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Summary. Binary interactions affect the shaping of planetary nebulae in numer-
ous ways. Here I review the main types of interactions: common-envelope ejection,
binary mergers, stable Roche-lobe overflow and gravitational focusing, and assess
their relative importance. Recent observations of Mira AB have shown that even a
very distant companion can dramatically affect the mass loss from a Mira variable,
significantly increasing the overall importance of the wide-binary channel.

1 Introduction

The majority of all stars are known to be members of binary systems. Since there is
a large variety of possible binary interactions, it is only reasonable to suspect that
these affect the geometry of the mass loss from the system and hence the shaping of
planetary nebulae (PNe). Some of the key questions are in what fraction of PNe are
the observed asymmetries caused by binary interactions and by what mechanisms.
Here I first discuss the physical causes of PN asymmetries, then review the most
important binary interactions and, in particular, the only recently realized, poten-
tially important role of relatively wide binaries and end with a general assessment
assessment of the situtation.

2 The Origin of PN Asymmetries

Shaping by the external medium: the interacting wind model

One of the best studied models for the shaping of asymmetric planetary nebulae is
the interacting wind model [31, 9]. In this model, the asymmetric nebulae are caused
by the interaction of a fast, energetic wind emitted from the young, hot white dwarf
and a slow, asymmetric wind emitted in the progenitor’s AGB phase. In order to
produce non-spherical nebulae, the AGB wind has to be equatorially enhanced to
various degrees. This model has been very successful in explaining a large variety
of observed PN shapes; however, it does not directly address the cause of the large
asymmetries in the AGB winds.

Intrinsic, asymmetric ejection
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An alternative to the wind interaction model is that the PN ejection is intrinsi-
cally asymmetric. This is expected if the nebula is the result of an ejected common
envelope or is associated with a binary merger event.
The role of rotation
While the shapes of PNe can be extremely complicated in detail, the majority of
asymmetric PNe still show a basic axi-symmetry. This immediately suggests that
rotation may play an important role in their shaping. However, the problem with
rotation is that ‘true’ single stars have to be slowly rotating in their AGB phase.
This follows directly from simple considerations of angular-momentum conservation.
Indeed, since young white dwarfs are observed to be slow rotators, this also applies
to the cores of AGB stars.
The role of magnetic fields
Shaping by magnetic fields has occasionally been suggested as an alternative to rota-
tion (e.g. [22, 3]). The problem, as discussed at this meeting by Nordhaus [21], is that
the strong B fields that are necessary for having an effect on a stellar wind require
fairly rapid (differential) rotation in the envelope, which in turn almost certainly
requires an additional angular-momentum source. Binary interactions, in particular
those involving a common-envelope phase or a binary merger, could possibly provide
such a source.

Indeed, it seems that binary interactions more generally are the most natural
cause to explain the observed asymmetries.

3 Binary Interactions

A large fraction of all stars are not only members of binary systems, but are close
enough that the two components interact directly. As a rule of thumb, each decade
in log P (where P is the orbital period) contains 10% of all stars (for P from 1073 —
107 yr). This implies that ~ 50% of all stars are in binaries with P < 100 yr. One
important uncertainty in the binary statistics is the mass-ratio distribution. While
it is clear that in massive systems the masses are strongly correlated, for lower-
mass stars this is more uncertain, even controversial. If the masses are correlated for
the progenitors of PNe, one would expect more asymmetric PNe for more massive
stars. In the following, we consider the main binary interactions, common-envelope
evolution, stable Roche-lobe overflow, binary mergers and wind focusing.

3.1 Common-Envelope Ejection

In the sample of well-studied PNe, at least 10 — 15% of PNe contain close binary
cores, proving that the observed nebulae are ejected common envelopes (CE) [1,
6]. Common-envelope evolution is a consequence of unstable Roche-lobe overflow,
illustrated in the left panel of Fig. 1. This typically occurs when a giant star transfers
matter to a significantly less massive star that cannot accrete all of the transferred
mass. This leads to common envelope, formed out of the envelope of the giant,
surrounding the core of the giant and the companion star. Due to the friction of this
immersed binary with the envelope, the system spirals in, releasing orbital energy in
the process. This ultimately leads to the ejection of the envelope, now seen as a PN,
leaving a very close binary (e.g., [13]). The orbital periods in most known post-CE
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Fig. 1. Main mass-transfer modes. Left: Unstable mass transfer leading to a
common-envelope phase and the ejection of the envelope in a planetary nebula.
Rught: Stable Roche-lobe overflow, spinning up a giant donor.

binaries have orbital periods < 3d; the real number of PNe formed through this
channel could be significantly larger, perhaps making up a large fraction of all PNe
[7, 28]. Binary population synthesis (BPS) studies [10] suggest that 10 — 15% of all
stars eject their envelopes by CE evolution on the first giant branch, while ~ 5% do
so on the asymptotic-giant branch.

3.2 Stable Roche-Lobe Overflow

Mass transfer tends to be stable if the giant donor is comparable in mass to the
companion star. Because of the strong tidal interaction of a Roche-lobe filling object,
one expects the envelope of the giant to be tidally locked to the orbit. This by itself
will produce a fairly rapidly rotating envelope. It is an elementary exercise to show
that the ratio of the rotation velocity to the surface breakup velocity (vrot/Ubreak ) for
a tidally locked Roche-lobe filling object just depends on the mass ratio ¢ according
t0 Urot /Ubreak = (1 + q)l/2 (Rl/a)3/27 where R; is the radius of the donor and a is
the orbital separation. For a mass ratio ¢ ~ 1, this ratio is ~ 0.33.

In recent years, many post-AGB stars have been found in circular binaries with
orbital periods P > 100d [30]. The evolutionary history of these systems is still
uncertain (see, e.g., [5]). It may require a somewhat different mode of transfer that
may involve a temporary CE phase but without the drastic spiral-in associated with
the formation of a close PN binary core [26]. While the mass loss in this phase
would be expected to be very non-spherical, it is not entirely clear whether this will
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produce an observable planetary nebula, since it involves neither dynamical ejection
nor an AGB superwind phase.

3.3 Binary Mergers

The most dramatic type of binary interaction involves the complete merger of two
stars. This happens when the orbital energy that is released in a CE and spiral-in
phase is not sufficient to eject the envelope. BPS simulations [10] estimate that this
is the expected fate for ~ 10% of all stars. The merger of two stars is a particularly
efficient way of converting orbital angular momentum into spin-angular momentum
and of producing a rapidly rotating single object, at least initially. If the merger
occurs early in the star’s evolution, one expects subsequent spin-down just as for
single stars. In order to still have a sufficiently rapidly rotating envelope to affect the
PN, the merger has to occur relatively late in the star’s evolution. Indeed, even the
merger with a substellar object, a brown dwarf or a massive planet, can in principle
provide enough angular momentum to spin up the AGB star’s envelope appreciably,
possibly enough to produce a moderately asymmetric PN, e.g., an elliptical PN [27].

3.4 The Triple-Ring Nebula around SN 1987A

The triple-ring nebula surrounding SN 1987A provides a particularly spectacular
example to illustrate how a late binary merger may produce a complex nebula (see
[24] for a detailed recent review). SN 1987A was in many respect a highly anomalous
event. One of its most spectacular features is the complex triple-ring nebula [32, 2],
consisting of material that was ejected from the progenitor some 20,000 yr before
the explosion in an almost axi-symmetric but in a very non-spherical manner.

Morris & Podsiadlowski [19, 20] recently simulated the mass ejection during the
merger and the subsequent evolution of the ejecta, using the 3-d smooth-particle hy-
drodynamics code GADGET [29], as shown in Fig. 2. They considered the merger
of a 15 My red supergiant with a radius of 1500 Rs with a 5 My companion and
modelled first the initial spiral-in phase, where all the initial orbital angular mo-
mentum is deposited in the envelope, producing a flat disk-like envelope structure
(Fig. 2a). The orbital energy that is subsequently released as a result of the spiral
causes the ejection of some of the envelope material, but because of the flat disk-like
structure of the envelope, this mass ejection occurs mainly in the polar direction,
with a strong density enhancement at about 45° (Figs. 2b,c). After the merger has
been completed, the merged object evolves to become a blue supergiant (due to
the changes in the core—envelope structure caused by the merger [25]), ejecting the
excess angular momentum in an equatorial outflow. The energetic blue-supergiant
emitted in this final phase then sweeps up all the structures ejected before, in partic-
ular the equatorial outflow and the ring-like enhancements at 45° into the triple-ring
structure (Figs. 2d,e), reproducing the HST observations [2].

3.5 Gravitational Focusing

Even in a binary system where the orbit is so large that neither component ever
fills its Roche lobe, the presence of a companion star can affect the geometry of the
mass loss from the system by gravitational focusing which will generally concentrate
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Fig. 2. Three-dimensional hydrodynamical simulations to model the late merger of
two massive stars to explain the triple-ring nebula around SN 1987A [19, 20]. Panel
A: cross section of the rapidly rotating red-supergiant envelope. Panel B: ejection
phase (particles indicated as circles are ejected). Panel C: ejecta asymmetries as a
function of time. Panel D: the final particle distribution after 20,000 yr after the blue-

supergiant wind has swept up the ejecta ejected in the merger. Panel E: Simulated
emission measure in Ha at ~ 2000 d after the supernova.
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Table 1. Summary of binary channels for asymmetric PNe.

Channel BPS [28] new comments

CE ejection 15-20%

Binary mergers ~10% —5% early mergers
+10% planet mergers

Roche-lobe overflow ?

Gravitational focusing ~ 10—15% +20% Mira!

Total 35-45% +25%

the wind towards the orbital plane [8, 16, 23, 17|, producing a disk-like outflow. To
estimate the importance of gravitational focusing, Morris [18] has defined a gravi-
tational focusing fraction (i.e., the fraction of the total mass of the outflow that is
focused by the companion) as

2 _3/2
] {VV% 409 M ,

Qfocus =

Mfocus _ 0.8 |:%

Moutflow Vaw | a

where the primary and secondary masses, M1 and M> are in solar units, the binary
separation a is in units of 10 AU and the wind velocity Viy is in units of 10kms™".
This formula implies, that for gravitational focusing to be important, the companion
star has to be quite close. In their BPS simulations Han et al. [10] estimate that
strong focusing (with afocus > 0.5) would only affect 3% of all systems, while mild
focusing (with agocus > 0.1) could be important in ~ 10% of systems. However,
recent observations of Mira AB have shown that these estimates are probably far

too conservative.

3.6 The Case of Mira AB

The binary Mira (o Ceti) is one of the best studied and the only spatially and
spectrally resolved, D-type symbiotic binary. The system consists of a cool, but
very luminous pulsating AGB star, Mira A, and a hot companion, Mira B, which is
generally assumed to be a white dwarf (WD) with a separation of > 100AU. HST
and Chandra observations in the last decade [11, 12] have indicated that, despite
the large separation, the stars are strongly interacting and that Mira A’s wind is
essentially filling Mira A’s Roche lobe and is transferring mass to the companion
(see [15] for more details and models). This suggests a new mode of mass transfer,
wind Roche-lobe overflow, where the slow wind fills the Roche lobe rather than the
star. The important implication of this is that the mass-accretion rate can be much
higher than in the case of normal Bondi-Hoyle-type wind accretion (by as much as
a factor of 100).

Our recent simulations of the mass transfer in Mira, using a reasonably realistic
model for the dust acceleration in the wind from Mira A [15] (also see [14]), show
that indeed mass loss from the system is strongly enhanced towards the orbital
plane, producing essentially an equatorial outflow. In the context of asymmetric
PNe, this may provide the necessary equatorial density enhancement to produce a
very asymmetric PN in the interacting wind model (see § 2). Since one may also
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expect a bipolar outflow from the accreting component, Mira AB may in the future
evolve into a bipolar proto-planetary nebula such as OH231.84+4.2. In general, the
equatorial density enhancement depends on how the wind velocity from the evolved
star compares to the orbital velocity of the system. One may therefore expect that,
as the evolved star evolves up the AGB and ultimately becomes a Mira variable,
the wind velocity decreases steadily, causing a transition from a spherical wind to
an increasingly equatorially enhanced wind.

The important lesson to be drawn from these recent observations is that the Mira
AB system provides observational proof that gravitational focusing is important for
much wider binary systems than had been assumed previously, making this a much
more important channel for the shaping of PNe.

4 The Importance of Binary Interaction

Table 1 summarizes the various binary channels discussed in this contribution, where
the second column lists the estimates from the BPS simulations of [10], i.e., it lists
the fraction of stellar systems in which binary interactions can be expected to affect
the shaping of the final PNe. The third column lists an adjustment to these estimates
based on our present re-assessment, as indicated in the ‘comments’ column, which
are particularly affected by the recent observations of Mira AB. These estimates
show that binary interactions are likely to be the dominant cause for asymmetric
PNe. Probably all bipolar/butterfly PNe, which make up ~ 10 — 20 % of all PNe
[4] and which require very large asymmetries, need a strong binary interaction. In
contrast, for the elliptical PNe, which require a much more moderate asymmetry
in the mass loss, a much weaker interaction may suffice, such as the merger with
a planet/brown dwarf or an early merger, or gravitational focusing by a relatively
distant companion; even single stars need not produce perfectly spherical PNe. One
question that has been raised at this meeting [7] is whether perhaps all PNe require
binary evolution. While it is clear from the above estimates that the majority of
PNe should be affected by binary interactions, explaining why most of them are non-
spherical, the necessity of binarity has, in my personal view, not yet been proven,
and it is unclear to me why single stars should not be able to produce PNe. On the
other hand, proving that a ‘truly’ single star can actually produce an observable PN
may be an even tougher observational challenge than discovering the origin of the
most asymmetric bipolar PNe.
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