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RESUMEN

Existe considerable controversia sobre cual es la fuente excitadora del poderoso flujo bipolar
molecular NGC 2264G, en la nube molecular Monoceros OB1. Reportamos la deteccion, hecha con
el VLA a 20 y 6-cm, de radio continuo proveniente de un objeto que proponemos como la fuente ex-
citadora de dicho flujo. Esta fuente tiene un indice espectral de 0.7+0.2, consistente con un viento es-
telar jonizado. También detectamos en esa posicidn emision de la transicién (J, K) = (1,1) del amo-
niaco y estimamos una masa de v 5 M para el gas denso.

ABSTRACT

There is considerable controversy on the identification of the exciting source of the powerful
bipolar molecular outflow NGC 2264G, in the Monoceros OB1 molecular cloud. We report the detec-
tion, made at 20 and 6-cm with the VLA, of radio continuum from an object that we propose as the
exciting source of the outflow. The spectral index of this source is 0.7+0.2, consistent with an ionized
stellar wind. We also detected at that position emission from the (J, K) = (1,1) transition of ammonia
and estimate the mass of the dense gas to be v 5 M.
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1. INTRODUCTION

In a survey for high-velocity CO emission in the
Monoceros OB1 molecular cloud, Margulis and Lada
(1986) identified nine new possible outflow sources.
The most remarkable one, called NGC 2264G by Mar-
gulis, Lada and Snell (1988), has a highly collimated bi-
polar morphology as well as considerably broad emis-
sion (CO is detected from —35 km s™* to 54 km s™')
and a large mechanical luminosity, L, ~2 —20 L,
Even more remarkably, the outflow does not appear to
be associated with any strong infrared source. The
IRAS Point Source Catalog reports a source, IRAS
06384+0958, located at a(1950) = 06N38m25.55;
8(1950) = 09°58'51", close to the centroid of the out-
flow. This IRAS point source is detected only at 60 um
with a modest flux of 6.3 Jy. Adopting a distance of
800 pc (Walker 1956) and the IRAS upper limits at
12, 25, and 100 pm, we obtain Ljp o g < 10 L. Hence,
in this source we may have that the mechanical luminos-
ity of the outflow could be comparable with the bolo-
metric luminosity of the region, L ecn/Lpor ™ 1,
while in outflows it is typically found that L . p/Lyo;
~ 1073 (Rodriguez et al. 1982). Clearly, as emphasized
by Margulis et al. (1989), this is a remarkable outflow
source that deserves further study, in particular concern-
ing the identification of its exciting source and the deter-
mination of its parameters.
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The detection and study of the exciting sources of
outflows has been undertaken with a variety of techni-
ques. In several well studied cases, such as L1551 (Bieg-
ing and Cohen 1985) and HH1-2 (Pravdo et al. 1985),
the exciting source was detected by means of VLA ob-
servations of the associated radio continuum. In an at-
tempt to identify better the exciting source of the NGC
2264G outflow we undertook VLA observations of the
region. These VLA observations, as well as ammonia sin-
gle-dish observations made at the Haystack Observatory,
are described in §II. Our results and discussion are pre-
sented in §III and we summarize our conclusion in §IV.

II. OBSERVATIONS
a) Continuum

We made continuum observations of the NGC 2264G
region at 6-cm (1988 August 26) and 20-cm (1988 De-
cember 19) using the Very Large Array of NRAO3. The
6-cm observations were made in the D configuration for
an angular resolution of v 10", while the 20-cm obser-
vations were made in the A configuration for an angular
resolution of v 1", The observations were made with an
effective bandwidth of 100 MHz. The absolute amplitude
calibrator was 3C286 for both frequencies and the phase
calibrators were 0629+104 (for 6-cm) and 0735+178
(for 20-cm). The data were edited and calibrated using
the standard VLA procedures.

3. NRAO is operated by Associated Universities, Inc., under
cooperative agreement with the National Science Foundation.
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Fig. 1. Uniform-weighted, 6-cm VLA map of the radio source associated with the NGC 2264G out-
flow. The position error ellipsoid of IRAS 06384+0958 is shown at the center of the map. Con-
tours are -1,1,2,3,5,7, and 9 times 0.19 mJy beam™. The half power contour of the beam is
shown in the insert at the top right corner.
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Fig. 2. Uniform-weighted, 20-cm VLA map of the radio source associated with the NGC 2264G
outflow. Contours are —2,2,3, and 4 times 0.17 mJy beam™ . The half power contour of the beam
is also shown.
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Fig. 3. Spectrum of the (J, K) = (1,1) ammonia emission at the position of the radio source. The
horizontal axis is radial velocity with respect to the local standard of rest and the vertical axis is the
antenna temperature, corrected for atmospheric attenuation but uncorrected for beam efficiency.

We detected a continuum source, both at 6- and 20-
cm (Figures 1 and 2), within the position error ellipsoid
of IRAS 06384+0958. The source appears unresolved at
6- and 20-cm, and with flux densities of 1.9%£0.2 and
0.8%0.2 mly, respectively. The flux density dependence
with frequency is S, o »0-7£0.2 The position of this
radio continuum source, obtained from the 20-cm data,
is ®(1950) = 06138M24.145+0.018%; §(1950) = 09°59’
01.9"+0.2".

b) Ammonia

Observations of the (/, K) =(1,1) inversion transition
of ammonia were made during 1989 January using the
37-m radio telescope of the Haystack Observatory®. At
23.7 GHz, the beam efficiency is v 0.32 and the beam
size is 1.4'. We made a 9-point grid with full beam spac-
ing centered at the position of the radio continuum sour-
ce. The spectra were corrected for elevation-dependent
gain variations and for atmospheric attenuation. Am-
monia emission was detected only at the central posi-
tion and the spectrum is shown in Figure 3. The param-
eters of the main line emission are peak antenna temper-
ature, Tp = 0.23%0.02, full width at half maximum,
Av =0.80+0.06 km s7!, and radial velocity with respect
to the local standard of rest, vj gg =4.60+0.03 km st

4. Radio astronomy at Haystack Observatory of the North-
east Radio Observatory Corporation is supported by the Nation-
al Science Foundation.
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The ratio of the main line peak emission to the inner
satellite peak emission is 2.9+0.4.

III. RESULTS AND DISCUSSION

We believe that the radio continuum source is as-
sociated with the exciting source of the NGC 2264G on
the following arguments:

1) The a priori probability of finding a 6-cm source
with a flux density of 1.9 mJy within the error ellip-
soid of IRAS 06384+0958 is v 0.003.

2) The spectral index of the source, 0.7+0.2, is con-
sistent with the value of 0.6 expected for an ionized
stellar wind (Panagia and Felli 1975).

3) The radio source is embedded in dense gas, as
shown by the CS observations of Margulis ez al. (1989)
and our ammonia observations. The association with
dense gas is known to be a characteristic of the energy
sources of outflows (Torrelles et al. 1986; Anglada et al.
1989).

4) The radio continuum source is coincident, within
observational error, with the infrared source IRS1, pro-
posed by Margulis et al. (1989) as one of two candidate
driving sources for the outflow. Furthermore, the radio
source is located close to the center of the bipolar out-
flow (Figure 4). Most probably, IRS1, IRAS 06384+
0958, and the VLA source are the same object.
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Fig. 4. Contour map of the redshifted (solid line) and blueshifted
(dashed line) CO emission from NGC 2264G taken from Margu-
lis, Lada and Snell (1988). The filled circle marks the position of
the VLA source, where ammonia emission was detected. The
empty circles mark the positions searched unsuccessfully for am-
monia.

From the results of Margulis, Lada and Snell (1988),
we estimate that the momentum rate in the outflow is
MV 3 X 1073 Mg yr™! km s™!. Assuming conserva-
tion of momentum rate and that the wind velocity is
300 km 57", we derive a mass loss rate of M v 1075 M
yr™! for the star. If this wind were fully ionized, isotrop-
ic and with an electron temperature of 10* K, we would
expect, from the formulation of Panagia and Felli
(1975), a 6-cm flux of 26 mly. This value is an order of
magnitude larger than measured. An even larger radio
continuum flux would be expected if the wind were col-
limated (Reynolds 1986). Two possible explanations for
this discrepancy are:

1) The velocity of the wind is much larger than 300
km s™!, about 1000 km s™. We consider this explana-
tion unlikely since there is no evidence favoring that
the winds of low-mass stars reach such high velocities.

2) The wind is largely neutral. This explanation was
first discussed by Rodriguez and Canté (1983) and it
appears to be satisfactory at least for the case of HH7-
11 (Lizano et al. 1988).

In any case, even the observed ionization rate can-
not be produced by the low luminosity star associated
with IRAS 06384+0958. The ionizing rate required by
an jonized wind with an electron temperature of 10* K
is (Felli and Panagia 1981):

Ng' N 46 Sll 1.5 D 3
[;_—l—]_4.9x10 [mJy kpc

v -0.9 R, -1 .
49 GHz 10 Rg > ()

where S, is the observed flux at frequency », D is the
distance to the source and Ry is the stellar radius assumed
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to be the inner radius of the ionized envelope. For a stel-
lar radius of 2 Rg, we obtain N; 3 X 1047, that could
be provided by a BO ZAMS star, with luminosity v 3 X
10* L, about three orders of magnitude larger than ob-
served. Even if we assume that all the luminosity of the
ionizing source is in the form of 13.6 eV photons, we re-
quire an ionizing luminosity of L; ~v 3 X 10° L, still
much larger than observed. We can lower the ionizing
rate requirements by making the inner radius of the
ionized envelope larger (see equation 1). However, we
cannot make it very large because the centimeter con-
tinuum emission will become optically thin. The charac-
teristic radius at which emission at a frequency v arises
is given by (Panagia and Felli 1975):

0.5
[&] ~ 57 x 10M [—SL]
cm mJy

[wom] (2] @

Since the emission at 4.9 GHz seems to follow the »°-6
dependence of a wind, we can conclude that the inner
radius of the ionized envelope must be equal or smaller
than 6 X 10" cm. This lowers the ionizing luminosity
requirements to L; > 0.4 L, compatible with the esti-
mated luminosity for the source. We conclude that the
ionization is, at least from the point of view of energe-
tics, explainable if the ionization of the envelope starts
very far from the stellar surface.

Other models to account for the radio continuum
emission from low luminosity stars (Curiel, Cant6 and
Rodriguez 1987; Alonso-Costa and Kwan 1989) pre-
dict flat spectra in the cm range, in disagreement with
what is observed in NGC 2264G.

Finally, we discuss the ammonia emission observed
by us at the position of the radio source (Figure 3). The
ratio of the main line peak emission to the inner satel-
lite peak emission, 2.9+0.4, implies an optical depth for
the main transition of 7, = 0.620.4, suggesting modest
opacity. Assuming that the ammonia emission is op-
tically thin and unresolved for our beam, with an excita-
tion temperature of 10 K, and that N(H, )/N(NH;) =
10® (Herbst and Klemperer 1973), the mass in molecu-
lar hydrogen is given approximately by:

5] = (%]

me ] (B [&] o

where np and 0, are the aperture efficiency and beam
size of the antenna, and D is the distance. For Haystack,
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na 0.3 and 6, =1.4". We then derive M(H,) v 5 Mg,
for the dense gas. This mass is in the range of values
found for dense cores associated with molecular outflows
(Torrelles et al. 1986; Anglada et al. 1989).

IV. CONCLUSIONS

We studied in the radio continuum and in the (1,1)
transition of ammonia the core of the powerful outflow
NGC 2264G. Our main conclusions are:

1) We detected 6- and 20-cm emission from a source
that is proposed as the exciting source of the outflow.
This radio source has a spectral index of 0.7£0.2, con-
sistent with that expected for an ionized wind.

2) The radio continuum source is associated with
IRS1, one of the two infrared sources proposed by Mar-
gulis et al. (1989) as candidates for driving the outflow.
Most probably IRS1, IRAS 06384+0958, and the VLA
radio source are the same object.

3) There is (1,1) ammonia emission at the position of
the radio continuum source and we estimate a mass of
~ 5 Mg, for the dense gas.
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vious to their publication and J.M. Torrelles for his care-
ful reading of the manuscript. L.F.R. acknowledges sup-
port from a Guggenheim Fellowship. S.C. acknowledges
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