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ABSTRACT

Observations by Gwinn, Moran, & Reid of the proper motions of water masers in W49N show that they
have an elongated distribution expanding from a common center. Features with high space velocity only
occur far from the center, while low-velocity features occur at all distances. We propose that these observa-
tions can be interpreted in terms of a shell of shocked molecular gas that is driven by the expanding cocoon
of a high-velocity protostellar jet. We present three-dimensional numerical simulations in support of this inter-
pretation and argue that this source provides a unique opportunity for a detailed study of jet-driven cocoons.

Subject headings: ISM: individual (W49) — ISM.: jets and outflows — masers — stars: formation

1. INTRODUCTION

Strong water maser emission is an important signpost of the
star formation process. The maser action is triggered by
powerful outflows (e.g., Elitzur, Hollenbach, & McKee 1989), a
characteristic property of newly formed stars that manifests
itself in emission by a number of species. Among the various
outflow diagnostics, extreme brightness distinguishes water
masers as unique probes of very detailed structure, not acces-
sible by other means.

Proper motion measurements of the water masers in W49N
(more properly called W49A North, as in Welch et al. 1987) by
Gwinn, Moran, & Reid (1992) reveal an intriguing velocity
field with a spatial structure suggestive of an expansion from a
common center. The expansion speed is almost constant,
v~ 20kms~!, over the range R ~ 3 x 10'°-10'7 cm, where R
is the distance from the center. At ~10'7 cm the v versus R
curve rises sharply and becomes nearly vertical, with the
expansion speed reaching a maximum ~200 km s™! at
R ~2 x 10'7 cm. If individual maser features are interpreted
as gas condensations (“bullets”) that move out from a
common center, then each condensation must travel at a
uniform speed of ~20 km s~ ! through the interior of the
region and undergo a rapid acceleration to ~200 km s~ at its
edge. This was the interpretation adopted by Gwinn et al.
(1992), who listed a number of possible mechanisms that could
be responsible for the sudden acceleration at ~10'7 cm.

In contrast, Mac Low & Elitzur (1992, hereafter Paper I)
suggested that the masers are surface phenomena that trace the
envelope of an expanding bubble. In this picture, the observed
v versus R curve implies that the shell has an elongated shape
and is expanding rapidly (at a speed ~200 km s~ !) along the
axis and slowly (at a speed ~20 km s~ ') perpendicular to it.
Subsequent data analysis by Gwinn (1993) has verified that this
model accurately reproduces the observations. Paper I also
considered the possible dynamical origin of the observed mor-
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phology. It was suggested that the elongated shell corresponds
to an interstellar bubble that is driven by a high-velocity
(~1500 km s~'), spherically symmetric stellar wind that
expands into a medium with an anisotropic density distribu-
tion. A detailed calculation showed that a spherical outflow
expanding into a cylindrical cavity sweeps up the ambient gas
into an elongated shell whose evolution is consistent with the
measured v versus R curve. However, the postulated density
distribution, with a newly formed, massive star located on the
symmetry axis, was admittedly ad hoc and was used merely to
illustrate the proposed new kinematic interpretation of the
W49N masers in the context of a spherically symmetric stellar
wind model.

In this paper we propose a more plausible origin for the
elongated shell in W49N. We suggest that the outflow itself is
anisotropic, specifically that it is a protostellar jet, and we
demonstrate that the motion of the shell of swept-up gas that is
driven out by these jets can reproduce the observed v versus R
curve even when the ambient medium is isotropic. The mor-
phology of bubbles evacuated by high-velocity jets was first
analyzed by Scheuer (1974) in the context of extragalactic radio
sources. He showed that the momentum transferred to the
ambient medium at the jet head, where the outflow is shocked
and decelerated, causes the bubble to elongate in the direction
of the jet propagation. He pointed out, however, that the
bubble also expands (albeit at a lower speed) in the direction
normal to the jet axis on account of the high pressure of the
“cocoon” of hot jet material that envelopes the jets. As was
demonstrated by subsequent numerical experiments (e.g.,
Norman et al. 1982), the formation of an extensive cocoon
requires a high Mach-number jet whose density is lower than
that of the ambient gas. In the case of protostellar jets, it is also
necessary to verify that the outflow speed is high enough, and
its density low enough for the shocked gas not to cool before
flowing out of the jet-head region (e.g., Blondin, Fryxell, &
Konigl 1990). The structure and evolution of jet cocoons have
been extensively investigated in recént years, both by analytic
approximations and by numerical modeling (e.g., Begelman &
Cioffi 1989; Cioffi & Blondin 1992; Loken et al. 1992).

The basic kinematic property of jet-driven cocoons—a rapid
axial elongation coupled with a slower transverse expansion—
is precisely the behavior invoked in Paper I to account for the
H,0 maser motions in W49N. We now proceed to substan-
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tiate this scenario with the help of detailed dynamical calcu-
lations (§ 2). We discuss the general applicability of this model
in § 3, which also contains our conclusions.

2. JET-POWERED COCOON EXPANSION

In this section we first present an approximate analytic
description of the dynamics of an adiabatic cocoon and give
the condition for the jet termination shock to be nonradiative.
This condition must be satisfied if a hot, high-pressure cocoon
is to develop. On the other hand, if the shell of swept-up gas
that marks the boundary of the cocoon is to be dense enough
for maser emission, the outer shocks that are driven into the
ambient medium must be radiative. We show that the require-
ments on the termination shock and the outer shocks can
plausibly be satisfied simultaneously. Next, we examine the
evolution of the cocoon numerically, using a three-dimensional
hydrodynamical code that includes radiative cooling. We
demonstrate that the v versus R curve for the dense shell can
reproduce the observations of W49N.

2.1. Dynamics

Consider the collimated jet sketched in Figure 1 with radius
r;, velocity v;, density p;, and mechanical luminosity

T
,-=§rfpjv,?, @
moving into a uniform ambient medium of density p, and
negligible pressure. The jet terminates in a shock, often referred
to as the “Mach disk.” If the termination shock is adiabatic
and the density ratio n = p;/p, < 1, the hot, shocked jet gas fills
a cocoon of volume V, that envelopes the jet. The jet termina-
tion shock is preceded by a bow shock that propagates into the
ambient medium. On the sides of the jet, the high-pressure
cocoon also drives shocks that, together with the bow shock,
sweep the ambient gas up into a thin shell. The cocoon typi-
cally expands rapidly along the direction of jet propagation
(z-axis), elongating at the advance speed z = v, of the jet head,
and more slowly (at # = v,) in the transverse direction (r-axis).
In the nomenclature of interstellar bubbles, the tips of the
cocoon are “momentum driven,” while the sides are “energy
driven” (cf. Masson & Chernin 1993).

L

AALIXIXIXXL

F1G. 1.—Structure of our proposed model for water masers. A protostellar
jet gets stopped and heated at a termination shock. The resulting hot gas
sweeps up a shell from the ambient gas. The jet termination shock and the
outer shock, in which the masers form, are shown as thicker lines. The ends
move faster than the sides, producing higher velocities at larger radii, as
observed in W49N.

The value of v, can be found by balancing, in the frame of the
jet head, the jet thrust mr}p{v; — v,)* and the ram pressure
p,v2A, of the ambient medium; here A4, is the cross-sectional
area of the jet head, which can, in principle, exceed the cross
sectional area of the jet. In the limit # < 1 that is of interest to
us, v,is <v;and one gets

2L; )1/ 2
v, R , 2
g <Uj Ay p,
which, for 4, ~ nr?, reduces to
s = v{pi/p)"* . A3)

Integrating equation (2) and allowing the jet head area to vary
with time according to 4, = A4,,t%, gives the length of the jet as

1/2
B ©)
2 — o \; Ao Pa

The maximum width r of the cocoon can be roughly esti-
mated by taking the internal pressure to be p ~ L;t/V,, which
ignores the adiabatic expansion losses. Balancing the internal
pressure against the ram pressure p,v? on the sides of the
cocoon, yields

r’i* = L;t/np,z . )

In deriving this expression, we have neglected the effect of the
ambient magnetic field. (We discuss this further in § 2.2). Inte-
grating equation (5) and substituting from equation (4), one
obtains

r = const X (L;v; Ayo/p,)*/Bt@* /8 (6)
Equations (4) and (5) imply

iz 8 —4a
Hr 4+a

) ™

which shows that the axial expansion of a jet-driven bubble in
a uniform ambient medium will always exceed the transverse
expansion if a < 0.8. The applicable value of « depends on the
details of the flow at the jet head. In the original formulation of
Scheuer (1974), the solid angle subtended by the head was
taken to be constant, corresponding to « = 1. In contrast,
Begelman & Cioffi (1989) considered the limit « = 0 where the
head size remains fixed as the bubble expands. The actual
growth of the head depends on the details of the flow at the
working surface. If the W49N masers trace the boundary of a
cocoon, then z/f ~ 10 and z/r ~ 5-6 (see Fig. 2a), yielding
o &~ 0-0.23, consistent with the Begelman & Cioffi (1989)
assumption. The elongation of the bubble may actually be
enhanced beyond the result for a homogeneous medium
because the jet propagation direction probably coincides with
the ambient density gradient, amplifying the axial expansion
rate (e.g., Konigl 1982).

We now consider the condition for the jet termination shock
to be adiabatic. Roughly, this condition is that the cooling
parameter y = d,/rj, Where d,,, is the cooling length behind
the shock, be larger than 1 (e.g., Blondin et al. 1990; Stone &
Norman 1993a). An approximate relation for the cooling
length behind a shock of speed vy, = v/(107 cm s~ 1) > 2,
found numerically using the code described in § 2.2, is

Aot ¥ 2 x 10307 cm )
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FIG. 2—a) Observed and (b) computed space velocities and distances from the center of expansion in W49N. The observed maser spots shown are from Fig. 5 of
Gwinn et al. (1992). The computed points are values for high-density zones in the numerical model.

where n is the preshock number density. Using equation (2) to
express the jet particle density in terms of the ambient number
density n,, we thus obtain

X= 20”]8/(”«16 Ti16 ”}%7) s 9)

where v}, vy, ,, and r; have been normalized by 10® cm s ™1, 107
cms~1,10° cm ™3, and 10'° cm, respectively.

While the jet termination shock is adiabatic (y > 1), the
outer shock all the way around the cocoon will be radiative,
since the cooling parameter is a factor ~#n® smaller. The
density behind this radiative shock will be far higher than the
ambient density, so the entire shell of swept-up ambient gas
will reach the high densities needed for maser emission.

2.2. Numerics

In order to actually reproduce the observed distribution of
velocity versus radius shown in Figure 2a, we must turn to
numerical computations. Recently, Stone & Norman (1993a, b,
1994) have described a series of simulations of the two- and
three-dimensional dynamics of nonadiabatic, protostellar jets.
(Related work has been done by de Gouveia Dal Pino & Benz
1993.) The simulations of Stone & Norman use a three-
dimensional implementation of the piecewise parabolic
method (PPM; Colella & Woodward 1984). This high-order
algorithm for gas dynamics does not require the use of an
artificial viscosity to capture shocks, thus minimizing the
numerical diffusion of sharp features in the flow. To model
nonadiabatic jets, Stone & Norman extend the PPM algo-
rithm with a time-dependent, nonequilibrium, radiative
cooling method. This method, which allows for ionization,
recombination, and history-dependent cooling effects, has been
shown to give a more accurate estimate of the total cooling
rate than methods based on the assumption of complete ion-
ization (Stone & Norman 1993a).

Stone & Norman model a jet propagating into a homoge-
neous medium in Cartesian coordinates. The jet is introduced
as an inflow boundary condition with velocity v;, density p;,
and temperature T}, for r < r;. For r > r;, a reflecting bound-

ary condition is used on the equatorial plane. Reflecting
boundaries are also used on the two symmetry planes, so only
one quadrant of the jet is computed. Outflow boundary condi-
tions are used everywhere else. A grid of 80 x 80 x 480 zones
is used, with eight zones in a jet radius.

The limited resolution of these simulations prevents an accu-
rate representation of the thin cold shell for ambient densities
high enough to produce masers. If models using such densities
are attempted, a small fraction of the mass of the cold shell
cannot be prevented from diffusing into the hot pressurized
interior, causing the hot gas to rapidly cool. Instead, we use the
models presented in Stone & Norman, which have been run at
a much lower density, and then scale them to a higher ambient
density. Figure 3 shows the computed density distribution of a
jet with n, =n;=65 cm™3, v; =200 km s™!, and r; =25

x 10'® cm, at a time of 320 yr. Using equation (9), we derive a
cooling parameter y = 4 for this jet.

There are three constraints that we wish to satisfy. First, the
speed of the fastest observed masers cannot exceed that of the
jet head, so v, 2 200 km s~ '. Second, water masers can only
form if the preshock density n, 2 3 x 10% cm ™3 (Elitzur et al.
1989). Finally, the cooling parameter y must remain the same
in order to get the same cocoon structure. We proceed by
requiring y to remain constant in equation (9). Substituting in
the required head velocity and preshock density, we find the jet
velocity that will satisfy all three constraints, v; ~ 1100r}{7
km s™!. We can now use equation (3) to find the jet density,
n;~ 10°r;;27 cm™3, and hence the mass outflow rate in the
two jets, M; =~ 10™*r}3)" Mg yr 1.

A jet with these parameters will have the same structure as
the jet computed by Stone & Norman, so we can compare the v
versus R curve for this jet to the observations. We have scaled
the jet radius to 1000 AU, but it could be much smaller without
strongly affecting our results, due to the weak dependence of
the inferred jet velocity and density on r;. Whatever the details
of the acceleration mechanism, protostellar jet velocities are of
order the escape velocity at the origin of the outflow. Thus, the
massive star at the center of the maser distribution (Welch et
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FiG. 3.—Density distribution of computed jet. The log of the density is shown, with black low and white high. Notice the density variations in the outer shell,
which may correspond with clumps of masers. Only the outer third of the computed grid is shown.

al. 1987) could plausibly drive a ~ 1000 km s~ ! jet. Because of
the high cost of each run, we were unable to optimize the fit to
the observations. Nevertheless, Figure 2b shows that with these
parameters, the computed v versus R curve reproduces the
observed curve well.

Each of the data points in Figure 2b are zones in the numeri-
cal simulation in which the density exceeds some arbitrarily
chosen large value. Only a randomly selected sample of such
points are plotted to illustrate the shape of the curve. The
scatter of the points is associated with this sampling and with
the finite numerical resolution of the simulation; as more
points are plotted the computed curve becomes continuous.
We find that changing the numerical resolution of the simula-
tion has little effect on the shape of the curve. Instead, the
shape depends upon the physical parameters in the jet, for
example the value of the cooling parameter y. It is also possible
that the shape may be modified by considering flows which are
not perfectly collimated, although we have not investigated
this effect here.

Our neglect of the magnetic field in deriving jet properties
can be checked. The ambient field strength required for mag-
netic stress to be in equipartition with the ram pressure of the
cocoon is (Konigl 1982)

B, = (327p,v%/9)"? = 20 mG , (10)

where we have used n, =3 x 10° cm~3 as described above,
and taken v, =20 km s~! from Figure 2a. By comparison,

Fiebig & Giisten (1989) measured the magnetic field in the
maser clumps behind the shock front and found a maximum
strength of only 50 mG. Since the field in the clumps has been
shock compressed, it greatly exceeds the ambient field, which
thus must be much lower than B.,. Therefore, to first order the
effect of magnetic fields can be neglected.

We also want to call attention to another feature of Figure 3.
The outer shell of the cocoon is subject to dynamical insta-
bilities, including the Rayleigh-Taylor and Kelvin-Helmholtz
instabilities and the Vishniac overstability (Vishniac 1983;
Mac Low & Norman 1993). Figure 3 shows that these insta-
bilities lead to a complex network of clumps and filaments.
These inhomogeneities produce the scatter in the computed
curve shown in Figure 2b. Furthermore, Gwinn, Moran, &
Reid (1993) have found that the water masers are not evenly
distributed, but rather that clusters of masers occur, with sizes
of ~300 AU. Our computations are far too underresolved to
make quantitative comparisons, but we can draw the qualita-
tive conclusion that the computed instabilities could explain
the observed clumping.

3. DISCUSSION AND CONCLUSIONS

Our proposal that the water masers in W49N form in the
outer shock of a protostellar jet cocoon retains the observa-
tionally verified part of the previous proposal by Mac Low &
Elitzur (1992): the masers trace the surface of an elongated
shell, expanding quickly at the ends and slowly along the sides.
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At the same time, it resolves the aspect of the earlier proposal
that seemed most difficult to explain. We no longer require a
large cylindrical cavity surrounding the protostar to collimate
a shell driven by a spherically symmetric wind. Instead, the
collimation is an inherent property of the outflow and can
occur much closer to the star, as suggested by current jet
models (e.g., Konigl & Ruden 1993). Furthermore, we can now
explain the clumping of the masers observed by Gwinn et al.
(1994) as dynamical instabilities in the dense shell surrounding
the cocoon.

A jet-driven cocoon will produce water masers whenever the
right combination of conditions occurs on its surface—an
ambient density =3 x 10° cm ™3 and a shock velocity ~ 20—
200 km s~ ! (Elitzur et al. 1989; Kaufman & Neufeld 1993). In
W49N it appears that the entire shell currently meets these
requirements. As the cocoon expands, the masers will turn off
because of two effects. First, the ambient density is likely to
decrease with distance from the central source and fall below
the lower bound for maser production. Second, since v,
increases with decreasing n,, the cooling parameter for the
Mach disk is also expected to decrease with time; once y drops
below unity, the interior of the cocoon begins to cool and can
no longer drive strong shocks out to the side. Either one of
these mechanisms could change the appearance of the source
quite rapidly, which suggests that the elongated shell structure
observed in W49N is unlikely to be detected in most other
maser sources.

As the jet sweeps up more gas, it will eventually be observ-
able as a bipolar molecular outflow. Another star in the W49N
complex has apparently already evolved to this stage. In radio
continuum radiation, a bipolar ionized structure has been
mapped by Welch et al. (1987), as seen on the far right of their
Figure 4, while a bipolar CO outflow in the region was mapped
by Scoville et al. (1986) at somewhat lower resolution. Felli,
Palagi, & Tofani (1992) have shown that water masers are
associated with CO outflows, and that the maser luminosity is
correlated with the mechanical luminosity of the outflow.
Although the full shell will no longer produce maser emission,

the tip of the jet may as long as it encounters dense enough
material.

Magnetic fields could in principle explain a cylindrical con-
finement of a spherically symmetric expansion. However,
masers are observed in W49N with velocities as high as 200 km
s~ 1. Thus, the magnetic field would need to collimate a spher-
ically expanding shell with an expansion velocity of v, ~ 200
km s~ To find the field strength required, B, we can use
equation (10), with the same ambient density, but substituting
v, for v, to find B_; ~ 0.3 G. Such large fields in the ambient
gas are inconsistent with the observation of 50 mG fields in the
postshock maser clumps by Fiebig & Giisten (1989), as dis-
cussed in the previous section.

W49N is the only water maser source studied at sufficient
detail to enable an inference of its kinematic and geometric
structure. However, it is not a typical source. With a maser
isotropic luminosity of ~1 L, it is about five orders of magni-
tude more luminous than common Galactic water maser
sources (Felli et al. 1992). From an analysis that incorporated
observations of nearby galaxies, Greenhill et al. (1990) con-
cluded that, on average, a galaxy contains only one source of
the luminosity class of W49N. However, like the other stars in
this association, the protostar driving the jet in W49N is prob-
ably extremely massive and may have formed under unusual
circumstances (see Serabyn, Giisten, & Schulz 1993). The
W49N cocoon has expanded to its present size in only ~ 350
yr. Its uniqueness is thus probably due to the combination of
the lifetime of the phase and the existence of only ~ 10* O stars
in the Galaxy (Wood & Churchwell 1989). This source thus
provides a unique opportunity for a detailed study of jet-driven
cocoons.
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cussing his results with us. M.-M. M. L. and A. K. were par-
tially supported by NASA grant NAGW-2379 and M. E. by
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