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Abstract: During the last decades, observations, mostly with the Hubble Space Telescope, have
revealed that round Planetary Nebulae were the exception rather than rule. A huge variety of features
are observed, such as jets, discs, tori, showing that the ejection of material is not due to isotropic
radiation pressure on a spherical shell and that more physics is involved. This shaping process
certainly occur early in the evolution of these low and intermediate mass stars and must leave
imprints in the evolutionary stages prior the PN phase. Thanks to news instruments on the most
advanced telescopes (e.g., the VLTI, SPHERE/VLT and ALMA), high angular resolution observations
are revolutionising our view of the ejection of gas and dust during the AGB and post-AGB phases.
In this review I will present the newest results concerning the mass loss from AGB stars, post-AGB
stars and related objects.

Keywords: AGB stars; post-AGB stars; planetary nebulae

1. Introduction

The aim of this asymmetrical planetary conference series, started in 1994, has been to understand
the cause of the spectacular morphologies displayed by planetary nebulae (PNe). It appears fairly
clearly now that the departure from spherical symmetry observed for PNe is due to an extra momentum
brought by a binary companion [1–4]. As it appears clear that a large fraction of PNe is being shaped
by binaries, sign of interactions with companions on previous stages of stellar evolution (AGB and
post-AGB) should be observable. This is made difficult by the fact that these objects are more compact
and often embedded in dust. Fortunately, we now have instruments able to probe the very close
environments of such stars, and even to map their surfaces. In the course of this conference series,
we indeed switched from subarcsec resolution observations to the milliarcsec era. Figure 1 (courtesy of
Pierre Kervella) displays the resolution achieved by some of the main current instruments at different
wavelengths. We can now probe regions between 1 and 20 milliarcsec in size from the optical to the
submillimetre domain. For a star at 100 parsec, this means we can map material as close 0.1 AU of the
central star, i.e., that we can map the surfaces of nearby giant stars.

In this review I will show how these high angular resolution instruments are revolutionising our
view of AGB and post-AGB stars and present some high-angular resolution observations of related
(massive) objects that can help us understand the shaping of PNe.
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Figure 1. Angular resolution (in miliarcsec) as a function of wavelength for the instruments of the Very
Large Telescope (VLT), the Very Large Telescope Interferometer (VLTI), CHARA and ALMA.

2. AGB Stars Morphologies

Before becoming a PN, stars with masses between 0.8 and 8 M� evolve along the Asymptotic
Giant Branch (AGB). Convection and pulsation of AGB stars extend their atmosphere and can trigger
shocks that can lead to dust formation. Radiation pressure on these dust grains (via absorption or
scattering) can trigger the mass loss from these stars, gas being then carried along via friction [5] (and
references therein). Understanding these mechanisms is the key to understand dust and gas ejection
along the AGB and the formation of circumstellar envelopes that will become PNe once the central
star will leave the AGB and get hotter and ionise the gas.

Optical/IR nterferometers such as the VLTI are now able to reach resolutions down to 1 milliarcsec.
Combining images with more than two telescopes and using different setups (separation, position
angle on the sky), it is now possible to reconstruct images in the near-infrared and to resolve the surface
of the closest AGB stars. With such observation, using PIONIER/VLTI, Paladini et al. [6] mapped
convective cells (with typical sizes of ∼27% of the surface of the star) at the surface of the AGB star
π1Gru. When one add spectral resolution to such observations (as could be done with AMBER/VLTI),
one can map molecules close to the surface and the photosphere of giant stars. This was done e.g.,
for the carbon stars R Scl [7], for which different gas layers (C2H2, CO and HCN) where shown to be
more extended than the stellar surface, forming a so-called MOLSPHERE. Dust also appears to be non
uniformly formed close to the star. Similar observations of W Hya also enabled to map a MOLSPHERE
with CO extending up to ∼3 R∗ [8].

Extreme adaptive optics instruments such as SPHERE/VLT can also produce images with
resolution down to 15 milliarcsec and very high contrast in the optical and near-infrared. In the
optical, this enables to map the light scattered by dust, and using polarimetric measurements, to study
the dust properties. The closest AGB star R Dor was thus the first AGB star for which a direct image
of its surface was obtained [9]. W Hya was also observed with SPHERE [8]. Three dust clumps were
mapped, showing that the dust ejection was clumpy and not uniform, and that dust formation is
induced by pulsation and convection. The dust properties are observed to evolve with time, with
variations within 8 months. Such a behaviour, with non uniform and clumpy dust formation was also
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observed for the AGB star IRC+10216 [10]. Modelling of the polarization map of oxygen-rich AGB
stars revealed the presence of micron-sized dust grains, indicating that the mass-loss process could
be due to scattering (emission from AGB stars peak around 1 micron and scattering by dust is more
efficient when grains have similar size to the peak emission of the star), as predicted by S. Hoefner [5].

Optical/NIR high angular resolution observations of AGB stars have thus revealed that dust
formation was not uniform, leading to non-spherical inner envelopes of AGB stars. One could then
wonder how the presence of a binary companion could affect these envelopes. Direct detection of
binaries around AGB stars is made difficult by the pulsation of the star and the fact it is embedded
in dust [4]. The submillimetter interferometer ALMA, thanks to its spectral and spatial resolution
(see e.g., [11]) has then been a great tool to indirectly detect binaries around AGB stars. The interaction
with a wide binary can indeed lead to the formation of spirals around AGB stars [12]. Such spirals are
being commonly detected around AGB stars with ALMA and other millimetter interferometers such
as SMA and SMT [13–18]. But these AGB stars in binary will most likely not form bipolar PNe, as they
will not get sufficient angular momentum from their distant companions. Closer companions should
form equatorial over densities that will favour a polar ejection of material.

The presence of discs and jets has been inferred by millimetre observations for the AGB stars
V Hya and Π1 Gru [19,20], but no AGB star was directly imaged showing the AGB star and its
companion, a disc, and material outflowing perpendicular to its disc. Such a system was discovered
around one of the nearest AGB star, L2 Pup, using optical and near-infrared high angular resolution
imaging [21,22]. Polarimetric observations enabled to obtain high contrast images of the disc (the star
is not polarised will disc scatter and thus polarise light), with an inner rim of 6 AU. Interaction between
the disc and the binary system, resolved by SPHERE (with a separation of 2 AU), form structure s that
propagate in a direction perpendicular to the disc. This object is very probably a bipolar nebula in a
very early stage. Combining these SPHERE observation with ALMA ones [23,24] enabled to show that
the disc was in keplerian rotation. The central star had an initial mass of ∼1 M� and the companion
could be a massive planet. The angular momentum of the disk surpasses the one expected from the
star, supporting the scenario of disc formation through angular momentum transfer via a binary.

3. Shaping of Post-AGB Stars

After the AGB phase, the envelope get detached but is not ionised yet, this is the post-AGB phase.
This phase is generally characterized by a double-peaked spectral energy distribution, with a peak
in the optical due to emission from the star, and a peak at longer wavelength (in the infrared) due to
emission from dust. However, if a post-AGB is in a binary system, a disc or a torus can be formed,
leading to the presence of warm dust (at the dust condensation temperature at ∼1000–1500 K), filling
the gap between the optical peak of the star and infrared dusty one [25].

I would actually like to make use of this review to raise a common problem in evolved stars
nomenclature. Post-AGB and proto-Planetary Nebulae are not the same ensemble. Indeed, while all
proto-PNe will give raise to a PN (by definition, as proto-PNe are PNe in the making), it is not the case
for all the post-AGBs. The formation of a PN requires the presence of gas close enough to the star to
be ionised once the star gets hot enough. Thus, if the envelope is removed before the star gets hot,
the star will go through the post-AGB phase, but will never make a PN. Thus, the dusty RV Tau stars
(a.k.a. the van Winckel’s objects) are binary post-AGB stars surrounded by a disc and mostly with no
circumstellar material outside the disc and most of them will most likely not form a PN.

Another issue I would like to raise is the wavelength dependence of post-AGB objects’
morphologies. A bipolar post-AGB star with an equatorial disk and material outflowing in a direction
perpendicular to its disc will look different in the optical and in the infrared. Indeed at short
wavelengths we are more sensitive to light scattered by the disc and we thus obtain images elongated
perpendicular to the disc. But if we observe in the infrared, what we see is the emission from dust and
elongation along the disc direction. Similarly a bipolar nebula with holes will appear bipolar in the
infrared, while searchlight beams of light scattered through the holes will be observed in the optical.
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Morphological classification needs to be clear about that, as the same object observed at different
wavelengths will have different morphologies.

Observationally speaking, most of the post-AGB objects seem to be aspherical [25]. They harbour
two kinds of equatorial over densities. This can be either a torus, which is usually massive (∼1 M�), in
slow expansion (a few km/s) and with a limited angular momentum. They are short-lived, as, if the
gas supply cease, they quickly vanish. Such a torus was recently mapped with ALMA [26], around
IRAS 16342, the water fountain. It harbours a dense (3 × 106 cm−3), slowly expanding (20 km/s)
torus, which appeared to have been formed before the observed jets (the torus has a dynamical age of
160 years vs. 110 for the jets).

The other kind of equatorial structures observed is discs in keplerian rotation, with a larger
angular momentum and thus lifetime. Such discs where revealed by ALMA for a few post-AGB
objects, such as the Red Rectangle [27] and AC Her [28]. The ALMA observations of IW Car [29] are a
great example of what the angular resolution combined with spectral resolution of ALMA can teach us
about such objects. It reveals a binary post-AGB star with a disc, with outflow perpendicular to the
disc (which has a dynamical age of 10,000 years) and that there is 8 times more material in the disc
than in the outflows.

Finally, optical/near-infrared interferometry is now able to produce images, making it less scary
and easier to understand for non-specialists than closure phases and visibilities. With an instrument
like PIONIER/VLTI, et al. [30] were thus able to obtain a very impressive result: the first image of a
post-AGB system with a circumbinary disc. They detected a compact circumpanion accretion disc,
where the outflow very likely originates. It would now be interesting to follow-up this object to see the
time evolution of the accretion and the outflows.

4. Shaping of Related Objects

In the previous paragraphs, I have shown how high angular resolution observations with
instruments such as the VLTI, SPHERE/VLT and ALMA were revolutionising our view of the shaping
of evolved stars from the AGB to the PN phase. To conclude, I would like to also emphasize that
similar study of related object can teach us a lot about the shaping of PNe (this will by the way be one
of the topics of the next Asymmetrical Planetary Nebulae conference).

Combining SPHERE and ALMA observations of the Red Supergiant Betelgeuse, Pierre Kervella
and his team completely changed the way we are now seeing this emblematic star. Plumes of gas are
seen extending out the photosphere up to 3 stellar radii, and an incomplete dust shell is resolved at
∼3 R∗ [23]. The observed asymmetries are also consistent with what is predicted from 3D convection
models. ALMA observations enable them to clearly “see” the rotation of the star in ∼36 years and to
show evidence for a polar ejection certainly due to convection [31].

Similarly, the post-RSG spectroscopic binary system AFGL 4106 was observed with SPHERE
(Figure 2). The binary system is clearly resolved for the first time and the amazingly complex
morphology of the envelope is revealed, with signs non-continuous ejections in many directions
(Lagadec et al., in prep).

Symbiotic stars are another kind of interesting related binary systems. They contain a mass-losing
AGB star whose material is accreted by a compact object, usually a white dwarf. R Aqr is a prototypical
object of this class and was one of the fist object to be mapped with SPHERE [32]. It countains a Mira
variable, a hot companion and a spectacular jet outflow. These data reveal the inner part of the jet,
showing it is emerging from the companion and precessing. They were able to measure the density of
the jets, which will be of great interest for modellers to discriminate different jets scenarios. The binary
system is clearly resolved (8 AU of separation), and its orbit is being monitored. This system should
thus soon become a benchmark for the physics of jets in accretion systems.

Another kind of related objects are the binary Wolf-Rayet systems, were dusty spirals are formed
due to the interaction of the winds of a WR star and its O companion, forming huge amounts of dust
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(up to 10−6 M�year−1). SPHERE enabled to directly image such a spiral for the first time [33] and to
map 5 revolutions of the spiral and revealed that the system was not a binary but a triple system.

Finally, SPHERE also enables to map the inner part of the circumstellar material around one of
the most iconic object in the sky: Eta Carinae. It is a massive binary system containing a Luminous
Blue Variable star and a O-type star, with a total mass between 100 and 200 M�, which erupted in the
mid 19th century, leading to the formation of a giant bipolar nebula, nicknamed the Homunculus, with
a morphology very similar to typical PNe. Another eruption, known as the “lesser eruption” occurred
in 1890, creating blobs known as the Weigelt blobs. The SPHERE observations revealed many new
blobs and the motion on the sky of the known blobs since their discoveries in 1988.

Figure 2. SPHERE/VLT observations of the post-RSG system AFGL 4106 (Lagadec et al., in prep).
This system was a known spectroscopic binary. The binary system is directly resolved for the first time
here (separation 0.3 arcsec). The interaction fo the post-RSG star with its massive companion lead to a
very complex, non isotropic, ejection of material.

5. Conclusions

To conclude this review, in the last years, a lot of advances have been made on the study of the
surface and nearby environments of AGB stars. The first maps (via interferometry and direct imaging
techniques) of the surfaces have revealed convection cells covering a significant fraction of the stars’
surfaces. The stars also pulsate, and this convection and pulsation lead to dust formation. The dust
shells observed appear clumpy next to the surface of the stars and evolving in time, so that an onset of
asymmetry is observed near the surface of AGB stars.

Spiral patterns appear to be common around AGB stars and due to companions with rather large
separations: these stars more likely will not form bipolar nebulae, as the angular momentum transfer
between the AGB star and it companion is not efficient enough. It is thus interesting to notice that
most of the AGB stars observed most likely will not form bipolar planetary nebulae, while most of
the PPNe (if not all) are likely to form bipolar PNe: does the sample of known AGB and PPNe know
match? More work seems to be needed to find the AGB stars that will lead to bipolar PNe and PPNe
that will not form bipolar PPNe.
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Abstract: Collimated outflows and jets play a critical role in shaping planetary nebulae (PNe),
especially in the brief transition from a spherical AGB envelope to an aspherical PN, which is called
the protoplanetary nebula (pPN) phase. We present UV observations of Hen 3-1475, a bipolar pPN
with fast, highly collimated jets, obtained with STIS on board the Hubble Space Telescope (HST).
The deep, low-dispersion spectroscopy enabled monochromatic imaging of Hen 3-1475 in different
UV nebular emission lines; this is the first of such attempt ever conducted for a pPN. The northwest
inner knot (NW1) is resolved into four components in Mg II λ2800. Through comparison analysis
with the HST optical narrowband images obtained 6 yr earlier, we found that these components of
NW1 hardly move, despite of a negative gradient of high radial velocities, from −1550 km s−1 on the
innermost component to ∼−300 km s−1 on the outermost. These NW1 knot components might thus
be quasi-stationary shocks near the tip of the conical outflow of Hen 3-1475.

Keywords: late stage stellar evolution; planetary nebulae; theory and observation

1. Introduction

Hen 3-1475 (a.k.a., the “Garden Sprinkler Nebula”; also IRAS 17423-1755) is known to harbour
very fast bipolar outflows [1]. Since its nature as a protoplanetary nebula (pPN) was settled,
Hen 3-1475 has been imaged several times [2–5]. It has a highly collimated bipolar structure with
an S-shaped string of point-symmetric, [N II]-bright knots extending over ∼17′′ along the main axis
(Figure 1). High-dispersion spectroscopy revealed high-velocity jets (1200 km s−1, [4]); ultra-fast (up to
2300 km s−1) winds was detected very close to the central star [6]. Extended (or diffuse) X-ray emission
a signature of interactions of the fast and slow stellar winds. Hen 3-1475 is so far the only pPN where
diffuse X-ray emission is detected [7]; this X-ray emission mostly comes from its brightest NW11 knot,

1 Following (Borkowski et al. [3], Figure 2 therein), we hereafter refer the inner, middle, and outer pairs of knots in Hen 3-1475
as NW1/SE1, NW2/SE2, and NW3/SE3, respectively. Here NW means northwest, and SE means southeast.

Galaxies 2018, 6, 141; doi:10.3390/galaxies6040141 www.mdpi.com/journal/galaxies172
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whose emission is shock excited [4,8,9]. Its fast outflows are being collimated into jets far away from
the central star, through two inner cones (i.e., the limb-brightened edges of conical shocks; [3]), but the
collimation mechanism is not well understood.
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Figure 1. (Left) Negative grayscale images of the STIS FUV-MAMA (a) and NUV-MAMA (b) spectra
of Hen 3-1475; emission features are identified. Note the bright geocoronal Lyα. Red dotted lines mark
the position of the central star. The color bar below shows the grey scale coded in flux values (in units
of erg s−1 cm−2 Å−1). Panel (c): HST 2009 WFC3 color-composite image of Hen 3-1475 created with
F658N (red), F656N (green), and F555W (blue) and overlaid with Chandra X-ray emission contours
(yellow; Obs. ID 2580, PI: R. Sahai); white dashed lines indicate the STIS 52′′×2′′ long slit (PA = 124.◦65).
Panels (d–h): STIS UV spectral-line images (see legend) overlaid by WFC3 F658N emission contours
(magenta); the panels are displayed in negative greyscale and slightly smoothed to reduce noise.

The shock effects of stellar wind interactions can also be traced by UV emission. IUE detection
of UV emission lines in Hen 3-1475 was only marginal due to dust obscuration [10]. This proceeding
paper reports the first UV spectroscopy of Hen 3-1475 with high spatial resolution.

2. STIS Observations and the UV Spectra

Long-slit UV spectra of Hen 3-1475 were obtained with the Space Telescope Imaging Spectrograph
(STIS) on board the Hubble Space Telescope (HST) on 11 June 2015 (GO prop. #13838, PI: X. Fang, Cycle 22).
The STIS 52′′×2′′ long slit was centered on the core (R.A.=17h45m14.s19, Decl.=−17◦56′46.′′90) with a
position angle (PA, defined as the angle measured east from north) of 124.◦65, along the nebular axis.
All knots lie within the slit (Figure 1c). The FUV spectrum was obtained with the first-order grating
G140L (∼1150–1730 Å) and STIS/FUV-MAMA (0.′′0246 pixel−1) at an exposure of 2800 s, and has
a spectral resolution of R ∼1000–1440 with a dispersion of 0.6 Å pixel−1. The NUV spectrum was
obtained with the first-order grating G230L (∼1570–3180 Å) and STIS/NUV-MAMA (0.′′0248 pixel−1)
at an exposure of 2100 s, and has a spectral resolution of R ∼500–1010 with a 1.55 Å pixel−1 dispersion.
The STIS observations were made in the TIME-TAG mode. Data were reduced and calibrated using the
HST STIS pipeline, and are demonstrated in Figure 1a,b. The FUV spectrum covers N V λ1240 (a blend
of λλ1239,1243; all wavelengths in Å), C IV λ1550 (a blend of λλ1548,1551), He II λ1640, O III] λ1666,
etc. In NUV we detected C III] λ1908 (a blend of λλ1907,1909), C II λ2326, [O II] λ2470, and Mg II λ2800
(a blend of λλ2795,2803). The deep, low-resolution spectroscopy enables monochromatic imaging of
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Hen 3-1475 in UV nebular emission lines (Figure 1d–h). No fine-structure transition lines within any
doublet are spectroscopically resolved in our UV spectra.

3. UV Morphology of Hen 3-1475

In the STIS low-dispersion UV spectra, the overall morphology of Hen 3-1475 as seen in the HST
optical images is generally maintained in UV emission lines (Figure 1a,b), especially in Mg II λ2800,
the strongest emission line in our UV spectra, where the brightest region between the NW1 and SE1
knots are shown. We created UV monochromatic images by first carefully selecting and chopping from
the STIS 2D spectrograms rectangular regions (centered on UV emission lines), and then registering
them with the archival WFC3 F656N image (GO prop. 11580, PI: B. Balick); NW1 and SE1 are both seen
in the UV spectral-line images and thus used as reference when aligning the chopped UV images with
the WFC3 F656N image. The UV morphology of Hen 3-1475 was studied in Mg II λ2800, the brightest
nebular emission line in the STIS UV spectra. The WFC3 narrowband filters F656N and F658N show the
Hα and [N II] λ6583 emission, respectively, from the jets and knots in Hen 3-1475 that are presumably
shock excited [4].

Our HST STIS UV spectroscopy of Hen 3-1475, utilizing a broad (2′′ width) long slit that covers
the whole object, follows essentially the same technique employed in the previous STIS optical slitless
spectroscopy of the Magellanic Cloud PNe [11,12]. In an optical slitless (or broad-slit) spectrum,
the overall morphology of the target can be seen at different nebular emission lines; this is equivalent to
monochromatic imaging of the target at individual emission lines. Our STIS UV low-dispersion spectra
have the similar format, as the tilted nebular axis of Hen 3-1475 (with respect to the slit direction)
that follows the optical image is also seen in the UV emission lines (see Figure 1a,b), except that, as
discussed in Section 4, the radial velocities of the jet in Hen 3-1475 are so high that some features
along the jet are blueshifted with respect to their counterparts in the HST narrow-band images (see the
description below and the discussion in Section 4).

In the Mg II λ2800 spectral-line image (Figure 1d), the NW1 knot is resolved into four components,
hereafter named A, B, C, and D from inside out (Figure 2, top), with angular sizes of ∼0.′′12–0.′′14 along
jet axis; in the other UV lines, generally fainter than Mg II, only B, C, and D are seen (Figure 1e–h).
The SE1 knot seen in the UV could be the counterpart of the outermost component D. The optical
counterparts (in Hα) of the four UV components A, B, C, and D are located 2.′′49, 2.′′67, 2.′′91, and 3.′′30
from the central star, respectively. B, C, and D are “elongated” (in the dispersion direction) in the Mg II

spectral-line image, which may be due to internal velocity gradients [4]; this effect is obvious in B and
C, which are compact in the Hα image. D comprises two subcomponents in Hα that are ∼0.′′15 apart
and stretch by 0.′′32, similar to the size in the UV. The NW conical shock “converges” on A (Figure 2),
the most compact (radius∼0.′′06) among the four NW1 components in the UV.

Along the dispersion direction of the STIS NUV spectrum, most of the components of the NW1
knot are displaced with respect to their optical counterparts, especially in Hα; we briefly discuss this
in Section 4. Along the slit direction, positions of A, B, and C in the UV are unchanged compared to
their counterparts in Hα. Component D and SE1 in the UV are slightly outside their Hα counterparts
(Figure 2, top) due to jet propagation since 2009. The position of D in Mg II is shifted outward
(i.e., towards NW) by 0.′′069 from its position in Hα, which corresponds to a proper motion of
11.8 mas yr−1, or ∼280 km s−1. Similarly, SE1 in Mg II is displaced from its position in Hα by 0.′′091,
corresponding to ∼15.5 mas yr−1, or ∼360 km s−1.

In the NUV spectrum, <2′′ from the central star, there are four “stripes” (or striations) that are
more prominent near the red end of STIS NUV-MAMA (Figure 1b). These striations are only detected
in the NW lobe, and seem to spatially align with the optical features at corresponding locations: in Hα

and [N II], the hollow U-shaped “bowls” near the nucleus of Hen 3-1475 also seem striated (Figure 1c).
The central region of Hen 3-1475 is dominated by the scattered starlight as shown in the HST STIS
G750M spectrum ([4], see Figure 2 therein). Along the jet axis, the four UV striations in the NW lobe
are ∼0.′′13, 0.′′5, 0.′′95, and 1.′′43 from the central star (Figure 2, bottom).
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A B C D
NW1 

SE1 

F656N 

Figure 2. (Top) Emission contours (in cyan) of the STIS Mg II λ2800 line overlaid on the 2009 WFC3
F656N image showing the central 2′′×10′′ region of Hen 3-1475; images are displayed in logarithm and
data counts are indicated on the colorbar. The NW1 knot is resolved into four components (A, B, C,
and D labeled in blue) in Mg II emission. Nebular core is saturated in F656N to enhance lobe structures,
including NW1/SE1 and the conical shocks. (Bottom) Emission profiles of different UV nebular lines
along a cut (green-dashed rectangle in the top panel) through the central star and the NW1 knot
components, at PA = 311◦; positions of the four components of NW1 and the striations seen in Mg II

emission (Figure 1d) are labeled. The other UV emission lines are shown in Figure 1e–h.

4. Jet Kinematics and Preliminary Interpretation

In the slit direction (i.e., along the nebular axis of Hen 3-1475), positions of A, B, and C in Mg II

λ2800 emission generally coincide with those of their counterparts in Hα (the WFC3 F656N image
obtained in 2009). Along the dispersion direction (i.e., perpendicular to the long slit) of the STIS NUV
spectrum, these three inner components of NW1 show noticeable blueward displacements with respect
to their counterparts in Hα (Figure 2, top); these displacements are probably due to Doppler shift,
given that the NW jet of Hen 3-1475 has high approaching radial velocities [4,8].

Compared to the Hα image, A, B, and C in Mg II emission are shifted blueward by −1550 ± 160,
−1200 ± 330, and −1100 ± 400 km s−1, respectively. The systemic radial velocity of Hen 3-1475
(+40 km s−1, [4]) is well within the velocity errors. At 2800 Å the kinematic resolution of the G230L
grating is ∼310 km s−1 (as given by the STIS Instrument Handbook), which can be set as an upper-limit
approaching speed of the outermost component D. Adopting this radial speed and the sky-projected
velocity of D (∼280 km s−1, see Section 3), we deduce a jet inclination (i, with respect to the line of
sight) ≥42◦, which is consistent with the previous estimate of 40◦ [4]. The radial velocities of A, B, C,
and D of the NW1 knot generally follow a trend of negative gradient, as found in previous HST STIS
G750M optical spectroscopy of the [N II] and Hα emission lines (in 1999; [4]).

The unchanged (or very little changes in) radial positions and fast Doppler speeds of the NW1
knot components seem to resemble quasi-stationary shocks: A, B, C, and D may actually be shock
interfaces where the outflowing gas moves through with high speeds, and have no (or very small)
measurable proper motions; each of these clumpy shocks may brighten or fade in time owing to
variations in density or speed of the gas flow. The negative radial velocity gradient in NW1 may then
be explained as a series of speed losses of the (possibly unstable) flow as it propagates outward along
the jet. This interpretation, although quite reasonable, is speculative and needs careful assessment
with comprehensive hydrodynamic simulations.
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A precessing jet model with a time-dependent ejection velocity was proposed to interpret the
observed morphology and kinematics of Hen 3-1475 [13]; but this model might still be ad hoc.
The actual jet dynamics within the lobes could be more complex than previously anticipated.
An investigation of the multi-epoch HST F658N images suggests that the outer knots (NW2/SE2
and NW3/SE3) of Hen 3-1475 may not be the radially fast-moving “bullets” as previously thought,
but locally excited due to Kelvin–Helmholtz instabilities [14]. If this is true, then NW2/SE2 and
NW3/SE3 are probably different from NW1/SE1 in terms of formation and excitation. Better
understanding of the jets in Hen 3-1475 requires better modeling.

The simultaneous detection of X-ray, UV and optical emission suggests that the NW1 knots
are cooling regions with strong temperature gradient. We also expect ionization stratification in
NW1, i.e., Mg II and Hα may come from different regions. However, the UV components (at least,
the innermost component A) of NW1 are spatially unresolved in our STIS UV monochromatic imaging,
given that their angular sizes are comparable to the actual angular resolution of the STIS/NUV-MAMA
detector (0.′′06, as provided by the STIS Instrument Handbook); thus our comparison of the NW1 knot
positions in Mg II and Hα is reasonable.

5. Summary and Conclusions

We report on monochromatic imaging of Hen 3-1475 in UV nebular emission lines obtained
through the HST STIS UV long-slit spectroscopy; this is the first of such attempt ever made for a pPN in
the UV. We analyzed the UV morphology of Hen 3-1475, in conjunction with the archival HST optical
narrowband images. The high spatial resolution of our STIS imaging enables a very sharp view of the
inner region of Hen 3-1475, especially the NW1 knot near the tip of the inner conical shock. The NW1
knot is clearly resolved into four components in the Mg II λ2800 line emission.

The four UV components of the NW1 knot are distributed roughly along the jet axis. Compared
to their optical counterparts in Hα, the four components of NW1 are mostly blueshifted in the Mg II

spectral-line image, probably due to their high (approaching) radial velocities, from −1550 km s−1

on the innermost component to ∼−300 km s−1 on the outermost one. Despite of their high Doppler
speeds, these components of NW1 show no obvious proper motions compared to previous HST
imaging, indicating that they might be quasi-stationary shocks where fast gas flows through.
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Abstract: Due to thermal pulses, asymptotic giant branch (AGB) stars experience periods
of convective mixing that provide ideal conditions for slow neutron-capture nucleosynthesis.
These processes are affected by large uncertainties and are still not fully understood. By the lucky
coincidence that about a quarter of all post-AGB stars turn hydrogen-deficient in a final flash of the
helium-burning shell, they display nuclear processed material at the surface providing an unique
insight to nucleosynthesis and mixing. We present results of non-local thermodynamic equilibrium
spectral analyses of the extremely hot, hydrogen-deficient, PG 1159-type central stars of the Skull
Nebula NGC 246 and the “Galactic Soccerballs” Abell 43 and NGC 7094.

Keywords: stars: abundances; stars: AGB and post-AGB; stars: atmospheres; stars: individual:
WD 0044−121; stars: individual: WD 2134+25; stars: individual: WD 1751+106

1. Introduction

There are different evolutionary channels a star may go through after leaving the asymptotic giant
branch (AGB). About a quarter become hydrogen (H) deficient as a result of a late flash of the helium
(He)-burning shell (late thermal pulse, LTP, c.f., [1]). For stars still located on the AGB at this event
(AGB final thermal pulse, AFTP, Figure 1), the H-rich envelope (with a mass of 10−2 M�) is mixed with
the helium (He) rich intershell material (10−2 M�). If the final flash happens after the departure from
the AGB (envelope mass ≤ 10−4 M�), H is either diluted by mixing in the LTP, if the nuclear fusion is
still “on”, or it is mixed down and totally consumed by the He-shell, if the star is already on the white
dwarf cooling track, fusion is “off” and, thus, no entropy border exists any more. Predicted H mass
fractions are 0.20 for an AFTP, 0.02 for an LTP and 0.00 for a VLTP ([1,2], and references therein).

The three objects presented in this work belong to the spectral type of PG 1159
stars (effective temperatures of 75,000 K ≤ Teff ≤ 250,000 K and surface gravities of
5.5 ≤ log(g / cm/s2) ≤ 8.0, [1]) resulting from the H-deficient evolutionary channel. The central
stars of the planetary nebulae (CSPNe) NGC 7094 (PN G066.7−28.2 [3]; CS: WD 2134−125 [4]) and
Abell 43 (PN G036.0+17.6 [3]; WD 1751−106 [4]), known as spectroscopic twins, belong to the
sub-type of hybrid PG 1159-stars [5] exhibiting H lines in their spectra and, thus, resulting from an
AFTP. In previous analyses, Teff = 100 ± 15 kK, log g = 5.5 ± 0.2, and a deficiency in Fe and Ni of
<1 dex were determined [6]. These stars are known to be fast rotators with rotational velocities of
vrot = 46 ± 16 km/s and 42 ± 13 km/s, respectively [7].
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Figure 1. (Left): Internal structure of an AGB star (from [8]); (Right): Occurrence of AFTP, LTP,
and VLTP in the Hertzsprung-Russell diagram.

WD 0044−121 [4] is the PG 1159-type central star of the Skull Nebula (NGC 246, PN G118.8−74.7 [3])
and with a mass of 0.7 M�, it is among the most massive of this type. Previous analyses revealed
Teff = 150 kK, log g = 5.7, and a Fe and Ni deficiency of about 0.25 dex. It rotates with 77+23

−17 km/s [7].
These stars are unique probes for AGB nucleosynthesis since they show the intershell material at the
surface and exhibit a strong enough wind to prevent processes like gravitational settling and radiative
levitaion to tamper the original composition. The aim of this analysis is to consider atomic data of
trans-iron elements (Z ≥ 30) that became available recently ([9], and references therein) for a NLTE
stellar-atmosphere calculation to determine abundances for a large set of elements to draw conclusions on
the evolutionary history of these stars and on AGB nucleosynthesis.

2. Observations and Model Atmospheres

Our analysis is based on high-resolution observations from the far ultraviolet (FUV) to the optical
wavelength range. The log for the observations retrieved from the Barbara A. Mikulski Archive for
Space Telescopes (MAST) and the European Southern Observatory (ESO) Science Archive is shown in
Table 1. For the calculation of synthetic spectra, we employ the Tübingen NLTE Model Atmosphere
Package (TMAP1, [10–12]) working under the assumption of a plane-parallel geometry and hydrostatic
and radiative equilibrium. For WD 2134+125 and WD 1751+106, we consider opacities of 31 elements
from H to barium Ba. The models for WD 0044−121 include the elements H, He, C, N, O, F, Ne,
Mg, Ar, Ca, Fe, and Ni. To analyse transiron-element abundances, we added them individually
in line-formation calculations in which the temperature structure is kept fixed and the occupation
numbers for the levels are calculated. We performed test calculations to confirm that these elements
do not affect the atmospheric structure (see also ([9], and references therein)). Atomic data for H, He,
and the light metals (atomic weight Z < 20) is retrieved from the Tübingen Model Atom Database
(TMAD2, [10]), for the iron group (Ca-Ni) elements, we used Kurucz’s line lists3 [13,14], and the
transiron-element data is available via the Tübingen Oscillator Strength Service (TOSS4). For all
elements with Z ≥ 20, a statistical approach is used based on super lines and super levels [10].

1 http://astro.uni-tuebingen.de/~TMAP
2 http://astro.uni-tuebingen.de/~TMAD
3 http://kurucz.harvard.edu/atoms.html
4 http://dc.g-vo.org/TOSS
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Table 1. Observation log for WD 2134+125, WD 1751+106, and WD 0044−121.

Object Instrument Dataset/ Prog. ID Start Time (UT) Exp. Time (s)

WD 2134+125 FUSE a P1043701000 2000-11-13 08:53:28 22,754
STIS b O8MU02010 2004-06-24 20:43:30 650
STIS O8MU02020 2004-06-24 22:19:29 656
STIS O8MU02030 2004-06-24 23:55:29 655

UVES d 167.D−0407(A) 2001-08-21 02:00:03 300
UVES 167.D−0407(A) 2001-09-20 01:40:00 300

WD 1751+106 FUSE B0520201000 2001-07-29 20:41:47 11,438
FUSE B0520202000 2001-08-03 22:18:20 9528

GHRS c Z3GW0304T 1996-09-08 07:00:34 4243
UVES 167.D−0407(A) 2001-06-18 05:03:38 300
UVES 167.D−0407(A) 2001-07-26 01:27:48 300

WD 0044−121 FUSE E1180201000 2004-07-12 17:01:47 6505
STIS O8O701010 2004-05-28 10:11:51 1967
STIS O8O701020 2004-05-28 11:31:56 2736

UVES 167.D−0407(A) 2002-09-06 09:32:22 300
UVES 165.H−0588(A) 2000-12-07 02:26:29 300

a: Far Ultraviolet Spectroscopic Explorer; b: Space Telescope Imaging Spectrograph; c: Goddard High
Resolution Spectrograph; d: UV-Visual Echelle Spectrograph.

3. Preliminary Results

For accurate abundance determinations, the precise knowledge of the stellar parameters
is an inevitable requirement. We redetermined the surface gravity using our best fit for
the observed line wings and depth increments of He II λλ 4100.1, 4338.7, 4859.3, 5411.5 Å and
H I λλ 4101.7, 4340.5, 4861.3 Å. The temperature determination is based on the ionization equilibrium
of O V/O VI using O V λ 1371.3 Å and O VI λλ 1080.6, 1081.2, 1122.3, 1122.6, 1124.7, 1124.9, 1126.3,
1290.1, 1290.2, 1291.8, 1291.9. The redetermination of vrot results in lower values for both hybrid
PG 1159 stars. The new values are summarized in Table 2.

Table 2. Parameters of WD 2134−125, WD 1751+106, and WD 0044−121.

WD 2134−125 WD 1751+106 WD 0044−121

Teff / kK 115 ± 5 115 ± 5 150 ± 10
log (g / cm/s2) 5.4 ± 0.1 5.5 ± 0.1 5.7 ± 0.1

vrot / km/s 28 ± 5 18 ± 5 75 ± 15
d / kpc 2.38+0.59

−0.70 2.94+0.82
−0.91 1.08+0.22

−0.26
M / M� 0.64+0.06

−0.07 0.60+0.09
−0.06 0.74+0.19

−0.23
Mini / M� 3.30+0.65

−1.43 2.87+0.71
−2.14 3.91+2.55

−0.88
log (L / L�) 4.04+0.32

−0.33 3.91+0.34
−0.32 4.27+0.41

−0.59

We found that the Fe abundance for both hybrid PG 1159 stars needed to be corrected. The lines
of Fe VII and Fe VIII appear weaker in the synthetic spectra due to the higher Teff and rotational
broadening that was not taken into account in previous works with the result that we find Fe to
be less deficient ([Fe] = −0.79 for WD 2134−125 and [Fe] = −0.43 for WD 1751+106, [X] = log (mass
fraction/solar mass fraction)). Due to the challenge of its fast rotation, no unambiguous identification
of Fe lines was possible for WD 0044−121. Based on Fe VII λ 1141.4 Å and Fe VIII λλ 1006.1, 1148.2 Å
an upper limit of the super-solar value [Fe] = 0.33 is reasonable. No clear identification of trans-iron
element lines was possible for any of the three stars. For the two hybrid PG 1159 stars, the strongest
computed lines were used to determine upper abundance limits for Zn, Ga, Ge, Kr, Zr, Te, I, and Xe.
This was not possible for WD 0044−121, since the atomic data for the most prominent ionization
stages of these elements in this high temperature range is still lacking. The abundance determinations
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are summarized in Figure 2. Mass and luminosity were determined using He-burning post-AGB
tracks [15] (Figure 3). Using the flux calibration of [16], we find spectroscopic distances for the stars.
The values are summarized in Table 2.

H He C N O F Ne
Na

Mg
Al

Si P S
Cl

Ar Ca Cr Fe Zn
Ga

Ge Kr Zr
Te

I
Xe

A 66 43
NGC 7094

NGC 246

-2

-1

0

1

2

3

4

5

6

  
[X

]

Karakas &  Lugaro (2016)
Mi  = 2.0 Z = 0.014
Mi  = 3.0 Z = 0.014
Mi  = 6.0 Z = 0.014

Karakas et. al (2018)
Mi  = 2.0 Z = 0.0028
Mi  = 3.0 Z = 0.0028
Mi  = 6.0 Z = 0.0028

-2

-1

0

1

2

3

4

5

5 10 15 20 25 30 35 40 45 50 55
 atomic number

  
[X

/O
]

Figure 2. Photospheric abundances (estimated errors +/− 0.1 dex) of WD 2134−125, WD 1751+106,
and WD 0044−121. Arrows indicate upper limits. In the lower panel, the abundances in
[X/O] = log (X/O)surf − log (X/O)solar with the number fractions of element X and O are compared
to the yields of the models from [17,18] for different initial masses.
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Figure 3. Positions of the CSPNe of NGC 7094, A66 43, and NGC 246 (within their error ellipses)
and related objects in the log Teff − log g plane compared with evolutionary tracks (labeled with the
respective masses in M�) of VLTP stars ([15], full lines) and of hydrogen-burning post-AGB stars ([19],
calculated with initial solar metalicity; dashed lines).
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4. Discussion

In our detailed spectroscopic analysis, we could confirm the high Teff and low log g of WD
0044−121 which places this star close to the Eddington limit for PG 1159 stars (Figure 3) and approves
its classification as one of the heaviest stars of this type. In return, this causes difficulties due to
instabilities in calculating model atmospheres for this star. As improvement, models including wind
effects will be employed in a further analysis of all these stars. The Fe deficiency is not explained
by nucleosynthesis models [17,18] that predict solar Fe abundances. A speculative reason for low Fe
abundances is the conversion into Ni and heavier elements due to neutron capture [20]. An enhanced
Ni/Fe ratio or a clear enhancement of trans-iron elements would indicate this. Unfortunately, no lines
of these elements were identified. Given the high distances above and below the galactic plane,
the progenitors of these stars could also belong to a low metallicity halo population. We included
the low metallicity models for the Small Magellanic Cloud [18] in Figure 2 for comparison but they
do not reproduce the negative [Fe/O] values for these stars and therefore cannot be consulted to
explain the Fe deficiency. Parallaxes of (0.431 ± 0.061) ′′ and (0.615 ± 0.059) ′′ for WD 1751+106 and
WD 2134−125, respectively, were published in the second data release of the Gaia mission from
which we can derive distances of (2.32 ± 0.33) kpc and (1.63 ± 0.16) kpc. The values lie below our
spectroscopically measured distances but for WD 1751+106, the values still agree within the error
limits. This might lead to the speculation of potentially too high surface gravity values.

5. Conclusions

In our NLTE spectral analysis of the CSPNe WD 2134−125, WD 1751+106, and WD 0044−121,
we improved the determination of the stellar parameters and found, for the first two objects,
upper abundance limits for s-process elements that have never been analysed in any of these stars
before. WD 0044−121 shows no clue for s-process element enhancement which leads to the speculation
that the s-process becomes less effective for higher mass and metallicity. Unfortunately, the abundance
limits cannot be used to constrain the nucleosynthesis models. In a forthcoming analysis, we plan
to search for the radioactive element technetium and for s-process signatures in the ejected
nebula material.
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Abstract: I review some aspects related to the influence of planets on the evolution of stars before
and beyond the main sequence. Some processes include the tidal destruction of a planet on to a
very young main sequence star, on to a low-mass main sequence star, and on to a brown dwarf.
This process releases gravitational energy that might be observed as a faint intermediate luminosity
optical transient (ILOT) event. I then summarize the view that some elliptical planetary nebulae
are shaped by planets. When the planet interacts with a low-mass, upper asymptotic giant branch
(AGB) star, it both enhances the mass-loss rate and shapes the wind to form an elliptical planetary
nebula, mainly by spinning up the envelope and by exciting waves in the envelope. If no interaction
with a companion, stellar or substellar, takes place beyond the main sequence, the star is termed a
Jsolated star, and its mass-loss rates on the giant branches are likely to be much lower than what is
traditionally assumed.

Keywords: planetary systems; planetary nebulae; stars: binaries; stars: AGB and post-AGB; stars:
variables: general

1. Introduction

Planetary nebulae (PNe) can be shaped by stellar and substellar companions (see Jones & Boffin
2017 for a recent review [1]). One open question that has been with us for more than two decades
(e.g., Soker 1996 [2]) is to what extent substellar objects, and in particular, planets, also shape PNe
(see De Marco & Izzard 2017 for a recent review [3]). De Marco & Soker [4] took that about one-quarter
of all stars in the initial mass range 1 − 8M� do form PNe, and estimate that about 20% of all PNe
were shaped via planets and brown dwarfs. This amounts to about 5% of all 1 − 8M� stars. In light
of the general interest in the manner by which planets can influence stellar evolution (e.g., [5–10]),
I discuss some issues related to star–planet interaction. The paper is based on a talk I gave at the
Asymmetrical Planetary Nebulae (APN) VII meeting (Hong Kong, December 2017), and all figures are
from my presentation at the meeting.

2. Engulfment of Planets by Asymptotic Giant Branch (AGB) Stars

For a planet to influence the envelope of an asymptotic giant branch (AGB) star, the envelope
cannot be too massive. This implies a low-mass star. However, for traditionally used mass-loss rates,
low-mass stars reach very large radii already on their red giant branch (RGB; Figure 1 [11]) and are
likely to swallow close planets before they even reach the AGB. The way to have planets interact
with their host star on the AGB is if the mass-loss rate on the giant branches is lower than what
traditional values are. In that case, the stellar core on the AGB and consequently the stellar radius
are larger than in standard theoretical calculations, and the star is much more likely to swallow a
planet on its upper AGB. Sabach & Soker [12,13] assume that Jsolated stars, i.e., those that are not

Galaxies 2018, 6, 58; doi:10.3390/galaxies6020058 www.mdpi.com/journal/galaxies184
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spun up in their post-main-sequence evolution, lose mass at a rate that is less than about one-third of
the traditional one (for justification see [12]). They then show that in that case, low-mass AGB stars
reach much larger radii and are much more likely to swallow planets than in standard theoretical
calculations. The assumption of lower mass-loss rates of Jsolated stars needs further examination by
future observations and theoretical studies.

Figure 1. Maximum radii stars reach on their RGB and AGB as function of their initial mass for
traditional mass-loss rates (from [11]).

3. The Fate of a Planet: Tidal Destruction versus Engulfment

The fate of the planet as it comes close to the envelope of a star depends on the density ratio. If the
density of the planet is larger than that of the star, it dives in to the envelope as one entity and starts a
common envelope evolution [14,15]. It will later be destroyed near the core by either tidal forces or
evaporation. Light planets are evaporated before they reach the core. Planets that are more massive
can reach closer to the core and then suffer tidal destruction with part of their material accreted onto
the core (marked “destruction on core” in Figure 3). If the density of the planet is lower than that
of the star, it is tidally destroyed and forms an accretion belt (or a disk) around the star. In Figure 2,
I present a schematic evolution of the planet and the stellar radii and densities, and mark which of the
two outcomes takes place. I give more details of the outcomes in Figure 3.

 

Figure 2. A schematic evolution of the radii and densities of planets and stars from the
pre-main-sequence phase to the WD phase. Upper panel: the ratio of the planet density to the
stellar density. If the ratio is above 1, the planet dives in to the envelope as one entity. If the density
ratio is below 1, the planet is tidally destroyed and forms an accretion belt/disk around the star. Lower

panel: The planet and stellar radii as function of time.
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Figure 3. Outcomes of planet–star interaction.

4. Intermediate Luminosity Optical Transients (ILOTs) with Planets

ILOTs are outbursts of a star or a binary system with a peak luminosity mostly between
those of novae and supernovae (other names for these events are red novae, luminous red novae,
and intermediate luminous red transients). Several studies have proposed that the interaction of a
planet with a star can account for a minority of ILOTs. Retter & Marom (2003 [16]) proposed that
V838 Mon was a result of planets entering a common envelope with a star. Bear et al. (2011 [17])
proposed that the destruction of a planet by a brown dwarf or a low-mass main sequence star can
result in an ILOT event. Kashi & Soker (2017 [18]) proposed that the outburst of the young stellar
object ASASSN-15qi was an ILOT event where a sub-Jupiter young planet was tidally destroyed by a
young main sequence star. Because the system was young, the density of the planet was smaller than
that of the star (Figure 3) and the planet was tidally destroyed. This, they suggested, resulted in the
formation of an accretion disc and a gravitationally powered ILOT. The mass of the planet was too
small to inflate a giant envelope and hence the ILOT was hot, rather than red. As well, its energy was
below that of classical novae.

Bear et al. (2013 [19]) discussed the possibility of observing the transient event that might result
from the tidal destruction process of an asteroid near a WD. However, this event is much weaker than
typical ILOTs.

5. Intermediate Luminosity Optical Transients (ILOTs)

In Figure 4, I present the energy–time diagram of ILOTs that Amit Kashi and I have been developing
in the last several years (see http://phsites.technion.ac.il/soker/ilot-club/ for an updated diagram).

We suggest ([18] and references therein) that these ILOTs are powered by gravitational energy in
one of several types of processes: (1) The secondary star is completely destroyed and part of its mass is
accreted onto the primary star, e.g., as a planet destruction onto a brown dwarf; (2) the secondary star
enters the envelope of a companion but stays intact and forms a common envelope, e.g., as Retter &
Marom (2003 [16]) suggested; (3) the secondary star accretes mass while outside the envelope of the
primary star, e.g., as in our model for the Great Eruption of Eta Carinae or our suggested scenario for
some PNe [18].

With Amit Kashi [20], we suggest that the binary progenitors of some bipolar PNe experienced
ILOT events that shaped the PN. The several-months-long to several-years-long outbursts were
powered by mass transfer from an AGB star onto a main sequence companion that orbits outside the
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AGB envelope. Jets launched by an accretion disk around the main sequence companion shaped the
bipolar lobes. Four such bipolar PNe are marked on Figure 4. They are marked with a long horizontal
line because we know more or less the kinetic energy of the nebulae, which is about the same as the
ILOT energy, but we cannot tell how long the mass ejection phase lasted.

 

Figure 4. Observed transient events on the energy–time diagram. Blue empty circles represent the
total (radiated plus kinetic) energy of the observed transients as a function of the duration of their
eruptions, i.e., usually the time for the visible luminosity to decrease by 3 magnitudes. The Optical
Transient Stripe is populated by ILOT events that we [18] suggest are powered by gravitational
energy of complete merger events or vigorous mass-transfer events. For details of this figure, see http:
//phsites.technion.ac.il/soker/ilot-club/.

6. Planet-Shaped Planetary Nebulae

When a planet spirals in inside the loosely bound envelope of an upper AGB star, it can excite
waves in the envelope and spin up the envelope, both of which can cause asymmetrical mass loss.
Finally, when the planet is destroyed near the core, it might lead to further asymmetrical mass loss from
inside the envelope, e.g., jets that might be launched by the core. For example, a Jupiter-like planet
might form a disk that launches jets with about a few percent of the mass of the planet. This amounts
to the jets’ mass of about few × 10−5M�. This mass is sufficient to form two opposite bullets (‘ansae’)
along the symmetry axis of the nebula.

I started the paper with the discussion of the general interaction of planets with evolving stars, I then
moved to discuss the formation of ILOTs with planet companions, and in Section 5, I mentioned some
bipolar PNe that can be shaped by ILOT events with a stellar companion to the AGB progenitor of the PN.
I now end the discussion of planet-shaped PNe by listing the evolutionary channels and the resulting PN
types. For that I use a table from De Marco & Soker (2011 [4]), which I present here as Figure 5.
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Figure 5. The evolutionary channels and the PN types that result from them (based on De Marco &
Soker 2011 [4]).

7. Discussion

I discussed some aspects of the influence of planets on late stellar evolution and its relation to
some aspects of stellar binary interaction. The main claim of this presentation is that planets can
influence the evolution of low-mass stars in, e.g., enhancing the mass-loss rate of RGB and AGB stars
(that without any companion are Jsolated stars that have low mass-loss rates, lower than what is usually
assumed), forming some ILOTs, and shaping PNe. There are other aspects I did not get into, such as
the strength of the tidal interaction between the planet and the star, some aspects of which can be
found in reviews from earlier related meetings (e.g., [21,22]).
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