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Abstract—We present the results of our long-term monitoring of the 1.35-cm water—vapor maser source
ON I performed at the 22-m radio telescope of the Pushchino Radio Astronomy Observatory from 1981 to
2013. Maser emission was observed in a wide range of radial velocities, from —60 to +60 km s~!. Variability
of the integrated flux with a period of ~9 years was detected. We show that the stable emission at radial
velocities of 10.3, 14.7, and 16.5 km s~! belongs to compact structures that are composed of maser spots
with close radial velocities and that are members of two water-maser clusters, WMC | and WMC 2. The
detected short-lived emission features in the velocity ranges from —30 to 0 and from 35 to 40 km s~! as
well as the high-velocity ones are most likely associated with a bipolar molecular outflow observed in the

CO line.
DOI: 10.1134/S1063773714080052
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INTRODUCTION

The source ON 1 in Cygnus is associated with
a dense molecular cloud and an ultracompact H 1I
region (Zheng et al. 1985; Argon et al. 2000) having a
centimeter-continuum luminosity >10*2 L), imply-
ing the spectral type BO for the exciting star (McLeod
et al. 1998). This source exhibits clear evidence of on-
going star formation: a high-density gas, numerous
high-velocity outflows, water—vapor (Turner et al.
1970; Sullivan 1970; Genzel and Downes 1977) and
hydroxyl (Fish et al. 2005) masers, and near-infrared
sources. A far-infrared point source is also located
here (Kumar et al. 2004). According to the most
reliable estimates, the distance to ON 1 is 1.8 kpc
(see, e.g., McLeod et al. 1988; Kumar et al. 2004).

VLBI observations have shown that the HoO
emission is concentrated in two clusters: the north-
ern WMC 1 and the southern WMC 2 (Downes
et al. 1979; Nagayama et al. 2008). The clusters
are 2" (3600 AU) away from the UC H II region
observed in continuum at 8.4 GHz and are spaced
1.6” (2900 AU) apart in the northeast—southwest
(NE—=SW) direction. Two submillimeter continuum
sources, SMA 1 and SMA 2 (Su et al. 2004), asso-
ciated precisely with these two HoO maser clusters

"E-mail: lekht@sai.msu.ru

(Nagayama et al. 2008) were found at 345 GHz,
and all these objects are collectively considered as a
cluster of young stellar objects.

Numerous gas outflows were detected in the same
ON 1 region (Kumar et al. 2004; Nagayama et al.
2008). A bipolar outflow in the J =2—1 CO line
near WMC 1 in the E—=W direction (Kumar et al.
2004) with an expansion velocity of 69 & 11 km s~!
(Nagayama et al. 2008) stands out among them. The
proper motions of maser features in the northern clus-
ter are associated with this outflow. Anther bipolar
outflow was detected in the NHz and H¥CO lines
at a velocity of 4.5 km s~! in the NE—SW direction.
Although this outflow is interpreted by some authors
as a rotating ring or disk (Zheng et al. 1985; Lim
and Ho 2002), based on their NHj3 line observations,
Kumar et al. (2004) still give preference to the model
of an outflow.

Nagayama et al. (2008) point out that the process
of star formation in ON 1 propagates from the western
side of the UC H II region to the eastern side of
both maser clusters. They surmise that the northern
source (the northern cluster of maser spots and the
young star) form with the UC H II region a binary
system with a relative velocity AV; sg = 3kms~! and
a total mass of ~37M,. The hydroxyl maser emission
is also associated with the UC H II region, with its
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sources being located mainly at the periphery of this
region (Forster et al. 1978).

The HoO maser activity manifests itself in a wide
range of radial velocities (from —80 to 460 km s™1),
but mainly in the central part of the spectrum, in the
range 4—18 km s~!. Maser emission with a peak
intensity exceeding 600 Jy was also recorded here
(Turner et al. 1970; Lekht et al. 1995).

OBSERVATIONS AND DATA ANALYSIS

Our observations of the HoO maser source at
1.35 cm in the ON 1 region (ai950 = 20"8M103,
d1950 = 31°22'39”) were carried out at the RT-22
radio telescope of the Pushchino Radio Astronomy
Observatory from 1981 to 2013 with a mean interval
between the observations of 1.8 months. In 1993 and
1994, the observations were conducted, on average,
every five months, while no observations were con-
ducted in the time intervals May 2006—January 2008
and August 2008—March 2009 for technical reasons.

The system noise temperature was 200—300 K
and, beginning in 2005, 100—200 K, depending on
the weather conditions. The antenna beamwidth at
1.35 cm is 2.6/. The antenna sensitivity for un-
polarized emission is 25 Jy K~'. To minimize the
influence of the possible polarization of the measured
signal on the measured intensity, we tried to ob-
serve the source at approximately the same position
angle. Note that continuum sources with a well-
known absolute intensity (Jupiter, Venus, DR-21)
are occasionally observed to calibrate the received
signals at RT-22. These observations showed that
the effective area of the antenna (its sensitivity) re-
mained constant in all these years if, of course, the
signal absorption in the Earth’s atmosphere under
different meteorological conditions is properly taken
into account during the observations. Note also that
an important factor in measuring the signal is the
accuracy of the telescope’s automatic pointing at the
source; to control this accuracy, before the beginning
of our observations, we almost always adjusted the
antenna based on maser sources with a high intensity:
Orion KL, W 49 N, W 3 OH.

The antenna is pointed at a strong source, the
peak of its emission is found, the actual position of
the source is compared with the calculated one, and
the pointing correction found in this way is applied
during the subsequent observations of the sources to
be studied. In this way, an accuracy of automatic
pointing at the source of 7—10 arcsec (if there is no
lateral heating of the antenna by the Sun) can be
achieved.

In 1981—2004, the signal was analyzed by a 128-
channel filter-type spectrum analyzer with a resolu-
tion of 0.101 kms~!. A 2048-channel autocorrelation
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spectrum analyzer with a resolution of 0.0822 km s~!
has been used since 2005. This allowed us to conduct
observations in a wide range of radial velocities and, in
particular, to record high-velocity emission in ON 1.

Selected HoO spectra in ON 1 was published in
1995 (Su et al. 2004). Figure 1 presents all of the
spectra taken over the observed period. The radial
velocity relative to the local standard of rest in km s=*
is along the horizontal axis and the flux density in Jy
is along the vertical axis. The vertical arrow indicates
the scale in Jy. The dashed lines indicate the emission
features that cross the higher-lying spectra.

Since we have performed our observations in a
wide range of radial velocities only after the 2048-
channel autocorrelation spectrum analyzer was put
into operation in 2005, we analyzed the variability of
the integrated flux for the entire monitoring only for
the range of radial velocities 4—18 km s™1. Figure 2
shows a plot of the integrated-flux variability. The
dashed line indicates the slow flux variations. The
main maxima are marked by the vertical solid arrows
and are numbered for convenience. The additional
(secondary) maxima are marked by the dotted arrows.

DISCUSSION

The HyO spectra toward the source ON 1 have
mainly a triplet structure, i.e., emission at low radial
velocities and high-velocity emissions with red and
blue shifts. The emission features are identified with
the two clusters of maser spots and the bipolar out-
flow observed in the CO line.

Identification

The most intense and stable H,O maser emission
features are shown in Fig. 3. We also included the
data from Nagayama et al. (2008) (open circles).
According to Downes et al. (1979) and Nagayama
et al. (2008), the emission features are identified
with the northern source WMC 1 in the range of
radial velocities 12—17 km s~! and with the south-
ern source WMC 2 in the ranges 5.9—12 and 17.5—
23 km s~1. Of course, there are weak features that
slightly disrupt this separation, but they barely affect
the overall picture. The belonging of features to the
corresponding clusters is shown in Fig. 3.

The emission at large negative velocities was first
detected by Genzel and Downes (1977). However,
because of the low flux level, it was not identified.
Kurtz and Hofner (2005) observed the emission in
ON 1 in a wider range of radial velocities, from —53
to +63 km s~1. Felli et al. (2007) monitored ON 1
in 1987—2007. The high-velocity emission, with
both blue (Visg < —20 km s71) and red (Visg >

ASTRONOMY LETTERS Vol.40 No.9 2014
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Fig. 1. H2O maser emission spectra toward the source ON 1. The double arrow indicates the scale. The radial velocity is given

relative to the local standard of rest.

35 km s—1) shifts, was identified in 2005—2006, when
the emission was fairly intense (Nagayama et al.
2008). All these high-velocity features are in the

northern source and are associated with the submil-
limeter source SMA 1 and with the outflow observed
in the CO line. The high-velocity emission and its

evolution carry important information about the pro-

ASTRONOMY LETTERS Vol.40 No.9 2014

cesses occurring during the formation of young stellar
objects in ON 1.

Maser Emission Variability

As we have already pointed out, the high-velocity
emission is associated mainly with the bipolar outflow
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of matter, while the emission in the velocity range 4—

18 km s~ is associated with the clusters of maser
spots WMC 1 and WMC 2. An important parameter

of the maser emission is its integrated flux. It reflects
the state of the entire maser, and not just its individual
features. The variability of the integrated flux calcu-

lated in the range of radial velocities 4—18 km s~! is

shown in Fig. 4. The long-period variability compo-
nent was identified (dotted line). The mean period is
~8.9 years.

For each maximum, we constructed the average
spectra (see Fig. 5). The averaging time intervals

ASTRONOMY LETTERS Vol.40 No.9 2014
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were taken near the maxima. A close similarity be-
tween the average spectra is observed for the 1990
and 1998 maxima, especially at radial velocities of

14.7 and 16.5 km s~!. This emission is identified with
the cluster of maser spots WMC 1. Figure 5 also

shows the average spectrum near the emission min-

ASTRONOMY LETTERS Vol.40 No.9 2014

imum of 2003—2005 (dotted line). A close similarity
of this spectrum to the average spectra at the maxima
(curves 2 and 3) is also observed.

Additional maxima were occasionally superim-
posed on the main maxima. As a rule, they were
observed near the main maxima (before and after
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them). Two short-lived bursts of the integrated flux
in 2010 and 2012 were caused only by short flares
of emission at velocities of 7.9 and 14.9 km s~!,

respectively.

Figure 6 shows the flux density variability for the
main emission features. It is these features and es-

pecially the component at 14.7 km s~! that make a
major contribution to the integrated-flux variability.
During the 1985 and 2005 minima, all components
had emission minima. In contrast, at the 1995 mini-
mum, the feature at 9.5 km s~! had an emission max-
imum. The picture was also similar for all maxima

ASTRONOMY LETTERS Vol.40 No.9 2014
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except the 1991 maximum, which was determined by
the emission of only the component at 14.7 km s~1
and several weak features in the velocity range 4—
14 km s,

The emission of the emission features at 9.5 and
10.3 km s~! was more or less periodic, with mean
periods of 2.6 and 4.8 years, respectively. The former
component most likely belongs to WMC 1 (Downes

ASTRONOMY LETTERS Vol.40 No.9 2014

et al. 1979) and the latter belongs to WMC 2 (Na-
gayama et al. 2008). No periodicity was found in the
emission variability of the remaining components (see
Fig. 6).

Thus, we can assert that no correlation is traced
between the fluxes in individual spectral components.
Consequently, the observed secondary maxima in
Fig. 2 are most likely the effect of a superposition
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of the flux variability curves from several emission
features at once on one another.

Let us return to Fig. 3. Three features with mean
radial velocities of 10.5, 14.7, and 16.5 km s~1 stand
out. Our analysis of the spectra showed that the
pattern of the small drift in the radial velocities of
these features is caused by the variability of the emis-
sion from several components with very close radial

velocities. For example, the feature in the spectrum
at a mean velocity of 14.7 km s~! actually consists of

three components: 14.3, 14.7, and 15.4 km s=! (see
Fig. 3). In 1981—1982, a flare of the component at a

velocity of 14.3 km s™! occurred. Subsequently, only
the component at 14.7 km s~! was in an active stage
for a long time, as is suggested by the very narrow

ASTRONOMY LETTERS Vol.40 No.9 2014
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line width, only 0.6—0.7 km s~!. Weak emission from  Similar pictures of evolution were also observed for
the other components was occasionally observed in  the emission of the features at velocities of 14.3 and
the line wings or the line became asymmetric be-  16.5 km S

cause of its blending with features close in velocity. Thus, there is reason to believe that the emis-
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sion at these velocities belongs to compact structures  served in 1976 (Forster et al. 1978) and 1977 (Genzel
formed by maser clumps belonging to WMC 1 and  and Downes 1977) also exhibited emission features at

WMC 2 and having close radial velocities. 14.5 and 16.5 km s~!. This shows that WMC 1 and
[t should also be noted that the HoO spectra ob-  WMC 2 are fairly stable structures over a long time.

ASTRONOMY LETTERS Vol.40 No.9 2014



RESULTS OF A LONG-TERM MONITORING 561

Apr. 24,2012

May 29, 2012 A

- Aug. 30,2012 ’\ -

200 Jy
Oct. 29, 2012 T
" Nov.22,2012 ]
Dec. 19, 2012
o " Jan. 30,2013 T
=
>
37
S Feb.27,2013 7
o
>
2
&)
- July 23,2013 4
Aug. 20,2013

Sept. 18,2013

| Oct. 28,2013 J\ ﬂ ‘ |
Nov. 25,2013 ﬁ ﬂ ,

Dec. 15, 2013

1 1 1 1 1 1 1
-60 —-40 =20 0 20 40 60
Radial velocity, km s™!

Fig. 1. (Contd.)

The High-Velocity Emission of all the subsequent observations are presented in

We have traced the variability of the high-velocity =~ Fig. 4. We included the data from Felli et al. (2007)
emission since its detection. In 1977 and 1987, only  for the time interval 1987—2007 and the data of our
the blue-shifted emission was observed. The results  monitoring from 2005 to 2013 (this work). The po-
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sitions of all the high-velocity emission features at all
epochs of observations are indicated by the crosses.
The features with flux densities exceeding 50 Jy are
designated by different symbols (see Fig. 4). The

dashed lines indicate the drift of features with close
radial velocities, and the dash—dotted line indicates

the changes in the positions of the flare maxima with
time.
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Our analysis of the spectra reveals rapid flux and
radial-velocity variability for the high-velocity fea-
tures. As a rule, the variability time scales were
shorter than the intervals between successive ob-
servations. This does not allow us to estimate the
parameters of the variability of individual emission
features. In addition, weaker short-lived features
appeared at radial velocities close to them.

The observed pattern of variability can be a conse-
quence of strong fragmentation of the medium and
the existence of small-scale turbulent motions of
matter in the region where the high-velocity maser
emission is localized.

The high-velocity features in ON 1 form two spa-
tial groups that are located mainly in different parts
of the outflow observed in the CO line. The features
with negative velocities are located in the western
part, while those with positive ones are located in the
eastern part of the molecular outflow. According to
Nagayama et al. (2008), the expansion velocity of this
outflow is ~69 km s—1.

Our analysis of all data showed that the blue-
and redshifted emission was observed from 1997 to
November 2011. Subsequently, the emission was
observed only at positive radial velocities (this work).
No correlation is traced between the stages of max-
ima of the high-velocity and central (2—20 km s~1)
emissions.

Thus, in contrast to the HoO maser emission from
WMC 1 and WMC 2, the maser emission from the
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molecular outflow is characterized by rapid variability
of individual features. The strong HoO maser emis-
sion variability can be related to inhomogeneity of
the material in the bipolar molecular outflow, to the
presence of clusters of maser spots in it, and to small-
scale turbulent motions.

Other Spectral Features

We also traced the evolution of the emission in the
velocity range 20—25 km s~!. This emission has been
observed since the discovery of the maser in ON 1
(Turner et al. 1970; Sullivan 1973), i.e., in 1969—
1970, and then in 1977 (Sullivan 1973; Genzel and
Downes 1977). At the end of 1977, the emission fea-
tures were observed in both clusters of maser spots.
In 1987, the emission in the above velocity range
was not recorded (Comoretto et al. 1990), nor was
it recorded in succeeding years. In our monitoring,
the observations in the range from 18 to 23 km s™!
were conducted regularly from 1994 to 1996 and then,
until 2005, only occasionally. We did not record any
emission at these velocities either. On the other

hand, we have observed weak short-lived emission at
various radial velocities, from —30 to 0 km s~! and
from 35 to 40 km s—1, since 2005.

Thus, HoO maser emission from the source ON 1
was observed in a wide range of radial velocities, from
—69 to +60 km s~!. The fairly stable emission is
associated with WMC | and WMC 2. It can be
surmised that the short-lived emission we detected in
the ranges from —30 to 0 and from 35 to 40 km s~ 1,
along with the high-velocity emission, is associated
with the bipolar molecular outflow.

CONCLUSIONS

Let us summarize the main results of the 33-year-
long monitoring of ON 1 in the 1.35-cm water—vapor
line.

(1) We constructed the HoO maser emission spec-
tra of ON 1 over the period 1981—-2013.

(2) Long-period variability of the integrated HoO
emission in the range of radial velocities 4—18 km s 1
with a mean period of about 9 years was detected.
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(3) The main emission features were identified with
two clusters of maser spots, WMC | and WMC 2.
According to Nagayama et al. (2008), the high-
velocity emission (with both blue and red shiits) can
be identified with a bipolar outflow observed in the CO
line.

(4) The emission at velocities of 10.3, 14.7, and
16.5 km s~ is a superposition of individual emission
features with close radial velocities, and these features
apparently form compact structures in WMC 1 and
WMC 2.

(5) Short-lived emission features were observed in
the velocity ranges —30—0 and 35—40 km s=1. We
surmise that they are associated with the same bipolar
outflow.
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