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NEW OBSERVATIONS OF THE HIGH-VELOCITY OUTFLOWS OF THE
PROTO-PLANETARY NEBULA HEN 3-1475

A. Riera,!? P. Garcia-Lario,® A. Manchado,* M. Bobrowsky,? and R. Estalella?

RESUMEN

La nebulosa proto-planetaria Hen 3-1475 presenta un jet 6ptico con un alto grado de colimacién formado por
una serie de condensaciones excitadas por ondas de choque. Las zonas internas del jet muestran altisimas
velocidades radiales. En este trabajo presentamos el andlisis detallado de la estructura cinemaética y de las
condiciones de excitaciéon de las condensaciones en base a datos espectroscépicos de alta resolucién espectral
y a las imagenes de alta resolucién espacial obtenidas con el HST. Discutimos las semejanzas entre el jet de
Hen 3-1475 y los jets HH. Ambos presentan perfiles extremadamente anchos con dos picos en emisién, una
disminucién de las velocidades radiales con la distancia a la fuente central de forma escalonada, y en ambos se
hallan velocidades tangenciales altas. La interpretacion conjunta de estas propiedades apunta a la variabilidad
temporal de la velocidad de eyeccién como mecanismo responsable de la formacion de este jet.

ABSTRACT

The proto-planetary nebula Hen 3-1475 shows a remarkable highly collimated optical jet with a S-shaped string
of shock-excited knots. Moreover, extremely high velocities have been observed in the innermost regions of its
jet. We present a detailed analysis of the kinematic structure, and the excitation conditions in the shock-excited
knots based on ground-based high dispersion spectroscopy and high angular resolution images obtained with
the HST WFPC2. We discuss the similarities between the jet of Hen 3-1475 and the HH jets. Both exhibit
double-peaked and extremely wide profiles, a decrease of the radial velocities with distance to the source in a
step-like fashion, and high tangential velocities. The overall picture of Hen 3-1475 supports the description of
the system as the result of time-dependent ejection velocity variability.
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1. INTRODUCTION

Hen 3-1475 is a highly collimated bipolar PPN,
which displays a spectacular S-shaped string of
point-symmetric knots extending over 17", observed
from the ground by Bobrowsky et al. (1995) and Ri-
era et al. (1995). With the help of HST WFPC2
observations it is now possible to resolve the sub-
arcsecond structure of the outer knots and the inner
regions (Borkowski et al. 1997). The most spectacu-
lar features observed in Hen 3-1475 are its very high
velocity outflows (Riera et al. 1995; Bobrowsky et pact source close to the central star (Bobrowsky et

al.1995; Riera et al. 2000; Borkwoski & Harrington & 19953 Knapp et al. 1995), indicating that the cen-
2001) ’ ’ tral star became hot enough to ionize the gas in its

vicinity. These observations, together with the indi-
cations of nitrogen overabundance, indicate that the
central star is undergoing the transition from the

that mass loss is still on-going. This is confirmed by
the detection of thermal emission from hot dust in
the near infrared. The molecular gas in the enve-
lope has been detected in CO as an expanding torus
of material. In addition, Hen 3-1475 also exhibits
strong OH maser emission (te Lintel Hekkert 1991;
Bobrowsky et al. 1995). Both CO and OH show a
broad (60 km s™') component indicative of a fast
molecular outflow, which appears to be extended.
VLA observations revealed the presence of a com-

The strong far infrared excess detected by IRAS
is interpreted as the remnant emission from the
AGB circumstellar shell, while the known presence of

strong P-Cygni profiles in the Balmer lines indicates
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AGB phase to the PN stage.

2. FLOW GEOMETRY AND KINEMATICS

The F658N HST image shows clearly the jet-
like structure and three pairs of symmetric emission
knots (see Figure 1). The detailed study of the inner-
most regions reveals the presence of converging lines
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connecting the innermost knots and the core region
in the NW and SE lobes (Borkowski et al. 1997). The
nomenclature used for the knots maintains the sin-
gle number names used by Borkowski et al. (1997).
The SE1 knot shows subarsecond structure, with the
existence of three compact condensations which are
labelled with a letter after the number.

2.1. Proper Motion Measurements

We have derived the proper motions of the knots
of the Hen 3-1475 jet based on F658N (A = 6590 A,
6\ = 285 A) images obtained on 1996 June 6
and 1999 September 19 with the HST using the
WFPC2. The F658N images were retrieved from the
HST Data archive. Their spatial resolution is 07045
pixel"'. In order to carry out the proper motion
measurements, the first- and second-epoch F658N
HST images were converted into a common refer-
ence system, with the Hen 3-1475 jet along the y
axis, oriented at a P.A. of 136°. After the trans-
formation, the average and rms of the difference in
position for the reference stars in the two images
was —0.318 £+ 0.08 pixels in the x coordinate and
0.096 + 0.06 pixels in the y coordinate.

We defined boxes which included the emission of
the individual condensations in each epoch, we com-
puted the two-dimensional cross-correlation function
of the emission within the boxes, and finally we de-
termined the proper motion through a parabolic fit
to the peak of the cross-correlation function. The
uncertainty in the position of the correlation peak
has been estimated through the scatter of the corre-
lation peak positions obtained from boxes differing
from the nominal one in 0 or 2 pixels (07090) in any
of its four sides. The error adopted has been twice
the rms deviation of position, for each coordinate,
added quadratically to the rms alignment error.

The results obtained for the knots along the
Hen 3-1475 jet are shown in Table 1. Our proper mo-
tion measurements for NW2 and SE2 are compatible
with the results obtained by Borkowski & Harrington
(2001). The tangential velocity has been calculated
assuming a distance to Hen 3-1475 of 5 kpc (Riera et
al. 1995; Riera et al. in preparation). However, the
distance to Hen 3-1475 is not well determined. A
distance to Hen 3-1475 of ~ 8 kpc has been deduced
by Borkowski & Harrington (2001) from the combi-
nation of their proper motion measurements and the
ground-based spectroscopy (adopting an inclination
of the jet axis to the plane of sky of 50°). In Fig. 1
we show the F658N HST 1999 image of Hen 3-1475,
with each knot identified with a label. The arrows
indicate the proper motion velocity of each knot, and
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Fig. 1. F658N HST WFPC2 image from 1999 observa-
tions (P.I. Harrington). The contour spacing is logarith-
mic. The arrows indicate the proper motion velocity of
each knot. The ellipses at the end of each arrow indicate
the uncertainty in the components of the velocity vector.
Both axes are labelled in pixels The spatial resolution is
0”045 pixel L.
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TABLE 1
PROPER MOTION MEASUREMENTS OF
HEN 3-1475
Knot b ey Vian"” P.A. (°)
SE2 —1.0+£2.6 13.240.9 315460 13249
SE1C —4.3+2.8 0.6£4.2 104+143 33+35
SE1IB 0.7£1.0 13.24+0.6 314444 13947
SE1IA 0.74£2.8 0.4+4.8 40+84 60+20

NW1 —-1.34+1.2 —-4.94+0.8 121£34 —28+16
NW2 —-2.9+1.1 —-10.6£0.9 260+34 —28+£5
NW3 —3.7£1.1 —10.2£0.9 258+41 —244£8

mas yr~ . Pkm sl

the ellipses at the end of each arrow indicate the un-
certainty in the components of the velocity vector.

The overall movement of the knots is close to the
axis of the jet with a small westward tilt. The inner-
most knots SEla and SElc do not show significant
proper motions, while the inner knot SE1b and the
intermediate knot SE2 show tangential velocities of
~ 315 km s~ . The intermediate knot NW2 and
the outermost knot NW3 show proper motions of ~
260 km s~ ', while the innermost knot NW1 show a
smaller but significant tangential velocity.

2.2. Radial velocities

We obtained long-slit spectra along the bipolar
axis with the Intermediate Dispersion Spectrograph
at the 2.5 m Isaac Newton Telescope (Observatorio
del Roque de los Muchachos, La Palma), with an
effective spectral resolution of 20 km s, covering
the [N1I] 6548, 6583 A, Hoy, [STI] 6717, 6731 A, and
[O1] 6300 A emission lines. The spatial resolution
was 0”33 pixel ™! (see Riera et al. (2000) for the de-
scription of the observations). The radial velocities
of the gas as a function of position have been ob-
tained following the standard method of extracting
the kinematical information by fitting multiple gaus-
sians to the observed emission line profiles. Figure 2
shows the radial velocity as a function of distance to
the central source for the [NTI] 6583 A, [STI] 6717
A, and [O1] 6300 A emission lines. Radial veloci-
ties are quoted with respect to the systemic radial
velocity (= 44 km s~ '). The 1-D trace from the
F658N HST image is plotted to aid in the identi-
fication of the emission knots admitted by the slit.
The position-velocity diagrams of [N I1] 6583 A, [ST1]
6717 A, and [0O1] 6300 A differ rather little. The
basic features—discussed below—appear in all emis-
sion lines we have studied, including Ha (described
in Riera et al. 2000).

Middle knots and outermost regions: The
middle knots exhibit double-peaked profiles. The
two components are centered at mean relative ra-
dial velocities of 550 and 365 km s~ '. Moreover, the
difference between the low and high velocity peaks,
decreases with increasing distance to the source. A
detailed inspection of Fig. 2 show that the velocity
of the low component seems to linearly increase with
increasing distance to the center, while the velocity
of the high-velocity component (redward in SE2 and
blueward in NW2) remains almost constant. The
emission lines from the intermediate knots show very
wide profiles. The total range in velocity exhibited
by the intermediate knots expands from 190 to 665
km s~ '

At the outermost regions the two components
merge with one another. At distances of £9” from
the center, the emission lines show one-peaked broad
profiles at radial velocities 4405 km s™' relative to
the systemic radial velocity, with a velocity disper-
sion of ~ 450 km s~ .

Innermost regions: The innermost knots are
characterized by very high radial velocities and ex-
tremely wide emission line profiles. In the innermost
regions (from 1 to 4”) the low velocity emission van-
ishes near ~ —44(4+29) km s~ ' and the high veloc-
ity gas can be traced up to —951(+1009) km s~
for NW1 (SEla). The strongest emission occurs in
the high velocity component, which is centered at
—942 km s~ ' in NW1 and 4926 km s~ ' in SEla.
There is a hint of a double-peaked profile, whose
peaks are wider and more widely separated in veloc-
ity than those of the intermediate knots. The high-
and low-velocity components are marked with an ar-
row in Fig. 2. The low-velocity peaks are centered at
~ —200 km s~ and 450 km s~ in NW1 and SEla
respectively.

Fig. 2 also illustrates the behavior of the strong
high-velocity component with distance from the cen-
tral source. There is a remarkable decrease of the
radial velocities with distance to the source for dis-
tances from 1”7 to 4”. The highest radial velocity
of the innermost condensations of the southern lobe
is found at the position of SEla (with a relative ra-
dial velocity of +926 km s~'). Downstream (along
condensations SE1b and SElc) the radial velocity
smoothly decreases with distance to the source (from
4926 km s~ to 4780 km s~ in only 175). A similar
but symmetric behaviour is observed in NW1, which
shows a radial velocity of —942 km s~ in the inner-
most region and decreases to —817 km s™! in 3”.
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Fig. 2. Relative radial velocities versus distance from the source position along the axis of the nebula. Relative velocities
and position are quoted with respect to the systemic radial velocity (= 44 km s™') and to the position of the central
star, respectively. Open circles: [N1I] 6583 A, filled circles: [S1I] 6717 A, and stars: [0 1] 6300 A.

3. SHOCK VELOCITIES

The emission observed from the jet of Hen 3-1475
is formed in the recombination region of shock waves
(Riera et al. 1995). The observed spectra are char-
acterized by extremely large [N 1I] 6583 A /Ha ratios
(~ 3.0), and electron densities of ~ 3000 cm 3.

We have obtained a grid of (steady 1D) plane-
parallel shock models with the photoionization-shock
code MAPPINGS Ic (Binette, Dopita, & Tuohy
1985; Dopita, Binette, & Tuohy 1984). We have
adopted a preshock density of 50 cm ™ and the
mean Type I PNe abundances (Kingsburgh & Bar-
low 1994). By comparing the observed emission line
ratios for the intermediate knots (Table 4 from Ri-
era et al. 1995) with the predictions of planar shock
models, we attempt to determine the velocity of the
shocks responsible for the observed spectra.

The results are shown in Figure 3, where the ob-
served and predicted emission line ratios are plot-
ted for comparison. Fig. 3 illustrates that the ob-
served [N1I] 6583 A/Ha ratios are roughtly repro-

duced for a wide range of shock velocities (from 100
to 250 km sfl), while the values of the temperature-
dependent ratio [NII](6584 + 6548)/5755 are only
marginally reproduced for a shock velocity ~ 100
km s~ '. The [N1] 5200 A/Ha ratios are reproduced
for shock velocities from 100 to 150 km s~'. These
results confirm that the gas is nitrogen enriched.

Furthermore, the observed [O IT1] 5007 A /Ha ra-
tios are reproduced for shock velocities higher than
120 km s~ *. The models predict too low [O1] 6300
A/Ha and [STI] (6717 + 6731)/Ha emission line ra-
tios. The weakness of the [O1I] and [SII] predicted
for shock models, with a severe disparity between
the observed and predicted emission line intensities,
is not surprising since shock models appear to have
problems in reproducing the observed line ratios in
SN remnants and HH objects (see, e.g., Dopita et al.
1984; Raga, Bohm, & Canté 1996).

The attempt to model the observed emission line
ratios using plane parallel shocks has been partially
successful. The spectra might arise in the recombi-
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Fig. 3. Predicted emission line ratios for a grid of 1-D
steady shock models as a function of shock velocity (solid
line). Dashed lines are the observed emission line ratios
for NW2 and SE2.

nation region of a shock wave with velocity ranging
from 100 to 150 km s, moving throught a nitrogen
enriched gas.

4. DISCUSSION

The main results we have obtained from long-slit
spectroscopy and the proper motion measurements
are summarized below:

(i) The profiles are double-peaked with ex-
tremely wide emission line profiles in both the inner-
most and intermediate condensations. In the middle
knots emission lines extend from 665 to 190 km s_l,
and in the innermost regions (at distances of ~ 3"
from the central source) a velocity dispersion of
~ 900 km s~ ! is observed.

(if) Within the intermediate condensations there
is a systematic, slow variation of the velocity of the
low-velocity component.

(iii) The radial velocity of different knots de-
creases with increasing distance from the source in
a step-like fashion, showing an abrupt velocity vari-
ation (of ~ 350 km s™') at the position of the in-
termediate knots. The radial velocity decreases by
146 km s~ and 125 km s™! along SE1 and NW1,
respectively.

(iv) High proper motions have been measured for
several condensations (see Table 1). Tangential ve-
locities of ~ 260 km s~ have been measured in NW?2
and NW3 and ~ 315 km s~ ' in SE1b and SE2. No

variation of the tangential velocity with distance to
the source has been detected.

(v) The emission line spectra are (qualitatively)
reproduced by plane parallel shock waves.

Some of the properties enumerated above have
been observed in HH objects. HH objects show
prominent double-peaked profiles, where the high
velocity and low velocity components are spatially
displaced (see, e.g., Solf et al. 1986; Heathcote et
al. 1998). Some HH objects show extraordinarily
large velocity dispersion (e.g., HH 80-A and HH 81-
A reach a velocity dispersion of 700 km s_l), and
a slow but systematic decrease of the radial veloc-
ity along the condensation (e.g., in HH 32: Solf et
al. 1986). High radial velocities and the presence
of abrupt variations at the position of the internal
knots of the jet have been observed in several HH
jets (e.g., HH 46/47, HH 32, HH 34: Heathcote &
Reipurth 1991; 1992; Solf et al. 1986; Hartigan et al.
1986), and several of these knots of the HH jets show
high proper motions (see, e.g., Eislofel et al. 1994;
Lépez et al. these proceedings). The relevant simi-
larities between HH jets and the jet of Hen 3-1475
point towards a common mechanism responsible for
the formation of the knots. Different scenarios have
been proposed to explain the formation of string of
aligned knots in HH jets (see, e.g., Raga 1995). The
proper motions, the variation of the radial veloc-
ity with increasing distance from the source and the
abrupt velocity variation favours the intrinsic veloc-
ity variability (Raga 1993). In the time-dependent
analytical approaches and numerical simulations the
knots are internal working surfaces that result from
a time dependent source. The predictions from the
time dependent models are in qualitative agreement
with the observations (Raga 1993).

We therefore propose that the emission knots ob-
served in Hen 3-1475 arise from internal working
surfaces (at least for the knots showing significant
proper motions) in a time dependent flow. It is pos-
sible that some of the radial velocity variations de-
tected along the jet of Hen 3-1475 are due to energy
losses along the flow and precession, but the abrupt
decrease is the most compelling evidence for velocity
variability. The overall picture supports the descrip-
tion of the system as the result of time-dependent
ejection velocity and direction.
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