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Abstract. — We report the results of a 22.2 GHz H, O line survey of all the known maser sources north of — 30 deg. Of the
509 sources observed, 203 were detected with an average detection limit of 9Jy. The data are presented in an atlas and a table
form and are intended to constitute an homogeneous reference data base for further study of the source variability. A brief
description of the instrumentation is given. Comparison of the present results with those given in the literature indicates
that most of the masers vary, with only 20% of the sources remaining constant, within the observational uncertainty.

Key words : atlases — masers — radio lines : molecular.

1. Introduction.

Radio emission from galactic HO maser sources at 22.2
GHz (the rotational transition between the 61— 523 levels)
was found 20 years ago, the first detection of the line being
attributed to Cheung et al. (1969). Much observational and
theoretical work has been done since then, as documented
by the many excellent review papers on the subject (see
e.g. Reid and Moran, 1981 ; Downes, 1985 ; Cohen,
1989). Soon after the discovery it was realized that H,O
maser sources were associated with two distinct classes
of objects which also represent two different phases of
stellar evolution : 1) regions of star formation (namely
H II regions in their earlier phases) and 2) late-type stars
(usually later than M5), either long period regular variables
(Mira giants) or irregular variables (supergiants). Similarly,
already with observations spanning only over few years, it
was immediately clear that the radio emission was highly
variable, both in intensity and velocity, with lines appearing
and disappearing with time scales of years and, occasionally,
showing more rapid outbursts (see e.g. Rowland and
Cohen, 1986 ; Garay et al., 1989). The number of detected
masers has increased steadily in these 20 years as well as the
type of associated object (T Tauri, IRAS sources, Herbig-
Haro objects, etc.) bringing the present number of known
masers in the range of several hundreds.

To create a useful reference catalogue of all the detec-

tions scattered throughout the literature and in selected lists
(see e.g. Braz and Epchtein, 1983 for non stellar masers
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and Engels, 1979 for stellar ones) our group compiled an
up-dated list of all the maser sources north of —30 deg, in-
clusive of all the possible sub-species (stellar, non-stellar or
other). The list contains 526 objects, which are tentatively
subdivided into 250 HII, 180 stellar, 15 HH, 2 TTauri and 79
IRAS (Cesaroni et al., 1988a, hereinafter called Paper 1).

Despite this bounty of information, many aspect of
the maser emission are still far from being clear. For
instance : 1) there is ample debate on the possible pumping
mechanism(s), 2) the variability has been studied in a
systematic fashion only for a very limited sample of objects
and over limited time intervals, 3) the manifestation and
duration of the maser phase in the lifetime of the associated
object (star forming region or late-type stars) is only vaguely
known.

In this paper we present the results of observations of all
galactic masers listed in Paper 1, made with the Medicina
32 m radiotelescope. The basic motivation of the present
work is to provide an “instantaneous photograph” ata given
epoch of all the known masers north of —30 deg, to be used
as an homogeneous reference data base and as a starting
list to select interesting candidates for future studies of
variability. The fact that all the spectra are taken with the
same instrument (i.e. same beamwidth, sensitivity, etc.)
offers a unique opportunity to implement statistical studies
of the properties of the entire sample.

However, although composed of homogeneous data, the
present catalogue is not unbiased, in the sense that it reflects
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the selection criteria used originally, which were based on
lists of H II regions and late-type stars or sub-samples from
the IRAS Point Source Catalogue.

Given the small beam size at this frequency, systematic,
and possibly unbiased searches in the galactic plane have
not been carried out so far, with the exception of one small
strip of two square degrees in the galactic plane (Matthews
et al., 1985).

The present project is the first carried out by the Arcetri
Radio Astronomy Group in this field and was made possible
by the availability of ample time on the Medicina 32 m VLBI
radiotelescope of the Istituto di Radioastronomia-C.N.R.,
Bologna, Italy (see Sect. 2.1) and the Digital Autocorrelator
built by the Arcetri Radio Astronomy Group (see Sect.
2.2). 'While this telescope, due to its limited aperture,
cannot compete in sensitivity with larger ones (e.g. the
Bonn 100 m telescope), it has the advantage that, given
the ample available time, it can approach large, time
consuming projects which would not be possible with larger
radiotelescopes.

While planning the observations, it was impossible to
get all the time needed to reach the observed flux density
for the weakest sources in the reference catalogue. An
integration time of 5 minutes, corresponding to a detection
limit of 9 Jy, gave a good compromise between the detection
of a significant fraction of the reference catalogue and a
reasonable total observing time.

The completion of the survey took several observing runs
in 1987 and 1988. During this period we begun also to patrol
the emission of strong masers, to survey new lists of sources
and to search for H,O masers in selected extended areas in
an unbiased way. Results for the maser associated to the
Serpens molecular cloud has been given elsewhere (Palla
and Giovanardi, 1989). Here, in addition to the results of
the survey, we give a complete description of the instrument
and of the observational procedures. Cross correlation of
the data of the survey with IRAS data and other statistical
analysis, as well as studies of the variability of selected
sources and the results of new surveys will be the subject
of future publications.

2. Observations.

In the following we give a brief technical description of the
telescope and of the observational procedures.

2.1 THE TELEScOPE. — The radiotelescope is primarily
devoted to VLBI observations. Consequently the front-end
is typical of such work (Comoretto, 1987 ; Palagi, 1987).
The feed provides two outputs of circular polarization.
For technical reasons only one polarization channel is
available at 22.2 GHz, namely the right hand sense. The
front-end amplifier is a criogenically cooled (17 K) three
stage GaAsFET. In good weather conditions the system
temperature is 160 K with a receiver contribution of 100
K. Down conversion to the IF bandwidths is provided
according to VLBI configurations, namely the first local
oscillator is a synthesizer with a multiplication chain locked
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to the hydrogen maser frequency standard. The IF output is
fed to the input of a SSB mixer whose output bandwidth can
be selected from 50 MHz down to 0.78 MHz, in binary steps.
The LO of the SSB is a synthesizer driven by the acquisition
and control computer (HP 1000). The signal from the SSB
mixer is amplified and sent to the Digital Autocorrelator.

At the water maser frequency (we used for the rest
frequency of the line the value of 22.23507985 GHz), the
HPBW of the telescope is 1.9 and its efficiency ranges from
10% to 17% depending on elevation. The low efficiency
was due to a deviation of the main dish from the theoretical
surface, as shown by holography measurements (Comoretto
et al., 1988). It has been improved to 35% by resurfacing
the antenna in August 1989. The gain-zenith angle curve
has been determined with accurate observations of the
continuum calibration sources DR 21, NGC 7027, 3C 123
and 3C286, whose adopted flux densities are 19.0, 5.86, 3.71
and 2.55 Jy respectively (Baars, 1977).

The pointing parameters of the telescope are determined
at the beginning of each observing session, by 24 hour
measurements of the four intense maser sources W3OH,
W51M, W49N and Orion-KL. The required signal to noise
ratio is achieved using a 2 MHz bandwidth centered on the
strongest maser line for each source. Residual pointing
uncertainties are usually 20 arcsec rms.

2.2 THE DIGITAL AUTOCORRELATOR. — The Arcetri Autocor-
relator (Comoretto, 1983 ; Catarzi et al., 1985) is used in a
configuration of two quadrants of 256 channels connected
in a single section for a total amount of 512 channels. Sam-
pling and digitizing is made at two bits, three levels. Sam-
pling rate is maintained fixed at 100 MHz, while bandwidth
changes are obtained by the delay clock which is set at the
Nyquist rate (2 x bandwidth). A summary of the relevant
autocorrelator parameters is reported in Table I.

TABLE 1. — Autocorrelator characteristics.

Parameter Options
IF input Up to 4 quadrants
Type of correlation | Auto/Cross

Quantization
Bandwidths
Observing mode

1/2 bit
7 from 50 to 0.78 MHz
Total Power, Freq-switch

2.3 DATA ACQUISITION AND CALIBRATION. — All the observa-
tions were made in the total power observing mode with the
same integration time (usually 5 minutes) in the ON and
OFF positions.

The autocorrelation function (ACF) can be edited to
delete defective channels or to smooth it before the Fourier
transform is applied to get the power spectrum.

The receiver noise and the passband effects are removed
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using the standard relation : T, (v) = Tog(Pon(v)— Pog(v))/
Py (v), where Toq is the average system temperature in the
reference spectrum and Po,, Pog are the calibrated power
spectra.

The spectrum is then converted to flux density using
an average gain curve for the observing period. No daily
calibration has been attempted. Therefore the final error
in the flux scale is about 20% .

Since it is not possible at the moment to measure the
total power at the sampler input, the absolute scale of each
spectrum is calibrated with a total-power integrator in a 2
MHz band at a fixed frequency adjacent to the observed
bandwidth. If the receiver band is flat to a few percent, this
procedure does not introduce significant errors. For very
strong sources (F, > 10* Jy), the line contribution to the
total power received is not measured, and the flux density
scale is underestimated for the P,,. However the P.g is still
correctly calibrated, and its scale can be applied to the Py,
assuming that the receiver noise remains unchanged.

Both the measured ACF and the computed spectra are
stored on files in a format conforming to the TOOLBOX
package specifications. TOOLBOX is the line reduction
package developed at the Max-Planck-Institut fiir Radioas-
tronomie, Bonn (von Kap-herr, 1980 ; Cesaroniet al, 1988b)
and kindly made available to our group.

3. The catalogue and the atlas of spectra.

The spectra, recorded on tape at the Medicina station, are
analysed with a SUN3 workstation under UNIX operating
system.

The data reduction with TOOLBOX consists essentially
of 3 steps. First a polynomial fit to the baseline is removed
in each spectrum and the rms noise is computed. Second,
a suitable number of gaussians is fitted to the lines to
evaluate their intensity, central velocity and width. For
some sources with multiple blended components only the
strongest components have been fitted. Finally the integral
over the whole emission interval is computed using the
Simpson approximation.

For a consistent number of sources several observations
at different times were taken. We report here only the
spectrum with the maximum spectral resolution (i.e. the
smaller bandwidth). An exception to this rule is given by
those spectra which have at some epochs one or more lines
out of the velocity range covered by the smallest bandwidth
used : in these cases we choose the bandwidth containing
also this “high velocity” components. For spectra with the
same bandwidth, the first one in time is reported.

The results of this analysis are contained in Table II and
Figure 1. Since our aim was to re-observe all the sources
in the catalogue of Paper 1 we tried to maintain a one
to one correspondence with it. Few positions from Paper
1 are missing in the present list, because they would be
undistinguishable in our observations, given the resolution
of the Medicina antenna. To set a boundary to this effect,
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we have followed the general rule to consider positions with
a separation less than ~ 1 arcmin as a single source. As a
result we observed 509 different positions out of 526 listed
sources.

For one source, BFS 31, the coordinates are mistaken
in Paper 1. The true coordinates are « = 03"21™11.8°,
8 = 54°46'51".

Owing to the complexity of the H>O spectra, only the
most significant parameters have been included in Table I1.
They are :

Columns 1 and 2 : Right ascension and declination
(1950,

Columns 3 and 4 : name and class of the source, identical
to the ones used in Paper 1. When no name is available we
form it using the first digits of the galactic coordinates (e.g.
12782-0002 for a source at Iy; = 127.817 and by = —0.021),

Columns 5 and 6 : galactic coordinates in degrees,

Column 7 : the flux density (Jy) of the strongest
component in the spectrum. Sources exhibiting a single
component are marked with an asterisk. Upper limits (30)
are given for undetected sources. Note that, even though
only the strongest component is given here, all components
in each spectrum have been fitted and can be provided
upon request. Since the flux density comes from a multiple
gaussian fitting of the profile, in the case of narrow peaks
sitting on top of broader features, the peak value given in
Table II may be considerably smaller than the peak of the
profile in Figure 1,

Column 8 : the noise level o (Jy). For strong sources like
W3 OH,KLIRC2, W49 N, etc., the fit error is much greater
than the noise level and therefore the former value is given,

Column 9 : velocity (km s~1) with respect to the LSR of
the peak given in column 6,

Column 10 : spectral resolution (km s~1) of the reported
spectrum,

Columns 11 and 12 : minimum and maximum velocity
of the emission range (km s~!) of the spectrum shown in
Figure 1. For non-detections the limits of the observed
range are reported,

Column 13 : integrated flux (Jy km s~!) computed
over a velocity interval which includes all the detected
components. For a few sources the integrated flux is slightly
lower than the product of the peak flux density (column 7)
and the line width. However, this inconsistency is removed
if the errors in the fitted parameters and the noise level of
the spectrum are taken into account.

Column 14 : maximum observed bandwidth (MHz),

Column 15 : the date (yymmdd) on which the spectrum
described in columns 6-12 was observed.

Column 16 : Reference codes to previous single dish
measurements (See the list appended to this table). No
attempt is made to list all the references dealing with each
source.

The atlas of spectra of Figure 1 (flux density in Jy versus
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velocity in km s~1) contains only sources where at least one
line was detected.

Notes to Table IT :

e For very intense sources (W3 OH, KL IRC 2, W49
N, W51 N, W51 S) our spectra cover only the central
portion of the emission range and the parameters listed
in Table II have been corrected as described in Section
2.3.

e The maser in SERPENS is reported as an upper limit
in Table II. In fact the source detected by Palla and
Giovanardi (1989) is about 1.4’ away from the nominal
position given in Paper 1.

4, Discussion.

We now analyze the main statistical properties derived from
the comparison of the present survey and the literature data
contained in Paper 1, excluding three sources for which
no flux density is reported in Paper 1 and which are not
detected in the present survey.

The detected sources are 203. Their flux density
distribution (full line) is given in Figure 2, which shows a cut-
offat ~ 9 Jy, which is equal to the average 3o level computed
from Table II, column 8, excluding the fit error values. For
comparison we report the distribution of the 301 sources
from the reference catalogue having a flux density > 9 Jy
(dotted line).

The two distributions have almost the same shape, while
the number of sources is significantly decreased in our
survey. However, we want to remark that our 203 detections
are not a subsample of the 301 reference sources with flux
density > 9 Jy.

To have an indication of the flux density variability we
have plotted the peak flux of the detected sources Sa (Fig.
3a) and upper limits (Fig. 3b), versus the peak flux of the
reference catalogue Sg. Figure 3a shows that there is a large
scatter around the solid line, representing the Spo = Sgr
relationship and that several sources with Sg < 9 Jy have
now a higher peak flux density. In figure 3b our average
detection limit (So < 9 Jy) shows up clearly together with
the fact that even very strong sources were not detected.

If we divide the reference catalogue sources into two
groups, below and above the 9 Jy limit (Tab. III), we find
that 19 have increased their flux and became observable
(crosses to the left of the vertical line in Fig. 3a), while 117
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sources above our average detection limit were not detected
(circles to the right of the vertical line in Fig. 3b). This
difference in the two numbers may partly be due to the fact
that the flux densities reported in Paper 1 are the maximum

ever observed. TABLE III. — Source counts.

Reference Catalogue Fluxes
<9Jy|>9Jy| Total
det. | 19 184 203

und. | 186 117 303

tot. | 205 301 506

The distribution of the S /SR ratios for detected sources
is shown in Figure 4. From the comparison of Figures 3
and 4, it is clear that variations in the peak flux density is a
dominant characteristic of the maser emission. Moreover,
in Figure 4 the asymmetry of the distribution shows that the
number of sources with a decrease in the peak flux density is
higher than those exhibiting an increase, an effect similar to
the difference found above between the number of sources
becoming fainter or more intense than 9 Jy. Only 38 sources
(20% of the detected ones) do not show variations within
our 20% measurement €rror.

Velocity variations are also present, but are less frequent
than peak flux variations. Figures 5 and 6 report
respectively the radial velocity of our survey versus the
reference catalogue values and the distribution of the
differences. The latter is highly peaked around zero, but
there also are isolated large variations, which may be better
interpreted as onset of new components at different radial
velocity.
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FIGURE 1. — Spectra of all the detected sources. The horizontal scale is the velocity with respect to the LSR in km s~1. The vertical
scale is the flux density in Jy. The coordinates and the names given on top of each spectrum are those of columns 1, 2 and 3 of Table II.
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FIGURE 2. — Peak flux density distribution for detected sources Sa (solid line), compared with the same distribution for sources in
Paper 1 having flux density Sg > 9 Jy (dashed line).
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FIGURE 3. — Observed peak flux density Sa vs. catalogue flux density Sg for the detected (Fig. 3a) and not detected (Fig. 3b) sources.
SR is derived from Paper 1. The vertical line marks our detection limit of 9 Jy.
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FIGURE 5. — Observed peak velocities V4 vs. catalogue velocities VR.
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