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ABSTRACT
We have observed simultaneously with the VLA in its A conÐguration the 1.3 cm continuum and

maser emission toward the star-forming region W75N(B) with resolution using a powerfulH2O 0A.1
cross-calibration technique. Three continuum sources (VLA 1, VLA 2, and VLA 3) were detected in a
region of VLA 1 is elongated approximately in the direction of the bipolar molecular1A.5. (0A.43 ] 0A.12)
outÑow observed at scales of 2@. The frequency dependence of the Ñux density and size are consistent
with an optically partially thick ionized thermal biconical jet. VLA 2 appears unresolved, while VLA 3
shows a bright core plus extended emission. We detected 29 maser spots (spatial components) in aH2Oregion of 13A ] 7A around W75N(B). These masers are mainly distributed in two clusters, one associated
with VLA 1 (11 maser spots), and the other one associated with VLA 2 (eight maser spots). One H2Omaser spot is associated with VLA 3. The masers associated with VLA 1 are distributed along the major
axis of the radio jet. We conclude that VLA 1 is the powering source of the extended bipolar molecular
outÑow and that the water masers along the radio jet axis are delineating the outÑow at scales of 1A. On
the other hand, the eight masers coincident with VLA 2 are distributed in a shell of with a0A.18 ] 0A.10,
rough north-south velocity segregation that could indicate bound motions around this continuum
source. From the comparison of and OH maser distribution in the region with respect to the threeH2Oradio sources, we consider an evolutionary scheme in which masers are excited in gravitationallyH2Obound material (e.g., in circumstellar disks) in less evolved young stellar objects (YSOs), while in more
evolved YSOs masers preferentially trace outÑows.H2O
Subject headings : H II regions È ISM: individual (W75N) È ISM: jets and outÑows È masers È

stars : formation

1. INTRODUCTION

Young stellar objects (YSOs) and protostars are embed-
ded in large amounts of circumstellar matter, often render-
ing them invisible at optical, and sometimes even at
near-infrared, wavelengths. However, most of the embedded
YSOs can be detected with the Very Large Array (VLA) at
centimeter wavelengths, with Ñux densities at the milli-
jansky level (e.g., et al. et al.Pravdo 1985 ; Rodri� guez 1990 ;

et al. and for reviews AngladaGo� mez 1994 ; 1995, 1996).
This radio continuum emission could be due to circumstel-
lar gas that has been shock ionized by a stellar wind associ-
ated with the earliest stages of star formation et(Torrelles
al. et al. Indeed, in a few cases, when1985 ; Curiel 1989).
observed with angular resolutions these radio[0A.5,
sources appear to be elongated at scales of AU, in[1000
the direction parallel to the large-scale (D0.1È1 pc) molecu-
lar outÑows. If these are radio jets, their collimation could
be the result of magnetohydrodynamic processes within an
accretion disk (e.g., & Torrelles and referencesLizano 1995

therein). Furthermore, these jets could drive the large-scale
outÑows commonly observed in star-forming regions (see

& Masson et al. However, theChernin 1991 ; Raga 1993).
faintness of these jets allowed only a few cases to be studied
with the VLA with regard to their spatial and spectral char-
acteristics. For HH 1-2 VLA 1, Cepheus A HW2, Serpens,
and HH 80-81, the frequency dependence of the Ñux density
and the size of the jets, (a ^ 0.3È0.7) and h P l~bSlP la
(b ^ 0.6È1), have been determined to be consistent with
models of thermal radio jets (Rodri� guez et al. 1990, 1994 ;

et al. Marti� , Rodri� guez, & ReipurthCuriel 1993 ; 1993,
et al. see for a review1995 ; Torrelles 1996 ; Anglada 1996

and for thermal bipolar jet models).Reynolds 1986
The combination of faintness and small size scale of the

radio jets (e.g., 100 AU at a distance of 500 pc is 0A.2)
requires essentially high-frequency observations with high
sensitivity to provide the needed angular resolution to
study this emission. An angular resolution better than D0A.1
can be achieved with the VLA in its A conÐguration at
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7 mm and 1.3 cm. The present sensitivity of the VLA 7 mm
system, with only 13 antennas, is not good enough for a
detailed study of these weak objects. However, this study is
possible at 1.3 cm if calibration is perfect. Fortunately, the
atmospheric seeing e†ects at this frequency can be fully
compensated for when a strong maser (j \ 1.3 cm) isH2Opresent within the primary beam. Observing simultaneously
the continuum emission and the maser, the latter canH2Obe used as the amplitude and phase reference. This powerful
cross-calibration technique, introduced by & MentenReid

to study evolved stars, has been applied successfully(1990)
to study with resolution both the Cepheus A HW20A.08
thermal radio jet and the relative positions between the

masers and the jet with an accuracy of D1 masH2O et al.(Torrelles 1996).
Pursuing this cross-calibration technique, we have now

observed with the VLA in its A conÐguration the 1.3 cm
continuum and maser emission toward W75N,H2Ohaving in mind the following general goals : (1) to image the
continuum emission of the YSOs with resolution ;D0A.1
(2) to Ðnd new radio jets in YSOs, measuring their degree of
collimation ; (3) to make a statistical study of the presence of
radio jets in YSOs, testing the hypothesis that thermal radio
jets are always present in outÑow regions ; and (4) to study
the spatio-kinematic distribution of the masersH2Oaround YSOs, and their relation to the radio continuum
emission. Both circumstellar disks et al.(Torrelles 1996 ;

et al. and high-velocity outÑows at 102È104Fiebig 1996)
AU scales have been inferred(Gwinn 1994 ; Chernin 1995)
previously from the distribution of the masers. WhatH2Opossible causes could produce this dichotomy in the rela-
tion between masers and thermal jets ?H2OIn this paper we report the results obtained toward
W75N, located at 2 kpc distance in the Cygnus X complex.
This active high-mass star formation region shows strong
infrared emission Becklin, & Neugebauer(Wynn-Williams,

Campbell, & Ho†mann an integrated1974 ; Harvey, 1977),
IRAS luminosity of a few times 105 et al.L

_
(Moore 1988),

a number of radio continuum sources et al.(Habing 1974 ;
et al. et al. masersHaschick 1981 ; Hunter 1994), H2OSloanaker, & Bologna et al.(Johnston, 1973 ; Hunter 1994 ;

et al. OH masers et al.Lekht 1995 ; Tofani 1995), (Haschick
et al. as well as a CS core and a CO1981 ; Baart 1986),

bipolar outÑow et al. Of the three 6 cm(Hunter 1994).
continuum sources, namely, W75N(A), W75N(B), and
W75N(C), only W75N(B) appears to be associated with OH
and masers et al. and a bright 2 kmH2O (Haschick 1981)
source et al. et al. suggested(Moore 1988). Haschick (1981)
that W75N(B) is excited by a binary protostellar system and
that the OH masers are tracing a rotating disk of ^2A size
(^4000 AU) surrounding the binary system. et al.Hunter

show that W75N(B) is mainly composed of two(1994)
sources, W75N(Ba) and W75N(Bb), almost unresolved at
3.6 cm with resolution while separated by These0A.5 D1A.5.
could be ultracompact (UC) H II regions, excited by B1
stars. These authors also mapped Ðve maser com-H2Oponents around W75N(B), favoring the model of a shocked
disk surrounding the two UC H II regions. The presence of
an expanding and rotating disk has also been suggested by

from maser variability studies. However,Lekht (1995) H2Oet al. through MERLIN OH maser obser-Baart (1986),
vations, favor a scenario in which the OH and masersH2Oare tracing an outÑow rather than a rotating disk surround-
ing W75N(B).

With the 1.3 cm continuum and maser data present-H2Oed in this paper, we address three speciÐc questions regard-
ing W75N(B) : (1) Which is the powering source of the
bipolar molecular outÑow observed in the region? (2) What
is the origin of the radio continuum emission (e.g., UC H II

regions versus ionized stellar winds) ? (3) What is the
relationship between and OH masers? In weH2O ° 2
present the observations, calibration, and reduction pro-
cedure. The results of both the 1.3 cm continuum and H2Omaser data are presented in Their implications are dis-° 3.
cussed in In we compare the and OH maser° 4. ° 5 H2Odistributions. A possible evolutionary scenario explaining
the maser distribution with respect to the radioH2Osources is presented in The main conclusions of our° 6.
study are presented in ° 7.

2. OBSERVATIONS

The observations were made with the VLA of the Nation-
al Radio Astronomy Observatory in the A con-(NRAO)1
Ðguration on 1996 December 15, during a run of 7 hr. We
used the four intermediate frequency (IF) spectral line mode
of the VLA. Both the right and left circular polarizations
were sampled with a bandwidth of 25 MHz, providing
seven channels of 3.125 MHz each, and as well as with a
bandwidth of 3.125 MHz, with 63 channels of 48.8 kHz
each. The broad bandwidth was centered at the frequency
22285.080 MHz for continuum measurements, while the
““ narrow ÏÏ bandwidth was centered at the frequency of the

maser line (22235.080 MHz) withH2O 616 ] 523 VLSR \ 10
km s~1, the ambient cloud velocity. The phase center of the
observations was d(1950)\a(1950)\ 20h36m50s.045,

which corresponds to a position almost in42¡26@57A.873,
between the two 3.6 cm continuum maxima of W75N(B)
observed by et al. The Ñux and phase cali-Hunter (1994).
brators were 3C 48 (adopted Ñux density \ 1.2 Jy at 1.3 cm)
and 2021]317 (observed Ñux density \ 2.5 Jy), respec-
tively.

Using the Astronomical Image Processing System
(AIPS), initial calibration was done separately for each pair
of IFs to remove electronic phase di†erences between IFs
and obtain spectral bandpass corrections. Once the strong-
est maser component was identiÐed in a particularH2Ospectral channel of the narrow bandwidth, we self-
calibrated its signal in phase and amplitude. The phase and
amplitude corrections as a function of time, at 10 s intervals,
were then applied to both the narrow and broad band-
width, removing both atmospheric and instrumental errors.
With this technique we achieved a dynamic range of
D13,000 for the velocity channel map where the strongest

maser component appears (226 Jy at kmH2O VLSR \ 13.3
s~1 with 0.66 km s~1 velocity resolution, rms\ 17 mJy).

Three continuum sources were detected with the broad
bandwidth data. The achieved rms noise was 0.16 mJy,
similar to the expected theoretical thermal noise, D0.13
mJy. We note that with cross-calibration, we improved the
S/N ratio of the continuum data by a factor of 1.6. In addi-
tion, the structure of the radio sources were cleaner and
sharper in appearance, demonstrating the improvement in
radio seeing.

All maps shown here for both the continuum and(° 3.1)
masers have been cross-calibrated and cleanedH2O (° 3.2)

1 The NRAO is operated by Associated Universities Inc., under
cooperative agreement with the National Science Foundation.
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using AIPS standard procedures. In particular, individual
spectral channel maps were made from the 3.1 MHz band-
width. The resulting cube (63 channels) of the maserH2Oline was then Hanning smoothed, giving a Ðnal velocity
resolution of ^1.2 km s~1. This smoothing in velocity was
applied to reduce the Gibbs ringing e†ect due to the strong
and narrow masers (see Moran, &H2O Thompson,
Swenson for a discussion of these e†ects). These1986
Hanning-smoothed data were used to analyze the spatio-
kinematic distribution of the masers in the region.H2O

3. RESULTS

3.1. 1.3 cm Continuum Emission
In we show a contour map of the continuumFigure 1

emission with natural weighting of the 25 MHz bandwidth
(u, v) data (the ““ e†ective ÏÏ bandwidth was 21.9 MHz, 7
channels] 3.125 MHz). The synthesized beam is and0A.1,
the achieved rms noise of the image is 0.16 mJy beam~1.
Three sources are detected. We will call them hereafter,
from north to south, VLA 1, VLA 2, and VLA 3, respec-
tively. VLA 1 is elongated, with a deconvolved size of D0A.4

(P.A. 43¡), while VLA 3 shows a bright core plus] 0A.1
extended emission, with a deconvolved size of 0A.09 ] 0A.04
(P.A. 152¡). VLA 2 appears unresolved In([0A.1). Table 1
the observed and derived parameters of these three sources
at 1.3 cm are listed.

The positions of VLA 1 and VLA 3, coincide, respec-
tively, with the sources W75N(Ba) and W75N(Bb) detected
previously at 3.6 cm with resolution by et al.0A.5 Hunter

and indicated by crosses in On the other(1994) Figure 1.
hand, VLA 2 lies almost in between VLA 1 and VLA 3 but
was not detected previously at 3.6 cm. By convolving our
1.3 cm data with an elliptical Gaussian to give an angular
resolution similar to that of the 3.6 cm data et(0A.5 ; Hunter
al. the resulting map resembles that presented1994), (Fig. 2)
at 3.6 cm (although no emission is evident at the position of
VLA 2 in the 3.6 cm map). Note that the elongation of VLA
1 in the northeast-southwest direction remains evident at

angular resolution. The feature at 3 p level (D2 mJy),0A.5
south of VLA 3 coincides with the sourceD1A.5 (Fig. 2),

W75N(Bc), a continuum source with 0.85 mJy at 3.6 cm
et al. This feature was not signiÐcant in our(Hunter 1994).

unconvolved 1.3 cm continuum map.
By comparing Ñux densities obtained at 3.6 and 1.3 cm,

we obtain spectral indices anda(3.6h1.3cm)\ 0.7^ 0.1, Z1,
\ 1.5^ 0.1 for VLA 1, VLA 2, and VLA 3, respec-(SlP la),
tively To estimate the spectral index for VLA 2 we(Table 1).
have adopted from the 3.6 cm data et al. an(Hunter 1994)

FIG. 1.È1.3 cm continuum contour map of W75N(B). Contours are
[3, [2, 2, 3, 4, 5, 6, 7, 8, 15, 20, 25, 30, 35, 40, 45 times 0.16 mJy beam~1,
the rms of the map shown in the top right-hand corner).(beam\ 0A.1,
Three continuum sources are detected, namely, from north to south, VLA
1, VLA 2, and VLA 3, respectively. Crosses indicate the position of the two
3.6 cm continuum sources detected by et al. in the area,Hunter (1994)
namely, W75N(Ba) and W75N(Bb), respectively.

upper 3 p level of 0.6 mJy at this wavelength. The physical
implications from the 1.3 cm continuum detections, as well
as from the parameters derived for these three radio
sources, will be discussed in ° 4.

Masers3.2. H2O
With a synthesized beam of (uniform weighting of^0A.08

the [u, v] data), we have detected 29 maser spotsH2O(spatial components) in a region of ^13A ] 7A (0.13] 0.07
pc, R.A.] decl.) around W75N(B). Most of these maser
spots have a single velocity component. maser emis-H2Osion is observed in the velocity range kmVLSR \ [5.8È25.1
s~1, with the strongest component with intensity Sl \ 148.9

TABLE 1

RADIO CONTINUUM SOURCES AT j \ 1.3 cm IN W75N(B)

DECONVOLVED

POSITIONa SIZEc
PEAK (1.3 cm) Sl (1.3 cm)b (j \ 1.3 cm) Sl (3.6 cm)b SPECTRAL

SOURCE a(1950) d(1950) (mJy beam~1) (mJy) (arcsec) (mJy) INDEX

VLA 1 . . . . . . 20 36 50.0056 42 26 58.507 1.42 7.8^ 0.5 0.43] 0.12 (43¡) 4.0 ^ 0.25 0.7^ 0.1
VLA 2 . . . . . . 20 36 50.0405 42 26 57.783 1.40 1.6^ 0.2 ¹0.1 ¹0.6 º1.0d
VLA 3 . . . . . . 20 36 50.0406 42 26 57.095 7.59 11.9^ 0.4 0.09] 0.04 (152¡) 2.7 ^ 0.25 1.5^ 0.1

a Position of the 1.3 cm continuum peak. Units of right ascension are hours, minutes, and seconds, and units of declination are degrees,
arcminutes, and arcseconds. Relative position errors depend on the signal -to-noise ratio of the emission but are typically ^3 mas.

b Total Ñux density. The values at 3.6 cm are from et al.Hunter 1994.
c The numbers in parentheses are the position angles.
d We have adopted a 3 p upper limit of 0.6 mJy at 3.6 cm et al.(Hunter 1994).
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FIG. 2.È1.3 cm continuum contour map with resolution. Crosses0A.5
indicate the position of the three 3.6 cm continuum sources detected by

et al. in the area, namely, W75N(Ba), W75N(Bb), andHunter (1994)
W75N(Bc), respectively.

Jy and km s~1. Intensity, peak position (whichVLSR \ 13.3
was obtained using the task IMFIT of AIPS), and velocity
channel of the peak intensity of these maser spots areH2Olisted in Line widths of the masers are ¹1.2Table 2. H2Okm s~1.

Most of these maser spots are new detections,H2Ounseen previously [e.g., et al. detected only ÐveHunter 1994
distinct spatial components in a Ðeld ofD 15A around
W75N(B)]. This is certainly due to the high angular
resolution and the high dynamic range of the data present-
ed in this paper (the rms of the channel maps ranges from
D12 mJy beam~1 for the channel where the strongest
maser spot appears, to D5 mJy beam~1 for the channels
with the weakest maser components).H2O

TABLE 2

MASERS IN W75N(B)H2O

POSITIONa
VLSR FLUX DENSITY

a(1950) d(1950) (km s~1) (Jy)

20 36 49.5481 . . . . . . 42 26 55.153 [5.8 0.7
20 36 49.5481 . . . . . . 42 26 55.153 [1.9 0.3
20 36 49.5499 . . . . . . 42 26 55.213 ]25.1 1.3
20 36 49.5535 . . . . . . 42 26 59.993 ]10.0 10.5
20 36 49.5571 . . . . . . 42 26 54.933 ]3.4 0.09
20 36 49.9781 . . . . . . 42 26 58.113 ]12.6 4.3
20 36 49.9781 . . . . . . 42 26 58.173 ]10.7 9.9
20 36 49.9890 . . . . . . 42 26 58.453 ]15.9 0.7
20 36 49.9908 . . . . . . 42 26 58.273 ]11.3 0.1
20 36 49.9926 . . . . . . 42 26 58.333 ]10.0 1.1
20 36 49.9944 . . . . . . 42 26 58.493 ]13.3 127.4
20 36 50.0016 . . . . . . 42 26 58.353 ]13.3 0.3
20 36 50.0034 . . . . . . 42 26 58.553 ]13.3 148.9
20 36 50.0071 . . . . . . 42 26 58.773 ]9.3 2.7
20 36 50.0360 . . . . . . 42 26 56.973 ]10.7 0.06
20 36 50.0360 . . . . . . 42 26 57.873 ]4.1 0.07
20 36 50.0396 . . . . . . 42 26 57.773 ]14.0 3.1
20 36 50.0414 . . . . . . 42 26 57.713 ]14.6 1.0
20 36 50.0414 . . . . . . 42 26 57.873 ]11.3 1.8
20 36 50.0450 . . . . . . 42 26 57.893 ]7.4 49.0
20 36 50.0468 . . . . . . 42 26 57.753 ]10.7 0.5
20 36 50.0468 . . . . . . 42 26 57.793 ]4.7 0.2
20 36 50.0468 . . . . . . 42 26 57.853 ]1.4 5.0
20 36 50.0468 . . . . . . 42 26 57.853 [4.5 1.1
20 36 50.0504 . . . . . . 42 26 59.113 ]21.9 0.2
20 36 50.0540 . . . . . . 42 26 59.113 ]10.0 11.2
20 36 50.0811 . . . . . . 42 27 00.833 ]10.7 0.1
20 36 50.0848 . . . . . . 42 27 00.773 ]9.3 0.3
20 36 50.0992 . . . . . . 42 27 01.613 ]10.7 0.5
20 36 50.1010 . . . . . . 42 27 01.633 ]14.0 4.3
20 36 50.6847 . . . . . . 42 27 01.173 ]2.8 0.03

a Units of right ascension are hours, minutes, and seconds, and units
of declination are degrees, arcminutes, and arcseconds. Relative posi-
tion errors depend on the signal-to-noise ratio of the emission but are
typically ^1 mas.

A map showing the positions of the 29 masersH2O(crosses) and the 1.3 cm continuum sources (squares) is given
in From this Ðgure we see that the masers areFigure 3. H2O

FIG. 3.ÈMap showing the position of the masers detected in the region (crosses) and the 1.3 cm continuum sources (squares ; VLA 1, VLA 2, andH2OVLA 3, from north to south).
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mainly distributed in two clusters. One cluster is spatially
coincident with VLA 1 (11 maser spots), including theH2Otwo strongest maser spots of the region, Jy andSl \ 148.9
127.4 Jy, both with km s~1 The otherVLSR \ 13.3 (Table 2).
cluster is spatially coincident with VLA 2 (eight maserH2Ospots), which includes the third strongest maser of the
region, Jy with km s~1 OneSl \ 49.0 VLSR \ 7.4 (Table 2).

maser spot is coincident with VLA 3 mJy,H2O (Sl \ 60
km s~1), while the other nine spots are distrib-VLSR\ 10.7

uted away from the central region [8000 AU]) and are(Z4A
not coincident with any known radio continuum source.

Finally, from the spatio-kinematic information of the 29
maser spots we do not observe any clear velocity seg-H2Oregation on scales of D13A ] 7A that could indicate the

presence of a systematic velocity gradient at these scales.

4. DISCUSSION

The presence of a rotating disk in the W75N(B) region
was suggested by et al. from the velocityHaschick (1981)
Ðeld of the OH masers, showing a north-south velocity gra-
dient of D10 km s~1 in However, this was not con-D1A.5.
Ðrmed in subsequent studies by et al. withBaart (1986)
more sensitive data. These authors also detected an almost
east-west group of OH masers, with approximately the
same spatial extension as the north-south group and also
without any obvious velocity gradient.

Our maser data do not support the presence of aH2Onorth-south rotating disk at these scales around W75N(B).
There is no north-south velocity gradient. Furthermore, the

masers are distributed in clusters, suggesting di†erentH2Oexciting sources rather than a common origin.
We discuss below, separately, the three radio continuum

sources and their associated maser emission (°° and4.1, 4.2,
We address, in addition, the question of which of these4.3).

radio continuum sources is the best candidate to power the
extended CO bipolar molecular outÑow. We also compare

the maser distribution with that of the OH masers(° 5) H2Ofound by et al. This comparison leads us toBaart (1986).
suggest that the masers around YSOs could traceH2Oeither disks or outÑows depending on the evolutionary
stage of the young stellar exciting source (° 6).

4.1. V L A Maser System1[W 75N(Ba)]ÈH2O
The elongated emission of VLA 1 resembles that of the

radio jets found in other YSOs (e.g., Cepheus A HW2;
et al. et al. The spectralRodri� guez 1994 ; Torrelles 1996).

index we estimate for this source from 3.6 to 1.3 cm wave-
length is which is consistent witha(3.6h1.3cm) ^ 0.7 (Table 1),
that expected for an optically partially thick ionized
thermal biconical jet according to the model Reynoldsof

In fact, this model predicts that for a jet of constant(1986).
velocity, temperature, and ionization fraction, the Ñux
density and length of the jet as a function of frequency scales
as and respectively, where v isSlP l1.3~0.7@v hl P l~0.7@v,
the power-law index describing the width of the jet
(perpendicular to the major axis) as a function of the dis-
tance to its origin. For v\ 1, that is, a conical jet with
constant opening angle, is obtained, which isSlP l0.6
similar to that found in VLA 1. Furthermore, from these
relations, and from the size observed at 1.3 cm a(Table 1),
size of is expected at 3.6 cm, which is consistenthl D 0A.8
with the value reported at this frequency (0A.69 ^ 0A.11,

et al.Hunter 1994).

Note that VLA 1 is elongated (P.A.^ 43¡) approximately
in the direction of the bipolar molecular outÑow observed
at scales of D2@ (roughly with P.A.^ 66¡ ; et al.Hunter

This result gives additional support that VLA 1 is a1994).
radio jet located at the base of the large-scale molecular
outÑow.

In fact, within the ““ uniÐed ÏÏ stellar jet/molecular outÑow
scenario of et al. the molecular outÑow wouldRaga (1993),
trace a turbulent envelope around the jet, with a deposition
of momentum from the jet into that envelope. In this sense,
we can estimate the mass-loss rate of the jet following

We assume a pure hydrogen jet with con-Reynolds (1986).
stant opening angle (v\ 1), terminal velocity, and ioniza-
tion fraction, as well as constant electron temperature,
taken to be equal to 104 K. We further assume that the jet
axis is perpendicular to the line of sight (that is, with an
inclination angle of i \ 90¡), since variations in i from 45¡ to
90¡ change the mass-loss estimate by less than 10%. Given
the elongated appearance of the jet, it is unlikely that i has
values that are much smaller than 45¡.

Under these assumptions, the mass-loss rate in the jet is
given by

M0 ~6\ 1.9V3 x0~1SmJy0.75 l9~0.45 dkpc1.5 h00.75 ,

where is the mass-loss rate in 10~6 yr~1, is theM0 ~6 M
_

V3terminal velocity of the jet in 103 km s~1, is the ioniza-x0tion fraction, is the observed Ñux density in mJy, isSmJy l9the observed frequency in GHz, is the distance to thedkpcsource in kpc, and is the opening angle in radians.h0The opening angle is estimated to be

h0\ 2 tan~1(hmin/hmaj) ,

where and are the deconvolved minor and majorhmin hmajaxes of the jet. For VLA 1 we obtain h0D 30¡.
From the parameters obtained for VLA 1 (Table 1),

and we obtain The large lumi-dkpc\ 2, x0\ 1, M0 ~6\ 4V3.nosity observed in the W75N(B) region (a few times 105 L
_
)

indicates the presence of massive OB-type stars et(Moore
al. Assuming then similar to that found in1988). V3\ 1,
other young massive stars (e.g., Marti� et al. 1993, 1995),

is derived for the ionized wind of VLA 1. TheM0 ~6\ 4
momentum rate that this ionized wind would deposit into
the ambient medium is yr~1 km s~1.P0 ^ 4 ] 10~3 M

_This value is a factor of D5 smaller that the momentum
rate in the large-scale bipolar molecular outÑow et(Hunter
al. However, considering that jets (if they are shock1994).
ionized) may be only partially ionized at a level of
10%È20% et al. we favor(x0\ 0.1È0.2 ; Rodri� guez 1990),
the conclusion that the VLA 1 jet is driving the large-scale
bipolar molecular outÑow, supporting the jet/molecular
outÑow models of & Masson and et al.Chernin (1991) Raga
(1993).

The nature of a radio jet for VLA 1 is also supported by
the spatial distribution of the masers in the clusterH2Oaround this source. In we show the contour map ofFigure 4
the VLA 1 source, where dots indicate the positions of the
nearby masers. From this Ðgure we see that theseH2Omasers are distributed along the direction of the major axis
of VLA 1. The maximum separation of this chain of 11
maser spots with respect to the major axis of VLA 1 is [0A.2

AU), while the mean separation is (100 AU).([400 0A.05
The alignment between the radio continuum emission and
the masers suggests that the latter are being excited byH2Othe wind of VLA 1 and are consequently delineating the
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FIG. 4.È1.3 cm continuum contour map of the VLA 1 thermal radio
jet. Contours are [3, [2, 2, 3, 4, 5, 6, 7, 8 times 0.16 mJy beam~1, the rms
of the map shown in the lower left-hand corner). Dots indi-(beam\ 0A.1,
cate the position of the 11 masers detected in this particular area. TheH2Ovelocities of the masers are also indicated.

outÑow at scales of D1A (2000 AU). In this scenario the
masers would be pumped by the kinetic energy of theH2Owind of VLA 1 released into the shocked circumstellar gas

(see, e.g., for this kind of maser pumpingElitzur 1995 H2Omechanism). This scenario has also been proposed to
explain the maser distribution in W49N and L1448CH2O(Gwinn 1994 ; Chernin 1995).

A possible objection to the common origin for the VLA 1
radio source and the nearby masers (both driven byH2Othe same wind) would be the absence of a velocity gradient
in the masers along the axis of the jet. However, this can be
explained if the maser spots represent dense material
shocked by the wind but not signiÐcantly accelerated
because of its relatively large mass and/or its being embed-
ded in some larger clump. This possibility could be sup-
ported by the fact that the mean velocity of these H2Omasers is 12.9 km s~1, close to the ambient cloud velocity
traced in CS km s~1 ; et al. In(VLSR \ 10 Hunter 1994).
addition, the velocity dispersion we Ðnd for the masersH2Ois relatively small, 3.4 km s~1. This velocity dispersion
might be provided by turbulent motions of the ambient gas
around VLA 1. A similar interpretation has been given for
W49N, where distinguishes between high-Gwinn (1994)
and low-velocity masers, with the high-velocity features
arising in less dense material and more strongly accelerated
by the wind than the low-velocity features, arising in more
dense ambient material.

An absence of velocity gradients in the masers alongH2Othe line of sight could also be explained if the outÑow at
these scales (D1A) has an inclination angle i ^ 90¡, that is, in
the plane of the sky. A possible scenario is that the H2Omasers reside in a cylindrical shell around the jet. Limb-
brightening e†ects, with a velocity-coherent gain path for
the masers, would then favor the observation of masers at
the edges of the shell with respect to the line of sight. In that
case, radial expansion of the shell would mean that the
motions of the masers would be predominantly across the

line of sight. Hence, masers associated with the expansion of
the jets across the jet axis would have low radial motions.
Of course, even in the absence of such geometrical argu-
ments, the fact that the jets appear to be conÐned radially
implies that radial motions will be small. At positions far
away (D2@) from VLA 1, larger radial velocities are
observed, for example, within the large-scale molecular
outÑow. This is likely due to a widening of the jet opening
angle at larger distances as well as to the sweeping of gas at
the working surfaces of the jets.

4.2. V L A Maser System2ÈH2O
This compact continuum source of size has a spec-[0A.1

tral index which is consistent witha(3.6h1.3cm)Z 1 (Table 1),
VLA 2 being an ultracompact optically thick H II region.
Some of the physical parameters of this radio source can be
computed from their Ñux density values at 3.6 (upper limit)
and 1.3 cm, assuming that it is homogeneous, isothermal
(T \ 104 K), and with spherical symmetry. In this way we
estimate opacities of and and a sizeq1.3cmZ 0.6 q3.6cmZ 5,
for the source of (consistent with the upper limit value0A.03
of our observations, In addition, we also derive an[0A.1).
electron density of cm~3, ionized mass ofN

e
^ 2 ] 106
as well as the rate of ionizingMH II^ 1 ] 10~5 M

_
,

photons required to maintain this region fully ionized,
s~1. These ionizing photons can be providedN

i
^ 7 ] 1045

by a zero-age main-sequence (ZAMS) B0.5 or earlier star
(Panagia 1973).

Indirect evidence for the presence of a wind in this source
comes from the association of the cluster of eight H2Omaser spots with VLA 2, if these masers are shock excited
by a wind. These masers are distributed in a shell of D0A.18

(R.A.] decl. ; 360] 200 AU) around the contin-] 0A.10
uum source (see which is a more compact distribu-Fig. 5),
tion than that observed in VLA 1 For these masers(° 4.1).
we estimate a mean velocity of km s~1 and aVLSR \ 7.1
velocity dispersion of 5.9 km s~1. This velocity dispersion
can be bound by a mass of 8 in a radius of 200 AUM

_around VLA 2, which can be provided by a central B0.5 or
earlier star and/or the associated circumstellar gas.

FIG. 5.È1.3 cm continuum contour map of VLA 2. Contours are [3,
[2, 2, 3, 4, 5, 6, 7, 8 times 0.16 mJy beam~1, the rms of the map (beam \

shown in the top left-hand corner). Dots indicate the position of the0A.1,
eight maser spots detected in this particular area. The velocities of theH2Omasers are also indicated.
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FIG. 6.È1.3 cm continuum contour map of VLA 3. Contours are [3,
[2, 2, 3, 4, 5, 6, 7, 8, 15, 20, 25, 30, 35, 40, 45 times 0.16 mJy beam~1, the
rms of the map shown in the top right-hand corner). The dot(beam\ 0A.1,
indicates the position of the maser spot detected in this particularH2Oarea. The velocity of the maser is also indicated.

Interestingly, there is a rough north-south velocity segre-
gation in the masers, with the northern spots blue-H2Oshifted by D8 km s~1 with respect to the southern ones (see

that is, along the major axis of the shell. This segre-Fig. 5),
gation in velocity could indicate systematic motions in the
masers. Unfortunately, however, we do not have additional
information to distinguish if they are tracing rotating, con-
tracting, or even expanding motions. In the case of bound
motions, the maser spots could be located in a rotating
and/or contracting high-density circumstellar structure of
200 AU radius (e.g., a circumstellar disk), pumped by the
shocks of a central wind, and tracing the kinematics of the
circumstellar gas (as suggested in Cepheus A HW 2,

et al. It therefore seems clear that higherTorrelles 1996).
angular resolution observations are needed to resolve the
morphology of the continuum emission of VLA 2. If so, it
may be possible to discern any preferential direction of the
radio emission in VLA 2 (radio jet ?) and its relation to the

maser system.H2O

4.3. V L A Maser System3[W 75N(Bb)]ÈH2O
Both the deconvolved size, (P.A. 152¡), and0A.09 ] 0A.04

the spectral index derived, for this contin-a(3.6h1.3cm)\ 1.6
uum source suggest that it is an ultracompact(Table 1),
optically thick H II region. Under the same assumptions as
those made for VLA 2 (see we derive for VLA 3 a size° 4.2),
of (consistent with the observed deconvolved size),0A.08
opacities of electron density ofq1.3cmZ 1, q3.6cmZ 11,

cm~3, ionized mass ofN
e
^ 2 ] 106 MHII^ 1 ] 10~4 M

_
,

and rate of ionizing photons of s~1 (whichN
i
^ 6 ] 1046

can be provided by a ZAMS B0 or earlier star).
A relatively weak water maser spot of 60 mJy with

km s~1 is observed south from VLA 3VLSR\ 10.7 D0A.13
Given the characteristics of the radio continuum(Fig. 6).

emission of this source and its relatively low activity in H2Omasers, we cannot infer for it the presence of a wind.

MASERÈOH MASER DISTRIBUTION5. H2O

Another important issue that can be addressed with the
present data is the relationship between and OHH2O

masers in W75N(B). Measuring the relative positions of the
OH and masers with respect to the position of theH2OYSOs in star-forming regions is a crucial key for under-
standing their formation and excitation (see &Forster
Caswell et al. by comparing the dis-1989). Baart (1986),
tribution of the OH masers with respect to the 6 cm contin-
uum emission of W75N(B) et al.(beam\ 1A.5, Haschick

proposed that these masers could trace the edges of1981),
an expanding H II region. However, because of the relatively
low angular resolution of their radio continuum observ-
ations, et al. noted, as an important future goal,Baart (1986)
that new higher angular resolution observations could
clarify the structure of the ionized gas and its relationship
with the OH masers. With our high angular resolution and
high-sensitivity observations, we are able now to carry out
that suggested study.

In we plot the positions of the OH masers foundFigure 7
by et al. together with the positions of theBaart (1986) H2Omaser and 1.3 cm continuum sources detected in the same
region. From the absolute positional errors quoted by

et al. for the OH masers, we estimate that theBaart (1986)
error in the relative alignment between the OH and the

positions should not exceed This error does notH2O 0A.1.
a†ect any of the conclusions discussed below.

From we see that the OH masers are also dis-Figure 7
tributed in groups near the 1.3 cm continuum sources. In
general, the OH masers are close to the masers, butH2Othey are not spatially coincident. Analyzing individually
each region near the radio continuum sources, if we trace a
line from VLA 1 with the same orientation as the major axis
of the radio jet (see we identify a chain of groups ofFig. 7),
OH masers located on both sides of this line. We note that
the masers appear located closer to the axis deÐned byH2Othe outÑow of VLA 1 than the OH masers. In fact, the
angular distance of the masers to this axis isH2O [0A.2,

FIG. 7.ÈMap showing the position of the masers (dots) in theH2Oregion where OH masers (squares) where detected et al. The(Baart 1986).
size and elongation of the VLA 1 thermal radio jet is represented by an
ellipse. The line indicates the direction of the outÑow, drawn to assist the
discussion in The positions of VLA 2 and VLA 3 are indicated by a° 4.
circle and a small ellipse, respectively. Other nine masers detected atH2Odistances from the continuum sources do not appear in this Ðgure.Z4A
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while the OH masers are located at distances of We[0A.4.
think that this maser distribution with respect toH2O-OH
the VLA 1 radio jet, and speciÐcally that the two groups
intersect the jet, suggests a common origin for both kinds of
masers, i.e., both masers were pumped by the energy rel-
eased in shocks in the ambient medium by the wind of VLA
1. We propose that both the and OH masers trace theH2OoutÑow axis of the VLA 1 source, with the OH masers being
excited in the outer parts of the jet. This could be consistent
with the scenario proposed by & Caswell inForster (1989)
which the OH maser emission in star-forming regions
would be produced later than the masers, but in a lessH2Odense circumstellar material surrounding the YSOs.

We have also considered an alternative scenario for the
maser distribution around VLA 1 in which theH2O-OH

OH masers deÐne a di†erent axis (P.A.^ 10¡), as compared
with the axis deÐned by the masers. The OH masersH2Ocould then trace an ““ older ÏÏ outÑow from a large precessing
VLA 1 source. And, of course, we cannot rule out the possi-
bility that the OH and masers are driven by di†erentH2Oexciting sources. However, in that case, one of the exciting
sources remains undetected in the radio continuum.

With respect to VLA 2, three OH maser spots are located
near this source and their associated cluster of([0A.2) H2Omasers (see suggesting, as in VLA 1, a commonFig. 7),
exciting source (VLA 2) for both types of masers. Again the
OH masers are more separated with respect to VLA([0A.2)
2 than the masers consistent with the latterH2O ([0A.1),
forming in a denser environment surrounding the YSO.

Finally, there is no OH maser spot spatially associated
with VLA 3, although an OH spot is observed D1A east
from both VLA 2 and VLA 3.

In summary, we think that most of the maserH2O-OH
distribution observed in the region and shown in Figure 7
can be explained by having three centers of activity, VLA 1,
VLA 2, and VLA 3. Furthermore, we think that it is also
possible that most of the nine maser spots observed atH2Odistances AU; see from the continuumZ4A (Z8000 Fig. 3)
sources could also be produced by the wind of VLA 1
(especially those distributed northeast-southwest), once the
opening angle of the wind becomes larger farther out as the
pressure of the external medium decreases.

6. GENERAL CONSIDERATIONS

It is well known that the Ðrst stages of evolution of YSOs
are characterized by strong outÑows in the presence of high-
density circumstellar disks formed around them. Many of
the phenomena and characteristics observed in star-forming
regions (e.g., infall and rotating motions of the circumstellar
gas around YSOs, jets, molecular outÑows, Herbig-Haro
objects, and OH masers) can be explained within aH2Ogeneral scenario consisting of the formation of a disk-YSO-
outÑow system and its subsequent interaction with the
ambient medium (e.g., & Torrelles In particu-Lizano 1995).
lar, maser emission requires physical conditions in theH2Ogas of a few times 100 K in the kinetic temperatures and
densities of cm~3 (e.g., Thesen(H2) Z 109 Elitzur 1995).
physical conditions can be reached in both the inner parts
of the circumstellar disks around YSOs and in the shocked
gas within the associated wind. Therefore, a priori, H2Omasers in star-forming regions could trace both the outÑow
(e.g., as suggested in W3OH, et al. W49N,Alcolea 1992 ;

and L1448C, and/or the cir-Gwinn 1994 ; Chernin 1995)
cumstellar disk surrounding the YSOs (e.g., as suggested in

Orion-KL, & Vilas Boas IRASAbraham 1994 ;
00338]6312, et al. and Cepheus A HW2,Fiebig 1996 ;

et al. Interestingly, this dichotomy seems toTorrelles 1996).
be present also in galaxies with water megamasers. While in
NGC 4258 et al. Ðnd that the maserMiyoshi (1995) H2Oemission traces a subparsec-scale disk in Keplerian rotation
around the nucleus of the galaxy, in NGC 1052 the masers
are aligned along the same axis as the continuum jet that
emanates from the galactic core et al.(Braatz 1996).

However, if masers can trace both the direction ofH2Othe outÑows and/or the circumstellar disks around YSOs, is
there any physical reason to explain why in a particular
region the masers ““ prefer ÏÏ to trace selectively either the
outÑow or the disk? Based on the data presented in this
paper, and from the evolutionary scenario proposed by

& Caswell to explain the spatial relationshipForster (1989)
of OH and masers found in star-forming regions, weH2Ohave considered below the possibility that the masersH2Ocould trace either the outÑow or the circumstellar disk
depending on the evolutionary stage of its associated YSO.
However, it should be noted that other e†ects (e.g., the lumi-
nosity of the embedded sources) could play an important
role to produce this dichotomy and certainly it deserves
further investigation.

According to & Caswell masersForster (1989), H2Oappear Ðrst in the high-density circumstellar material of
YSOs, followed later by OH emission forming in less dense
material surrounding the core. This simple maserH2O-OH
association around YSOs lasts about 105 yr. After that time,
the and OH masers are dispersed at larger scales overH2Othe next 104 yr. This dispersion could be due to the action of
winds of the YSOs and/or due to expanding motions of the
associated H II regions. In W75N(B), three young objects
traced by VLA 1, VLA 2, and VLA 3 are found. VLA 1 is
related to a ““ rich ÏÏ activity in and OH maser, with aH2Orelatively large spatial dispersion along the direction of the
outÑow. On the other hand, VLA 2 has also an important
activity in and OH maser emission, but with a lowerH2Ospatial dispersion and less intensity than in the correspond-
ing masers of VLA 1. Finally, VLA 3 has associated only an

maser, without any known OH maser. Taking all thisH2Oin mind, we tentatively propose an evolutionary sequence
for these objects. VLA 3 would be the ““ youngest ÏÏ source of
the W75N(B) star-forming region, not having had time to
develop and OH maser activity. VLA 1, at the otherH2Oextreme, would be the ““ oldest ÏÏ source of this region, with
its associated and OH masers already tracing theH2OoutÑow. This would also be consistent with VLA 3 being an
ultracompact optically partially thick and less developed
H II region, with VLA 1 being an optically partially thick,
more developed ionized wind at the base of the large-scale
molecular outÑow and 4.3). For this molecular(°° 4.1
outÑow, a dynamical time of D104 yr has been derived

et al. Between these two objects, following(Hunter 1994).
this evolutionary sequence, would be VLA 2, with its associ-
ated masers probably tracing bound motions in the sur-
rounding circumstellar gas (a rotating/contracting disk?
° 4.2).

If this evolutionary sequence applies, it would imply that
objects like Cepheus A HW 2 and IRAS 00338]6312, with
their masers tracing circumstellar disks, would be rela-H2Otively less evolved that those objects where the masers
already trace the motions of the outÑows (e.g., W49N,
W3OH, L1448C).
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It seems therefore clear that the identiÐcation of further
star-forming regions, with the presence of multiple YSOs
and and OH maser emission, in order to make similarH2Ostudies to those presented in this paper, would certainly
help to clarify the evolutionary scenario suggested by the
present work.

7. CONCLUSIONS

We report VLA-A 1.3 cm continuum and maserH2Oobservations toward W75N(B) with resolution. The0A.01
strongest maser component of the source was used toH2Oself-calibrate its signal, and we then applied their phase and
amplitude corrections to the 1.3 cm continuum data (cross-
calibration). With this technique we improved the signal-to-
noise ratio of the continuum data by a factor of 1.6, detect-
ing three radio continuum sources in a region of D1A.5,
namely, VLA 1, VLA 2, and VLA 3. In addition, 29 H2Omaser spots are detected in the region, most of them distrib-
uted in two clusters associated with VLA 1 and VLA 2. We
have also compared the and OH (detected previouslyH2Oin the region) maser distributions. Our main conclusions
can be summarized as follows :

The characteristics of VLA 1 are consistent with a
thermal biconical jet, oriented in the direction of the large-
scale (D2@) bipolar molecular outÑow. The distribution of
the masers associated with this source, along theH2Omajor axis of the jet, suggests that they are tracing the
outÑow at scales of D1A. We propose that VLA 1 is the
powering source of the molecular outÑow.

The masers associated with VLA 2 (unresolved con-H2Otinuum source) are distributed in a compact ““ shell ÏÏ of
size. Their observed velocities could represent boundD0A.2

motions around VLA 2. An maser spot is detectedH2Otoward VLA 3.
Both circumstellar disks and outÑows have been inferred

in the literature from the distribution of masersH2Oaround YSOs. We have considered the possibility that the
dichotomy in the relation between masers and jetsH2Ocould be the result of evolutionary e†ects, with masers in
less evolved objects tracing bound motions and more
evolved ones tracing outÑows. The identiÐcation of further
star-forming regions, with the presence of multiple YSOs
and and OH maser emission, followed by similarH2Ostudies to those presented in this paper would certainly help
to clarify this important issue.
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