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ABSTRACT 
Large-scale mapping and high-spectral resolution profile measurements of the vibrational H2 v = 1-0 <S(1) 

line are used to investigate the morphology and kinematic structure of the hot, shocked gas associated with 
the ultraluminous DR 21 young-stellar outflow. It is found that the H2 line profiles at certain locations within 
the outflow possess high-velocity wings which extend to beyond 100 km s_1 from the DR 21 rest velocity. We 
argue that the jets, which shock the surrounding molecular cloud medium and produce the bright H2 line 
emission, are composed primarily of hot atomic gas which is confined by the thermal pressure of the ambient 
cloud medium. If this is indeed the case, it is then possible that the periodic clumping of the H2 jets arise from 
the interaction of oblique shocks that are formed inside the jets as a result of sudden changes in the external 
pressure. Alternatively, if the magnetic field strength within the DR 21 cloud core is significantly greater than 
30 //G, it is more likely that the jets are collimated by the magnetic pressure of the ambient cloud medium. 
Subject headings. interstellar; molecules nebulae; individual DR 21 — nebulae; internal motions — 

stars ; pre-main-sequence 

I. INTRODUCTION 
Molecular clouds are often seats of violent dynamical activ- 

ity. This activity, as observed at infrared (Garden, Russell, and 
Burton 1990) and millimeter (Bally and Lada 1983) wave- 
lengths, is believed to be fueled by high-mass star formation. In 
particular, the energy and momentum imparted to molecular 
clouds during the outflow phase of early stellar evolution 
(Lada 1986) can generate substantial internal motions which, 
in turn, alter the physical structure of the dense cloud cores in 
which the young stars form. One of the best probes of molecu- 
lar cloud dynamics in star-forming regions is vibrationally 
excited molecular hydrogen (H2) emission which arises pre- 
dominantly from the hot shocked gas that is produced when 
young stellar winds collide with the surrounding ambient 
cloud medium. 

In a previous paper (Garden et al 1986; hereafter Paper I), 
we presented observations of the spatial distribution of H2 
v = 1-0 S(l) line emission from the DR 21 molecular cloud. 
These observations showed the emission to arise from two 
highly collimated bipolar lobes which emanate from within the 
cloud core and extend in an E-W direction for over 5 pc 
(assuming, D = 3 kpc). The total luminosity in dereddened H2 
line emission of both lobes was determined to be ~ 1800 L0, 
thus making DR 21 one of the most luminous H2 emission-line 
sources yet discovered in our galaxy. Line intensity ratios, 
measured at the peaks of line emission in both lobes, revealed 
that the H2 is collisionally excited in a dense (n > 105 cm-3) 
molecular gas at an average temperature of T æ 2000 K, con- 
sistent with postshock cooling. In addition, measurements of 

the 5(1) line profiles indicated that the west lobe contains a 
high-velocity (v > 60 km s-1), blueshifted stream of shocked 
gas, in contrast to the east lobe which appears to consist 
entirely of slower moving gas (v < 35 km s“1). The momentum 
flux through the shocks, required to sustain the H2 emission at 
the observed luminosity, is an order of magnitude larger than 
can be supplied by a stellar wind characteristic of a zero-age 
main sequence (ZAMS) star of luminosity comparable to that 
observed in the DR 21 complex (~2 x 105 L0; Harvey, 
Campbell, and Hoffmann 1977). Expansion of the DR 21 
compact H n region is also unable to generate the required 
level of shock luminosity. A cloud-cloud collision, although 
sufficiently energetic to excite the presently observed lumin- 
osity in shocked H2 line emission over an extended period of 
time (> 105 yr), necessitates a rather constrained geometry in 
order to create a flow as collimated as that observed. There- 
fore, we arrived at the conclusion that a powerful non-ZAMS 
stellar wind is the most likely driving engine. This wind pre- 
sumably originates from the immediate surroundings of a 
luminous young-stellar object (protostar?) located deep within 
the DR 21 molecular cloud. It was further suggested that an 
inhomogeneous density distribution in the surrounding 
ambient molecular cloud (i.e., a dense ridge or disk) is neces- 
sary in order to collimate the wind. 

In this paper (Paper II), we present more detailed observa- 
tions of the shock-excited H2 line emission arising from the DR 
21 molecular jets; the previous observations (Paper I) being 
extended to higher spectral and angular resolution. In two 
forthcoming papers we complement the infrared data with new 
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high-angular resolution observations of the J = 1-0 tran- 
sitions of 12CO, 13CO, and C180 (Paper III), and the J = 1-0 
and 2-1 transitions of CS (Paper IV). The results of the infrared 
observations are presented in § III and discussed in § IV. The 
main conclusions derived from these observations are sum- 
marized in § V. 

n. THE OBSERVING METHOD 

The H2 observations, consisting of intensity mapping and 
line profile measurements, were made during 1985 July 5-8 
and 1986 July 10-14 at the 3.8 m United Kingdom Infrared 
Telescope (UKIRT) on Mauna Kea, Hawaii. The intensity of 
the H2 v = 1-0 S(l) line was mapped using a nominal 100 km 
s-1 resolution Fabry-Perot interferometer (FP) placed in an 
f/35 beam directly in front of the facility instrument, UKT9. 
This instrument consists of a dewar housing a 0.8% resolution 
circular variable filter (CVF) and a single solid-nitrogen- 
cooled InSb detector. The CVF was tuned to 2.122 jum and 
served to block all unwanted orders of the FP. The measured 
resolution of the combined instrument was 130 km s _ 1. At this 
resolution, the line was essentially unresolved at most positions 
observed. These measurements were obtained using a 5" beam, 
with a 3" spacing between adjacent measurements. Standard 
sky chopping (130" N-S) and telescope beamswitching tech- 
niques were employed and the absolute pointing was checked 
after every 10 map positions. Relative positions were estab- 
lished by offsetting the telescope from a nearby bright star and 
are accurate to 2". Wavelength calibration was determined by 
observing the H2 t? = 1-0 S(l) line toward the bright planetary 
nebula NGC 7027. Line flux calibration was based on mea- 
surements of the continuum flux density of the standard G8II 
star, BS 8115, whose K magnitude was taken to be 1.09. 

During the 1986 observing run, high-spectral resolution 
v = 1-0 S(l) line profiles were measured at several positions 
along both outflow lobes, where the line intensity showed 
strong local maxima. These measurements were made using a 
10" beam and a second FP of nominal (pinhole) resolution 
~25 km s-1. In this instrumental configuration, parallel light 
was fed through the FP, then focused through the CVF and 
reimaged onto the detector. The instrumental profile, mea- 
sured using an argon discharge lamp, showed a reasonably 
symmetric Lorentzian shape of measured FWHM ~35 km 
s-1. Standard sky chopping (130" N-S) and beam switching 
procedures were employed. Flux calibration of the profiles is 
not accurate due to the uncertainties introduced by the overlap 
of adjacent FP orders within the bandpass of the CVF. In the 
case of DR 21, however, the underlying continuum is negligible 
and no other strong emission lines lie within the CVF 
bandpass at 2.122 /un. We therefore contend that, although the 
line intensities are uncertain, the observed S(l) profiles are 
unaffected by aliasing and give a reliable representation of the 
kinematics of the hot shocked gas. 

Fully sampled, velocity-channel maps of the H2 t; = 1-0 5(1) 
line emission were also obtained during the 1986 observing 
run. The maps were made at two fixed velocities, offset from 
the DR 21 rest velocity by À F = -l- 50 and — 50 km s_ 1, using 
the 35 km s -1 resolution FP and a beam diameter of 10". 

in. RESULTS 

a) Morphology of the H2 Line Emission 
A contour plot displaying the distribution of H2 line flux 

over the entire DR 21 molecular cloud complex is shown in 
Figure 1. These observations reveal the same basic features as 
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Fig. 1.—Contour map of H2 t; = 1-0 S(l) line intensity in the DR 21 outflow as measured on a 3" square grid of positions using a 100 km s-1 resolution 
Fabry-Perot interferometer (FP) and a 5" beam. The lowest intensity contour level and the contour spacing, are both 8 x 10“12 W cm-2 sr-1 (« 3 a). The shaded 
area corresponds to the DR 21 compact H n region as revealed by 6 cm radio continuum emission (Roelfsema, Goss, and Geballe 1989). 
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already described in Paper I, namely the existence of two lobes 
of H2 line emission oriented roughly E-W, perpendicular to the 
N-S major axis of the DR 21/W75S molecular cloud chain. 
However, the higher angular resolution afforded by the present 
observations reveals considerably more substructure internal 
to both lobes. In particular, the west lobe no longer appears as 
a continuous finger of emission but is now resolved into several 
spatially disconnected clumps which are periodically spaced 
along the outflow axis and tend to become both weaker and 
smaller with increasing outward displacement from the DR 21 
cloud core. The east lobe, which is both shorter and less colli- 
mated than the west lobe, also appears to consist of several 
bright clumps. However, in contrast to the west lobe, the emis- 
sion in the inner parts of the east lobe resembles that of a 
segmented shell which is oriented roughly orthogonal to the 
E-W axis of the main outflow. 

Garden, Russell, and Burton (1990) have extended the inves- 
tigation of the morphological structure of the DR 21 outflow 
lobes to a higher angular resolution than is presented here. 
These authors have obtained an image of the DR 21 outflow 
source in the H2 t? = 1-0 5(1) line at 2" resolution, more than 
twice the angular resolution of the map presented in Figure 1. 
This image shows that the main intensity peaks discussed 
above break up into even smaller subclumps. However, these 
subclumps appear to be tightly grouped with each grouping 
having the same interclump spacing as displayed in Figure 1. 
We therefore contend that the distribution of clumps in Figure 
1 is an intrinsic property of the DR 21 outflow rather than a 
reflection of the spatial resolution used to make the observa- 
tions. This is an important conclusion since the clump spacing 
is used in § IVc to calculate specific properties of the DR 21 
outflow. The main reason for including the lower angular 
resolution map in this paper is that it is better matched to the 
angular resolution of the beam used to measure the H2 line 
profiles. 

b) The Importance of Extinction 
As discussed in Paper I and confirmed by our C180 obser- 

vations (to be discussed in Paper III), the foreground visual 
extinction decreases rapidly from more than 100 mag at the 
DR 21 cloud core to less than 30 mag at the innermost peaks of 

the H2 lobes. Although the near infrared extinction associated 
with the extended H2 outflow lobes is significant (1 < 
^2.i2/mi(mag) < 3) and undoubtedly blocks much of the 
diffuse H2 emission, it is not of sufficient magnitude to seri- 
ously affect the intrinsic morphology of the brightest emission- 
line peaks. We therefore argue that Figure 1 gives a true 
representation of the intrinsic distribution of shock-excited H2 
line emission. A similar conclusion has been reached by 
Nadeau and Geballe (1990, in preparation) from detailed mea- 
surements of the H2 5(1) to Q-branch intensity ratio at several 
positions, both along the inner edges of, and at several peak 
and off-peak positions along, the H2 outflow lobes. Additional 
evidence in support of this claim derives from the morphologi- 
cal similarity exhibited between the near-infrared H2 and the 
high-velocity CO (Paper III) and HCO+ (Garden and Carls- 
trom 1991, in preparation) emission which would not result if 
the near-infrared emission were seriously affected by heavy 
foreground extinction. 

c) The H2 Line Profiles 
Profiles of the H2v = 1-0 5(1) line, measured at 12 different 

locations across the H2 lobes, are presented in Figure 3. The 
positions at which these profiles were measured are indicated 
in Figure 2 and a comparison of the main profile parameters is 
given in Table 1. As can be seen from these figures, the 5(1) 
profiles at different locations in the source show distinct differ- 
ences in the velocity of peak line emission and width at half- 
maximum intensity. On average, the velocities of peak line 
emission in the west lobe are blueshifted by ~ 10 km s-1 rela- 
tive to those of the east lobe which, in turn, are blueshifted by 
3-5 km s_1 relative to the DR 21 rest velocity ( 2.5 km 
s-1). Thus, the outflow in DR 21 is not strongly bipolar in 
velocity. It should be remembered, however, that the outflow 
axis is oriented almost perpendicular to the line of sight thus 
making it difficult to detect a bipolar velocity field. 

An attempt has been made to deconvolve the observed 5(1) 
velocity profiles using the instrumental profile derived from 
measurements of an argon arc-lamp line. A one-dimensional 
maximum-entropy (MEM) deconvolution algorithm was 
employed (Willingale 1981; Skilling and Bryan 1984), the 
results of which are shown along with the observed profiles in 

Fig. 2—Contour map of the H2 i; = 1-0 5(1) line in the DR 21 outflow as measured on a 5" square grid of positions using a 100 km s-1 resolution FP and a 10" 
beam. Indicated on this map are the positions at which the FP profiles shown in Figure 3 were measured. The map center (0,0) is at R.A. = 24h37m14!8, 
Decl. = 42°08,56" (1950) and lies close to the centroid of the DR 21 high-velocity CO outflow (Paper III). The offset of each position from the map center is given i¿ 
Table 1. 
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Fig. 3.—Observed (upper) and deconvolved (lower) H2 u = 1-0 S^l) profiles for the DR 21 outflow source as measured using a FP with a 10" beam and 35 km s 1 

resolution at the positions indicated in Fig. 2. The profile parameters are summarized in Table 1. 

Figure 3. From the deconvolved profiles it is clear that, toward 
several positions in the west lobe, the 5(1) line emission extends 
to velocities of order 100 km s_ 1 on either side of the line core, 
while toward the east lobe, the profile is quite narrow and 
exhibits no apparent emission beyond 20 km s“1 from the line 
core. Furthermore, several of the deconvolved profiles in the 
west lobe appear to be multicomponent with emission features 
separated by velocity displacements in the range 20-30 km s- ^ 
In conjunction with the H2 intensity map (Fig. 1), these results 
present convincing evidence for significant differences of both 
the geometry and internal kinematics between the east and 
west lobes of the DR 21 outflow source. 

Not only does the line width and shape of the 5(1) profile 
vary from position to position across the H2 lobes, but the 
velocity of peak line emission also varies. As shown in Figure 3 

and indicated in Table 1, the velocity of peak line emission in 
the west lobe is initially redshifted close to the cloud core, then 
becomes blueshifted midway along the lobe, and finally turns 
redward again at the outer extremity of the lobe. The 
maximum velocity shift between adjacent clumps is of order 30 
km s“1. The existence of an oscillating radial velocity field 
along the western lobe of H2 line emission is further supported 
by the appearance of Figure 4 which displays an overlay of the 
red (vr= +47 km s-1) and blue (vb= —53 km s_1) H2 
v = 1-0 5(1) emission at velocity displacements +50 km s-1 

from the DR 21 rest velocity (~—2.5 km s-1). This figure 
clearly shows that the emission associated with the west H2 
lobe oscillates in radial velocity with outward displacement 
along the lobe, in agreement with the individual line profile 
measurements. In contrast to the west lobe, the velocity of 

TABLE 1 
H2 <7 = 1-0 S(l) Profile Parameters 

Observed Deconvolved 

Offset3 Fmxb Flsr(Pk)c FWHM FWHM FWZP 
Position (arcsec) (Wem-2) (kms-1) (kms-1) B/Rd (kms-1) (kms-1) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

54 
80 
52 
38 

-23 
-72 
-70 

34 
15 

-1 
-7 

4 
-4 

-11 
-68 -22 
-78 -24 
-85 -24 
-76 -34 

-112 -52 

2.9 x 10-20 

4.0 
2.1 
2.0 
0.9 
3.6 
2.2 
2.7 
5.3 
2.7 
2.9 
3.0 

-8 
-10 
-17 
-5 
+ 4 

-17 
-14 
-8 

-21 
-22 
-19 
+ 16 

52 
48 
65 
53 
45 
63 
57 
63 
80 
60 
65 
61 

1.35 
1.05 
1.00 
1.07 

? 
0.81 
0.94 
1.07 
1.02 
1.32 
0.71 
0.74 

20 
15 
35 
23 
23 
35 
26 
25 
58 
23 
27 
25 

95 
60 

110 
105 

>140* 
115 
140 
175* 
230* 
140* 
160* 
105 

a From R.A. = 20h37m14s8, Deck = 42°08'56" (1950). 
b In 10" aperture, integrated over profile, uncertainty typically ± 15%. 
c Uncertainty typically + 5 km s - L 
d Ratio of integrated line flux to blue and red of J^sr(Pk). 
e Asterisk denotes multiple components in deconvolved profile. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
91

A
pJ

. 
. .

36
6.

 .
47

4G
 

478 

DEC 
(1950) 

GARDEN ET AL. Vol. 366 

+42°9' 

+42°8' 

RA (1950) 

„ .F|G _4;-B1“e *Al’ = ~ kl" s ‘>solid line) “«i red (A» = + 50 km s broken line) velocity-channel maps of H2 a = 1-0 S(l) line emission as measured using a 35 km s 1 resolution FP and a beam size of 10". z v / B 

peak line emission in the east lobe appears to be less organized 
with various velocity components intermixed in a rather 
complex fashion. 

It is interesting to compare the width of the broad 5(1) 
profile observed toward the west lobe of the DR 21 H2 source 
with that of the 5(1) profile observed toward the well-studied, 
high-velocity outflow in Orion (Nadeau, Geballe, and Neuge- 
bauer 1982; Scoville et al. 1982). In order to facilitate such a 
comparison, a velocity-resolved profile of the 5(1) emission 
toward Orion Peak 1 was obtained on 1986 January 1-2, using 
an instrumental set-up identical to that employed for the DR 
21 measurements. A comparison of the DR 21 and Orion 5(1) 
profiles shows that both possess similar widths at half- 
maximum intensity (-30 km s-1) and are of comparable 
velocity extent (FWZI >150 km s-1). These observations 
therefore suggest that the high-velocity H2 t; = 1-0 5(1) emis- 
sion associated with the DR 21 molecular outflow is similar in 
nature to that previously identified with the Orion outflow. 
More importantly, these observations indicate that the Orion 
outflow source is not unique with regard to its ultrahigh veloc- 
ities. 

d) Physical Properties Derived from the H2 Line Emission 
The mass of hot H2 can be calculated knowing the total line 

flux at Earth, F, for a source at distance, D, as follows 

M(H2, 
Z(rx)exp[rM/rjm(H2) 

x) G(J)hvA 
F[47iD2] , (1) 

where m(H2) is the mass of H2 molecule, Tu is the temperature 
of the upper level, Tx is the excitation temperature, G(J) = 
(2J + l)0spin is the statistical weight of the level (0spin = 3 for 
orthohydrogen and 1 for parahydrogen), Z(TX) is the partition 
function (taken to be 50 at Tx = 2000 K), F is the line flux, and 
D is the distance to the source. For the v = 1-0 5(1) line, this 
gives 

^(^2)1101 — 1-5 x 10 [T,|;=M© . (2) 
As discussed in Paper I, the reddening to the H2 emission-line 
region was calculated by comparing the observed ratio of the 
5(1) to y = 1-0 Q-branch lines at the positions of peak emission 
in the east and west lobes with that predicted from theory. The 
total dereddened line luminosity was then calculated assuming 

that the same reddening applies over the remainder of the 
emission-line lobes. Since at least 75% of the total 5(1) line flux 
arises from the brightest east and west peaks, this last assump- 
tion is not too important. Thus, from Paper I we have, 
Lv=i-os(i) = 180(D/3 kpc)2 L©. Using equation (2), this gives 
M(H2)hot = 0.27(Dß kpc)2 M© for the mass of hot H2. Overall, 
we believe that our estimate for LV=Í_0S(Í)9 and hence 
^(H2)hot> is probably good to within a factor of 3. 

The mass transfer rate through the shocks that give rise to 
the luminous H2 line emission can now be estimated simply by 
dividing the total mass of hot H2 by the average lifetime of a 
H2 molecule in the vibrational state. The time spent by a H2 

molecule in the hot (T > 1500 K) post-shock zone can be cal- 
culated as follows 

ihot = [N(H2)hot/rc(H2)ps]/rshock . (3) 
Inserting the average values N(H2)hot = 1019 cm-2 (Paper I), 

n(H2)ps = 105 cm 3 and t;shock = 30 km s-1, results in a 
shocked layer of thickness « 1014 cm and a lifetime for 
vibrationally excited H2 of ihot » 1 yr. The mass transfer 
rate through the shocks is then Mshock = M(H2)hJthot* 
0.3(D/3 kpc) M© yr 1. Due to the simplicity of this argument, 
in conjunction with the other uncertainties discussed above, 
this result is probably only good to within an order of magni- 
tude. For comparison, we shall show in Paper (III) that the 
mass-loss rate in swept-up ambient gas, calculated from obser- 
vations of high-velocity CO line emission, is of order Msu « 
IO-2 M© yr-1. Even if Mshock were to be reduced by an order 
of magnitude, it would still represent an enormous mass trans- 
fer rate, several orders of magnitude larger than has been cal- 
culated for other known molecular outflow sources (Lada 
1986). Providing that the outflow has retained its present vigor 
for most of its lifetime (-5 x 104 yr; see Paper III), the above 
mass transfer rate suggests that a large part ( -10%) of the DR 
21 molecular cloud has been processed through shocks. As 
will be discussed in Paper IV, these shocks may significantly 
alter the chemical composition of the ambient cloud medium. 

IV. DISCUSSION 

a) Comparison with Other Observations 
Thermal continuum observations (Harvey et al. 1986) from 

2.2 to 300 pm show that the DR 21 core is the brightest far- 
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infrared source in the DR 21/W75S complex. One of the most 
striking results derived from these observations is the much 
greater E-W than N-S extent of the DR 21 source, as well as 
the elevated temperature to the east and possibly to the west of 
the main luminosity peak. Conversely, the optical depth maps 
shows a higher dust column density along the N-S direction. 
Harvey et al. suggest that these asymmetries may be related to 
the DR 21 outflow phenomenon, in which case the higher dust 
temperatures to the east and west may represent regions of 
enhanced deposition of mechanical energy due to dissipation 
at shock fronts. The spatial correlation of warm dust and 
strong vibrationally excited H2 line emission certainly favors 
such a scenario. Moreover, the N-S elongation of enhanced 
dust column density exhibits the correct orientation if it were 
to arise from a ridge of dense material which acts to collimate 
the predominantly E-W oriented molecular flows. As will be 
discussed in Paper IV, our observations of CS J = 1-0 and 
.7 = 2-1 line emission confirm the existence of the ridge and its 
N-S orientation. 

The 20 jim continuum emission shows a broad resemblance 
to the 5 Ghz radio continuum observations of Harris (1973) 
and Roelfsema, Goss, and Geballe (1989). Such a resemblance 
is commonly found in regions where the mid-infrared continu- 
um arises primarily from warm dust on the edge of a lumin- 
ous H ii region. The radio emission, which shows a sudden 
cutoff* at the western boundary and a much more gradual 
decrease to the east, is a prime example of a blister-type H n 
region (Tenorio-Tagle 1979) in which the ionized gas is con- 
fined on one side by the molecular cloud and expands freely 
outward on the other side. Embedded within the DR 21 
compact H n region are five or more bright peaks of radio 
continuum emission, reminiscent of a compact cluster of O 
stars. A superposition of the radio continuum emission 
(Roelfsema et al 1989) on our map of integrated H2 line emis- 
sion is shown in Figure 1. It is interesting to note how well the 
radio emission fills the central hole in the H2 line emission. As 
discussed by Garden, Russell, and Burton (1990), it is possible 
that some (~ 10%) of the H2 line emission on the eastern side 
of the DR 21 H ii region is excited in a photodissociation 
region at the boundary of the H n region. Although lacking 
evidence, we find it hard to accept that the location of the O 
star cluster at the center of the DR 21 high-velocity outflow is 
pure coincidence. Instead, we speculate that the young O star 
cluster must somehow play a role in generating the complex 
outflow phenomena seen in this region. 

b) The Outflow Energetics 
It is interesting to compare the total luminosity radiated in 

shock-excited H2 line emission with the bolometric luminosity 
of the DR 21 star-forming region, as the ratio of these two 
quantities can be used to parameterize the relative importance 
of shock heating/cooling to the overall energy budget. For the 
DR 21 outflow source, Lbol æ 2 x 105 L© (Harvey, Campbell, 
and Hoffmann 1977) and L(H2) « 1800 L0 (Paper I) giving 
L(H2)/Lbol æ 0.01. This value of L(H2)/Lbol is comparable to 
those derived for the analogous outflow sources associated 
with the NGC 2071 (Lane and Bally 1986) and Orion 
(Beckwith 1983) star-forming regions. Thus, although the effi- 
ciency of generating strong H2 line emission probably depends 
on both the stage of evolution of the outflow and the density 
distribution of the surrounding cloud, it appears that for a 
massive outflow in its most active phase, a reasonable estimate 
for the luminosity in shocked H2 line emission is ~ 1 % of the 

bolometric luminosity of the central source. The luminosity 
ratio for all shock coolants (including far-infrared CO and O i 
emission) is probably 2 to 3 times higher (Geballe and Garden 
1987). 

c) T/ie H2 Jets and Their Collimation 
The evolution of stellar winds in a dense, inhomogeneous 

molecular cloud medium has been studied theoretically by 
Canto and Rodriguez (1980), Konigl (1982), and Canto et al 
(1988). These authors show that originally spherical wind 
bubbles can evolve into ovoids if the cooling time of the 
shocked wind is sufficiently short, or into De Laval nozzles if 
radiative cooling is inhibited and adiabatic conditions prevail. 

As shown by Norman and Silk (1980) and further discussed 
by Dyson (1984), the condition for the formation of an adia- 
batic stellar wind within a dense molecular cloud is that the 
stellar wind velocity vw must be greater than a critical velocity 
vc, where 

vc » 85R-2/157M¿6/157n¿4/157 km s-1 , (4) 

where R is the wind radius in pc, M6 the stellar mass-loss rate 
(in units 10“6 M0 yr_1), and n0 the ambient number density 
(assumed uniform). Although the above equation is specifically 
for a spherical wind the result is not significantly changed for 
the case of a bipolar outflow, providing all of the wind is 
diverted into the bipolar lobes. 

For the DR 21 outflow we take R « 3 and n0 % 104. Accord- 
ing to the analysis of Norman and Silk (1980), this gives 200 < 
vc < 400 km s“1 for 10“6 < Mw < 10“3. It is impossible to 
give an exact value for the stellar mass-loss rate since the stellar 
wind has not yet been identified. However, we can obtain an 
upper limit for Mw from a comparison of the momentum flux 
in the stellar wind and swept-up ambient gas. As shown by 
Kwok and Volk (1985), if the wind interaction is adiabatic, the 
momentum in the swept-up ambient gas can be significantly 
larger (up to several orders of magnitude) than the momentum 
in the stellar wind. Thus, for an energy-driven wind 

where e > 1. From the results of this paper and Paper (III), we 
take Msu æ 10“2 M0 yr“1 and vsu » 30 km s“1. Since vw > vc 
for an energy-driven wind, this implies that vsJvw » 0.1 and 
Mw ä 10"3/€. For typical values of e (i.e., 1 < e < 10), equa- 
tion (4) then gives 300 <vc < 400 km s“1. Thus, the condition 
for the formation of an adiabatic wind within the DR 21 
outflow system is that the stellar wind velocity must be greater 
than ~300 km s“1, else the wind will rapidly cool and the 
outflow will be momentum driven. 

i) Energy-Driven Jets 
In the following analysis we assume that vw > 300 km s“1. 

Although this is a factor of 3 larger than the highest velocity 
shifts seen in our H2 line profiles, we do not consider this to be 
a serious problem since the H2 emission originates primarily 
from swept-up gas along the walls of the outflow and not from 
the stellar wind itself. Furthermore, the extremely collimated 
appearance of the H2 emission suggests that the outflow axis is 
oriented at a large angle to the line of sight. This then implies 
that the observed H2 profiles are modified by projection effects 
which, when accounted for, could easily result in intrinsic 
shock speeds 2 to 3 times higher than measured. As a final 
argument for an energy-driven wind, we return to the O star 
cluster located at the center of the DR 21 outflow system. If, as 
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suggested by the radio observations, these O stars have already 
approached the main sequence, they should possess surface 
winds with velocities exceeding 1000 km s“1. It is therefore 
possible that the high-velocity stellar wind required to drive 
the extended outflows may originate from these young O stars. 
Since the stellar wind is expected to be either ionic or atomic in 
form, it is not directly revealed by the H2 observations but may 
be visible using high-sensitivity measurements of infrared 
hydrogen recombination lines or the 21 cm line of atomic 
hydrogen. 

If the DR 21 outflows are indeed energy driven, and hence 
adiabatic, the possibility arises that the physical conditions in 
these flows may bear some resemblance to the physical condi- 
tions thought to be characteristic of extragalactic radio jets. 
The evolution of an adiabatic wind bubble in an anisotropic 
density distribution has been studied analytically by Blandford 
and Rees (1974), Konigl (1982), and Sanders (1983), and 
numerically by Norman et al. (1981, 1986), Hardee (1982), and 
Wilson and Falle (1985), to name but a few. It is important to 
note, however, that these studies strictly apply to extragalactic 
plasma jets and must be scaled down by tens of orders of 
magnitude in both power and linear extent in order to facilitate 
direct comparison with molecular flows.. 

An interesting case at hand is that of a jet confined by a 
power-law density profile in the ambient medium of a flattened 
cloud. Such a case was first discussed by Blandford and Rees 
(1974), who developed the twin-exhaust model to explain the 
collimation of bipolar jets in radio galaxies and quasars. 
Norman et al. (1986) note that because the basic physics under- 
lying the twin-exhaust model are effectively scale invariant, this 
simple model may be used to explain the formation of bipolar 
jets for a broad range of astrophysical environments. Making 
use of this fact, Konigl (1982) has applied the twin-exhaust 
model to bipolar molecular outflows, where the energy source 
is a young star with a strong stellar wind, and the confining 
agent is a dense molecular cloud. This model has also been 
used to explain the highly collimated and clumpy structure of 
optical/radio jets associated with young T Tauri stars (Mundt, 
Brugel, and Burke 1987). 

The twin-exhaust model works as follows. As the hot adia- 
batic bubble of stellar wind gas is accelerated along the direc- 
tion of least resistance (i.e., parallel to the minor axis of the 
flattened cloud), the interaction layer becomes subject to the 
Rayleigh-Taylor instability which leads to the formation of a 
De Laval nozzle. If the external pressure obeys a power-law of 
form Pext oc za, where z is the radial displacement along the jet 
axis, pressure confinement is impossible if a < —2 since the jet 
pressure cannot fall as fast as the pressure in the surrounding 
ambient cloud medium (Konigl 1982; Sanders 1983). However, 
if a > — 2, a jet with initially greater internal than external 
pressure (i.e., an under-expanded jet) could effectively “break- 
free” and expand, with the internal pressure dropping faster 
than the pressure in the ambient cloud medium, until the latter 
pressure catches up and the jet is once again reconfined. As the 
jet is compressed, its internal pressure overshoots the ambient 
cloud pressure and the cycle of events is repeated. Thus, the 
sudden expansion of an under-expanded jet on ejection from 
the De Laval nozzle can set up a train of compression and 
rarefaction waves that propagate along the length of the jet. 
This simple analytical result is supported by detailed numerical 
simulations of the propagation characteristics of supersonic, 
pressure-confined jets (see Norman et al. 1986, and references 
therein). These simulations indicate that perturbations at the 

jet boundary, induced either by sudden changes in the external 
cloud pressure or the growth of long-wavelength Kelvin- 
Helmholtz instabilities, can generate a succession of oblique 
shocks internal to the jet. Furthermore, Rayleigh-Taylor insta- 
bility of the central wind cavity can temporarily close off the 
De Laval nozzle which results in an intermittent flow 
(Blandford and Konigl 1979) and can introduce large chunks 
of dense cloud gas into the wind, which may then be shocked. 
We therefore deduce from the above that a pressure-confined 
jet should exhibit a rich morphological and kinematic struc- 
ture along its entire length. 

For low external pressures, and hence low Mach numbers, 
laboratory experiments indicate that these quasi-periodic 
internal shocks, or “ Mach disks,” show a tendency to be regu- 
larly spaced along the jet with a separation given by (Prandtl 
1904) 

Lj = rj Mj, (6) 

where A/, is the Mach number and r, the jet radius. Moreover, 
as the periodic shocks originate from an inward compression, 
they tend to sustain the collimation of the jet out to consider- 
able distances from the driving source. For higher external 
pressures and Mach numbers, PrandtPs empirical relationship 
breaks down and a saturation wavelength, Ly ~ 2^, is 
obtained due to the formation of strong oblique shocks inter- 
nal to the jets (e.g., Hartmann and Lazarus 1941). 

The resemblance of the experimental/theoretical predictions 
with the H2 observations of the DR 21 outflows, namely the 
presence of regularly spaced emission-line knots within the 
western jet, suggest that this jet may indeed be collimated by 
some form of pressure confinement. If so, it should be possible, 
using the above empirical relationships, to estimate the intrin- 
sic jet width. However, this requires that we know both the 
oscillation wavelength (i.e., the knot spacing) and the jet Mach 
number. To calculate the latter, we assume that the jet is com- 
posed mainly of atomic hydrogen (Russell 1990), most of which 
derives from the dissociation of molecular hydrogen in fast 
shocks. If this is indeed the case, then the gas within the jet 
must also be heated by these same shocks. Since some cooling 
may have occurred between the hot shocks, as seen in the 
vibrational H2 lines, and the postshock gas, we expect the 
temperature of the warm atomic gas to lie somewhere between 
a few thousand and a few hundred K. For the purpose of the 
following discussion, we assume 7} « 500 K, but note that this 
estimate is highly uncertain. If the jet is composed mainly of 
shocked atomic gas at this temperature, then the sound speed 
of the jet material is Cj = (ykT/fimH)1,2 « 2 km s-1, and the 
Mach number is Mj « 50(yyl00 km s_1). Now, referring back 
to the laboratory results cited in the previous paragraph, the 
following limits are obtained for the jet radius: 0.02(t;/100 km 
s_1)_1(Lyi.O pc) < rj < 0.5(L;/1.0 pc), where L, is the oscil- 
lation wavelength or knot spacing. Thus, if the DR 21 jets are 
indeed pressure confined, the intrinsic radius of the jet may be 
quite small (0.02-0.5 pc) compared to the jet length (~3 pc for 
the western H2 jet). This prediction agrees with the H2 

emission-line image displayed in Plate 2 of Garden, Russell, 
and Burton (1990), in which the width of the western jet is seen 
to be less than 10" (i.e., <0.1 pc). In this picture, one may 
well expect the De Laval nozzles to form at the outer boundary 
of the dense cloud core, where the radial pressure gradient is 
steepest. Furthermore, as a result of the sudden acceleration on 
emergence from the De Laval nozzle, the shocks are expected 
to be strongest in the inner regions of the flow, becoming 
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weaker with increasing distance along the jet as a result of 
damping by viscous forces. These ‘general features, (i.e., the 
narrow, clumpy jet) fit the observations rather well and thus 
give considerable support to the adiabatic jet model. Of course, 
if the jet were entirely adiabatic it would be invisible in H2 line 
emission since, by definition, there would be no radiative 
shocks. Since there are strong radiative shocks associated with 
the DR 21 outflow, this implies that in order for the jets to 
remain adiabatic, the energy radiated by the shocks at any 
position along the jet must be significantly less than the inter- 
nal energy of the jet at that position. Obviously, this assump- 
tion breaks down at the jet terminus where the jet directly 
impacts the ambient cloud medium thus converting most of its 
kinetic and thermal energy into line radiation. 

So far, the argument in favor of the adiabatic jet model 
hinges on morphological evidence. It is now necessary to con- 
sider whether such a model can also account for the observed 
physical properties of the DR 21 molecular jets before invoking 
its validity. In order to do this, we construct a simple dynami- 
cal model for the DR 21 jets in a manner analogous to that 
discussed by Lane and Bally (1986) for the NGC 2071 outflow. 
The adiabatic jet is modeled as a collimated, pressure-confined 
flow of shocked atomic gas with a particle density rij and a 
velocity Vj in an axially symmetric, linear channel of radius r7. 
The jet material is assumed to derive from a stellar (or 
circumstellar) wind characterized by a spherical mass-loss rate 
Mw, of which a fraction rj (~0.5 for a bipolar geometry) is 
diverted into the jets. The mechanical luminosity of the jets can 
then be expressed as follows. 

Lm=2riMwvj. (7) 

For a pressure confined jet, the condition for pressure confine- 
ment can be written as 

nc Tc = rij Tj, (8) 

where, nc, rij and Tc, Tj are the ambient cloud/jet densities and 
temperatures, respectively. In addition, for linear flow through 
a cylinder, the following relationship results. 

(91 

Combining equations (5), (6), and (7) then gives (see Lane and 
Bally 1986) 

and 

At the “ head ” of the jet, where the supersonic flow collides 
with the ambient cloud medium, the cloud shock velocity vc is 
related to the jet velocity Vj as follows 

vc = lnj/ncyi2vJ=lTc/TJ]
1'2Vj (12) 

Finally, in order to link the model predictions with the obser- 
vations, it is assumed that when the jet collides with the sur- 
rounding ambient cloud a significant portion (/c) of the wind 
mechanical luminosity is converted into shock-excited H2 line 
emission, thus 

Lm — kL(H2) . (13) 

Substituting the above relation into equations (8) and (9) and 
expressing the result in astrophysical units gives 

Mw = 1.8 x 10-5[(nc TJ/T^lKLiH^r?3 Me yr“1 , 

(14) 

and 

L ncTc _ 

1/3 
rj 2/3 km s 1 (15) 

For the DR 21 jets, the following values are chosen: 5 x 103 < 
nc < 5 x 104 cm"3,100 < 7} < 1000 K, Tc = 30 K, r,- = 0.1 pc, 
K = 1 and L(H2) = 1800 L0. The value of nc is obtained with 
reference to the CS observations discussed in Paper IV ; 7^ is 
derived from the peak CO antenna temperature on the 
assumption that the J = 1-0 line is thermalized as discussed in 
Paper III; r, is taken from Plate 2 of Garden, Russell, and 
Burton (1990); L(H2) is obtained from the v = 1-0 5(1) H2 

observations presented in Paper I ; and 7} is derived assuming 
the atomic gas internal to the jet is significantly heated by the 
wind/cloud shocks. The uncertainty in both the cloud density 
and jet temperature is approximately a factor of 10. Using the 
above values we thus obtain 10"4 < Mw < 10"2 M© yr-1 and 
100 < Vj < 500 km s-1 for the wind mass-loss rate and jet 
velocity, respectively. Consequently, from equation (10) our 
best estimate for the cloud shock velocity is 50 < vc < 90 km 
s-1. The predicted range in mass-loss rate compares favorably 
with the mass-loss calculations presented in § Hid. In addition, 
the predicted range of cloud shock velocity matches the widths 
of the high-velocity CO profiles (Paper III). The shock-excited 
H2 line profiles, which are generally broader than the CO 
profiles, probably arise closer to the jet/cloud boundary where 
the velocities are higher. As a final test of the adiabatic jet 
model, we note that the model predicts extremely high velo- 
cities within the jet flow (100 < Vj < 500 km s-1). However, it 
is important to note that when comparing Vj with the observed 
line widths, the above model predictions should be reduced by 
a factor of 2 to 3 in order to account for projection effects. With 
this in mind, we find good agreement between the model pre- 
dictions and the H2 profiles which in some places extend to 
beyond 100 km s_1 from the line core. Recent 21 cm observa- 
tions of atomic hydrogen (Russell 1990) also show evidence for 
high-velocity gas shifted by > 90 km s ~1 from the cloud rest 
velocity. It therefore appears that most of the observations 
available to date on the DR 21 outflow lend strong support, in 
terms of both morphology and kinematics, for the adiabatic jet 
model. 

ii) Momentum-Driven Jets 
Although the above analysis suggests that the DR 21 jets are 

probably energy-driven, it is important to note that the 
assumption of adiabaticity may not strictly apply to the physi- 
cal conditions characteristic of dense molecular clouds where 
rapid deceleration and efficient cooling take place. Indeed, 
velocity profile measurements of the infrared Brackett H i 
recombination lines, which are believed to arise from the 
ionized circumstellar winds of young or currently forming stars 
(Alonso-Costa and Kwan 1989, and references therein), indi- 
cate that the terminal velocities of most young stellar winds are 
less than 300 km s" ^ If the same were true of the DR 21 stellar 
wind then, according to the above analysis, the outflow would 
be momentum driven. In the case of a momentum-driven 
outflow the shocked wind region degenerates into a thin, cool, 
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dense shell and the focusing mechanism of the adiabatic model 
(i.e., the formation of a De Laval nozzle) ceases to work 
(Tenorio-Tagle and Rozyczka 1986). Canto (1980) has pro- 
posed a model for the collimation of a stellar wind in which 
efficient cooling takes place. Again, a flattened cloud density 
distribution is introduced in order to perform the initial colli- 
mation of an originally spherical stellar wind bubble. The 
important difference between Canto’s model and the adiabatic 
model is that the wind strikes the outer wind-swept shell at 
large angles thus inducing material flow along the walls of the 
stellar wind bubble which in turn helps to collimate the wind 
via momentum conservation. Rozyczka and Tenorio-Tagle 
(1985) have used two-dimensional hydrodynamic simulations, 
based on the Canto collimation concept, to follow the non- 
steady state evolution of a stellar wind within a dense aniso- 
tropic molecular cloud. Their numerical results agree with 
those of the much simpler Canto model. However, by incorpo- 
rating evolution of the system they find that extremely colli- 
mated jets can form and propagate large distances from the 
power source. Furthermore, at the sides of the elongated shell, 
strong shear motions develop on the border between the shell 
and the shocked wind region which result in turbulent motions 
and possibly the entrainment of clumps into the flow. Long- 
wavelength Kelvin-Helmholtz instabilities are also prone to 
develop under a wide range of physical conditions and can lead 
to periodic oscillation of the jet boundaries in a manner similar 
to the adiabatic jet model. It is therefore difficult to differen- 
tiate between the adiabatic and cooling models without a 
direct measurement of the stellar wind velocity. 

iii) Magnetic Confinement 
In the above discussion we have assumed that the jets are 

confined by the thermal pressure of the surrounding molecular 
cloud medium. An alternative scenario that should also be 
investigated is the confinement of the jets by the magnetic 
pressure associated with the magnetic fields that presumably 
thread the DR 21 molecular cloud. If magnetic pressure is to 
play an important role in the confinement of the jets, the direc- 
tion of the magnetic field should be parallel to the jet axis (i.e., 
E-W). A test of this prediction requires a direct measurement of 
the polarization vectors of the H2 line itself or of the contin- 
uum from background stars (Hough et al 1987). Since no such 
measurements have yet been made toward this region, we can 
at this stage, only make a crude guess as to the feasibility of this 
scenario. 

An order of magnitude estimate of the importance of mag- 
netic fields for confining the jets can be obtained by simply 
equating the thermal pressure within the jets to the magnetic 
pressure of the surrounding molecular cloud. If the jets are 
thermally confined, the thermal pressure internal to the jets is 
given by 

Pj = tijkTj x, nckTc . (16) 

Balancing the thermal pressure of the jets with the magnetic 
pressure of the surrounding cloud gives 

B2 

”ckTc= — , (17) 

and hence a magnetic field strength of 

B ä 30| 
[low5] ’ [Ä] ' '‘G (18) 

The jets can therefore be magnetically confined only if R > 30 
//G. Considering that the mean field in the general interstellar 
medium is a few juG, and that the field strength should be 
significantly larger in the cores of molecular clouds (due to the 
freezing of the field lines during the collapse of molecular 
clouds to form cloud cores), the requirement of a few tens of 
fiG is not unrealistic. A direct measurement of the strength and 
direction of the magnetic fields within the DR 21 cloud is 
therefore of fundamental importance to our understanding of 
the jet collimation mechanism in this particular outflow 
source. 

In conclusion, it appears that the highly collimated H2 jets 
associated with the DR 21 star-forming region probably result 
from the confinement of a high-velocity stellar wind by the 
thermal pressure of the ambient cloud medium. However, it is 
important to note that if ß > 30 //G, the magnetic pressure will 
play a dominant role in confining the jets. Both the adiabatic 
and cooling jet models predict oscillations of the jet boundary 
which in turn may form oblique shocks internal to the jets. 
This may explain an origin for the periodic clumping of the H2 

emission that is clearly present in the western jet. Such oscil- 
lations may also produce the sudden shifts in the velocity of 
peak H2 line emission along the western jet, as illustrated in 
Figure 4. Alternatively, sudden changes in both direction and 
velocity of the H2 emission may result if the jet collides with 
numerous dense clumps in the surrounding ambient cloud 
medium. The origin of the bends and radial velocity shifts will 
be discussed in more detail in Papers III and IV. 

V. CONCLUSIONS 
The DR 21 molecular cloud complex has been mapped, at 

reasonably high-spectral resolution, in the v = 1-0 S(l) tran- 
sition of molecular hydrogen. These observations reveal the 
existence of a highly collimated, bipolar flow consisting of two 
large and massive lobes of shocked, hypersonically expanding 
molecular gas. This is the largest and most luminous, in H2 line 
emission, of all the molecular outflow sources known to date. 

The DR 21 H2 emission-line jets are dissimilar with regard 
to their kinematic structure: the east jet has relatively narrow 
lines (<20 km s_1) while the west jet exhibits profiles with 
velocity widths that exceed 100 km s-1. In the latter case, the 
highest velocity emission may arise from cloudlets of dense gas 
which move outward at almost the flow velocity, whereas the 
intense emission that characterizes the line-core probably orig- 
inates from shocked ambient gas that is swept-up to form a 
dense, slow-moving shell bordering the expansion region. We 
believe that the supersonic gas that fills the jets and drives the 
observed shocks is composed primarily of a warm (> 100 K), 
medium-density (>100 cm-3), high-velocity (>100 km s-1) 
atomic wind. If this is indeed the case, it is possible that the jets 
are confined by the thermal pressure of the surrounding 
ambient cloud medium. However, if the magnetic field strength 
is significantly greater than 30 //G, it is possible that the jets 
may be magnetic-pressure confined. 

The detailed internal structure of the west jet, as delineated 
by the H2 line emission, indicates the presence of a clumpy 
medium. In this medium, the brightest peaks of H2 line emis- 
sion are periodically spaced along the jet axis in a remarkably 
regular fashion. This periodic clumping is suggestive of labor- 
atory measurements and theoretical models of pressure- 
confined, fluid-dynamical jets that are commonly employed to 
explain the observed morphology of extragalactic plasma jets. 
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The large-scale collimation mechanism operative in the DR 21 
molecular cloud may therefore involve unstable pressure con- 
finement after sudden ejection from a De Laval nozzle formed 
at the outer boundary of the dense cloud core. In such a model, 
the presence of substantial lateral motions within the jet excite 
a train of oblique shocks, the interaction of which results in the 
formation of a series of compression and rarefaction regions 

which are periodically spaced along the jet. The shock-excited 
H2 emission-line clumps may then be associated with the com- 
pression regions, where the oblique shocks converge, and the 
gaps with the rarefaction regions, where the jet expands freely 
and cools rapidly. A detailed high-angular resolution study of 
the spatial distribution, shape and velocity of the shock-excited 
emission-line knots is necessary in order to test this hypothesis. 
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