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Abstract. 
High resolution images of planetary nebulae have revealed a variety 

of non-spherical morphologies. In addition, some planetary nebulae were 
found to produce highly collimated jets. It is argued that binary central 
stars may play a crucial role in the production of all of these morpholo-
gies. In particular, a specific mechanism is identified for the generation of 
"point-symmetric" nebulae. It is shown that the study of binary nuclei of 
planetary nebulae can provide essential information for the understanding 
of the common envelope phase in the evolution of binary systems. 

1. Introduction 

Planetary nebulae (PNe) exist in a variety of axisymmetric morphologies. 
These include rings (e.g. Sc We 2; Schwarz, Corradi k Melnick 1992), bipo-
lar bubbles or hourglasses (e.g. NGC 2346; Bond k Livio 1990; My Cn 18; 
Sahai k Trauger 1996) and highly collimated jets (e.g. NGC 7009; Schwarz 
et al 1992; Kl-2; Pollacco k Bell 1996; Ml-92; TrammeU k Goodrich 
1996). In addition, there exist PNe which are point-symmetric (e.g. IC 4634; 
Schwarz et al 1992; NGC 5307; Bond et ai 1996). In some cases, many of 
these features appear together (e.g. NGC 6543; Harrington k Borkowski 
1995). 

One important clue towards the understanding of the mechanism(s) tha t 
is (are) responsible for the formation of the axisymmetric PNe lies in the 
fact that many late asymptotic giant branch (AGB) stars, post AGB stars 
and proto PNe show already a bipolar structure (e.g. Meixner 1993; Kwok 
1993; Trammell k Dinerstein 1994). Examples are: OH 0739-14, HD 44179, 
IRAS 21282+5050, 17150-3224, and 17441-2411. 
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The first important thing to note is the fact that there exists a model 
which has demonstrated convincingly that it is able to produce a variety of 
axisymmetric morphologies. This is the "interacting winds" model in the 
presence of an equatorial to polar density contrast. 

2. The Interacting Winds Model in the Presence of a Density 
Contrast 

Following the original suggestion by Balick (1987), numerical simulations 
have demonstrated that when the "interacting winds" model (Kwok 1982; 
Kahn 1982) is allowed to operate in the presence of a "density contrast" 
in the slow stellar wind, a bipolar morphology is indeed obtained (Soker & 
Livio 1989; Icke, Balick & Frank 1992; Frank et al. 1993; Mellema 1995). 
This model works as follows: it is assumed tha t the slow wind ejected by the 
star (e.g. the ~ 20 km s " 1 wind of an AGB star) contains a non-spherical 
density distribution, with the material being denser in the equator than in 
the polar direction. The fast (~ 1000 km s " 1 ) , spherically symmetric wind 
tha t is emitted later, by the exposed nucleus, catches-up with the slowly 
moving material and shocks it. Because of the density contrast between the 
equatorial and polar directions, the fast wind can penetrate more easily at 
the poles, thus forming an axisymmetric nebula. The works of Frank et al. 
(1993) and Mellema (1995) have demonstrated then when the nebular incli-
nation angle is taken into consideration, most of the observed morphologies 
can be reproduced (point-symmetric nebulae and the highly coUimated jets 
observed in some nebulae require additional ingredients, see § 4). The main 
question tha t therefore arises in the context of this model is: what is the 
mechanism tha t is responsible for the formation of a density contrast (in 
the slow wind) between the equatorial and polar directions? 

I should note tha t an alternative model to "interacting winds" is pro-
vided by magnetic shaping (e.g. Pascoli, Leclercq, & Poulain 1992; Cheva-
lier & Luo 1994; Garcia-Segura, this conference; and see Livio 1996a for a 
review). I will not discuss this model here, even though binary central stars 
can play a role even in the context of this model. 

3 . Mechanisms for the Formation of a Density Contrast 

A few mechanisms have been suggested for the formation of the desired 
density contrast. These include: (i) the inner rim of the protostellar disk 
(e.g. Balick & Preston 1988), (ii) an equatorially compressed outflow (e.g. 
Bjorkman & CassineUi 1993), and (iii) the action of a binary companion 
(e.g. Livio 1994,1996a; Soker & Harpaz 1992). Here I will only discuss some 
aspects of (iii), and I refer the reader to Livio (1996a) for a review of the 
other possibilities. 
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3.1. COMMON ENVELOPE EVOLUTION 

For relatively close binaries (separation less than about 1000 i?©), in which 
the primary can fill its Roche lobe during the AGB phase, an unstable mass 
transfer is obtained (this is due to the fact that mass is being transferred 
from the more massive component, which also possesses a deep convective 
envelope). Thus, a common envelope (CE) phase ensues (see Iben & Livio 
1993 for a comprehensive review), in which, the core of the AGB star and 
the secondary spiral-in, engulfed by a common, extended envelope. The final 
outcome of a CE phase can be a substantial reduction in the binary separa-
tion (including perhaps a merger in some cases), accompanied by the ejec-
tion of the envelope (e.g. Rasio & Livio 1996). The most detailed common 
envelope calculation has been recently performed by Rasio & Livio (1996). 
This calculation started from an exact hydrostatic equilibrium configura-
tion, at the onset dynamically unstable mass transfer, and was followed by 
means of a three-dimensional, smooth particle hydrodynamics code, until 
a quasi-static common envelope configuration was formed (Fig. 1). In the 
final configuration, it was found that a corotating region of gas was estab-
lished around the binary. The corotating gas was concentrated to the orbital 
plane. The subsequent evolution of the system is determined by the viscous 
coupling between this rigidly rotating core and the outer (differentially ro-
tating) envelope. Multi-dimensional hydrodynamic simulations of the late 
CE phase have shown tha t due to the fact tha t the spiralling-in binary 
deposits also angular momentum into the envelope, mass ejection is con-
centrated to the orbital plane (Livio & Soker 1988; Taam & Bodenheimer 
1989; Terman, Taam & Hernquist 1995). Thus, CE evolution generates a 
density contrast naturally. 

3.2. OBSERVATIONS RELATED TO THE COMMON ENVELOPE PHASE 

There are two classes of objects that we can observe either while in a CE 
phase or relatively shortly afterwards. These are, respectively, nova sys-
tems and planetary nebulae (PNe) with binary nuclei. In the case of novae, 
the luminosity of these systems at maximum light Lm3LX ~ ^ E D D I N G T O N ~ 

3.8 χ 1 0 4 Ζ Θ ( Μ / Μ Θ ) and the effective temperature Te £ 10 4 K, imply pho-
tospheric radii Ä p h £ 4 χ 10 1 2 cm, well in excess of the binary separations 
(~ 1Ä©). Thus, the main sequence companion is necessarily engulfed m the 
expanding nova envelope. I will not discuss nova systems here, a review of 
the common envelope phase in novae can be found in Livio (1996b). 

About 15 PNe with close binary nuclei are now known (Table 1; Bond 
1995). Since in order to eject a PN the primary in these systems had to be 
of an AGB star (or giant) dimensions, the initial separation of the system 
had to be ~ lOOÄ© or larger. The present separations are of the order of a 
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Figure 1. Particle plots showing the evolution of a binary system from the onset of 
unstable mass transfer to the formation of a common envelope. The giant has a mass of 
4Af© and the secondary of 0.7A/©. From Rasio k. Livio (1996). 

77 

https://doi.org/10.1017/S0074180900129857 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900129857


M. Livio 

Figure 1. Continued. 
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Table 1: Planetary Nebulae with Close-Binary Nuclei 

Planetary Central Period Binary 

Nebula Star (days) Type 

Abell 41 MT Ser 0.113 Reflection 

DS 1 KV Vel 0.357 Reflection 

Abell 63 UU Sge 0.465 Eclipsing 

Abell 46 V477 Lyr 0.472 Eclipsing 

HFG 1 V664 Cas 0.582 Reflection 

Κ 1-2 V W Pyx 0.676 Reflection 

Abell 65 1.00 Reflection 

HaTr 4 1.71 Reflection 

(Tweedy 1) BE UMa 2.29 Eclipsing 

Sp 1 2.91 Reflection 

SuWt 2 4.8 Eclipsing 

NGC 2346 V651 Mon 15.99 Spectroscopic 

Abell 35 -22°3467 IUE composite 

LoTr 1 IUE composite 

LoTr 5 HD 112313 IUE composite 

few A©, implying tha t significant shrinkage took place in a CE phase. Since 
the age of the nebulae is typically less than ~ 10 4 yr, this means that the 
observed binaries emerged from the CE less than 10 4 yrs ago. 

The question is now how can we use observations of PNe with binary 
central stars to obtain information on the physics of the CE phase. 

3.3. HOW CAN PLANETARY NEBULAE WITH BINARY NUCLEI BE 
USED TO CONSTRAIN COMMON ENVELOPE PHYSICS 

The most fundamental parameter in CE evolution is the effeciency param-
eter aCE (Tutukov k Yungelson 1979; Livio k Soker 1988). This is defined 
as 

where AE^nd is the binding energy of the ejected material, and AEori> is 
the change in the orbital energy of the system (between the initial and final 
configurations). It has not been possible so far to predict the value of olce 

theoretically (although the calculations of Rasio k Livio 1996 do suggest a 
tentative value of acE ~ 1)· 

There are several ways in which binary PN nuclei can be used (in prin-
ciple at least) to obtain information on the CE phase. First, population 
synthesis calculations can be used, to obtain distributions of the binary 
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nuclei over the orbital period, the masses of the components, the compo-
sition of the nebula etc. Such calculations have been recently performed 
by de Kool (1990), de Kool k Ritter (1993) and Yungelson, Tutukov k 
Livio (1993). While it is t rue that population synthesis calculations involve 
many assumptions {e.g. on the initial distributions over binary parameters, 
on the evolution of single stars and binary systems, on the value of OLCE\ 

see de Kool 1996), the results are extremely sensitive to the assumed value 
of OLCE- Thus, for example, Yungelson et al. (1993) were able to show tha t 
a value of acE = 10 (in their definition) is probably inconsistent with the 
observed period distribution of binary nuclei. A second way in which bi-
nary nuclei of PNe can be used, is by reconstruction of the evolutionary 
history of individual systems. Examples of this procedure are given in Iben 
k Tutukov (1993), Iben k Livio (1993) and Iben k Webbink (1989). For 
example, if we use the fact that there exists a radius-luminosity relation 
for AGB stars (Eggen k Iben 1991) of the form R ~ l . O i 0 6 8 (where L and 
R are in solar units) , together with the assumption that the initial sepa-
ration satisfies aQ ~ 2R. Then approximating eq. (1) (for M\ ^> M2) as 
M2/a0 ~ acEMiRM2/aj and using the above relations and Kepler's third 
law give 

M1 * 0.68 αψΕ M\S (M1R + M2)~^ , (2) 

where Lio is the luminosity (in solar units) of the primary when it filled 
its Roche lobe, M\R is the core mass of the primary and Po r& is the orbital 
period in days. In this way, systems can be placed in the initial-separation 
primary mass plane (e.g. Iben k Livio 1993). Conversly, if there exists 
independent information about the initial parameters (e.g. from a cluster 
age), limits on QLCE can be placed. Unfortunately, at the present time, 
significant uncertainties exist both in the observations of individual systems 
and in the evolutionary tracks, so tha t this method gives ambiguous results. 

A third way in which PNe can provide information on the CE phase 
is through the morphology of the nebulae. As explained above, the CE 
phase may be responsible for the generation of the density contrast in the 
slow wind. In principle therefore, the degree of observed bipolarity can be 
used together with theoretical modelling, to constrain models for the mass 
ejection phase during the CE. 

Finally, there exists another observational test which can be related 
directly to the outcome of the CE phase. This has been recently proposed by 
Sarna et al. (1995). The idea is based on the fact that the ratios of 12C/13C 
and 160/170 decrease from values of about 90 and 2700 in stars on the main 
sequence (respectively; Trimble 1993), to about 13 and 370 in giants and 
supergiants (Harris, Lambert k Smith 1988; El Eid 1994). Thus, if during 
a CE phase which is supposed to lead to a PN with a binary central star 
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(and eventually to a pre-cataclysmic binary), the secondary star accretes 
some material from the giant 's envelope, the 12C/13C and 160/170 ratios 
in its atmosphere will be different from those of main sequence stars. While 
the total amount of accreted mass may be rather small (e.g. Hjellming 
k Taam 1991) and furthermore, the changes will be diluted by mixing 
in the secondary's deep convective envelope, one may still expect values 
tha t are lower than the main sequence values. This is true in particular 
for secondaries which are still out of thermal equilibrium and therefore not 
entirely mixed (e.g. Prialnik k Livio 1985). Thus, observations of close 
binary PN nuclei, and in particular those which have oversized secondaries 
for their masses (e.g. V477 Lyr and UU Sge; Pollacco k Bell 1994; Bell, 
Pollacco k Hilditch 1994), can give important clues on accretion during the 
CE phase. 

4. Jets and Point-Symmetric Nebulae 

As already noted in the introduction, some PNe exhibit highly collimated 
outflows ("jets"; e.g. K l - 2 ) . It is not yet clear if such outflows can be 
the consequence of merely the focussing by oblique shocks, provided by 
the density contrast (e.g. Icke et al. 1992; Frank, Balick, k Livio 1996), 
or if they require the presence of an accretion disk (which is thought to 
be a necessary ingredient for the formation of the jets observed in Young 
Stellar Objects and in AGN, e.g. Livio 1996c; a jet emanating from the 
center of an accretion disk has been observed in HH 30, Burrows et al. 
1996). If the lat ter is t rue, then for such an accretion disk to form, a binary 
companion is required, to transfer mass onto the hot AGB star 's core. Such 
a configuration is a possible outcome of the CE phase, since when the binary 
emerges from the CE, the secondary star may be in a bloated state (due to 
the accretion of high entropy material from the CE; see Soker k Livio 1994; 
Hjellming k Taam 1991). Another possibility is that a low mass companion 
spirals all the way in, and is entirely dissipated to form a disk around the 
core (Rasio k Shapiro 1995; Soker 1996; Livio k Pringle 1996). 

It is presently not fully understood how point-symmetric PNe form. 
However, it has been suggested by Corradi k Schwarz (1993) and Livio 
(1994) that these may represent intermittent ejection episodes of a process-
ing jet. Three-dimensional numerical hydrodynamic calculations of such 
a precessing jet , show that point-symmetric configurations that are very 
similar to the observed PNe, can indeed be obtained (Cliffe et al. 1995). 
Livio k Pringle (1996) suggested that the precession of the disk is a conse-
quence of a radiation-induced warp, caused by the irradiation of the disk by 
the central source. Furthermore, Livio k Pringle showed that the expected 
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precession timescale is given by 

* ν ι η 3 ( Màisk \ ( Mnuc y / 2 f R d i s k y 1 / 2 ( Lnuc y 1 

(3) 

where Mnuc and Lnuc are the mass and the luminosity of the central source, 
respectively. Thus, the configuration used in the simulations of Cliffe et al. 
(1995), can indeed be obtained. This has recently been confirmed by de-
tailed numerical simulations (Pringle & Livio 1996). 

5. Conclusions 

On the basis of the information presented here, together with discussion in 
Livio (1996a), the following conservative conclusions can be drawn: 

1. Interacting winds, in the presence of a density contrast can produce 
most of the observed axially-symmetric PN morphologies. It appears 
that there exists a range of contrasts and/or angular distributions of 
the densities. 

2. Magnetic fields can also produce a range of axially symmetric mor-
phologies. 

3. Several mechanisms can produce an equatorial to polar density con-
trast . Binary central stars provide an attractive option, being able to 
contribute to most of these mechanisms. 

4. Jets are probably emanating from the centers of accretion disks which 
are threaded by a vertical magnetic field. 

5. Point-symmetric nebulae are probably produced by two-sided "wob-
bling" jets . The accretion disk and the jets are wobbling as a result 
of a warp induced in the accretion disk by radiation from the central 
source. 
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