
Binary Intera
tions and the Shaping ofPlanetary NebulaePhilipp PodsiadlowskiDept. of Astrophysi
s, University of Oxford, Oxford, OX1 3RH, UKSummary. Binary intera
tions a�e
t the shaping of planetary nebulae in numer-ous ways. Here I review the main types of intera
tions: 
ommon-envelope eje
tion,binary mergers, stable Ro
he-lobe over�ow and gravitational fo
using, and assesstheir relative importan
e. Re
ent observations of Mira AB have shown that even avery distant 
ompanion 
an dramati
ally a�e
t the mass loss from a Mira variable,signi�
antly in
reasing the overall importan
e of the wide-binary 
hannel.1 Introdu
tionThe majority of all stars are known to be members of binary systems. Sin
e there isa large variety of possible binary intera
tions, it is only reasonable to suspe
t thatthese a�e
t the geometry of the mass loss from the system and hen
e the shaping ofplanetary nebulae (PNe). Some of the key questions are in what fra
tion of PNe arethe observed asymmetries 
aused by binary intera
tions and by what me
hanisms.Here I �rst dis
uss the physi
al 
auses of PN asymmetries, then review the mostimportant binary intera
tions and, in parti
ular, the only re
ently realized, poten-tially important role of relatively wide binaries and end with a general assessmentassessment of the situtation.2 The Origin of PN AsymmetriesShaping by the external medium: the intera
ting wind modelOne of the best studied models for the shaping of asymmetri
 planetary nebulae isthe intera
ting wind model [31, 9℄. In this model, the asymmetri
 nebulae are 
ausedby the intera
tion of a fast, energeti
 wind emitted from the young, hot white dwarfand a slow, asymmetri
 wind emitted in the progenitor's AGB phase. In order toprodu
e non-spheri
al nebulae, the AGB wind has to be equatorially enhan
ed tovarious degrees. This model has been very su

essful in explaining a large varietyof observed PN shapes; however, it does not dire
tly address the 
ause of the largeasymmetries in the AGB winds.Intrinsi
, asymmetri
 eje
tion
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tion model is that the PN eje
tion is intrinsi-
ally asymmetri
. This is expe
ted if the nebula is the result of an eje
ted 
ommonenvelope or is asso
iated with a binary merger event.The role of rotationWhile the shapes of PNe 
an be extremely 
ompli
ated in detail, the majority ofasymmetri
 PNe still show a basi
 axi-symmetry. This immediately suggests thatrotation may play an important role in their shaping. However, the problem withrotation is that `true' single stars have to be slowly rotating in their AGB phase.This follows dire
tly from simple 
onsiderations of angular-momentum 
onservation.Indeed, sin
e young white dwarfs are observed to be slow rotators, this also appliesto the 
ores of AGB stars.The role of magneti
 �eldsShaping by magneti
 �elds has o

asionally been suggested as an alternative to rota-tion (e.g. [22, 3℄). The problem, as dis
ussed at this meeting by Nordhaus [21℄, is thatthe strong B �elds that are ne
essary for having an e�e
t on a stellar wind requirefairly rapid (di�erential) rotation in the envelope, whi
h in turn almost 
ertainlyrequires an additional angular-momentum sour
e. Binary intera
tions, in parti
ularthose involving a 
ommon-envelope phase or a binary merger, 
ould possibly providesu
h a sour
e.Indeed, it seems that binary intera
tions more generally are the most natural
ause to explain the observed asymmetries.3 Binary Intera
tionsA large fra
tion of all stars are not only members of binary systems, but are 
loseenough that the two 
omponents intera
t dire
tly. As a rule of thumb, ea
h de
adein log P (where P is the orbital period) 
ontains 10% of all stars (for P from 10−3 −
107 yr). This implies that ∼ 50% of all stars are in binaries with P < 100 yr. Oneimportant un
ertainty in the binary statisti
s is the mass-ratio distribution. Whileit is 
lear that in massive systems the masses are strongly 
orrelated, for lower-mass stars this is more un
ertain, even 
ontroversial. If the masses are 
orrelated forthe progenitors of PNe, one would expe
t more asymmetri
 PNe for more massivestars. In the following, we 
onsider the main binary intera
tions, 
ommon-envelopeevolution, stable Ro
he-lobe over�ow, binary mergers and wind fo
using.3.1 Common-Envelope Eje
tionIn the sample of well-studied PNe, at least 10 − 15% of PNe 
ontain 
lose binary
ores, proving that the observed nebulae are eje
ted 
ommon envelopes (CE) [1,6℄. Common-envelope evolution is a 
onsequen
e of unstable Ro
he-lobe over�ow,illustrated in the left panel of Fig. 1. This typi
ally o

urs when a giant star transfersmatter to a signi�
antly less massive star that 
annot a

rete all of the transferredmass. This leads to 
ommon envelope, formed out of the envelope of the giant,surrounding the 
ore of the giant and the 
ompanion star. Due to the fri
tion of thisimmersed binary with the envelope, the system spirals in, releasing orbital energy inthe pro
ess. This ultimately leads to the eje
tion of the envelope, now seen as a PN,leaving a very 
lose 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
ommon-envelope phase and the eje
tion of the envelope in a planetary nebula.Right: Stable Ro
he-lobe over�ow, spinning up a giant donor.binaries have orbital periods < 3 d; the real number of PNe formed through this
hannel 
ould be signi�
antly larger, perhaps making up a large fra
tion of all PNe[7, 28℄. Binary population synthesis (BPS) studies [10℄ suggest that 10 − 15% of allstars eje
t their envelopes by CE evolution on the �rst giant bran
h, while ∼ 5% doso on the asymptoti
-giant bran
h.3.2 Stable Ro
he-Lobe Over�owMass transfer tends to be stable if the giant donor is 
omparable in mass to the
ompanion star. Be
ause of the strong tidal intera
tion of a Ro
he-lobe �lling obje
t,one expe
ts the envelope of the giant to be tidally lo
ked to the orbit. This by itselfwill produ
e a fairly rapidly rotating envelope. It is an elementary exer
ise to showthat the ratio of the rotation velo
ity to the surfa
e breakup velo
ity (vrot/vbreak) fora tidally lo
ked Ro
he-lobe �lling obje
t just depends on the mass ratio q a

ordingto vrot/vbreak = (1 + q)1/2 (R1/a)3/2 , where R1 is the radius of the donor and a isthe orbital separation. For a mass ratio q ≃ 1, this ratio is ≃ 0.33.In re
ent years, many post-AGB stars have been found in 
ir
ular binaries withorbital periods P > 100 d [30℄. The evolutionary history of these systems is stillun
ertain (see, e.g., [5℄). It may require a somewhat di�erent mode of transfer thatmay involve a temporary CE phase but without the drasti
 spiral-in asso
iated withthe formation of a 
lose PN binary 
ore [26℄. While the mass loss in this phasewould be expe
ted to be very non-spheri
al, it is not entirely 
lear whether this will
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e an observable planetary nebula, sin
e it involves neither dynami
al eje
tionnor an AGB superwind phase.3.3 Binary MergersThe most dramati
 type of binary intera
tion involves the 
omplete merger of twostars. This happens when the orbital energy that is released in a CE and spiral-inphase is not su�
ient to eje
t the envelope. BPS simulations [10℄ estimate that thisis the expe
ted fate for ∼ 10% of all stars. The merger of two stars is a parti
ularlye�
ient way of 
onverting orbital angular momentum into spin-angular momentumand of produ
ing a rapidly rotating single obje
t, at least initially. If the mergero

urs early in the star's evolution, one expe
ts subsequent spin-down just as forsingle stars. In order to still have a su�
iently rapidly rotating envelope to a�e
t thePN, the merger has to o

ur relatively late in the star's evolution. Indeed, even themerger with a substellar obje
t, a brown dwarf or a massive planet, 
an in prin
ipleprovide enough angular momentum to spin up the AGB star's envelope appre
iably,possibly enough to produ
e a moderately asymmetri
 PN, e.g., an ellipti
al PN [27℄.3.4 The Triple-Ring Nebula around SN 1987AThe triple-ring nebula surrounding SN 1987A provides a parti
ularly spe
ta
ularexample to illustrate how a late binary merger may produ
e a 
omplex nebula (see[24℄ for a detailed re
ent review). SN 1987A was in many respe
t a highly anomalousevent. One of its most spe
ta
ular features is the 
omplex triple-ring nebula [32, 2℄,
onsisting of material that was eje
ted from the progenitor some 20,000 yr beforethe explosion in an almost axi-symmetri
 but in a very non-spheri
al manner.Morris & Podsiadlowski [19, 20℄ re
ently simulated the mass eje
tion during themerger and the subsequent evolution of the eje
ta, using the 3-d smooth-parti
le hy-drodynami
s 
ode GADGET [29℄, as shown in Fig. 2. They 
onsidered the mergerof a 15M⊙ red supergiant with a radius of 1500R⊙ with a 5M⊙ 
ompanion andmodelled �rst the initial spiral-in phase, where all the initial orbital angular mo-mentum is deposited in the envelope, produ
ing a �at disk-like envelope stru
ture(Fig. 2a). The orbital energy that is subsequently released as a result of the spiral
auses the eje
tion of some of the envelope material, but be
ause of the �at disk-likestru
ture of the envelope, this mass eje
tion o

urs mainly in the polar dire
tion,with a strong density enhan
ement at about 45◦ (Figs. 2b,
). After the merger hasbeen 
ompleted, the merged obje
t evolves to be
ome a blue supergiant (due tothe 
hanges in the 
ore�envelope stru
ture 
aused by the merger [25℄), eje
ting theex
ess angular momentum in an equatorial out�ow. The energeti
 blue-supergiantemitted in this �nal phase then sweeps up all the stru
tures eje
ted before, in parti
-ular the equatorial out�ow and the ring-like enhan
ements at 45◦ into the triple-ringstru
ture (Figs. 2d,e), reprodu
ing the HST observations [2℄.3.5 Gravitational Fo
usingEven in a binary system where the orbit is so large that neither 
omponent ever�lls its Ro
he lobe, the presen
e of a 
ompanion star 
an a�e
t the geometry of themass loss from the system by gravitational fo
using whi
h will generally 
on
entrate
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Fig. 2. Three-dimensional hydrodynami
al simulations to model the late merger oftwo massive stars to explain the triple-ring nebula around SN 1987A [19, 20℄. PanelA: 
ross se
tion of the rapidly rotating red-supergiant envelope. Panel B: eje
tionphase (parti
les indi
ated as 
ir
les are eje
ted). Panel C: eje
ta asymmetries as afun
tion of time. Panel D: the �nal parti
le distribution after 20,000 yr after the blue-supergiant wind has swept up the eje
ta eje
ted in the merger. Panel E: Simulatedemission measure in Hα at ∼ 2000 d after the supernova.



472 Philipp PodsiadlowskiTable 1. Summary of binary 
hannels for asymmetri
 PNe.Channel BPS [28℄ new 
ommentsCE eje
tion 15 � 20%Binary mergers ∼ 10% −5% early mergers
+10% planet mergersRo
he-lobe over�ow ?Gravitational fo
using ∼ 10 � 15% +20% Mira!Total 35 � 45% +25%the wind towards the orbital plane [8, 16, 23, 17℄, produ
ing a disk-like out�ow. Toestimate the importan
e of gravitational fo
using, Morris [18℄ has de�ned a gravi-tational fo
using fra
tion (i.e., the fra
tion of the total mass of the out�ow that isfo
used by the 
ompanion) as
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,where the primary and se
ondary masses, M1 and M2 are in solar units, the binaryseparation a is in units of 10AU and the wind velo
ity VW is in units of 10 kms−1.This formula implies, that for gravitational fo
using to be important, the 
ompanionstar has to be quite 
lose. In their BPS simulations Han et al. [10℄ estimate thatstrong fo
using (with αfocus > 0.5) would only a�e
t 3% of all systems, while mildfo
using (with αfocus > 0.1) 
ould be important in ∼ 10% of systems. However,re
ent observations of Mira AB have shown that these estimates are probably fartoo 
onservative.3.6 The Case of Mira ABThe binary Mira (o Ceti) is one of the best studied and the only spatially andspe
trally resolved, D-type symbioti
 binary. The system 
onsists of a 
ool, butvery luminous pulsating AGB star, Mira A, and a hot 
ompanion, Mira B, whi
h isgenerally assumed to be a white dwarf (WD) with a separation of > 100AU. HSTand Chandra observations in the last de
ade [11, 12℄ have indi
ated that, despitethe large separation, the stars are strongly intera
ting and that Mira A's wind isessentially �lling Mira A's Ro
he lobe and is transferring mass to the 
ompanion(see [15℄ for more details and models). This suggests a new mode of mass transfer,wind Ro
he-lobe over�ow, where the slow wind �lls the Ro
he lobe rather than thestar. The important impli
ation of this is that the mass-a

retion rate 
an be mu
hhigher than in the 
ase of normal Bondi-Hoyle-type wind a

retion (by as mu
h asa fa
tor of 100).Our re
ent simulations of the mass transfer in Mira, using a reasonably realisti
model for the dust a

eleration in the wind from Mira A [15℄ (also see [14℄), showthat indeed mass loss from the system is strongly enhan
ed towards the orbitalplane, produ
ing essentially an equatorial out�ow. In the 
ontext of asymmetri
PNe, this may provide the ne
essary equatorial density enhan
ement to produ
e avery asymmetri
 PN in the intera
ting wind model (see � 2). Sin
e one may also



Binary Intera
tions and the Shaping of Planetary Nebulae 473expe
t a bipolar out�ow from the a

reting 
omponent, Mira AB may in the futureevolve into a bipolar proto-planetary nebula su
h as OH231.8+4.2. In general, theequatorial density enhan
ement depends on how the wind velo
ity from the evolvedstar 
ompares to the orbital velo
ity of the system. One may therefore expe
t that,as the evolved star evolves up the AGB and ultimately be
omes a Mira variable,the wind velo
ity de
reases steadily, 
ausing a transition from a spheri
al wind toan in
reasingly equatorially enhan
ed wind.The important lesson to be drawn from these re
ent observations is that the MiraAB system provides observational proof that gravitational fo
using is important formu
h wider binary systems than had been assumed previously, making this a mu
hmore important 
hannel for the shaping of PNe.4 The Importan
e of Binary Intera
tionTable 1 summarizes the various binary 
hannels dis
ussed in this 
ontribution, wherethe se
ond 
olumn lists the estimates from the BPS simulations of [10℄, i.e., it liststhe fra
tion of stellar systems in whi
h binary intera
tions 
an be expe
ted to a�e
tthe shaping of the �nal PNe. The third 
olumn lists an adjustment to these estimatesbased on our present re-assessment, as indi
ated in the `
omments' 
olumn, whi
hare parti
ularly a�e
ted by the re
ent observations of Mira AB. These estimatesshow that binary intera
tions are likely to be the dominant 
ause for asymmetri
PNe. Probably all bipolar/butter�y PNe, whi
h make up ∼ 10 − 20% of all PNe[4℄ and whi
h require very large asymmetries, need a strong binary intera
tion. In
ontrast, for the ellipti
al PNe, whi
h require a mu
h more moderate asymmetryin the mass loss, a mu
h weaker intera
tion may su�
e, su
h as the merger witha planet/brown dwarf or an early merger, or gravitational fo
using by a relativelydistant 
ompanion; even single stars need not produ
e perfe
tly spheri
al PNe. Onequestion that has been raised at this meeting [7℄ is whether perhaps all PNe requirebinary evolution. While it is 
lear from the above estimates that the majority ofPNe should be a�e
ted by binary intera
tions, explaining why most of them are non-spheri
al, the ne
essity of binarity has, in my personal view, not yet been proven,and it is un
lear to me why single stars should not be able to produ
e PNe. On theother hand, proving that a `truly' single star 
an a
tually produ
e an observable PNmay be an even tougher observational 
hallenge than dis
overing the origin of themost asymmetri
 bipolar PNe.Referen
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