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Abstract. We report high resolution (+2") imaging of the CO 2-1 line and the millimeter continuum in the proto-planetary
nebula He 3-1475. The observations reveal the presence of a masdy®A,) envelope of molecular gas around the origin of

the remarkable bipolar jet system seen in optical images withi$ie The CO kinematics are well modeled by an expanding,
bi-conical envelope: the prominent, high-velocitys0 km s') wings seen in single-dish CO spectra arise where the sides of

the bi-cones are projected along the line of sight. The continuum is detected at 1.3 mm and 2.6 mm and is due to thermal
emission from warm~+80 K) circumstellar dust. The structure, kinematics, and expansion time of the envelope provide strong
evidence for entrainment of the molecular gas by the high velocity jets. The observations support an evolutionary scenario in
which a period of enhanced mass loss by the central star is followed by the development of the bipolar jets which burst through
the molecular envelope. The jet-envelope interactions play a crucial role in shaping the subsequent ionized nebula.

Key words. planetary nebulae: general — planetary nebulae: individual: He 3-1475 — ISM: jets and outflows —
stars: AGB and post-AGB

1. Introduction on the structure and dynamics of the neutral circumstellar en-
Collimated, bipolar outflows or “jets” are an important featurveIOpeS from which the ionized nebulae form (Huggins et al.
of the earl); evolution of planetary nebulae (PNe) that has on 726), and conseque_ntly they play a key role in the early shap-
recently been widely recognized. Many proto-PNe and PNe érﬁlg of PNe: Well st_udled examples o_f youngd PNe that sho_vv ev-
now known to show evidence of.bi-polar or multi-polar struclfj nce for interactions between the jets and the neutral circum-
. : . tellar gas include BB30°3639 (Bachiller et al. 2000), KjPn 8

tures, or point symmetries, which have been produced by h .

. . f!]—Eorvenle et al. 1998) and M1-16 (Huggins et al. 2000).
action of symmetric jets from the central star (see, e.g., Kastner
et al. 2000), and these structures arfiisiently common that ~ He 3-1475 (IRAS 174231755) is an extreme example of
possibly most or all PNe pass through this phase (Sahai@geroto-PN with highly collimated bipolar outflows, first dis-
Trauger 1998). cussed by Riera et al. (1995) and Bobrowski et al. (1995). It

The jets are most active in the early phases of PNe forna.0f special interest because of the high velocities and remark-
tion, and their &ects can be detected in proto-PNe as high vable structure seen in high resolution optical observations made
locity wings in low angular resolution, molecular line spectr#ith the HST (Borkowski et al. 1997; Borkowski & Harrington
of the neutral circumstellar envelopes (e.g., Cernicharo et a001; $inchez-Contreras & Sahai 2001; Riera etal. 2003). The
1989; Young et al. 1992; Bujarrabal et al. 2001). In the fe@utflows terminate in a series of knots that are point symmetric
cases observed at high angular resolution, the wings are seedb@ut the central star, and indicate formation by episodic jets
arise in directed outflows of entrained molecular gas (e.g., C#kose direction is time dependent.
etal. 2000, 2003). The origin of the jets that cause the outflows | jttle is known about the neutral circumstellar matter in

is not well understood, but the jets clearly have majée@s He 3-1475I1RASfluxes indicate the presence of a circumstel-
Send gfprint requests toP. J. Huggins, lar dust envelope (Parthasarathy & Pottasch 1989) which is
e-mail:patrick.huggins@nyu. edu also seen in optical images as a dark lane crossing the nebular
* Based on observations carried out with the IRAM Plateau de Buis t0 the south-east of the central star. OH maser emission at
Interferometer. IRAM is supported by INSONRS (France), MPG 1667 MHz has been observed by te Lintel Hekkert (1991) and
(Germany) and IGN (Spain). Bobrowski et al. (1995), and CO spectra have been reported by
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Fig. 1. CO spectra in the 1-0 (115 GHz) and 2—1 (230 GHz) lines towards He 3-1475, obtained with the IRAM 30 m telescope.

Table 1. CO observations of He 3-1475 made with the IRAM 30 m telescope.

Line Vo(LSR) AV(FWHM) T rms [TaVv |

(kms) (kmst) (K) (K) (Kkms™) (Kkmstarcseé)
1-0 475+16 43+4 0.10 0.02 4 +04 2580
2-1 475+09 53x2 0.28 0.04 1®+05 2180

Knapp et al. (1995) and Bujarrabal et al. (2001). In this paper The RF passband and amplitude were calibrated using
we report high angular resolution observations of the CO em&:=273 and the phase calibration was performed every 20 min-
sion and the millimeter continuum to study the relation of thetes using J1730130 and J1836210. Theu data were
neutral circumstellar gas to the outflows. Fourier transformed and CLEANed, using the Clark algorithm
and the restored Gaussian clean bearfi4s@’’6 (PA = 177)
at 2.6 mm for both the line and continuum, antbx 0’7
, (PA = 8) and 22 x 0’8 (PA = 0°) at 1.3 mm for the line
2. Observations and continuum, respectively. The adopted field center for the

High sensitivity, single-dish observations of He 3-1475 wefgaps1s 174571417, ~17°56'47.0 (J2000).

made in the 2.6 mm CQ = 1-0 (115 GHz) and 1.3 mm
J = 2-1 (230 GHz) lines using the IRAM 30 m telescope Results
Pico Veleta, Spain. The observations were made in September
1997, using 512 1 MHz filterbanks. The half power beam sizerhe CO 1-0 and 2—1 spectra obtained with the 30 m telescope
of the telescope is Iland 22’ at the frequencies of the 2—1towards He 3-1475 are shown in Fig. 1. A small map was made
and 1-0 lines, respectively. The calibration was made using thigh 5” spacing around the center position, but the molecular
chopper wheel technique, and the line intensities are reporggflission was not found to be extended with respect to the tele-
here as main beam brightness temperatures. scope beam. The parameters of the lines, based on Gaussiar
High angular resolution observations were made in tffiés to the spectra, and the corresponding line fluxes are given
CO 1-0 and 2-1 lines and in the nearby continuum duririg Table 1.
February and March 1998 using the IRAM interferometer at The CO 1-0 and 2-1 lines were both detected at high an-
Plateau de Bure, France. The array consisted of five 15 m gnlar resolution with the interferometer, and the observations
tennas, equipped with SIS heterodyne receivers. The obseremover 97% and 72% of the single-dish fluxes for the 1-0
tions, centered on He 3-1475, were made with two configand 2-1 lines, respectively. The observed distribution of CO
rations of the array, with baselines up to 280 m. The primaiy shown in the velocity integrated map of the 2—1 emission
beam size of the interferometer is’2at 1.3 mm and 44 at in the right hand panel of Fig. 2. The position of the peak CO
2.6 mm. The #ective velocity resolution of the line observaemission is at-0’15+ 0’15, +0/05+ 0”15 relative to the map
tions used for the analysis is 8 kimtsThe continuum observa- center, and the emission is extended with respect to the tele-
tions were made at frequencies of 115.3 and 231.5 GHz, wéitope beam, with a deconvolved source sizelsb (FWHM).
effective bandwidths of 320 and 640 MHz, respectively. The CO distribution is compared with the optical structure
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Fig. 2. Millimeter maps of He 3-1475 obtained with the IRAM interferomel&ft the continuum at 2.6 mn€enter the continuum at 1.3 mm.
Right the velocity integrated CO 2-1 line. The contour intervals are 1 mJy te@% mm), 2 mJy beam (1.3 mm), and 50 K km=(CO);
dashed contours are negative. The field center 143417, -17°56'47/0 (J2000), and the beam size is shown in the lower right of each
panel.

the map center, and is essentially coincident with the position
of peak CO emission, within the uncertainties.

(@)
- 4. Properties of the envelope

4.1. Overview

The CO spectra of He 3-1475 (Fig. 1) are much broader than
the 5-15 km 3! linewidths typically seen in AGB envelopes,

L | and the shapes of the profiles ar@elient. They show promi-
nent, high velocity wings with no clear low velocity component

Dec Offset (arcsec)
o
T N T
1 l 1

corresponding to an undisturbed envelope: thus most or all of
the molecular gas appears to participate in the high velocity
flow.

From the measurements given in Table 1, the systemic

LSR radial velocity ¥,) of the molecular gas is well deter-
mined to beV, = 475 + 0.8 kms™. This corresponds to a
heliocentic velocity of 34.5 knT$, and is in good agreement
with the (heliocentric) velocity of 3B+ 1.2 km s recently re-
%orted by Borkowski & Harrington (2001), based on five stellar
lines.

The comparison of the CO map and the HST WFPC2 image
of the nebula in Fig. 3, and the CO kinematics are shown im[N 11] 16584 (Borkowski et al. 1997) in Fig. 3 shows that the
channel maps and velocity-position maps, together with mod&D emission peaks close to the center of the nebula, but is quite
simulations, in Figs. 4-6. The interferometer observations limited in extent compared to the optical image. The molecular
the CO 1-0 line produced essentially the same results as &mgission covers the central dark lane and extends out along
2-1 observations, but with a factor of two lower resolution (béhe opening of the bipolar structure, but does not envelop the
cause of the longer wavelength), so are not discussed furthegxtended, collimated jet system. The characteristic radius of

The millimeter continuum of He 3-1475 was detected #te CO map (08) corresponds to ¥ 10*® cm at a distance of
1.3 mm and 2.6 mm with the interferometer, and maps of the8 kpc, which we adopt for the distance to He 3-1475 (Riera
emission are shown in the center and left hand panels of Figeal. 2003).

At 2.6 mm the emission is not extended with respect to the tele-

scope beam, and the measured flux85L.2 mJy. At 1.3 mm
the observed emission’+ 02 x 171 + 0’4, PA = 12) is
slightly extended with respect to the beam, and the measuAdthough the CO emission is not very extended with respect

flux is 31+ 4 mJy. The position of the peak emission in th& the telescope beam, the velocity-resolved CO observations
1.3 mm continuum is at0/04+0/05,+0/40+ 0’12 relative to provide insights into the overall kinematic structure of the

RA Offset (arcsec)

Fig. 3. CO 2-1 map of He 3-1475 superposed on the H8FPC2
image in [Ni] 16584 (Borkowski et al. 1997). The CO contours ar
the same as in Fig. 2.

4.2. CO kinematic structure
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Fig. 4. Channel maps of the CO 2-1 emission observed in He 3-1475. The channels are'8vikides and are centered at the velocities
given in the upper left of each panel. The contour interval is 0.5 K; the dashed contours are negative. The arrows indicate the major (jet)
(PA = 135), and the beam size is shown in the lower right panel.
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Fig. 5. Theoretical channel maps of the CO 2—1 emission for the biconical model discussed in the text. The channels dre@l&nasd are
centered at the velocities given in the upper left of each panel. The contours are from 5% to 95% (in steps of 10%) of the peak emission.

molecular gas. The complete data cube is shown in Fig.pdsition-velocity symmetry about the central position and ve-
in the form of channel maps. These exhibit an approximdteity, e.g., the emission in the extreme blue shifted channels
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Fig. 6. Position-velocity maps of the CO 2—1 emission in He 3-1475 along the majo&(P35’) and minor (PA= 45°) axes.Left observed
data; the contour interval is 0.5 K; dashed contours are neg&ight theoretical maps for the biconical model discussed in the text. The
contours are from 5% to 95% (in steps of 10%) of the peak emission.

(at -6, +2, and+10 kms?) is offset to the NW of the field At intermediate, blue shifted channels (10-26 ki) sthe arc-
center and that of the extreme red channel8Q( +98 and like structure becomes more prominent as the channel includes
+106 kms?) is offset to the SE. The maps also exhibit a roughlarger cross section of the cone, and closer to the systemic ve-
axial symmetry about the major axis of the optical nebula (thecity (at +42 km s?) the channel also includes the upper rim
jet axis) at PA= 13%, although the CO intensities arffected of the cone. At red shifted channels, the overall symmetry is
by the shape of telescope beam, which is elliptical and lies atr@versed for the cone facing away from us.
angle of 53 with respect to the nebula axis. Thus the arc-like
features in blue channels 0 and+18 km s* and red channels . .
+82 and+90 km s, which point away from the center, appeaﬁ"g' Model of the CO kinematics
stronger where the emission lies along the primary axis of theorder to quantify our interpretation of the CO data, we have
beam (see Sect. 4.3 below). constructed a simple, biconical model of the CO emission for
The velocity-position maps through the data cube along tbemparison with the observations. The model is characterized
major and minor axes shown in Fig. 6, demonstrate that thg the radius at the equator where the cones interBcttie
whole CO structure is tilted toward us (blue shifted) to the NWAdius of the open end&(), the height of each cond), and
and away from us (red shifted) to the SE along the major axike inclination of the symmetry axis to the line of sight (Ve
This tilt is in the same sense as that of the optical bipolarity amdsume a constant thickness éGnd a relative density within
jets (e.g., Riera et al. 2003). In addition, the distribution of irthe cones that varies as a power law from the cempter (").
tensity in the map along the major axis indicates that the mol&tie emission is taken to be optically thin (see below), and the
ular gas forms an expanding, open ended, bi-conical structaxpansion is assumed to be homologous, with the radial ve-
that can also be traced in the channel maps in Fig. 4. Thus heity v ~ r. This velocity law is motivated by the observed
extreme, blue shifted emission (in channesand+2 kms?) structure in the data cube, and by similar ballistic flows seen in
arises in the lower rim of the cone facing toward us; this rimther proto-PNe (e.g., AFGL 618, Cox et al. 2003).
lies nearly in the direct line of sight, and gives rise to the high- From comparison with the observations, the parameters
est blue shifted gas seen in the wings of the single dish spectifaa best-fit model ardy = 0’45, R, = 0/92, h = 1’5,
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t = 05, n=-05,i = 40, and a velocity gradient of 10
31.4 kms? arcsec!. The linear dimensions are given in arc
seconds on the sky, since they scale with distance. The thick-
ness of the walls of the bicones is not actually resolved by the
observations, and is set to a nominal value. The parameser
constrained by the relative intensity of the extended CO emis-
sion to that near the center, and the dimensions of the bicones,
the velocity gradient, and the inclination are jointly constrained
by the map sizes atfilerent velocities, and the relative projec-
tions of the sides of the cones in the position-velocity map. For
example, a general constraint on the inclination and the open-
ing angle of the bicones is provided by the major axis position- 10
velocity map, where the blue shifted, lower rim of the cone

facing toward us is very close to the line of sight, and the up- 10° 10 10" 10 10" 10
per rim is also blue shifted. In this case, the inclination angle

of the symmetry axis < 45° and the opening angle of the
cone from the center is45° (otherwise the upper rim would Fig. 7. The infrared—radio spectrum of He3-1475. The flux measure-
be red shifted). Similarly the inclination cannot be much lessents are from IRAS (squares), this paper (crosses), and Knapp et al.
than~40° or the upper rim would project to higher velocitieg1995) (circle). The smooth curve is for thermal emission from dust at
than are observed. a temperature of 81 K.

The results of the best-fit model are shown in Figs. 5 and 6
right panel). In spite of the extreme simplicity of the model . . .
.( gntp ) P . plicity : rovide an estimate of the mass of circumstellar dust. As
it can account for the main features of the observations. The - .
Lo . ) S : own in Fig. 7, the only other long wavelength observations
inclination of the CO bicones to the line of sight is essential : : .

o . . f He 3-1475 are froniRAS, and a single radio observation at

the same as that of the optical jets (Borkowski & Harrmgtog

2001), and the biconical geometry indicates that molecular %:’:lg cm. The centimeter continuumis likely to be free-free emis-

Flux (Jy)

Frequency (Hz)

lies around the base of the jet flows. As noted above we do o from the compact ionized core, and from comparison with

o) ) : )
resolve the walls of the bicones, but the paramatergether t_e fl_ux |n_Ha BO.rOWSk' et ?'- (1995) suggest that the emis
. : . sion is optically thick. An optically thick radio spectrum which
with the assumed constant wall thickness determines the mass 5 . -
L . ) . varies as~ does not, however, extend into the millimeter re-
distribution in the bicones: for the solution= -0.5, the mass

. ) : o . ion because the 115 GHz (2.6 mm) flux would then be much
per unit Iengt_h p_rOJected along the major axis is approximat gher than we observe. The free-free emission spectrum likely
constant,. which _'S reasor!able. for such éflow. . becomes optically thin and level§detween 10 and 100 GHz.

The kinematic model is axi-symmetric but our calculations g mjjlimeter flux increases quite steeply with increasing
of the simulated observations also include the elliptical te'ﬁéquency and from the overall shape of the spectrum the main
scope beam which is not aligned along this axis. Thects .qntribution to the observed 1.3 mm and 2.6 mm flux is prob-
can be seen in Figs. 5 and 6. They include the asymmetrieg i}, the |ong wavelength tail of the dust emission seen in the
intensity of the arc-like features in the channel maps noted egfareq. This is supported by the fact that we are able to simul-
lier, and a more subtleffect in a shift from red to blue (from (5n60usly provide a good fit to the 2510 (color corrected)

NE to SW) in the minor axis position-velocity map, which i§g asfluxes and to the observed millimeter fluxes, with a single
also apparent in the real data. Two features of the obsengnserature dust component. Formal fits, varying both the tem-

tions are not reproduced by the model simulations. The ﬁrStﬁérature and the index of dust emissivitywhereQ(v) ~ v?)
a slight channel-to-channel shift in the position of the emissi?ﬁ\,e-l—d = 81+ 4K, andp = 0.99+ 0.07. ’

at high velocities, and this could be accommodated by SOMe \yiyy this value for the temperature, we estimate the mass

degree of curvature in the sides of the bicones. The secQdyq ¢oo| dust component using the optically thin expres-
is slightly higher equatorial emission in the observations th BbnMy = F D2/(y,B,(T)), whereF, is the flux, y, the
in the model, which could be accommodated by higher dfgﬁ‘uissivity per unit mass, and, the Planck function at fre-

Siti?s ora modified geometry near the_ equator. However, fencyy, andD is the distance. Using tHRAS flux at 60um,
emission is probably at least partially thick, especially near t/k\}go ~ 150 cn? ¢! (Jura 1986), and =

. L . 5.8 kpc, we find
equator, and we have not included this in the simple model, NP = 6.4 x 103 M, A second component with a higher tem-

fine tuning with additional parameters would be unwarranteﬁlerature and a much smaller mass, which we ignore, can ac-
Nevertheless, independent of optical depfiees, the basic count for the additional, short wavelength emission in the spec-

kinematic structure is well accounted for by the simple modql.um in Fig. 7.
4.4. The circumstellar dust component 4.5. Mass of circumstellar gas

Our millimeter continuum observations fill a large gap in th&he mass of circumstellar gas can be estimated from the dust
observed long wavelength spectrum of He 3-1475, and theyss given above, by adopting a value for the gas-to-dust
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ratio. For transition objects with high mass loss rates, the gasid kinematics provide strong evidence for entrainment of the
to-dust ratio appears to be somewhat smaller than for typicablecular gas.

AGB stars, and we adopt the value-ofL00 from Knapp etal. ~ The kinematic time scales support this view. From proper
(1993). This yields a mass of circumstellar §4s= 0.64 Mo.  motion studies using HST, the expansion time scaigs{ro-
The CO observations provide a second estimate for tfai@ted on the plane of the sky) of the ionized knotst&t
mass of circumstellar gas. In this case, it is a lower limit bgrom the center areex, ~ 450-550 yr, and for the most dis-
cause the low~<0.9) CO 2-¥1-0 flux ratio (Table 1) suggeststant knots at-7"5, 7ex, ~ 600 yr (Riera et al. 2003; Borkowski
that the CO lines may be at least partially optically thick, ak Harrington 2001). For comparison, the kinematic time scale
though an alternative possibility is that the CO is sub-thermallyf the molecular gas is obtained by combining the (angular)
excited. In any event we obtain a lower limit to the masgelocity gradient of our kinematic model (Sect. 4.3) and the
of molecular gas using the optically thin formula given bydopted distance of 5.8 pc, which giug, ~ 875 yr. Thus the
Huggins et al. (1996). For a distance of 5.8 kpc and a repeeo outflows and the earliest jets are comparable in age.
sentative CfH, abundance of 2 10~* which is commonlyas-  There are large velocity gradients from the axes of the jets

sumed for oxygen-rich envelopes (e.g., Kahane & Jura 199¢).the sides of the CO bicones, as expected if the jets burst
we find Mg 2 0.19 Mo, consistent with the estimate givenyhrqygh the envelope. The maximum CO velocity that we ob-
above. _ _ _ serve is~50 kms?, which is in fact close to the maximum
These values are in accord with a further estimate of W€ty for molecular gas to survive acceleration in a single
mass of circumstellar gas, given by Bujarrabal et al. (2004)ck (Draine et al. 1983), although it is possible for molecules
based on observations of tH%pO lines. This approach min-yq reform at higher velocities in post-shocked gas (Hollenbach
imizes the @ect of line opacity because the lines are likelg \ickee 1989: Neufeld & Dalgarno 1989). Details of the in-
tlg be optically thin, but relies on an assumed vakl_)ue for theraction need further study, but it seems likely that much of
CO/H: abundance. For their assumed value(20™), and ¢ fast, ionized material seen in the optical outflows has been
our adopted distance of 5.8 kpc to He 3-14K, = 0.85Mo,  proquced by the destruction of molecules in the entrainment
consistent with the above values. process. Similarly, there may also be an intermediate compo-
nent of neutral atomic gas produced by the interactions which
5. Jet-envelope interactions could be detected in species such ag C1, and OL

Our observations of the molecular emission in He 3-1475 su§- Molecular H has been detected in the axial knots them-

port an evolutionary scenario in which a period of enhanc alvei (H?{;ingt%n et al. 2t000). Thiﬁ Is pr?kt;ably g‘t very h(;gt?]
mass loss by the central star is followed by the deveIopmentvc();ik.)c'.y (6.‘ 0UgN NO SPECIToSCopy has yet been one) an ' the
mission is likely formed in dense, post-shocked gas, possibly

bipolar jets that burst th hth di lecul $ . L i -
potar jets that burst through the surrounding molecuiar ga under conditions similar to those in AFGL 618 discussed by

Cox et al. (2003).
5.1. Mass loss rate of the precursor Weak OH maser emission has also been observed toward

The current mass of circumstellar molecular gas around He'3€ 3-1475 (te Lintel Hekkert 1991; Bobrowski et al. 1995)
1475 s substantial (Sect. 4.5), and it was presumably ejectedl IS distributed in multiple maser spolts withi0''8 of the

the star at a moderate velocity characteristic of the AGB. FofgNter, with a velocity range20-75 km s*, roughly centered
velocity of ~15 km s, the size of the CO map that we observ@n the CO _syst_em|c velocity. The kinematic structure of the
(Sect. 3) implies an ejection time scale#f 500 yr, and a cor- OH masersin F|g. 5 of_ Bobrowski et al. (1995) appears to show
responding mass loss rate over this timebBx 10 My yrl, 2 strong velocity gradient across the envelope WhIC.h has been
using our lower limit on the CO mass. This mass loss rate/f@marked on by others, e.g., Riera et al. (2003). This apparent
much larger than typically seen on the AGB, but is characté}"-ad'e”t is, hoyvever,_not real. It is an artifact of ascribing posi-
istic of some other transition objects (e.g., AFGL 2688, Jufy® and negative radialfsets to the red and blue components,
et al. 2000), and is either an intrinsic part of the final evolutigi'd the actual distribution of the maser components shows no

of single stars on the AGB, or the result of binary interaction§!€ar cut geometry (Zijistra et al. 2001). Given the OH maser
velocities, the spots are probably located in the inner regions of

the CO bicones near the equatorial plane.
5.2. Envelope entrainment

In addition to enhanced mass loss, the kinematics and structyrg Envelope dynamics

of the circumstellar gas indicate that most or all of the molec-

ular envelope has beefffected by recent interaction with thelt has long been suspected that stellar radiation pressure may
jets. First, the CO velocities (up t60 km s?) are significantly not power the highest mass loss rates in post-AGB stars (e.g.,
larger than the expansion velocities of AGB stars, but are muikhapp et al. 1982), and recent survey work by Bujarrabal
less than velocities seen in the ionized gas close to the jet azeal. (2001) has quantified this for the molecular outflows seen
(Borkowski & Harrington 2001; 8hchez-Contreras & Sahaias high velocity wings in single dish CO spectra. We follow
2001; Riera et al. 2003). Second, the observations show thatttheir approach in estimating the linear momentihgnd en-
molecular gas forms an expanding bi-conical structure arouad)y ([E) of the outflow using the observed values along the
the base of the optical bipolar flows. Thus both the structuiee of sight, and correcting for the inclination. We use the
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position-velocity map of Fig. 6 to define the outflow as thebservations, respectively), which has only recently been
emission at velocitie/ — Vo| > 5 kms™®. Ford = 5.8 kpc ejected by the central star at a high mass loss rafex
andi = 40° adopted earlier, we fin® 2 1x 10°*°® gcms? 10 Mo yr1). The structure and kinematics of the CO emis-
andE 2 2 x 10% erg using the CO emission. If we use theion are well modeled with an expanding bi-conical envelope,
mass estimate based on the millimeter continuum and asswand lead to the conclusion that the molecular gas has been en-
a velocity distribution as in the CO profile, the actual valudsained in the sides of the jets as they burst through the enve-
are~3 times larger than these limits. The results are similar kope. The expansion time scales of the CO emission and the jets
those obtained by Bujarrabal et al. (2001) for He 3-1475, bassagpport this view.
on the3CO lines. Although He 3-1475 is an extreme object on account of
The luminosity of He 3-1475 at a distance of 5.8 kpc ithe very high velocity of the jets and its well developed point
L = 12 600L, (Riera et al. 2003). If radiation pressure from theymmetric structure, the evolutionary scenario outlined above
star drives the molecular outflows, the time scale to generate theery similar to other newly forming PNe we have studied at
observed momentum (defined by the equatifiryc) = P) is high resolution. AFGL 2688 (Cox et al. 2000), CRL 618 (Cox
22 x 10% yr. However, as discussed in Sect. 5.2, the CO expagt-al. 2003); M1-16 (Huggins et al. 2000), KjPn 8 (Forveille
sion time is only~875 yr, and the actual time to accelerate thet al. 1998), and NGC 7027 (Cox et al. 2002) form an approx-
molecular gas to the observed velocities is probably less. Thoete evolutionary sequence in which the ionized nebula turns
radiation pressure is unable to drive the flow by a large margon and becomes more dominant, and in each case there are
as found by Bujarrabal et al. (2001) for more than 20 casgsominent multiple jets, or single jets which have changed di-
This result is not unexpected in He 3-1475 because the geaettion. He 3-1475 clearly belongs with this class. Besides con-
etry and kinematics discussed above provide strong evidest®ining the origin of the jets and the physics of jet-envelope
that the molecular gas is accelerated by entrainment in the jét$¢eractions, the observations of these objects demonstrate the
and these highly collimated structures are not likely generatetportance of jets in the early shaping of the neutral circum-
by radiation pressure. stellar envelopes which play a key role in determining the mor-
In He 3-1475 the jets appear to have easily penetrated titelogy of the mature PNe.
dense circumstellar gas close to the star: the molecular gas is
peripheral to the outflows, and is at relatively low velocitie§cknowledgementsie thank Drs. M. Bobrowski, J. P. Harrington,
compared to the jet axes. In these circumstances, it might_a(%j A. Zulstrg for_ useful discussions, and J. P. Harrington for the
expected that the energy and momentum of the flow estima q9e used in Fig. 3. We also thank the IRAM fBtat Plateau

f th | | | Id b lativel I i Bure for making the observations, and thefsaa Grenoble for
rom the molecular gas alone wou € a relatively small pgy Ip with the data. This work was supported in part by NSF grants

of the total, i.e., that the values given above are strong loOWEET 99.86159 and AST 03-07277 (to P.J.H.) and the Spanish DGES
limits. It is therefore surprising that the energy and momentugpant AYyA2000-927 (to R.B.).
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