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RESUMEN

Presentamos los resultados de observaciones de maseres de agua en una mues-
tra de objetos estelares jévenes. Las observaciones se hicieron usando la antena de
37 m de Haystack durante un periodo de tiempo de aproximadamente ocho meses.
La muestra fue seleccionada para estudiar la variabilidad de la emision de maseres
de Hy0 en fuentes jévenes con luminosidades entre 260 y 2.5 x10* L. Los resul-
tados se presentan en una serie de gréaficas que permiten analizar la variacién de la
emision maser y hacer una discusion de las propiedades globales de la muestra. Los
resultados muestran que en todas las fuentes la emision de maser de agua varia con
el tiempo. En base a la variabilidad observada, la muestra presenta dos tipos de
comportamiento. Aproximadamente la mitad de las fuentes muestran variaciones
grandes en la intensidad de al menos una componente (mayor a un orden de mag-
nitud) en intervalos de tiempo entre uno y varios meses, mientras que en todas las
fuentes existe mas de una componente donde los cambios en intensidad son mas pe-
quefios (menor a un factor de 10) pero en escalas de tiempo similares. Finalmente,
la variabilidad de la emisiéon maser observada no presenta un patrén de periodici-
dad claro en el tiempo y no encontramos una clara relacién entre la luminosidad
de las fuentes y la variabilidad de los méaseres de agua. Desde un punto de vista
estadistico, la variabilidad de los méaseres de HoO puede describirse como debida a
pequenas (10%) fluctuaciones Gaussianas en la opacidad de la linea.

ABSTRACT

We present results of water maser observations in a sample of young stellar
objects. The observations were made using the Haystack 37 m antenna during a
span of time of about eight months. The sample was selected to study the variability
of the water maser emission in young sources with far-infrared luminosities between
260 and 2.5 x 10* L. The results are shown in a series of plots that allow the
analysis of the variation of the maser emission and to discuss the global properties
of the sample. The results show that in all the observed sources the water maser
emission varies with time. Based on the observed variability, the sample shows two
kinds of behavior. About half of the sources show large variations in the peak flux
density of at least one feature (by more than an order of magnitude) in time spans
between one and several months, while in all the sources there is more than one
feature where the changes in peak flux density are smaller (by less than a factor of
10) but in similar time scales. Finally, the variability of the observed water maser
emission does not show a clear periodicity pattern in time and we do not find a clear
relationship between the luminosity of the sources and the water maser variability.
From a statistical point of view, the HoO maser variability can be described as due
to small (10%) Gaussian fluctuations in the line opacity.
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1. INTRODUCTION

One of the most exciting astrophysical phenom-
ena is the powerful water maser emission found in
relation to star-forming activity. Generally, water
masers are a good indicator of the star-forming re-
gions and their spectra show several features at dif-
ferent velocities. Currently, this non-thermal emis-
sion process has been used to study the innermost
regions of some young stars (e.g., Furuya et al. 2000;
Torrelles et al. 2001; Imai, Deguchi, & Sasao 2002)
and can be used to understand the properties and
physical conditions of the star-forming regions.

It is well known that HoO maser emission, associ-
ated with Young Stellar Objects (YSOs), shows vari-
ability on short (days and weeks) and long (months
and years) time scales. However, observations of
water masers have focused on the distribution and
proper motions of the masers associated with proto-
stars (e.g., Claussen et al. 1998; Patel et al. 2000).
Time variability studies of HoO masers have been
rather limited in scope, due to instrumental diffi-
culties. Maser variability in YSOs has mainly been
studied using single dish observations and only a few
systematic surveys have been published so far (e.g,.
Furuya et al. 2001; Valdettaro et al. Az 2002).

In this work, we have used the 37 m Haystack an-
tenna to study the HoO maser variability in a sample
of YSOs. The paper is organized as follows: the se-
lection criteria of the sample are described in section
§ 2. In section § 3, we present the observations and
data reduction procedure. The results are given in
section § 4, and the discussion of the maser variabil-
ity is presented in § 5. Finally, the main conclusions
are given in § 6.

2. THE SAMPLE

The observed sources are located in star-forming
regions and they are associated with YSOs. The
selected sample of YSOs covers a variety of lumi-
nosities from 260 to 2.5 x 10* L. All the observed
sources have previous detections of HoO maser emis-
sion. The majority of the sources are known to
have compact components at radio continuum wave-
lengths, and some of them are also associated with
millimeter emission. In addition, the selected ob-
jects are associated with IRAS sources (or there is
at least one TRAS source in the observed field), and
they can be observed during long intervals of time in
the northern hemisphere with the Haystack antenna.

In the present paper, we present the results of
the best studied eleven sources in our sample, that
is, those sources that were observed at five or more
epochs. The main parameters of the selected sample

are listed in Table 1, which contains: source name
(column 1), position in B1950 coordinates (columns
2 and 3), systemic velocity (column 4), distance (col-
umn 5) and luminosity of the sources (column 6).
The references for these parameters are given in the
discussion.

3. OBSERVATIONS

The observations were made on several runs from
December 2000 to July 2001 (in about one month
intervals) using the Haystack 37 m radio telescope.?
In addition, some sources were also observed in May
and June, 1999. We operated remotely the antenna
from the Instituto de Astronomia in Mexico City.
We observed the maser transition 614 — 503 at
22.235080 GHz of the HoO molecule. The obser-
vations were made in position-switching mode with
pairs of 5 minutes on-source integrations and 5 min-
utes off-source, and using a 4096 channel autocorre-
lator with a bandwidth of 17.8 MHz (~ 140 km s~ 1).
The beam size of the radio telescope was of 90"
and the aperture efficiency was ~ 0.38 at the fre-
quency of 22 GHz . The calibration of the telescope
pointing was done by observing the planets Venus
and Jupiter, as well as the strongest water maser in
Cepheus. We estimate that the pointing accuracy
is ~ 10”. All the spectra were corrected for atmo-
spheric attenuation and for variations of the gain due
to elevation. The data were edited and calibrated
with the software package CLASS, using standard
procedures.

4. RESULTS

Currently, there are few systematic studies of the
water maser variability in star-forming regions. In
the present paper, we intend to carry out a system-
atic study of a group of maser sources associated with
YSOs. The main parameters of the water masers
detected in our sample are listed in Table 2: source
name (column 1), velocity range in which the maser
emission was observed (columns 2 and 3), peak flux
density (column 4) and the velocity of each maser
component (column 5). In columns 6 and 7 the vari-
ability index and the variability rate of each water
maser component are listed, respectively (see subsec-
tion 5.1). In columns 8 and 9, the maximum veloci-
ties of the blue (Vyiye) and red (V;..q) lobes of the CO
outflow are listed. Some of the general properties of
the detected maser features of the observed sources
are described in the following subsections.

4Undergraduate Research at the Haystack Observatory of
the Northeast Radio Observatory Corporation (NEROC) is
supported by a grant from the National Science Foundation.
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Source Position (1950) Velocity® Distance Lrrr
« ) (km s71) (kpc) (10% L)
AFGL5157 0534379 +315751 —17.8 1.8 3.0
S233 0535 51.2 +3544 13 —17.2 1.8 6.4
AFGL5182 06 06 07.3 +21 51 12 -0.7 1.5 6.1
12005042720 20 05 01.2 427 20 50 5.8 0.7 0.3
12012644104 20 12 41.0 +4104 21 —-3.8 1.6 8.5
S106FIR 20 25 32.4 43712 50 —-1.1 0.6 10.4
AFGL2591 20 27 35.9 +4001 15 —5.7 1.0 16.2
LkHa234 21 41 57.2 +65 53 08 —10.0 1.0 1.3
S140 IRS 22 17 41.0 +63 03 41 —6.5 0.9 23.6
CEPHEUS A 2254 19.0 +61 45 46 —11.0 0.7 25.0
12313945939 23 13 58.9 459 39 06 —44.7 3.5 12.8
2Cloud systemic velocity with respect to the LSR.
AFGL 5157
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Fig. 1. Spectra of the detected HoO maser toward the AFGL 5157 source. This figure shows the evolution of the water
maser during a span of time of about six months. The horizontal axis is the LSR velocity (km s™'), and the vertical
axis is the peak flux density (Jy). Systemic velocity of the source is —17.8 km s™* (vertical dashed line).

4.1. AFGL 5157

AFGL 5157 is located in the Perseus arm
(Roberts 1972) and it is associated with a bipolar
outflow (Snell et al. 1988). A radio continuum source
associated with AFGL 5157 (Torrelles et al. 1992)
and HoO masers (Torrelles et al. 1992; Persi, Palagi,
& Felli 1994) have been observed in this region. In

addition, five possible HH objects seem to be located
in the region.

The AFGL 5157 maser spectra are shown in Fig-
ure 1. The source was observed on six different oc-
casions during a 775 day period, from May, 1999 to
July, 2001. The majority of the spectra have only
two maser features showing variability in their peak
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Fig. 2. Same as Fig. 1 but for the S233 source. In this case, the systemic velocity of the source is —17.2 km s~

dashed line).

flux density. The peaks of the two spectral features
are situated at —17 and —19 km s~!. The most
intense maser feature was observed in March, 2001
at Visp = —17.0 km s~! (~ 43 Jy), with a veloc-
ity similar to that of the AFGL 5157 molecular core
(—17.8 km s™1, Torrelles et al. 1992b). However, this
feature was not present in May, 1999 (see Fig. 1).

4.2. 5233

S233 belongs to a small group of H II regions
(S231, S233, and S235) located in the Perseus arm at
a distance of 1.8 kpc. Following the Hodapp (1994)
and Tofani et al. (1995) nomenclature, we will refer
to the region where the IRAS 0535843543 source
is located as S233. A CO outflow (Snell, Dickman,
& Huang 1990) centered on this IRAS source has
been observed. In addition, H,O masers have been
detected in this region without the presence of any
continuum radio source (Tofani et al. 1995).

During the five months monitoring of S233 (from
March to July 2001), three maser features with ve-
locities of —17.5, —16.3, and —14.1 km s~! were de-
tected (see Figure 2). In the first observing run, two
relatively weak features (18 and 30 Jy at Vigr =
—16.3 and —17.5, respectively) were detected, but
their peak flux density increased with time, reaching
their maxima in June 2001 (63 and 157 Jy). In ad-
dition, in June 2001 a third feature, relatively weak
(23 Jy at Vsgp = —14.1), appeared in the spectra,

—-10 6]

Velocity (km/s)

! (vertical

but was absent when observing in July. This be-
havior is similar to that found by Wootten (1993) in
TRAS 16293-2422, where high velocity features tend
to be weaker and more transitory than low velocity
features.

4.3. AFGL 5182

This source is located at a distance of 1.5 kpc.
Szymczak, Hrynek, & Kus (2000) have found
methanol maser emission in the velocity range from
—13to 0 km s~! around AFGL 5182, coinciding with
the velocity of the water maser features observed by
Wouterloot, Brand, & Fiegle (1993). Radio contin-
uum emission has also been detected in this region.
For instance, Kurtz, Chruchwell, & Wood (1994) ob-
served three sources at 3.6 cm, but none of them
seem to coincide with the AFGL 5182 source.

Figure 3 shows that the maser activity in this re-
gion is very intense and that in the time interval of
our observations its maximum activity occurred in
May 2001, when eight features were observed in the
spectra. The strongest maser feature was observed in
May 1999 (354 Jy), and its peak flux density dimin-
ished systematically with time (34 Jy in July 2001).
In general, the observed maser features can be di-
vided into two main groups; one of them blueshifted
(from —10.6 to —1 km s~ 1), and the other one red-
shifted (from 10 to 17 km s~!), with respect to the
systemic velocity of the source (—0.7 km s~1). Given
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Fig. 3. Same as Fig. 1 but for the AFGL 5182 source. In this case, the systemic velocity
(vertical dashed line). The first spectrum is repeated at the end of the sequence but with a different scale for the peak
flux density.
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Fig. 4. Same as Fig. 1 but for the IRAS 2005042720 source. In this case, the systemic velocity of the source is 5.8 km s~ *
(vertical dashed line). Some spectra are repeated with a different scale for the peak flux density.
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Fig. 5. Same as Fig. 1 but for the IRAS 2012644104 source.

km s™! (vertical dashed line).

these kinematic characteristics it is possible that the
water maser emission in this source is tracing a bipo-
lar outflow, a suggestion that can be tested with high
angular resolution observations.

4.4. IRAS 20050+2720

With a luminosity of 260 L, this is the weakest
source of the sample. It is located in the Cygnus Rift
at a distance of 700 pc (Bachiller, Fuente, & Tafalla
1995). Its environment is quite complex; there is a
quadrupolar molecular outflow in the region, which is
apparently associated with this source. However, ob-
servations of Anglada, Rodriguez, & Torrelles (1998)
found that there are two radio continuum sources in
the region, each of them apparently driving its own
outflow.

The spectra show very intense water maser
features. In fact, after Cepheus A, this is the source
with the strongest maser feature (~ 2800 Jy) in the
sample. The maser features in this region changed
drastically in peak flux density between January
and April, 2001. In particular, the feature at
Visr = 2.4 km st changed its peak flux density by
more than two orders of magnitude (see Figure 4).
Such large variations suggest very intense activity
around the TRAS 2005042720 source. The velocity
of the observed water maser features ranges from
—8 to 8.2 km s~!, most of them being blueshifted
with respect to the systemic velocity of the source
(+5.8 km s™1). In our observations we do not detect
the extremely high velocity (EHV) water maser
feature at Vrgr = —91 km s™1, nor the intermediate

Velocity (km/s) Velocity (km/s)

In this case, the systemic velocity of the source is —3.8

velocity features at Vigr = —24 and —36 km s—!

observed by Furuya et al. (2001; 2003), which
were suggested to be associated with the EHV CO
outflow observed in the region (Furuya et al. 2003).

4.5. IRAS 20126+4104

The IRAS 2012644104 source is located in a dark
cloud in the Cygnus-X region, at a distance of 1.7
kpe (Wilking et al. 1989). Its luminosity in the
far infrared is 1.3 x 10* Ly (Wood & Churchwell
1989). This source is located near the center of a CO
molecular outflow oriented in the north-south direc-
tion (Wilking, Blackwell, & Mundy 1990). Obser-
vations from near infrared to millimeter wavelengths
(Cesaroni et al. 1999) show that IRAS 20126+4104
is an excellent example of a massive proto-star with
a Keplerian disk and a bipolar jet/outflow. In ad-
dition, Moscadelli, Cesaroni, & Rioja (2000) have
found that water masers associated with the IRAS
source appear to be located on the surface of a bipo-
lar conical jet.

Figure 5 shows the observed spectra of the IRAS
20126+44104. This source was observed during a
period of 216 days, from December 2000 to July
2001, at approximately one-month intervals. The
maser features are concentrated in the velocity range
from —25.0 to —1 km s~!. During the observations,
the source was quite active and the maser emission
showed a large variability. The strongest feature was
observed in January 2001 (255 Jy, Vosp = —15.1
km s~1), although this maser feature became unde-
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Fig. 6. Same as Fig. 1 but for the S106 FIR source. In this case, the systemic velocity of the source is —1.1 km s~ !

(vertical dashed line).

tectable in April of the same year and it remained
turned off during the rest of the observations. In July
2001, the maser feature at Vygp = —7.0 km s~ ! be-
came the strongest feature in the region. In addition,
a very weak feature (~ 3 Jy at Vogp = —24) was
observed in March and April. Similar short lifetime,
low flux density features have also been observed at
intermediate and high velocities in IRAS 162932422
(Wootten 1993). Finally, we have not detected any
maser feature that would coincide in velocity with
the methanol maser feature (Vpggr = —6.1 km s™1)
detected by Szymczak et al. (2000).

4.6. S106 FIR

Sharpless 106 (S106) is a darkened bipolar H II
region embedded in a molecular cloud (Lucas et al.
1978), and located at a distance of approximately
600 pc (Staude et al. 1982). S106 FIR is a bright
source in the far infrared (Richer et al. 1993), and it
has been cataloged as a Class 0. This source is lo-
cated 15" to the west and 2" to the south of IRS 4.
Observations from Furuya et al. (1999) showed that
the water masers detected in the region are associ-
ated with a jet-like outflow, quite compact and very
collimated, that is accelerating.

In most of our observations (see Figure 6) the
S106 FIR source showed weak (of the order of
10 Jy) maser emission, except in July 2001, where
the flux density of the maser feature at Vigr =
—11.8 km s~! reached 46 Jy. The spectra of the
source are shown in Fig. 6, where it can be seen that
the maser features range in velocity from —14.5 to

—9 km s~'. All maser features are blueshifted and
the velocity of the strongest feature (Vigp = —11.8
km s~1) is very different from the systemic velocity
of the cloud (—1.1 km s7!). The redshifted maser
feature observed by Furuya et al. (1999;2003) was
not detected in our observations. Observing the
blueshifted maser feature at Vigr = —9.8 km s~!
from December 8, 2000 to March 16, 2001, a ve-
locity drift of about 0.2 km s~! was found. This
feature seems to have a radial acceleration of about
0.8 km s~ yr~! moving towards us along the line
of sight, confirming that maser features in S106 FIR
trace an accelerating jet-like outflow. However, the
acceleration calculated in this work is somewhat less
than that found by Furuya et al. (1999) (1.1 km s—1)
in similar time periods (100 days).

4.7. AFGL 2591

AFGL 2591 is a star-forming region located at a
distance of 1 kpc. In this region a very bright in-
frared source has been observed (9x10* Ly, Lada
et al. 1984), probably associated with the power-
ing source of the molecular outflow observed in the
region (Bally & Lada 1983; Torrelles et al. 1983;
Mitchell, Maillard, & Hasewaga 1991). In addi-
tion, there are three radio continuum sources, two
of them spatially coincident with HoO maser emis-
sion (VLA 2 and VLA 3; Trinidad et al. 2003a).

The spectra observed during the monitoring pe-
riod are shown in Figure 7. The first spectrum was
observed in May 1999 and the rest from December
2000 to July 2001, at approximately one-month in-
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Fig. 7. Same as Fig. 1 but for the AFGL 2591 source. In this case, the systemic velocity of the source is —5.7 km s~ *
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tervals. This figure shows that the spectra are rich
in maser features (six during the maximum activ-
ity) and that they range in velocity from —27 to
—6 km s~ 1.

There is a water maser feature at —7.9 km s~!,
close to the molecular cloud velocity (~ —7 km s™1),
that was present during the whole observing period.
This maser feature showed some variability in its
peak flux density, but it remained always in the range
from 90 to 240 Jy. On the other hand, the maser
feature at —24.7 km s—! was the strongest feature,
reaching a peak flux density of 330 Jy in July 2001,
although in May 1999 this feature practically disap-
peared (see Fig. 7). This strong, intermediate veloc-
ity feature had a very long lifetime (eight months)
compared with other features with similar velocities.
In general, all water maser features in this source
showed variations in their peak flux density from one
observation to the next.

4.8. LkHo 234

LkHa 234 is a Herbig Be star of intermediate lu-
minosity (1.3 x 103 Ly, Bechis et al. 1978) located
in the NGC 7129 region. Two HyO masers were de-
tected by Rodriguez & Canté (1983) in this region.
Using these data, Rodriguez et al. (1987) concluded
that this type of stars (of intermediate luminosity)
are able to produce water maser activity at relatively
large distances (> 10 c¢m).

The water maser emission associated with LkHa
234 was quite active during the whole period of its
monitoring (see Figure 8). The first observations

were carried out in June 1999 and after that, from
December 2000 to July 2001, at approximately one-
month intervals providing nine spectra of this region.
A total of eight spectral features were observed in the
velocity range from —25 to —5 km s~!; however, we
did not detect the maser features at Vpgp = —40.7
and 2.4 km s~! observed by Furuya et al. (2003).

The strongest maser feature was detected in De-
cember 2000 (~ 100 Jy) at Visg = —9 km s~ !,
close to the molecular cloud velocity (Visr = —10
km s~1). This feature was always detected in our ob-
servations, although its peak flux density decreased
with time, reaching ~ 45 Jy in July 2001. Another
maser feature that was present during all the obser-
vations is the one at Vigr = —17.5 km s~!, but it
was not so intense as the one at —9 km s~!. Its max-
imum (~ 70 Jy) was observed in June 1999, then its
peak flux density decreased considerably (~ 7 Jy in
December 2000), and it continued almost constant
during the rest of the observations. In general, the
observed maser features can be divided into two main
groups; one of them redshifted (from —5 to —9.5
km s7!), and the other one blueshifted (from —13
to —25 km s~!) with respect to the systemic veloc-
ity of the source (—10 km s~!). This result suggests
that the water maser emission in this source traces
a bipolar outflow, as has recently been showen by
Trinidad et al. (2003b), using high angular resolu-
tion observations.
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Fig. 8. Same as Fig. 1 but for the LkHa 234
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4.9. 5140 IRS

S140 IRS is located in the molecular cloud 1.1204,
at a distance of 910 pc (Crampton & Fisher 1974).
In this region there are three infrared sources, IRS1,
IRS2, and IRS3 (Beichman, Becklin, & Wynn-
Williams 1979), that have radio continuum counter-
parts (Schwartz 1989). Among the three sources,
IRS 1 is the brightest one at both infrared and radio
continuum wavelengths.

This region has been extensively studied by Lekht
et al. (1993) and Lekht & Sorochenko (2001). They
have observed water masers during 18 years (from
1981 to 1999) with a single antenna. They obtained
a spectrum of three maser features; the central com-
ponent has a velocity close to that of the molecu-
lar cloud, and the lateral ones are redshifted and
blueshifted, respectively. The anticorrelation ob-
served between the central feature and the lateral
ones was interpreted as a Keplerian disk in S140 IRS.
On the other hand, Valdettaro et al. (2002) have ob-
served water masers in this region from 1987 to 1999
with the 32 m Medicina antenna , but they did not
confirm the results found by Lekht et al. (1993) and
Lekht & Sorochenko (2001).

Our observations of the water masers in S140 IRS
were carried out in May 1999 and from January
to May 2001. The maximum activity was regis-
tered during the first observations, showing six spec-
tral features. The strongest feature was detected at
Visrg = —8.7 km s~! with a peak flux density of
~ 50 Jy (see Figure 9). When we observed it again
in January 2001, its maser activity had diminished
considerably and practically all features detected in
May 1999 had disappeared. A new and single weak
maser feature was detected in January 2001 and re-
mained practically the only feature in the spectrum
until June 2001 when a weak new feature appeared.

4.10. CEPHEUS A

Cepheus A is a star-forming region located at a
distance of 730 pc (Johnson 1957). HW2 is probably
the exciting source of the energetic molecular out-
flow observed in this region (Hughes & Wouterloot
1984), which is one of the best examples of outflows
associated with a high-mass protostar. Maser emis-
sion of OH and H>O has been observed toward the
Cepheus A region. The OH masers seem to be lo-
cated in an expanding structure that may be tracing
a shell (Cohen, Rowland, & Blair 1984; Migenes, Co-
hen, & Brebner 1992) and HyO seems to be tracing a
circumstellar disk (e.g., Torrelles et al. 1996) around
HW2.

The Cepheus A maser spectra are shown in Fig-
ure 10. This source was observed in May and June

1999, and then from December 2000 to July 2001, at
approximately one-month intervals. The strongest
maser feature (Vosgp = —9.7 km s™!) in Cepheus
was used to calibrate the telescope pointing; there-
fore, this source was observed several times, at least
twice during each observing epoch. Fig. 10 shows
that the maser activity in Cepheus A is very intense,
containing the strongest feature in the whole sam-
ple (~ 7350 Jy). The detected maser features are
concentrated in the velocity range from —24 to —2
km s~

Some maser features observed in May and June
1999 were not detected during the observations from
December 2000 to July 2001. Three maser features,
at Vigr = —8.9, —9.7, and, —14.3 km s~ !, were
observed during all the epochs, reaching a maximum
peak flux density of ~ 1000, ~ 7350 and ~ 850 Jy,
respectively.

4.11. IRAS 23139+5939

This source, with a luminosity of 1.9 x 10*L), is
one of the farthest of our sample (3.5 kpc) and is lo-
cated near S157. CO observations show that there is
intense emission associated with IRAS 2313945939
at a velocity of —44 km s™!, suggesting the pres-
ence of a molecular outflow (Wouterloot, Henkel,
& Walmsley 1989). In addition, Tofani et al.
(1995) have detected a weak radio continuum source
(0.6 mJy) at 8.4 GHz and HyO maser emission asso-
ciated with this source.

The IRAS 2313945939 source was observed for
the first time in May 1999. We obtained seven spec-
tra, taken about one month apart (except January)
from December 2000 to July, 2001.

The observed maser features range in velocity
from —54.5 to —42.5 km s7!, the feature at Vigr =
—52.5 km s~! being the strongest during all the ob-
servations. This velocity range is completely differ-
ent from that of the methanol masers observed by
Szymczak et al. (2000), which range in velocity from
—42 to —37 km s~ 1.

Figure 11 shows that the water maser spectrum
associated with this source has a three-peak struc-
ture, similar to that found in S255 (Cesaroni 1990)
and S140 IRS (Lekht et al. 1993), where this fea-
ture has been interpreted, based on its variability
and anticorrelation of their features, as being asso-
ciated with a Keplerian disk seen edge-on. However,
the water masers observed around IRAS 23139+5939
are probably not associated with a Keplerian disk,
since in this model the velocity of the central maser
feature is expected to be similar to the molecular
cloud velocity, and the lateral maser features shoul
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Fig. 10. Same as Fig. 1 but for the Cepheus A source. In this case, the systemic velocity of the source is —11.0 km s~ *

(vertical dashed line). Each spectrum is shown at two different scales to better appreciate the dynamic range of the
maser features.
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be redshifted and blueshifted. In IRAS 23139+5939,
the maser feature with the velocity closest to that
of the molecular cloud (—44 km s7!) is one of the
lateral features, and the other two are blueshifted.

5. DISCUSSION
5.1. Variability

From our observations of water masers, we have
found different kinds of maser variability in the ob-
served sample of YSOs. The variability of the maser
features can be divided in four main groups (see Fig-
ure 12) according to their behavior during the ob-
servations: a) the weakest component disappears (or
appears), b) the strongest maser feature disappears
(or appears), c) the maser features change their peak
flux density by more than a factor of two, and, d) the
maser features show small variations.

The spectra discussed in the previous section
show that all the observed sources have maser fea-
tures, whose peak flux densities change with time in
scales ranging from one month (or less) up to several
months. Then, in order to find a periodicity pattern
in the variability of the water masers, we have se-
lected the maser features of each source that were
present in at least half of the observed spectra. Fig-
ure 13 shows the peak flux density of the selected
maser features of each source as a function of time.
We can qualitatively determine the tendency of the
variability in the sample of the HoO masers. We
find that in all sources at least one maser feature ap-
peared or disappeared during the observations, and
that in about half of the sources at least one maser
feature increased systematically its peak flux den-
sity with time. However, based on the data that we
present here, it is not possible to determine if any
of the maser features has a periodicity pattern. Fur-
thermore, we do not find any relationship between
the luminosity of the sources and the variability of
the water maser features.

So far, we have only analyzed the variability of
the water masers in a qualitative way. Then, in or-
der to quantify the degree of variability of the maser
features, we can estimate the variability index of all
the maser features in the selected sample. The vari-
ability index is defined as V; = F40/Fmin (Palagi
et al. 1993; Persi et al. 1994), where Fi,,4, and F;p
are the maximum and minimum observed peak flux
density for each maser feature during the monitor-
ing period. In those cases where a maser feature ap-
pears or disappears, a lower limit for the variability
index can be obtained by taking F),;, as the value
of the noise level in the spectrum. The estimated
values of the variability index (including lower lim-
its) of all maser features are listed in Table 2, and

their distribution is shown in Figure 14. From the
variability indices, we find that all the sources have
maser features with V; < 10 and that about 60% of
the sources have at least a maser feature that shows
large variations in the peak flux density (V; > 10).
Although Fig. 14 does not provide information about
any source in particular, it does show the tendency
of the water maser variability of the sources as a
whole. The histogram shows that about half of the
maser features have variability indices between one
and four, although a wide range of values is found.

We have tried to provide a statistical description
to the results shown in Fig. 14 as follows. We first
assume that the intensity of the masers, I, is given
by an exponential amplification:

I =1 exp(+71),

where 7 is the absolute value of the opacity of the
feature at a given time. We now adopt a Gaussian
(normal) probability distribution for that opacity:

p(r) = (ro?)1 /2 exp[—(1o — 7)?/207],
where 7( is the mean opacity and o is the standard
deviation of the opacity. The probability distribu-
tion for the opacity ratio of independent observations
of the same feature has a standard deviation equal
to 2125 and will then be given by:

O(ér) = exp[—(67)%/40?).

1
(4mo2)1/2
In the above equation §7 is the difference in opacity
between the two observations. We now make the
assumption that all masers observed have the same
o. Then, following Maisel (1971), the probability

distribution for the variability index, V', will be given
by:

p(V) = exp[—(In V)?/40?%], (1)

1
(mro2)1/2V
with p(V) = 0 for V< 1. We note that this proba-
bility distribution depends only on the value of o.

To have more data, we have added to our table
of variability indices those obtained by Persi et al.
(1994), reaching a total of 84 maser features. Using
the equation given above with ¢ = 1.6, we obtain
a reasonable fit to the data, as shown in Figure 15.
Larger or smaller values of o provide a poorer fit.
The acceptable fit obtained suggests that the water



TRINIDAD ET AL.

324

CEPHEUS A

IRAS20050+2720 AFGLR591 LkHoR34

AFGL5157

(e}
DA A AR s LN A A A I A AR R D e A A A A A A
[ T T I i 9SS D E I T g T |
[ @ T Te To ]« i I a I~ Ta ]
[ W \\W \\W \\W 1 . o b~ I < Ta I ]
P T £ T TE 185 nbE T £ Ty T E E
[ @ = Ie Tw 1—Aa ol o I o I To ]
[ o T+ T Td 1 NE oA T T T o ]
£ T T T 1 nry T ¥ T T% 7
= —+ —+ -+ —Ho <! —+ 1 —+ T —
I N I v BN PUUR U s rEUTETA FTVR YR T WA DU N = ST OTOY Y PP FVPSYDYYs i FPREY YUY RYSN VR 3 VSN FVSY VPN OVPY ¥ I PR B
(=] o (= o © ©o o © O © o o (=} (=} o oW O WOo VW o WwowoOoo oo o (=} (=}
= o o o o o o o w O W o w aN o~ <+ T O MmN TN w (=} ['e}
£ £ £ £
(4r)s (Ag (4r)s (£r)s (4n)s
,h T T T e i ™ AH::::::,,u::::::w;,: T
e T o Te T o 18 nk 18 C T T 3
e > T E > 1 X q AL T w To q
[ o TE T8 T 1o2 “f[a loe 2L T: I: 1
re To Te To JS8 <2Qre JE8  Ep= T = T E
[ Is + = Iy ] S b &ra T o I ]
[ T3 T T ] Nl ] Hi o I I ]
— -+ - T q° -« —H o - - - —
el bbb i b b b L b b b b Mol b bl d Lol bbb PN T PN i | S I S i B N
c o o © OO [} o o N O o © o O © O © L O+ O O © o (=] o o o o (=] o o o [} [}
Ar)S (&r)s (£r)s (£r)s o © <+ Q
£ ( £ £
(n)s (4r)s (£)s (s
TP T T T I T T [ T T I T T R e A e
L& T T T T T 38 L Tg 3
[ E T = TE T E T4 I qw 3 fe I~ ]
[~ T < I = T < T3 Tao 1 . N wW I« ]
] T B T T = T E T E 18 » S g T B
e - T o - -+ & - & 19 s = - -
[ T « Ty T T« Is 17 R < I ]
: - ©
[ I = T T Iy To ] = T |
- + + + - S do - | -
L [ TR T PP P U IR TR S A | R PPN EPSPRN e  PRPUPR P BOPY P
[} o wnw o w oo o O 9O o [} (=3 o Qo (=3 Q o o [} o (=} o o (=]
= R - - [T N N Y] - (=} (=] [tel (=] Q < a © < N
- An)s (&n)s (&0) AR (<n)s e
“ns ¢ () 4ns
<
FT Y S FrT T TS T T I T T T T ey
F T i F it T TY 1o £ T i
[ _1 — <L _1 £ _1 | [ N ]
5 T 18 TF T T TE 18 w T ]
[ TE ] oF Ta Iw T ] Ele T ]
Sy T = 1. m oL T B T = 1_.m ELR T 9
[E T o~ 18 % —~[E T & TE TITw 18 & ©org I, 3
s T 12 8 O T & T~ - 12 8 or T ]
r @ 7 i7A m\S T < T® ! i7e —rx - +
4 T ] SH4 HN,«. Hnw T ] nre T ]
L T Jo L T T T Jo L I 3
T PR PN s S DR P m‘,,;,:,f,,;1:;:;:;:;:;:1;E;E;:,;::J:;::f:;n oY Y FPR P P PP IR B
o o o [oNe} o (e} o o [Te] OO0 0000 Oo O n o [le} o o o o o o o o o o o
['e] o ['e] @ o — — o © WO T N o0 — — o o o ™ o0 - < o
-7 (An)s (s T s 7 % (40s (“ns
(4r)s (£p)s (4r)s
S
. e e e A Ramman e e RS T A Aaaarec)
rm T 18 £ I T o T 1 4 &~ 7
= — — o £ T I I 7 o N —
[ £ I 1% Jre +E TE T o ERd 12 T 1
[~ I 1 . ZEE T o I~ T T 1 = of ]
[o T E 18 2 QE~ e =+ Mw\m M\m b > Or -~ 7
[ T 128 Afoe E E i S 1 & Qre 7
[ To 1—A OF o I I I = 1= ]_e or = il
[ T ] =E= T + T ® 1@ 2 N g 1
L Tr= ] =F X - - | 0! 12 w3 ]
- ) o F T T + T q <~ —
T PTOY YV FPYSY FOPYE VY ol P O BN B Bt b Attt B A e 1 1 d [ I
O O 0O O O 00 © < o o o O O 9O O O (=} o (=N} o (= o o o o o o o (=} (=}
£ £ £ £ £ n oo =
(n)s (4n)s (An)s (o)s (‘DS (s (40)s .

ODIX3\| P PWOUOINY [DUOIDDN POPISISAIUN ‘DILIOUOISY P onyisu| :£00Z {ubuAdod 6

200

100
Days

200

100

200

100

200

100
Days

<}

200

100

Days

Days

Days

The maser

Fig. 13. Temporal variations of the peak flux density of several maser features of the observed sources.

features were selected such that they were present in at least half of the spectra obtained for each observed source.
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TABLE 2
PARAMETERS OF THE WATER MASER FEATURES
Source Velocity Range Freak Visr V;  Variability CO Outflow
Vinin(anss)  Vinag (m/s) (Jy)  (kms™1) Rate  Vipue(kmss) Ve (kmys)
AFGL5157 -23.0 -13.0 42.9 -17.0 4.5 1.5 -30.0 -3.0
8.5 -19.0 1.7 0.4
S233 -18.0 -13.7 23.0 -14.1 >2.7 >4.1 -32.0 -4.0
66.4 -16.3 3.7 1.0
157.0 -17.5 5.0 1.8
AFGL5182 -10.6 17.0 7.2 16.7 > 1.7 >2.0
34.8 15.3 >10.9 >5.3
36.9 10.7 3.7 1.3
32.6 -1.9 > 2.6 > 0.7
29.5 5.5 >7.8 >5.0
95.8 -7.3 7.4 1.9
80.2 —8.7 2.4 1.3
66.0 -9.7 3.7 1.4
TRAS200504-2720 -8.0 8.2 5.5 7.8 > 1.7 > 0.6 -70.0 70.0
2842.0 2.4 256.0 61.4
79.1 1.4 >24.7 > 8.7
61.5 0.6 >19.2 >9.0
136.0 -0.8 > 25.7 > 4.2
48.1 -1.3 > 15.0 >71
23.9 -3.7 >7.5 >25
TRAS20126+4104 -25.0 -1.0 34.3 -2.5 >34 >1.1 —41.9 34.9
10.7 —4.3 > 3.3 >0.8
89.1 -7-.0 > 27.8 > 4.6
16.7 -8.9 3.8 0.9
255.0 -15.1 > 85.0 > 26.0
34.3 -15.9 >10.7 >11.5
S106FIR -14.5 -9.0 23.4 -9.8 > 2.8 > 0.6
46.0 -11.8 > 13.6 >34
AFGL2591 -27.0 —6.0 241.0 -7.9 2.7 0.6 -21.9 14.5
17.1 -17.4 >4.1 > 0.7
42.4 -18.9 2.2 0.5
36.0 —21.1 5.7 1.2
330.0 —24.7 8.9 1.3
129.0 —26.0 > 23.3 > 8.2
LkHa234 -25.0 -5.0 16.1 5.6 >23 >3.3 -14.1 18.7
43.6 —6.4 > 13.6 >12.0
57.2 —7.4 > 8.1 >2.8
98.1 -9.0 3.6 0.7
48.7 -10.0 >9.2 > 2.8
39.5 -14.8 >9.4 >12.3
10.4 -17.5 1.7 0.3
8.1 -19.9 > 2.8 >1.9
33.7 —22.6 9.6 8.5
S140IRS -25.0 5.0 15.4 4.2 1.6 0.4 -24.0 6.0
4.6 —23.9 >1.8 >1.5
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TABLE 2 (CONTINUED)

Source Velocity Range Freak Visr V.: Variability CO Outflow
Vinin(anss)  Vinag (km/s) (Jy)  (kms™1h) Rate  Vipue(xmss)  Viyed(kmys)
CEPHEUS A —24.0 -2.0 120.0 —6.8 17.4 5.6 -25.0 5.0
1007.0 -8.9 1.7 0.6
7368.0 -9.7 1.6 0.7
260.0 -12.6 2.8 0.4
849.0 -14.3 1.5 0.2
157.0 -17.3 3.4 1.2
105.0 -19.5 5.8 1.9
TRAS23139+5939 -54.5 -4-2.5 19.6 -42.9 >6.1 >1.3 -59.0 -31.0
39.5 —43.7 1.5 0.9
36.4 —47.2 >5.2 >1.8
821  -50.0 >20 > 1.7
243.0 -52.6 1.9 1.0
11.4 -54.0 > 2.7 > 3.5
maser variability can be described statistically as due ‘
to Gaussian variations in the line opacity. L :
We then conclude that over the time scales during i 1
which the variability indices were obtained, the opac- 77 *
ities have a standard deviation of order 1.6. Since the w T 1
mean opacities of water masers are of order 20 (Reid % L |
& Moran 1981), we conclude that variations of order g / |
of 10, observed in the intensities of the masers, are % | |
the result of small variations of order of 10% in the z ]
opacities. g
The variability index is calculated using the ob- 2 | |
served maximum and minimum peak flux densities,
and it indicates how much the peak flux density of a | / |
given maser feature changes during the observations. | i
However, as Fig. 13 shows, the interval of time be- o ‘ | ‘/'*
0 10 20 30

tween the observed Fj,., and Fj,;, is different for
each maser feature and thus V; does not take into
account the span of time of the observed variations.
In order to try to quantify the activity of the ob-
served water masers, we define the variability rate of
a maser feature as VR = V;/(At/dt), where V; is the
variability index, At is the interval of time between
the Fyqz and F,;, of the maser feature and 4t is an
interval of time that characterizes the observations.
We have chosen 0t to be 30 days, the approximate
span of time between successive observations. In col-
umn 7 of Table 2 we list the variability rate, which
is also illustrated in Figure 16, where we note that
about 60% of the maser features of the sample in-
creased /decreased its peak flux density by less than
a factor of two in a time span of 30 days. The other
40% of the maser features present variability rates
higher that 2, and in a few extreme maser features
the peak flux density changes by more than an order

Variability Index

Fig. 14. Distribution of the estimated variability index
for all the maser features of the sample of YSOs. Lower
limits for the variability index are also included. The
horizontal axis is the variability index (V; = Finaz/Fmin)
and the vertical axis is the number of maser features.
The histogram does not give any information about any
source in particular, it only shows the tendency of the
variability of all the sources in the sample. The last bin
includes values greater than 30.

of magnitude in time span of 30 days. It is impor-
tant to note that Fig. 16 shows the variability rate
of the water maser features in our sample but does
not give information about a specific source.

On the other hand, six of our sources were ob-
served with high angular resolution with the VLBA
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JELSTEREEES

Fig. 15. Distribution of the variability index in the sam-
ple obtained from combining the results of Persi et al.
(1994) and this paper. The data have been distributed
in bins of width 2. The dashed line is the fit using equa-
tion 1.

by Migenes et al. (1999). The high angular resolution
spectra only detected the more compact maser spots.
When comparing these spectra with our own low an-
gular resolution ones,, we identified common maser
features in both. We find that the common features
have a tendency to show high variability in the peak
flux density, indicating that compact maser spots
are very active. This is expected from the theory
of maser emission, since for unsaturated masers the
apparent size is inversely proportional to the square
root of the gain coeflicient. A more detailed and sys-
tematic high resolution study, in combination with
single-dish observations, is needed to truly under-
stand the variability of the maser emission.

In Table 2 (column 8 and 9) we list the velocity
range of the 9 CO molecular outflows observed in
the 11 studied regions. We find that in seven of the
sources, the velocity of the maser features lies within
the velocity range of the CO outflow (in 2 cases V0
< Veo, in 3 cases Vi,0/Veo ~ 0.5, and in 2 cases
Vi,0 ~ Veo), while in two sources the spectrum
shows maser features at velocities higher than those
of the CO blue lobes (see Table 2). In addition, we
find that in the cases of S233 and TRAS20126+4104,
one of the high-velocity maser features has a con-
siderably shorter lifetime than the low velocity fea-
tures. A similar result was found by Wootten (1993)
in IRAS 16292-2422. One might speculate that the

15 —

10 H —

Number of Maser Features
T
I

| | | |
0 5 10 15
Variability Rate

Fig. 16. Distribution of the variability rate of all maser
features observed in the sample of YSOs. The horizontal
axis is the variability rate (VR = V;/(At/dt)) and the
vertical axis is the number of maser components. The
last bin includes values greater than 15.

higher velocity (and probably more variable) maser
features could be part of the molecular outflows,
while the lower velocity (and longer lifetime) fea-
tures are associated rather with compact structures,
such as circumstellar disks (e.g., Seth et al. [2002]).
However, single-dish observations do not give infor-
mation about the spatial distribution of the masers,
and thus interferometric multi-epoch, high angular
observations would be needed to investigate this pos-
sibility.

Finally, the present study is based on systematic
observations of water masers in a sample of YSOs.
With such a study of maser variability it is possible
to obtain qualitative information about the maser
emission of the observed sources. In addition, statis-
tical properties, such as variability index and vari-
ability rate of the water maser features, can also be
obtained. However, this statistical information has
to be viewed with care, because the period of mon-
itoring of the sources is short and improvement in
the signal-to-noise ratio of the maser features can
be achieved with new observations, which could give
values of the variability index greater than the values
obtained in this work. Longer monitoring programs
of sources with water maser emission and a larger
sample of YSOs will be necessary to study in more
detail the evolution of the individual maser features.
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TABLE 3
VELOCITY SHIFTS OF THE MASER EMISSION

Source ViLo Vi,0 — Veioud
AFGL5157 -17.3 0.5
S233 -16.9 0.3
AFGL5182 -3.2 -2.5
TRAS20050+2720 2.1 3.7
IRAS20126+4104 -12.0 -8.2
S106FIR -11.1 -10.0
AFGL2591 -19.2 -13.5
LkHa234 -10.8 -0.8
S140IRS -2.3 4.2
CEPHEUS -10.3 —0.6
TRAS23139+5939 —50.5 -5.8

5.2. A Search for Systematic Shifts between the
Maser Velocity and the Molecular Cloud
Velocity

In most of the spectra presented in § 4, the HoO
maser emission shows a tendency to be blueshifted
with respect to the molecular cloud velocity. In order
to investigate this issue, we calculated the velocity
shift (Vir,0 — Veioud) between the intensity-weighted
mean radial velocity (Vm,o) of the maser features
of each source and that of the associated molecular
cloud (Vaoud). Vim,o is calculated as > F;V;/ > F;,
where F; and V; are the peak flux density and the
radial velocity of the i-th maser feature, respectively.
Results are listed in Table 3, which contains: source
name (column 1), Vy,o (column 2), and velocity
shift (column 3).

If sources with small velocity shifts < |0.8] km s~
(the estimated random velocities in a region of star
formation) are excluded we note that the maser emis-
sion in seven sources of the sample tends to be
blueshifted with respect to the associated molecu-
lar cloud velocity, while only one source is redshifted
(S140 IRS). To verify this trend seen in the sources in
our sample, we included 61 other sources from the lit-
erature (Rodriguez et al. 1980; Felli, Palagi, Tofani
1992, Persi et al. 1994; Miralles, Rodriguez, & Scalise
1994; Valdettaro et al. 2001). Then, from a sample of
69 sources (including the sources in our sample), we
find that the maser emission of 34 sources (about one
half of the sample) is mainly blueshifted with respect
to the associated molecular cloud velocity, and that
the maser emission of the remaining sources (35) is
mainly redshifted. This result shows that the trend
found in our sample is not confirmed by a bigger sam-

1

ple, and that the observed trend could be produced
by selection effects.

6. CONCLUSIONS

We have monitored the water maser emission in
a sample of eleven embedded sources in star-forming
regions with the 37 m Haystack antenna. From the
analysis of the maser variability, the main results of
the present study are:

1. All the observed YSOs show variations of the
water maser emission on time scales of one month or
less.

2. All the sources have more than one feature
that shows variations in its peak flux density by less
than a factor of 10 in time spans of one to several
months.

3. About 60% of the sources have at least one
feature that shows variations in its peak flux density
by more than an order of magnitude in time spans
of one to several months. Statistically, the variations
in the maser intensity can be described as due to
small Gaussian fluctuations in the line opacity. For
example, variations of an order of magnitude (or less)
could be the result of variations in the opacity of
about 10% (or less).

4. The estimated value for the variability rate
(VR = V;/(At/5t)) is less than two for 60% of the
maser features, although there is a wide range of
values.

5. We do not find a relationship between the
luminosity of the sources and the variability of the
H5O masers, nor a periodicity pattern in the maser
variability in any of the observed sources.

6. We find that in our sample of sources the
maser emission shows a tendency to be blueshifted
with respect to the associated molecular cloud ve-
locity. However this trend is not confirmed when we
include other sources from the literature.
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