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Abstract: In the centers of some planetary nebulae are found close binary stars. The formation
of those planetary nebulae was likely through a common envelope event, which transformed an
initially-wide progenitor binary into the currently observed close binary, while stripping the outer
layers away. A common envelope event proceeds through several qualitatively different stages,
each of which ejects matter at its own characteristic speed, and with a different degree of symmetry.
Here, we present how typical post-common envelope ejecta looks kinematically a few years after the
start of a common envelope event. We also show some asymmetric features we have detected in our
simulations (jet-like structures, lobes, and hemispheres).
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1. Introduction

About 20 percent of planetary nebulae (PN) were likely formed as a result of a common envelope
(CE) event that took place in the progenitor binary [1]. A CE event is an interaction during which one
of the stars of the binary (the donor) shares its outer layers with its companion star (see for a review [2]).
One of the possible outcomes of a CE event is the formation of a binary that is more compact than
the initial binary, where one of the stars is the hot core of the initial donor star. In the case of binary
formation, the shared CE is ejected; if the stripped core remains hot, the expelled CE may appear in
the future as a PN.

About 50 post-CE PN with central stars are known [1,3,4]; CE events could be responsible
for most non-spherical PNe [5]. Even though many post-CE PN are bipolar [4], the morphology
of the post-CE PN is not uniform. The observed morphology may depend on the observation
angle—e.g., an equatorial view favors a narrow-waist shape while a pole-on view favors a ring-type
shape. Observed post-CE nebulae sometimes have jets and are elliptical in a shape (see the collection of
various observed shapes of PNe in [1]). Not all of the observed non-spherical PNe have to be explained
by a CE interaction, some could be a result of a triple interaction or be shaped by planets [6,7]. On the
other hand, it has also been shown that a bipolar PN, which could be the most common shape for
non-spherical PNe (see, e.g., [4]), could not have been formed during a single star’s Asymptotic Giant
Branch (AGB) evolution [8,9], where a binary is needed to provide the angular momentum to shape the
final PN. This all hints that understanding of strong binary interactions during the envelope removal
is important for an overall understanding of PN morphology.

Proper simulation of PN formation due to a CE event must include a self-consistent
three-dimensional simulation of the CE event with complete ejection, and the follow-up evolution
during which the ejecta becomes a PN. The latter is expected to include a long-term interaction with
a pre-CE interstellar medium (presumably shaped by the previous episodes of mass loss by stellar
winds), radiative cooling of the expanding envelope, stages of a fast wind, and re-ionization by a hot
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central star. Recent simulations by Garcia-Segura et al. [10] have shown that, indeed, a bipolar shape
can be achieved as a result of considering the interaction of the envelope and a binary. The outer
lobes are usually bipolar and the inner lobes are elliptical, bipolar or barrel-type. That study gave
detailed attention to the late stages of post-CE evolution. For the initial conditions, they used CE
simulations presented in [11]. These CE simulations were performed using the adaptive mesh
refinement three-dimensional code FLASH 2.4 [12]. We note that the CE simulations used there
as the initial conditions did not end with a complete CE ejection, and there is still some substantial
envelope mass left behind, with an unknown fate.

In this contribution, we do the opposite: we provide the kinematic picture of very young, but
complete, post-CE ejecta obtained using the smoothed particle hydrodynamics three-dimensional code
StarSmasher [13,14]. A typical setup and description of successful CE events can be found in [15,16],
but the evolution of the ejecta is limited to about three years. We stress that the expansion age of the
ejecta that we can model is very small. It is much smaller not just compared to the age of a typical PNe,
>10,000 years, but also compared to the expansion age of the so-called protoplanetary, or preplanetary,
nebulae [17], which is of the order of 3000 years [18]. We term therefore the post-CE ejecta a few years
after a CE event as a PN embryo.

2. The Stages of a CE Event, and the Associated Mass Outflows

The outcome of a CE event is usually found using the energy formalism, first introduced
by Webbink [19], Livio and Soker [20]. The original energy formalism balances the released orbital
energy as an energy source, Eqp ini — Eorb fin, With the required energy to dispel the bound envelope,
Ebind,env- as the energy sink. It can be noted that, in this balance, the post-CE ejecta should have null
velocity at infinity. Recently, the energy formalism was updated to take into account what fraction
of the released orbital energy is taken away by the ejected envelope at infinity, %, as well as the
potentially available recombination energy, Eec [16]:

(Eorb,ini - Eorb,ﬁn)(1 - ‘X?nb) + Ebind,env + Erec =0 (1)

Recombination energy is a “potential” energy in the sense that it is not readily available to
drive an envelope expansion at the start of the CE event, but, after the recombination is triggered, it
can be useful at the late stages of a CE event. Recombination energy can remove all the remaining
bound parts of the envelope if the envelope material starts to recombine after it expands beyond the
“recombination” radius (for the definition, see [21]). The discussion on whether the recombination
energy can be used for driving the expansion of a CE, or it would be lost as radiation remains active.
Recently, it was shown that neither of the two energy transfer mechanisms in stars—normal sub-sonic
stellar convection or radiative diffusion—are capable of transferring the released recombination energy
to the surface in most of the cases of regular (as opposed to self-regulated) CE events [22]. A regular
CE event takes place on a dynamical timescale; during a regular CE event radiative losses from the
surface are negligible compared to the energy released from shrinking orbit (or other energy sources
inclusive of recombination). During a self-regulated stage of a CE event, first identified by Meyer and
Meyer-Hofmeister [23], the energy loss via surface luminosity matches the energy source. During a
self-regulated stage, the ionization profile by mass remains either constant, or propagates too slowly
for recombination to affect the CE event energetics and outcomes.

In the published simulations of completed CE events, the ejecta was found to take away about
20-50% of the released orbital energy [16]. The corresponding mass-averaged velocity of the ejecta
at infinity is in the range of 40-80 km/s. This is in principle higher than the observed expansion
velocities, which are typically <40 km/s [24-26], but this does not yet account for future deceleration
due to interactions with previously lost matter in the stellar wind, or with the interstellar medium.

The velocity of the ejected material is not constant across the ejecta—see the typical
direction-averaged profile in Figure 1. Ivanova and Nandez [21] identified four kinds of matter ejection
processes during a CE event. First is an “initial ejection”, before the plunge (for exact definitions
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of various stages, see [21]). In the initial ejecta, most of the angular momentum is taken away, and
the ejected material has a high velocity. The second ejecta are formed during the plunge, when the
energy the CE material receives is mainly the mechanical energy transferred from the shrinking binary
orbit. Once the envelope is puffed up and is no longer tidally coupled with the shrunken binary orbit,
the plunge is slowed down. The envelope ejection is now driven primarily by the recombination energy
and is termed as a recombination outflow. This fraction of the ejecta has almost uniform velocity;
the rate of the mass loss in the analyzed simulations is 0.2-2 M, year~!, but can be expected to vary
in general. Finally, as the slowly expanding but still bound envelope evolves on its new parabolic
trajectory, the bottom part of the envelope may fall back and trigger an additional dynamical ejection,
termed as a “shell-triggered” ejection (not shown in Figure 1).
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Figure 1. A typical profile of CE ejecta, weighted-by-mass averaged over all directions, shown using
the CE simulation of an initial binary consisting of a 1.2 Mg, red giant with a 0.32 Mg core and a
0.32 M white dwarf companion. The top panel shows velocity and the bottom panel shows density.
The profile is shown 800 days after the plunge. There is no envelope material left within the inner
1000 R .

If the rate of the envelope removal by recombination outflows is slow or ineffective, the system
may evolve into a self-regulated spiral-in. During the self-regulated spiral-in, the envelope continues to
lose material, by the combined work of recombination and pulsations [27,28]; a CE can also experience
shell-triggered ejections similar to the case of a dynamical CE event. The mass loss is mainly driven
during pulsations. This can only be modeled now using one-dimensional codes, and hence the
kinematic profile of the ejecta during a self-regulated spiral-in is not entirely clear.

3. Morphology of the CE Ejecta

The variety—in terms of donor masses, radii at the start of a CE event, the companion masses,
how well the stars’ rotation are synchronized with the orbit, etc.—of the three-dimensional simulations
performed to date with successful CE ejection is very limited, due to the heavy computational demand
of those simulations. Besides, the existing three-dimensional simulations were performed for the case
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of red giant donors, while the most likely donors in the case of the observed PNe are AGB stars. In this
respect, the results presented below are limited, and should not be expected to explain all plausible
PNe morphology, but they may give us some clues. Here, we use the simulations that were described
in [16]; the data presented here have not yet been published elsewhere. Simulations with a very low
mass companion were performed for this contribution, using the same numerical methods as described
in [16], using 200,000 particles for the donor star.

3.1. Typical Shape—Spherical Symmetry

The most typical shape of a post-CE ejecta, as found in three-dimensional simulations with
red giant donors, is spherically symmetric. As a slice in density, it can be said to have a ring shape
(see Figure 2), although one has to keep in mind that it is a two-dimensional representation of otherwise
rather spherically symmetric object. The ring contains most of the mass, although the entire ejecta
propagates well beyond the shown domain. This shape visually resembles the images of such post-CE
nebulae as NGC 6337 and Sp 1, which were found to be post-CE PNe [29,30], or Hf 38, also argued
to have two central stars (see the image in [5]). This visual symmetry of the ejecta is mainly due
to the symmetry of recombination outflows. It is, however, difficult to fully separate how much
symmetry was produced by the recombination outflows, and how much was already imprinted in
the plunge-driven ejecta (for more discussion on the symmetry of angular momentum inside the CE
during the plunge, see [21]). We note that in simulations that did not end with the complete removal
of the envelope, e.g. in the simulations of the merger event V1309 Sco [31], the outflow was found to
be less spherically symmetric, and resembles an actual ring, which would be seen as a circular ring
only from a pole.

Figure 2. A typical post-CE nebula from a three-dimensional simulation. Here, we show the case
of a 1.6 My red giant with a 0.32 Mg, core and a 0.36 My white dwarf companion. Only material

093 0794 ¢ cm~3 and ends

with densities above 1 is shown (the shown intensity scale starts at 1
at 1078 g cm—3). In the entire domain of simulation, there is no material with a higher density than
used for the intensity scale, a lower density material surrounds the shown object (see also Figure 3).
This is about 1000 days after the plunge. The shown domain is 1600 R, by 1600 R . This figure was

created using ParaView [32].
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3.2. Deviations from Spherical Symmetry

We find that deviations from a spherically symmetric shape are produced in the earlier stages of a
CE event, either during the initial stage when most of the angular momentum is lost, or during the
plunge. Noticeable deviations can include a jet-like formation in a polar direction (see Figures 3 and 4),
accompanied by an underdense lobe cleared by the jet, and one or more hemispheric bubbles

(see Figures 4 and 5).
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Figure 3. Density and velocity, in the equatorial xy (6 = 0°) and vertical x'z planes (§ = 90°). For these
“slices”, the plane goes through the origin, and then is first rotated by an angle ¢ around the axis z to
produce new axis x’ , and then by an angle 6 around the axis x’. The thickness of the plane is 0.1 of
the size. ¢ rotation is chosen to bring the maximum symmetry in x’y plane for 6 = 0. The matter with

density below 1071 g cm 3

is not shown. This CE simulation uses an initial binary consisting of a
1.2 Mg, red giant with a 0.32 M core and a 0.32 M white dwarf companion. These slices are shown

about 1000 days after the plunge.



Galaxies 2018, 6, 75 60f8

Velocity, [km/s] Velocity, [km/s]
30000 | i 192 30000 |- 192
e 168 ok kf ; 168
20000 - . 1 20000 |- -{._;_,« |
144 L 144
10000 |- 1 10000 |
) o, 120 120
© ©] 1
& oF Q 1 96 & oF 9
= b N ~
: e
., 5
—10000 : a g 72 —10000 ! 72
- *_I.H v
48 48
~20000 | s 1 ~20000 | e

X - Ly 2% £ 7 24
~30000 | 1 ~30000 | -

—30000—-20000—10000 O 10000 20000 30000 —30000—20000—10000 O 10000 20000 30000
d/Re, ¢ =0°,0 = 0° d/Rs, ¢ = 0°, 0 = 90°

Figure 4. Velocity, in the equatorial xy (§ = 0°) and vertical x'z planes (§ = 90°), constructed similarly
to Figure 3. This CE simulation uses an initial binary consisting of a 1.2 M, red giant with a 0.32 M
core and a 0.4 My white dwarf companion. This is about 800 days after the plunge.
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Figure 5. Velocity, in the equatorial xy (6 = 0°) and vertical x'z planes (§ = 90°), constructed similarly
to Figure 3. This CE simulation uses an initial binary consisting of a 1.25 M, red giant with a 0.41 Mg,
core and a 0.067 M, white dwarf companion. This is about 1000 days after the plunge.

4. Discussion

Analyzing the simulations of successful CE events with red giant donors, we find that post-CE
ejecta are not uniform: neither in the average expansion velocity across the ejecta, nor in their
density. Earlier, faster and lower-density ejecta is less spherically symmetric and can feature jet-like
formations, spherical shells, hemispherical bubbles, and lobes. Later, slower but more dense ejecta
is more spherically symmetric. Its symmetrical features are likely due to the inherent symmetry
of the recombination outflows that drive it, or they can be produced at a late stage of the plunge.
An asymmetry in the late ejecta could be produced by shell-triggered ejections.

The considered ejecta, regarding their expansion ages, are just embryos of possible future PNe.
During the considered early stages of the post-CE expansion, we do not detect the bipolar shape
typical of many observed PNe. The bipolar shape could be produced if additional physics is taken into
account during subsequent stages of ejecta evolution (see, e.g., [10]). In addition, the cases modeled so
far are not directly related to CE events in binaries with AGB donors, where the envelopes are less
bound than the donors we have considered, and hence these results should be taken with a grain
of salt.
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An essential point is that kinematic properties of the post-CE ejecta are imprinted by several
stages of the CE event that formed it, as well as by the total energy that the ejecta takes away. We
hope, therefore, that kinematic studies of the observed PNe and preplanetary nebulae could help us to
substantially constrain the physics of CE events.
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Abbreviations

The following abbreviations are used in this manuscript:

AGB Asymptotic Giant Branch
PN planetary nebula
CE common envelope
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