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Powerful, bipolar supersonic outflows are a hall-
mark of the earliest protostellar stages. Since proto-
stars are deeply embedded in molecular clouds, the
outflow phenomenon was first discovered in the cold
gas emission lines of the CO molecule, at millime-
ter wavelengths [1,2]. Narrow, highly-collimated,
low-surface brightness optical jets powered by pro-
tostars were discovered with the advent of narrow-
band CCD imaging [3]. It took over a decade to
convince researchers that the high-velocity, narrow-
angle optical jets power the lower-velocity, generally
wider-angle, molecular outflows. The concomitant
problem of how jets produce the wide-angle out-
flow cavities in protostellar envelopes has remained
unsolved [4,5].

In order to explore the relationship between driv-
ing sources and their outflows, we have embarked
on a large-scale survey using sensitive, narrowband
molecular hydrogen imaging [6]. The technique in-
volves imaging the protostellar environs at near-
infrared wavelengths through two narrowband fil-
ters: one containing a shocked H2 emission line of
interest, the other excluding any H2 lines. After
appropriate scaling and subtraction, the resulting
images show the morphology of the pure H2 emis-
sion from the jet. We report first results from this
survey here: the discovery of a precessing jet carv-
ing out a protostellar envelope’s cavity.

Infrared imaging data of a late-stage protostar
were obtained on the night of 11 July 2004 with the
Wide-Field Infrared Camera (WIRC) on the Hale 5-
meter telescope at Palomar Observatory, and, sub-
sequently, on the night of 16 June 2005 with Pers-
son’s Auxiliary Nasmyth Infrared Camera (PANIC)
on the Baade 6.5-meter telescope at Las Campanas
Observatory. K-band seeing was 1′′ at 0.25′′/pixel
for WIRC and 0.3′′ at 0.125′′/pixel with PANIC.
Total on-source integration times were 28 minutes
per filter at Palomar and 70 minutes per filter at
Las Campanas.

Figure 1 shows the morphology of the Class I
protostar observed with WIRC. N is up, and E
is to the left in this, and all subsequent figures.
This image was acquired with a filter centered at
2.120 µm (∆λ/λ = 1.5%), that included both the
shocked H2 emission line at 2.122 µm, as well as

some continuum emission. Note the bipolar appear-
ance of the infrared reflection nebulosity, typical of
scattered light images of late-stage protostellar en-
velopes with large opening angle cavities [7,8].

A corresponding WIRC continuum image (not
shown) was obtained through a filter centered at
2.270 µm (∆λ/λ = 1.7%). The resulting continuum-
subtracted H2 line image is displayed in Figure 2.
Artifacts within a 5′′ radius of the central protostar
are due to saturated pixels. Pure H2 emission re-
gions are labelled. The observed and inferred scat-
tered light cavity walls are traced by the solid and
dotted lines, respectively.

Several striking facts stand out in the image pre-
sented in Figure 2: The sinuous nature of the H2

emission, the S-shaped point symmetry of the jets
about the position of the central protostar, and the
brightest H2 knot impinging on the SE cavity wall.

Figures 3 and 4 represent corresponding PANIC
images. The image of Figure 3 was acquired with a
filter centered at 2.125 µm (∆λ/λ = 1.1%), again
including both continuum emission and the 2.122
µm H2 line. An image through the Brγ filter cen-
tered at 2.165 µm (∆λ/λ = 1.0%) (not shown)
was used as a continuum filter. Figure 4 shows
the resulting continuum-subtracted, pure H2 line-
emission image (again, excepting for artifacts at the
protostellar position caused by saturation).

This object is known to be single, so the jet pre-
cession is likely to be caused by disk warping due to
the outflow [9]. Numerical hydrodynamical models
of continuous and pulsed fast-precessing jets and
slow-precessing jets have recently been published,
and comparison with model images suggests we are
observing a continous, slow-precessing jet [10]. Pre-
vious 3-D, smoothed particle hydrodynamic mod-
elling of jet-driven molecular flows showed that the
only way to account for the wide-angle molecular
flows (and, in this case, the wide-angle outflow cav-
ity traced by the reflection nebulosity) is by a “wan-
dering” jet, i.e., one that changes its direction. Af-
ter a decade, observational evidence in support of
this conjecture is now in hand.
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Fig. 1. WIRC image of a Class I protostar. Al-
though observed through a narrowband H2 filter,
the origin of the bright bipolar nebulosity is contin-
uum emission from scattered light.

Fig. 3. PANIC image of the same Class I protostar
viewed through a narrowband H2 filter.
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Fig. 2. Continuum-subtracted WIRC image of the
protostar, revealing pure H2 line emission from the
sinuous jet. The protostellar envelope’s cavity is
traced by the solid and dotted curves.

Fig. 4. Continuum-subtracted PANIC image, re-
vealing the same faint H2 features first identified in
the WIRC data.
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