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ABSTRACT 

R Mon is a peculiar star located at the apex of the (apparent) cometary nebula NGC 2261. 
Carbon monoxide observations of this region show an elongated (—4' X2' or —0.8 X 0.4 pc) 
molecular cloud at whose center lies R Mon. The interpretation of the observations suggests that 
the cloud is disk shaped and that the stellar wind of R Mon has created a bipolar cavity in it. In the 
visible, the northern cavity (NGC 2261) shines by reflecting the light of R Mon. The southern 
cavity is obscured in the visible by the tilted molecular disk but can be detected in the CO 
observations. We found a blueshifted CO component related to the northern lobe (NGC 2261) and 
a redshifted CO component related to the obscured southern lobe. Thus, NGC 2261 is not a 
cometary nebula but one of the lobes of a bipolar nebula. The wind of R Mon is being channeled 
by the cavities into two antiparallel annular streams. An appreciable fraction of the mechanical 
energy of the wind is carried out in the streams. At —7'(~L4 pc) to the north of R Mon the 
northern stream encounters another small molecular cloud. In this interaction the stream is 
deflected and shocks against itself. Upon cooling it radiates as HH 39. 

These results suggest that a recently formed, wind-producing star located in a disklike molecular 
environment (an interstellar disk) will have its wind channeled into two opposite directions along 
the poles of the disk. These collimated streams can travel over considerable distances (several pc) in 
the low-density interstellar medium and probably are the energy source of Herbig-Haro objects. 
The anisotropic mass outflows discovered recently in some regions of star formation could be due 
to the same phenomenon, although driven by more powerful winds. 
Subject headings: hydrodynamics — nebulae: individual — nebulae: reflection — 

radio sources: lines — stars: individual—stars: pre-main-sequence 

I. INTRODUCTION 
The bright cometary nebula NGC 2261 has been 

observed since the times of Sir William Herschel. At 
the apex of the nebula there is a semistellar (—5") 
condensation, R Mon, whose light variations were first 
reported by Schmidt (1861). These variations are irreg- 
ular and occur over a range of at least 4 mag. The 
spectra of R Mon and NGC 2261 taken by Slipher 
(1912) were very similar and indicated a reflection 
nature for the nebula. Photographs taken by Hubble 
(1916) showed that the outline of NGC 2261 undergoes 
marked changes within a period of a few months. Since 
then NGC 2261 is often referred to as Hubble’s Varia- 
ble Nebula. 

Even though R Mon has been studied photometri- 
cally and spectroscopically several times, there is no 
consensus on its spectral type. Joy (1945) mentions that 
the spectrum of R Mon corresponds closely with those 
of T Tauri variables and classifies it as a Ge-type star. 
However, Herbig (1968) points out that “there is no 
convincing evidence in the spectrum of R Mon of the 
presence of a G- or K- type star.” Herbig also mentions 

in his paper that in 1946 when R Mon rose to about 10 
mag, “the spectrum was superficially like that of an 
early A-type supergiant, but the extreme sharpness of 
the higher Balmer lines suggests a shell.” 

More recently, Imhoff and Mendoza (1974) assume 
R Mon to be an A5 supergiant on the basis of a 
spectrogram taken by Mendoza (1970). When Mendoza 
(1966) discovered the infrared excesses in T Tauri stars, 
R Mon was one of the objects in his list. The spectrum 
of R Mon peaks at about 3 jam, and from infrared 
observations Imhoff and Mendoza (1974) estimate its 
total luminosity to be ~660 L0. 

NGC 2261 extends about 3' north of R Mon. Duncan 
(1956) published several of the photographs obtained 
by C. O. Lampland. From 1916 to 1951 the nebula was 
frequently photographed by Lampland, who accu- 
mulated 940 plates. These plates show the remarkable 
changes that can occur in the nebula on a time scale of 
months. Lampland himself (1926) was unable to estab- 
lish any periodicity in the variations. On the other 
hand, he concluded that the apparent changes were not 
due to actual displacements but to reflection of the 
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variable light from R Mon since the apparent motions 
were always away from the star. Lampland (1931) 
reports rates of apparent motion as high as 1 /4" a day. 
If we take this rate of motion as due to a pulse of light 
traveling perpendicular to the line of sight, we derive a 
distance of —700 pc, in agreement with the value of 
690 pc determined spectroscopically (Johnson 1968) for 
the star cluster NGC 2264 located about Io north of R 
Mon. 

Another interesting object in the region was first 
noticed by Herbig (1968). About 4' beyond the farthest 
extension of NGC 2261 and almost on its axis of 
symmetry there is a Herbig-Haro object, HH 39. Herbig 
suggested that the HH object should be related to 
NGC 2261 because it is so near to the axis of the 
nebula and because there are no other peculiar objects 
in the area. A possible relationship between R Mon, 
NGC 2261, and HH 39 was proposed again by Cantó 
and Rodriguez (1980). 

To investigate the nature of these objects and to 
search for a relationship between them, we did carbon 
monoxide observations of the region. These observa- 
tions showed that R Mon lies at the center of a small, 
elongated molecular cloud. We suggest that the wind of 
R Mon has created a bipolar cavity whose axis is 
perpendicular to the plane of the cloud. The cavity 
focuses the wind of R Mon into two antiparallel 
annular streams. After traveling —1.4 pc, in the 
low-density interstellar medium, the northern stream 
interacts with another small molecular cloud; the 
Herbig-Haro object 39 results from this interaction. In 
§ II we describe and discuss the observations, while in 
the § III we discuss the phenomenon of bipolar mass 
outflow in regions of star formation. Finally, in § IV we 
summarize our results. 

II. OBSERVATIONS AND DISCUSSION 

The observations were made with the 11m radio 
telescope of the National Radio Astronomy Observa- 
tory1 during 1980 March 3-6. At the frequency of the 
/= 1 —>0 rotational transition of 12 CO the antenna half- 
power beamwidth is 66". As receivers we used the 
NRAO 80-120 GHz cooled mixers with orthogonal 
polarizations. The observations were made without a 
sideband rejection filter and were calibrated using the 
chopper vane method described by Ulich and Haas 
(1976). The spectrometer consisted of two filter banks 
in a parallel-parallel configuration (2x128x100 kHz 
and 2x 128x250 kHz). Each receiver fed one-half of 
each filter bank, and the halves of each filter bank were 
averaged to improve the signal-to-noise ratio by V2 . 
This resulted in two spectra for each position observed; 
the spectrum from the 250 kHz filter bank covered 83 

1The NRAO is operated by Associated Universities, Inc., 
under contract with the National Science Foundation. 
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km s “1 at 0.65 km s ~1 resolution, and the spectrum 
from the 100 kHz filter bank covered 33 km s “1 at 0.26 
km s “1 resolution. From pointing checks on Jupiter we 
estimate the rms pointing accuracy of our results to be 
about 15". The observations were made by averaging 6 
to 10 pairs of 30 s integrations on the source minus a 
reference position, a(1950) = 06h32m20.s0; ô(1950) = 
08°46'57". This reference position was determined by 
us to be free of 12 CO emission to a 4 a upper limit of 
—0.4 K. At the positions of interest we averaged several 
observations. The center position of our observations 
was at R Mon «(1950) = 06h36m26s; 0(1950) = 
08o46'57" (Herbig and Rao 1972), and the other posi- 
tions are referred to by their offsets in right ascension 
and declination with respect to the center position, 
(Aa, AS) given in units of 30". 

Previous 12 CO observations in the direction of R 
Mon showed the existence of an associated molecular 
cloud (Wilson, Schwartz, and Epstein 1973; Loren, 
Vanden Bout, and Davis 1973; Amy and Bechis 1980). 
We mapped this cloud at intervals of 30" in 12 CO (see 
Fig. 1) to determine its spatial location and extent, as 
well as to search for evidence of interaction between 
the stellar wind of R Mon and the surrounding molecu- 
lar gas. To investigate the relationship between R Mon 
and HH 39 we sampled at an interval of 120" the 
region between them (see Fig. 1). There was no detecta- 
ble 12 CO emission between NGC 2261 and HH 39 to a 
4 a upper limit of —1 K, but related to HH 39 we 
detected another small molecular cloud. This cloud was 
mapped at 60" intervals. In Figure 2 we show the 
corrected antenna temperature (TJ) contours for the R 
Mon cloud and for the HH 39 cloud superposed on an 
optical photograph kindly provided by Dr. J. Meabum. 
The photograph is an enlargement of a plate taken with 
the Science Research Council 1.2 m Schmidt with a 
5-hour exposure and through a mosaic (16x16 inch) 
filter centered on H«+ [N n] (Meabum 1978). The Tj 
values shown in Figure 2 are at the estimated mean 
velocity of each cloud; 9.4 km s “1 for the R Mon cloud 
and 7.5 km s_1 for the HH 39 cloud. In the following 
sections we will discuss separately (a) the cloud associ- 
ated with R Mon, (b) the cloud associated with HH 39, 
and (c) the relationship between R Mon, NGC 2261, 
and HH 39. 

a) The Molecular Cloud Associated with R Mon 

This molecular cloud is elongated and has its major 
axis almost perpendicular to the axis of symmetry of 
NGC 2261. To the west it has a maximum in TJ, which 
coincides in projection with the indentation on the west 
side of NGC 2261 that is clearly shown in the optical 
part of Figure 2, and in several photographs of NGC 
2261 (cf. Johnson 1966). 

At the position of NGC 2261 there is a bending in 
the 7J contours (Fig. 2). Since the bending has a scale 
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Fio. 3.—12 CO and 13 CO spectra at three selected positions in the R Mon molecular cloud. Notice the presence of blueshifted and 
redshifted components in the spectra related to NGC 2261 and the obscured southern lobe, respectively. 
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about equal to the beam size, it is probably unresolved 
and observations at higher resolution may show it to be 
more pronounced. This suggests that NGC 2261 is 
actually part of a cavity in the molecular cloud. The 
walls of this cavity reflect the light of R Mon and give 
NGC 2261 its symmetrical shape. 

The 12 CO map indicates an elongated shape for this 
molecular cloud. Two simple spatial configurations 
could possibly account for this; the cloud could be 
either prolate (cigar-shaped) or oblate (disk-shaped). 
Consideration of the optical appearance of NGC 2261 
favors a disk-shaped cloud; if R Mon were placed at 
the center of a cigar-shaped cloud, its steUar wind 
would be expected to clear the central part of the 
cloud, breaking it into two separate pieces. In contrast, 
a disk-shaped cloud would confine the wind of R Mon 
in the direction of its plane, and cavities would be 
produced at the poles. Since the CO data favor a 
bipolar cavity, we will tentatively assume that this 
cloud is disk-shaped. 

Inspection of the spectra obtained at different posi- 
tions in this cloud reveals clear changes in the line 
shapes. Figure 3 shows the line profiles at three selected 
positions in this cloud: (0,0), (—1,2), and (1,-2). It 
can be seen from these spectra that there are two extra 
12CO components; one of them peaks to the north and 
is blueshifted with respect to the R Mon spectrum. The 
other peaks south and is redshifted with respect to the 
R Mon spectrum. In both cases the shift is of —2 km 
s-1. These two extra components are more clearly 
displayed when contour maps at different velocities are 
made. Figure 4 shows maps at 7.7 and 11.1 km s -1. 

Material moving at 10.5 km s-1 (Fig. 5) is spatially 
distributed in a disk of considerable symmetry around 
R Mon, with its major axis also perpendicular to the 
axis of symmetry of NGC 2261. This higher symmetry 
is probably due to the fact that at this velocity the 
clump causing the optical indentation has no signifi- 
cant emission. In this sense this map gives a better 
representation of the actual shape of the disk. In this 
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map the bending of the isotherms at the optical posi- 
tion of the nebula is also evident, suggesting again a 
cavity in this region. 

It is interesting to notice that, while the blueshifted 
molecular feature is well correlated with the optical 
nebula, the redshifted one possesses no optical counter- 
part. This suggests that the disk is not exactly edge-on, 
but tilted in such a way that the southern lobe is 
obscured to the observer by the disk. Thus our results 
confirm the bipolar nature of NGC 2261 already sug- 
gested by the faint nebulosity which can be seen in 
optical photographs opposite to NGC 2261 (Hubble 
1916; Herbig 1960; Johnson 1966; Stockton, Chesley, 
and Chesley 1975). 

To investigate column densities, we took high signal- 
to-noise ratio 13 CO spectra at selected positions in the 
cloud (see Fig. 1 and Table 1). We interpreted the CO 
data in the usual way (cf. Dickman 19786). In Table 1 
we present the parameters derived from these spectra. 

From the derived column densities of 13 CO, N13, 
and the relations given by Dickman (19786), estimates 
of the total visual extinction, Av, and molecular hydro- 
gen column densities, A^, can be obtained. We de- 
rived values of Avæl-2 mag for the center of the 
cloud. These values are probably too small, since a 
counting of stars following Dickman (1978a) suggests 
Avæ3 mag. Discrepancies are expected, however, since 
the relations of Dickman (19786) are only valid in a 
statistical sense and may differ from cloud to cloud. 
Therefore, based on the results of our star counting we 
will use, for this region, values for Av and a factor 
of 2 greater than those given by Dickman (19786). 
That is, 

TABLE 1 
Parameters of the 12CO and 13CO Spectra at Selected Positions 

2 CO 3 CO 
Position ^(K) Aü(kms l) v^Qcms l) TL(K) At?(kms l) !) rcx(K) iV13(cm“2) ^„(mag) A^H2(cm“2) 

(0,0).... 
(0,-1).. 

(-2,0).. 
(1,-2).. 

(-1,2).. 

(-6,12). 
(-2,14). 

8.0 
4.6 
5.0 
9.5 
1.5 
2.4 
0.8 
6.9 
3.6 
0.4 

1.9 
1.2 
1.4 
1.8 
0.6 
3.0 
0.6 
2.0 
1.4 
3.4 

9.7 
10.8 
9.4 
9.7 

10.9 
10.3 
7.2 
9.1 
7.5 
8.6 

2.2 
<0.2 

1.5 
2.6 

<0.2 
0.36 
0.2 
1.7 
0.4 

<0.2 

1.2 

1.6 
1.1 

1.9 

1.1 
0.9 

9.7 

9.7 
9.5 

10.2 

9*2 
7.4 

11.4 3 .Ox 1015 2.4 3.0X1021 

12.9 3.5 X1015 2.8 3.5 X102 

6.8 3.4 X1014 0.27 3.4 xlO20 
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Fig. 4.—T¡ contour maps for the blueshifted and redshifted emission. rlow = 2 K and AT =0.5 K. 

With these formulae and assuming that the cloud has 
dimensions of —0.8 pc in diameter and —0.4 pc in 
width, we derive a mean density of «h2^2000 cm“3 

for the cloud associated with R Mon. Multiplying by 
1.4 to account for helium we derive for this cloud a 
mass of —30 M0. For these calculations a distance to 
R Mon of 690 pc was adopted (Johnson 1968). 

As can be noticed from Table 1, the N13 value at R 

Mon=(0,0) is lower than the N13 value at (—2,0). 
Although their difference is only about 15%, this can be 
taken as evidence of a cavity in the center of the disk. 
Indeed, since the signal-to-noise ratios of the 13 CO 
lines used are ~30, we consider the 15% difference to 
be significant. We can therefore model the molecular 
cloud around R Mon as disk shaped with a cavity in its 
center (i.e., shaped like a doughnut). Similar models 
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have been proposed for other bipolar and cometary 
nebulae by Cohen (1974), Herbig (1975), and Schmidt, 
Angel, and Beaver (1978). 

On the other hand, we also find that the excitation 
temperature, rex, derived from the 12 CO is lower at the 
position of R Mon than at the position (—2,0). This 
result can be interpreted in terms of the doughnut- 
shaped cloud if its inner parts are hotter than the outer 

ones. That is, given the doughnut shape, a line of sight 
passing through its inner edge samples, on the average, 
hotter material than a line of sight passing through the 
center. It is important to mention here that although 
the large optical depths derived for the 12 CO would 
imply that we are only observing the periphery of the 
cloud, it is well known that the 12 CO observations 
actually sample material deep in the cloud. The reason 
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for this is not yet clearly known. It is probably a 
consequence of macro turbulence (Baker 1976), or large- 
scale motions within the cloud (Goldreich and Kwan 
1974; Plambeck, Williams, and Goldsmith 1977). We 
are then justified in assuming that the derived Tex 

values are some sort of mean value along the line of 
sight. However, we now face a question: What is caus- 
ing the hotter inner region? One possibility is that the 
stellar radiation from R Mon is heating the dust in the 
inner part of the disk. Energy transfer from the hot 
dust to the gas could be expected to account for the 
observed temperature. Before considering the possibil- 
ity of stellar heating we note that cosmic rays will 
provide heating throughout the cloud. For hH2«2000 
cm-3 the cosmic rays will provide a heating rate of 
rcr«1.3xl0-24 ergs cm-3 s-1 and they alone will 
heat the gas to a temperature TgæSK (Goldsmith and 
Langer 1978). This is ~4 K less than the observed gas 
temperature. Now we consider the stellar contribution 
(from R Mon) to gas heating. 

The stellar radiation will heat the dust to a tempera- 
ture given by (Loren and Wootten 1978): 

¿A>912À (dY2}°\ 
1038 ergs s-1 V pc / J 

For the inner regions of the molecular cloud we adopt 
dœOA pc and for R Mon, Lx>9X2k

w660 L©. This gives 
7^ »28 K. However, transfer of energy from dust to 
gas is rather inefficient. This rate of transfer is given 
(Leung 1975; Goldsmith and Langer 1978) as, 

=2.4x io-33rg 

For the values previously obtained we find Tdg = \A 
10 25 ergs cm 3 s *; about an order of magnitude less 
than the heating due to cosmic rays. Clearly, neither 
stellar radiation nor cosmic rays appear to be able to 
heat the gas to the observed temperature. This apparent 
lack of a heating mechanism has been found also for 
several bright-rimmed clouds (Lada and Black 1976; 
Elmegreen, Dickinson, and Lada 1978). These last 
authors have proposed that for recently compressed gas 
such as that of bright-rimmed clouds, an important 
heat source is the relaxation of internal magnetic fields. 
The inner parts of the cloud associated with R Mon 
have probably been recently compressed by the stellar 
wind of R Mon and the relaxation mechanism pro- 
posed by Elmegreen, Dickinson, and Lada (1978) could 
be important. 

and 13 CO observations (Table 1) show that the Tex and 
N13 are lower in the HH 39 cloud. Assuming similar 
dimensions for both clouds we derive a mean density of 
«h2»200 cm-3 and a mass —3 MQ for this cloud. 

It is interesting to note that both clouds show two 
maxima placed symmetrically with respect to the center. 
This fact suggests that the HH 39 cloud also may be 
shaped like a doughnut. For the R Mon cloud, we 
interpret the inner cavity as created by a strong stellar 
wind from R Mon. Close examination of the Palomar 
plates reveals an extremely faint star at the center of 
the HH 39 cloud. Therefore, it can be argued that this 
faint object corresponds to a star which is also creating 
a cavity around it, possibly via a stellar wind. However, 
the low total mass of this cloud (~3 M©) appears to 
preclude the formation of a luminous star. Also, there 
is no evidence of reflected light in this cloud and this 
suggests that the star could be just a foreground or 
background object. We conclude that there is no satis- 
factory explanation for the similarity in the shape of 
the two observed clouds. 

Another interesting relation between the R Mon and 
HH 39 clouds is that they show a similar alignment. 
Besides the possibility of a coincidence, several mecha- 
nisms could be responsible for this. For instance, if 
both clouds formed from a larger cloud having angular 
momentum, the subsequent collapse of each cloud will 
occur faster parallel to the common axis of rotation. 
However, within observational error (—0.2 km s-1) 
our GO observations do not show systematic velocity 
gradients evidencing rotation in either of the clouds. 
Also, the differential gravitational z-field of the Galaxy 
could also provide an alignment mechanism. However, 
the clouds observed have their major axis near per- 
pendicular to the galactic plane, while the differential 
z-field is expected to align clouds with their major axis 
parallel to the galactic plane (Disney and Hopper 1975). 
An alternative possibility is that both clouds have col- 
lapsed faster along the lines of the galactic magnetic 
field (Mouschovias 1976a, b). Indeed, the axes of sym- 
metry of the clouds are approximately parallel to the 
plane of the Galaxy. If the galactic magnetic field is 
parallel to the plane of the Galaxy, the common align- 
ment of these clouds may be caused by such a mag- 
netic field. Also, the large polarization observed in 
NGC 2261 (Hall 1965; Zellner 1970) suggests aligned 
dust grains with their major axis perpendicular to the 
nebula axis. A magnetic field could be the aligning 
agent, such as proposed by Schmidt, Angel, and Beaver 
(1978) for the bipolar nebulae CRL 2688 and Ml-92. 

b) The Molecular Cloud Associated with 
Herbig-Haro Object 39 

Another molecular cloud was detected west of HH 
39. It has a shape and angular size similar to those of 
the cloud associated with R Mon. However, the 12 CO 

c) The Relationship between R Mon, NGC 2261, 
and HH 39: The Interstellar Nozzle 

The presence of these three optical objects and of the 
two-molecular clouds described previously suggests a 
consistent scenario for the region. R Mon is a star 
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recently formed out of the disk-shaped molecular cloud 
associated with it. Since R Mon is at the center of the 
cloud, an in situ formation is favored and the hy- 
pothesis that R Mon could be an interloper (Amy and 
Bechis 1978) is unlikely. It is known that R Mon has a 
stellar wind with a terminal velocity of around 200 km 
s-1. This can be inferred from the optical results of 
Stockton, Chesley, and Chesley (1975). This stellar wind 
has pushed out the material that originally existed 
around R Mon and has created a bipolar cavity in the 
disk. Cantó (1980), Cantó and Rodríguez (1980), and 
Barrai and Cantó (1980) have explored in detail the 
characteristics of these cavities. They conclude that a 
very important consequence of a disk-like pressure 
distribution around the star is that the stellar wind, 
initially isotropic, can be channeled into two antiparal- 
lel annular streams. Under certain conditions these 
streams are eventually forced to narrow and shock 
against themselves far from the star. Cantó and 
Rodriguez (1980) proposed this “focusing” mechanism 
as an explanation for Herbig-Haro objects. 

As shown by Cantó and Rodriguez (1980), this “noz- 
zle” effect is able to overcome in a natural way the 
most intriguing characteristic of Herbig-Haro objects: 
the lack of an energy source within or very near the 
object itself. While no stellar or protostellar objects 
have been detected at the position of the HH-objects, 
infrared (Strom, Grasdalen, and Strom 1974) and radio 
(Rodriguez ei al 1978; 1980; Haschick et al. 1980) 
results often reveal heavily obscured young stars in the 
vicinity of HH-objects. Since these stars are expected to 
have strong stellar winds and since HH-objects are 
most likely shocked gas in the process of cooling 
(Raymond 1976, 1979; Dopita 1978) most recent mod- 
els try to explain HH-objects as the result of the 
interaction between a stellar wind and the surrounding 
molecular cloud (Schwartz 1975, 1978; Rodriguez et al 
1980; Haschick et al. 1980; Cantó 1978, 1980). A prob- 
lem, however, is faced by the models. This is that 
HH-objects usually subtend small solid angles with 
respect to the proposed exciting star. If an isotropic 
wind is taken, unreahstic values for the mechanical 
wind energy are required. This difficulty disappears in 
the focusing mechanism proposed by Cantó and 
Rodriguez (1980). Around R Mon we are finding evi- 
dence for this process. There, the annular bipolar 
streams created by the wind of R Mon upon interac- 
tion with its disk-shaped cloud are injected into the 
low-density surroundings. Since the ram pressure of the 
wind acting on the inner side of the stream is rapidly 
decreasing while the external pressure is likely to re- 
main constant, the streams must narrow (see Cantó 
1980 for details). This process is probably occurring 
closer to the star than expected, due to the presence of 
the northern molecular cloud. This cloud is refracting 
the western side of the annular stream, making it to 
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shock against the eastern side and creating HH 39. 
Figure 6 shows an artist’s depiction of this scenario. 

Finally, let us estimate some of the parameters of the 
wind of R Mon. 

Let M* and F* be the mass-loss rate and terminal 
velocity of the wind. If P is the gas pressure at the disk 
center, the pressure balance condition is expressed by 

  4ttRI (1) 

where is the radius of the cavity formed by the wind 
at the disk’s center. In order to calculate P we must 
consider turbulent motions, since they are probably the 
dominant pressure component. This follows from the 
widths of the lines, which are much wider than ex- 
pected for thermal motions alone. Therefore, 

P<=*pv?m, (2) 

where p is the mass density at the disk center and t>tur 

the mean turbulent velocity; utur can be obtained from 
the full width at half-power At>13 by 

«tur=At513/(81n2)1/2, (3) 

and p is related to the molecular hydrogen number 
density by 

p = 2mH«H2, (4) 

where mH is the mass of a hydrogen atom. 
Substituting equations (2)-(4) into (1) and expressing 

it in convenient units, we find 

From Table 1 and the results above, appropriate 
values for R0, nH2, and Aü13 are 0.06 pc, 2000 cm-3, 
and 1.2 km s-1, respectively. Therefore, for R Mon 

(_f- V ^ w 
\ 10 ~7 Mq yr-1 J\ 100 km s"1/ 

which is of the order of the values we expect for a T 
Tauri-like star (Kuhi 1964). Notice, however, that this 
value is a lower limit since we have not considered 
magnetic pressure in equation (2). 
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Fig. 6.—A depiction of the model of the interstellar nozzle. The interaction of the stellar wind of R Mon with the surrounding 
disk-shaped cloud has created a bipolar cavity that focuses the wind into two antiparallel annular streams. Outside of the cloud the 
counterpressure is provided by the low-density interstellar medium. The presence of another cloud makes the northern stream to shock 
against itself. HH 39 is formed as a result of this shock. 
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CO OBSERVATIONS 

If we adopt a wind velocity of ~200 km s-1 

as suggested by the optical observations of Stockton, 
Chesley, and Chesley (1975), we get 

M*~1.4x 10-8 Mo yr_1 

as an estimate of the mass-loss rate of R Mon. 

III. THE PHENOMENON OF BIPOLAR MASS OUTFLOW: 
CIRCUMSTELLAR OR INTERSTELLAR DISKS? 

If a recently formed star has a stellar wind and is 
located in a disk-shaped molecular environment, the 
wind will be channeled into two opposite streams. For 
R Mon this channeling is being made by the disk- 
shaped molecular cloud discussed previously. It ap- 
pears convenient to refer to these kind of clouds as 
“interstellar” disks since their dimensions (tenths of a 
pc) are much larger than those of a “circumstellar” disk 
(thousandths of a pc). In the region studied here, the 
relatively low extinction allows the detection and anal- 
ysis of optical objects (R Mon, NGC 2261, and HH 
39), in addition to radio objects (the two molecular 
clouds). This permits a better understanding of the 
various phenomena taking place. Recently, other exam- 
ples of bipolar or anisotropic mass outflows have been 
observed in heavily obscured regions of star formation. 
The cases known to us are those of LI551 (Snell, 
Loren, and Plambeck 1980), Cep A (Rodriguez, Ho, 
and Moran 1980), GL 490 (Lada and Harvey 1980), 
and GGD 12-15 and GGD 27-28 (Rodriguez et al 
1981). The velocities involved in these bipolar outflows 
(10-50 km s-1) are larger than the values observed for 
R Mon (~a few km s_1). This suggests that in the 
several cases mentioned there are more powerful winds 
involved. This suggestion is supported by the fact that 
the other cases observed occur in larger clouds. These 
clouds are capable of forming more massive stars and 
of providing the large extinctions that difficult the 
detection of optical objects. The other examples of 
bipolar mass outflow are also known to be associated 
with more luminous objects from the presence of H20 
masers and ultracompact H n regions (Rodriguez et al 
1980; Lada and Harvey 1980). For L1551 Snell, Loren, 
and Plambeck (1980) have proposed that a circumstel- 
lar disk is responsible for the observed bipolar outflow. 
Our results indicate that for R Mon it is a much larger 
interstellar disk that is channeling the outflow. Unfor- 
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tunately, it is difficult to test if in the more complex 
clouds we also have interstellar disks since there are 
problems of lack of contrast in the 12 CO. 

Finally, we also want to remark that since the disk- 
shaped cloud around the wind-producing star provides 
a natural channeling environment for the wind, there is 
no need for an anisotropy in the wind itself in order to 
produce the observed bipolar outflows. 

IV. CONCLUSIONS 

The results of our carbon monoxide observations of 
the region containing R Mon, NGC 2261, and HH 39 
can be summarized as follows. 

1) R Mon lies at the center of a disk-shaped molecu- 
lar cloud. The stellar wind of R Mon has created a 
bipolar cavity in the cloud. Due to the tilt in the 
molecular disk only the northern lobe (NGC 2261) is 
easily observed in the visible. The presence of 
blueshifted and redshifted components in the 12 CO 
indicate the existence of an obscured southern lobe. 
Thus, NGC 2261 is not a cometary nebula but one of 
the lobes of a bipolar nebula. 

2) The bipolar cavity channels the wind of R Mon 
into two antiparallel streams. The northern stream in- 
teracts with another molecular cloud at ~1.4 pc from 
R Mon. As a result of this interaction a shock occurs in 
the stream and HH 39 is formed. 

3) The available radio and optical data allow a de- 
termination of the mass-loss rate for R Mon. For a 
wind terminal velocity of 200 km s_1 we obtain 
1.4x 10 ~8 M0 yr-1. 

4) It is probable that a considerable fraction of the 
young stars are formed in disk-shaped molecular en- 
vironments. We could refer to these clouds as “inter- 
stellar” disks since their dimensions (tenths of a pc) are 
much larger than those of the “circumstellar” disks 
(thousandths of a pc). Circumstellar disks have been 
proposed to explain the anisotropic mass outflows ob- 
served in some regions of star formation. Our results 
suggest that a much larger interstellar disk could also 
explain the phenomenon. 

We are thankful to A. Garcia for his help in the 
preparation of the graphical material. L. F. R. acknowl- 
edges partial support from CONACYT, México. 
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