of CH3OH masers.

The H2O luminosity distribution is clearly skewed to larger
values, whereas that of the CH3OH masers is skewed to
smaller values, resulting in average luminosities of 10−5.3 and
10−5.7 L�, respectively. There is no statistically significant dif-
ference between the luminosities of H2O and CH3OH masers.
The average OH luminosity is 10−7.1 L�. We state that while
the luminosities of H2O and CH3OH masers are comparable,
OH masers are less luminous by about 1.5 orders of magni-
tude. Because we did not make raster maps to find peak posi-
tions, our estimate of H2O luminosity may be underestimated.
In order to estimate this effect we compared our flux densities
of 13 previously known sources with those published in the
literature. The mean of ratios of our measurements and other
authors’ is 8.2 ± 16.0.

Distributions of the H2O maser luminosity for the present
sample and that of Sridharan et al. (2002) are shown in
Fig. 6. No significant difference is seen between the samples.
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Table 5. The average maser and IR luminosities.

Overlap Nmaser log(LOH) log(LCH3OH) log(LH2O) NIR log(LIR)

OH/CH3OH/H2O 9 −6.32 ± 0.14 −5.44 ± 0.32 −4.72 ± 0.44 5 4.62 ± 0.20

OH/CH3OH 12 −6.72 ± 0.22 −5.29 ± 0.24 4 5.12 ± 0.25

CH3OH/H2O 26 −5.60 ± 0.15 −5.32 ± 0.19 14 4.61 ± 0.19

CH3OH 32 −5.94 ± 0.13 18 3.76 ± 0.19

Fig. 6. Histograms of the H2O maser luminosity for our sample and
that of Sridharan et al. (2002).

The median value of LH2O of Sridharan et al.’s sample is
10−5.6 L�, which is essentially the same as our value. This sug-
gests that the two samples probe similar population of young
stellar objects and that our observations did not seriously un-
derestimate the H2O luminosities. However, more precise ob-
servations are needed to confirm this.

For the subsets of sources described in Sect. 3.1.1 (Table 4)
the average maser luminosities are given in Table 5. We found
for the subset of OH/CH3OH/H2O sources the OH luminos-
ity to be statistically significantly lower than the CH3OH
(p < 0.02) and H2O (p < 0.003) luminosities, respectively.
A strong difference in maser luminosities is also seen in the
subset of OH/CH3OH objects (p < 0.0003). The CH3OH lu-
minosity significantly differs between the OH/CH3OH and
CH3OH maser groups. We conclude that the H2O and
CH3OH maser luminosities are comparable within the error
ranges, while the OH luminosity is always lower than the lu-
minosities of the two other maser species. Models predict that
OH and CH3OH masers operate simultaneously under a wide
range of physical conditions (Cragg et al. 2002). Our findings,
on the other hand, suggest that OH maser emission appears in
evolutionary phase later than CH3OH and H2O maser emission.

This is consistent with predictions of chemical models
(Charnley et al. 1995; Charnley 1997). On the other hand if the
luminosity ratio of OH and CH3OH masers is constant then one
would detect very weak OH masers associated with the subset
of sources with CH3OH masers of low luminosity. Such weak
OH masers would be below the detection limit of the OH data
available to us.

The subset of sources with CH3OH alone has a signifi-
cantly lower IR luminosity than that of the other subsets. The
same trend is observed for the maser luminosity. As shown in

Fig. 7. Maser luminosities versus infrared luminosity. The least
squares fits to the data are shown by dashed (red), thin (green) and
thick (blue) lines for OH, CH3OH and H2O sources, respectively.

Sect. 3.1.2 this group of objects is rarely associated with de-
tectable radio continuum emission. We suggest that a signif-
icant fraction of the sources with only methanol maser emis-
sion, constituting more than 40% of the sample, precede in
evolution those high-mass star forming sites associated with
OH and UCHIIRs and some of them may be at very early
stages.

Figure 7 shows the luminosities of three maser species ver-
sus the IR luminosity. The strongest correlation is seen for
OH masers (r = 0.84, p < 0.0001). CH3OH luminosity is
also correlated with IR luminosity (r = 0.55, p < 0.0001).
However, H2O and IR luminosities are only marginally corre-
lated (r = 0.50, p < 0.04). A tight dependence of OH and
CH3OH luminosities on IR luminosity does not necessarely
imply that IR photons are involved in their pumping. It re-
flects rather the fact that more luminous star forming com-
plexes provide more energy for the maser pumping. A corre-
lation of H2O luminosity with IR widely reported in the past
(e.g. Wouterloot & Walmsley 1986; Palla et al. 1991) is not
confirmed in our study. This may imply that IR photons do not
influence H2O maser pumping, as was suggested previously
(Wouterloot & Walmsley 1986), which also agrees with fea-
sible pumping schemes (Elitzur et al. 1989).

Analysis of the IRAS colour–colour diagram of the sam-
ple does not provide any new information over that reported in
Szymczak et al. (2002) and Beuther et al. (2002). Sources hav-
ing different maser combinations are clustered in the reddest
part of diagram corresponding to less evolved objects.
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4. Conclusions

A high sensitivity survey of the H2O maser line in an un-
biased sample of 79 methanol maser sources resulted in
41 detections of which 28 are new. The water maser detection
rate was 52%, which is comparable with the rates reported for
samples of high-mass star-forming regions selected with other
criteria mainly based on IRAS colours typical for UCHIIRs or
radio continuum emission or/and thermal CS emission.

The sample was divided into four subsets, depending
whether maser lines from OH, CH3OH, and H2O were ob-
served in a source. Percentages of sources masing in two or
three of the species or one only, as well as an association of
maser and radio continuum and/or IR emission were analyzed,
as well as the maser and IR luminosities.

We find that CH3OH and H2O evolutionary phases largely
overlap and luminosities in both species are comparable. Only a
small fraction (∼10%) of CH3OH/H2O objects have OH emis-
sion detectable at the limits of current surveys.

In all subsets considered, the luminosity of the OH masers
is lower than that of CH3OH and H2O masers. The evolutionary
phase during which OH maser emission occurs seems to follow
those with CH3OH/H2O emission, although an overlap of OH
and CH3OH maser phases seems to exist.

The lowest percentage of association with radio contin-
uum was found for objects with CH3OH masers alone, which
seems to indicate that methanol masers (as H2O masers) may
trace objects that have not yet developed an ionizing core. At
least one third of the H2O masers in the sample have a ve-
locity extent larger than 20 km s−1 suggesting their associa-
tion with outflows or jets. For the majority of sources (∼90%)
the centroids of the OH and CH3OH maser velocity inter-
vals coincide to within 5 km s−1. In contrast, for ∼40% of
the H2O sources the difference in the velocity centroids of
H2O and CH3OH maser emission are larger than 10 km s−1.
Furthermore, the H2O velocity centroids are blue-shifted rela-
tive to those of CH3OH emission. These findings support pre-
vious suggestions that while CH3OH masers originate from
the innermost parts of the environments of high-mass proto-
stars, high velocity features are unique to H2O masers. These
H2O masers likely emerge from high velocity outflows driven
by the central object and can persist at a greater distance from
exciting source than CH3OH masers.

The OH and CH3OH maser luminosities are well correlated
with the IR luminosity while the H2O and IR luminosities are
marginally correlated. These findings are fully consistent with
pumping schemes of the three maser lines.
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