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s and Astronomy, University of Ro
hester, Ro
hester, NY,14627, USA, bla
kman�pas.ro
hester.eduSummary. Observations suggest that many, if not all, post AGB systems evolvethrough an aspheri
al out�ow phase. Su
h out�ows require a su�
ient engine rota-tional energy whi
h binaries 
an provide. Via 
ommon envelope evolution, binaries
an dire
tly eje
t equatorial out�ows or produ
e poloidal out�ows from magnetizeda

retion disks around the primary or se
ondary. We dis
uss how a

retion drivenmagnetohydrodynami
 out�ow models all make similar predi
tions for the out�owpower and speed and we distinguish between the laun
h vs. propagation regimesof su
h out�ows. We suggest that the high velo
ity bipolar out�ows observed inplanetary nebulae (PNe) and the lower velo
ity but higher power bipolar out�owsobserved in pre-PNe (pPNe) are kinemati
ally 
onsistent with time dependent a
-
retion onto a white dwarf (WD) within a depleting envelope. Sin
e the WD primary
ore is always present in all post-AGB systems, a

retion onto this 
ore is potentially
ommon. Previous work has fo
used on 
ore a

retion from sub-stellar 
ompanions,but low mass stellar 
ompanions may be more important, and further work is needed.Key words: stars: AGB and post-AGB; (stars:) binaries: general; a

retion, a

re-tion disks; magneti
 �elds; stars: winds, out�ows1 Introdu
tion: Kinemati
s of pPNe and PNeUnderstanding the origin of asymmetri
 out�ows in PNe and pPNe requires feed-ba
k between observers, spe
i�
 obje
t modelers, and paradigm-seeking, order ofmagnitude theorists. Here we behave as the latter.Generally, pPNe exhibit a 
ombination of a fast bipolar out�ow embedded withina slow spheri
ally symmetri
 wind from the AGB star [6℄. Presently, the data donot rule out all pPNe having gone through a strongly asymmetri
 out�ow and allPNe having gone through an asymmetri
 pNE phase. The symmetry of PNe wouldthen 
orrelate with age and the evolution from the pPNe to PNe 
ould re�e
t atime evolution of the same physi
al me
hanism that produ
es asymmetry on smalls
ales but leads to a a nearly spheri
al stru
ture on large s
ale as supersoni
 motionsdamp. While AGB stars produ
e spheri
ally symmetri
 out�ows, pPNe asymmetryarises within ≤ 100 yr [6, 24℄.



608 Eri
 G. Bla
kman and Jason T. NordhausFor pPNe [6℄, ea
h fast wind has a typi
al age ∆t ∼ 102 − 103yr, speed ∼
50km/s, mass Mf ∼ 0.5M⊙, out�ow rate, Ṁf ∼ 5 × 10−4M⊙/yr, momentum Π ∼
5 × 1039g.cm/s, and me
hani
al luminosity Lm,f ≥ 8 × 1035erg/s (
an be as highas 1037erg/s). The slow pPNe wind has an age ∆t ∼ 6 × 103yr, a speed vw ∼
20km/s a mass Ms ∼ 0.5M⊙, out�ow rate, Ṁs ∼ 10−4M⊙/yr, momentum Πs ∼
2 × 1039g cm/s, and me
hani
al luminosity Lm,s ∼ 1034erg/s.For PNe observations suggest e.g. [2℄ an age ∆t ∼ 104yr a slow wind of speed
vs ∼ 30km/s of mass Ms ∼ 0.1M⊙, out�ow rate, Ṁs ∼ 10−5M⊙/yr, momentum
Πs ∼ 6 × 1038g cm/s, and me
hani
al luminosity Lm,s ∼ 3 × 1033erg/s. PNe havefast winds of speed vf ∼ 2000km/s, mass Mf ∼ 10−4M⊙, out�ow rate, Ṁf ∼
10−8M⊙/yr, momentum Πf ∼ 4 × 1037g cm/s, and me
hani
al luminosity Lm,f ∼
1.3 × 1034erg/s.The pPNe phase demands the most power. The linear momenta of fast bipolarpPNe out�ows seems too large for radiation driving [6℄. This motivates the needto tap rotational energy whi
h binaries 
an provide. The high fra
tion of binariesattributed to p/PNe has led to spe
ulation that all asymmetri
 PNe and pPNeinvolve binaries [16, 22℄.How is the rotational energy and angular momentum 
onverted into out�ows?Di�erential rotation supplied by binaries 
an amplify magneti
 �elds whi
h 
anin turn produ
e a

retion powered bipolar jets. A

retion powered, magneti
allymediated jets, are seemingly ubiquitous in astrophysi
s and 
an a

ommodate thehigh momentum pPNe demands [5℄.2 Whi
h Binary A

retion S
enario?In a 
ommon envelope (CE) [13℄ the 
ompanion drags on the envelope of the primary,transferring angular momentum and kineti
 energy. Provided that the envelope 
ool-ing time s
ale ex
eeds the energy supply time from the in-spiraling 
ompanion, a
onverted fra
tion α ≥ 0.1 of its loss in gravitational energy 
an spin up the envelopeand unbind it. For a �xed envelope mass, a lower mass 
ompanion must fall deeperto unbind the envelope. Fig. 1 [17℄ shows aspe
ts of CE for low mass 
ompanions inan AGB envelope. When the Ro
he radius is rea
hed by the in-spiraling 
ompanion,a

retion 
an o

ur.Ref. [20℄ dis
usses the se
ondaries for whi
h a

retion disks will form aroundthe primary 
ore. Brown dwarf (BD) (0.003M⊙ < Mcrit ∼ 0.07M⊙) radii in
reasewith de
reasing mass unlike their Ro
he radii whi
h de
rease with de
reasing mass.Su
h obje
ts will unstably lose mass. Sin
e the 
ir
ularization radius lies outsideof the primary's 
ore, a disk 
an form within a few orbit times. This 
ontrasts the
M > Mcrit 
ase for whi
h the stellar radius de
reases with de
reasing mass and morestrongly so than the Ro
he radius. Super
riti
al 
ompanions present a 
ir
ularizationradius within the primary's 
ore. Material leaving the se
ondary would then initiallyspiral swiftly into the primary rather than orbit quasi-stably.Ref. [20℄ fo
uses on BDs (0.003M⊙ < M2 < Mcrit), but a

retion from lowmass stars and planets warrant further study: Fig.1 (left) shows that for low valuesof the (un
ertain) drag parameter α, some low mass stars 
ould tidally shred intoa disk before rea
hing the radius where they unbind the envelope and subsequentin-spiraling is potentially slowed. Fig. 1 also shows that planets will shred into a
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Fig. 1. From [17℄: For a 3M⊙ young AGB star (left) and inter-pulse AGB star(right), the solid lines show the radius where a 
ompanion must in-spiral to unbindthe envelope for di�erent values of the drag parameter α. The dash-dotted line showsthe 
ore-envelope boundary. The long-dashed line marks the tidal shredding radiusand the short dashed line is where the 
ompanion �rst �lls its Ro
he lobe.disk upon inspiral and for large α in the inter-pulse AGB, even large planets mightunbind the envelope. Generalizations must in
orporate the fa
t that the 
ompanionsize 
an be of order the tidal shredding or Ro
he lobe radius, and the stru
turalevolution of the primary as the se
ondary in-spirals. The latter is important forradii both exterior and interior to the 
ompanion: How fast do further inspiral andangular momentum transfer subsequently o

ur on
e the outer envelope is eje
ted?If a stellar 
ompanion unbinds the envelope at a radius with Ro
he lobe over�owbut without tidal shredding, sustained a

retion requires the binary to lose angularmomentum. As the se
ondary �lls its Ro
he lobe, it will drag on any residual in-ner envelope material. This 
ould transfer the needed angular momentum, but toomu
h drag 
ould prevent the 
ompanion from forming a quasi-stable Keplerian disk.Material that initially leaves the 
ompanion for the primary also 
arries magneti
�elds and thus will magneti
ally link the primary and se
ondary. Even though the
ir
ularization radius for M2 > Mcrit is inside the 
ore, the in-spiraling materialstill in
urs di�erential rotation. Magneti
 �elds 
an then be ampli�ed and 
an alsorelease angular momentum.Mu
h of the initial a

reted energy in the M2 > Mcrit 
ase would be releasedupon material impa
t to stellar surfa
e. This 
ould produ
e dwarf novae type burstsshrouded by the stellar envelope. However, if the right range of mass and angularmomentum are transferred in this initial a

retion phase to (1) drop M2 below Mcrit,(2) keep M2 �lling its Ro
he lobe, and (3) leave enough angular momentum to forma Keplerian disk, then a

retion 
ould pro
eed as for the initial M2 < Mcrit 
ase ofRef.[20℄. Ref. [12℄ suggests a ∼ O(100) year delay in the time s
ale between eje
tionof 
i
umbinary dust tori and presen
e of jets in pPNe. If the 
ompanion initially has
M2 > Mcrit, the fra
tion of the envelope eje
ted as it spirals in might be
ome thedust torus, and the delay before the jet 
ould be the time it takes for the 
ompanionto lose enough mass to move the 
ir
ularization radius outside the 
ore.
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kman and Jason T. NordhausThe role of low mass stellar and planetary 
ompanions is important be
ause al-though ∼ 16% of nearby (< 50p
) sun-like (late F to early K) stars have 
ompanionsmore massive than Jupiter at < 3AU, 11% are stars, 5% are planets, and 0% areBDs [11℄. If this ∼ 16% were 
rudely taken as the fra
tion of binary indu
ed, andthus asymmetri
 p/PNe, this is within a fa
tor of 2 of estimates of the total fra
tionof low mass stars in
urring any PNe [22℄.It is also possible for a

retion disks to form around the se
ondary [23, 14, 21℄.The a

retion rate inferred from the Bondi wind a

retion formulae is
Ṁ

Ṁs

=

„

M2

M1

«2
(v/vs)

4

[1 + (v/vs)2]3/2
, (1)where v is the orbital speed of the se
ondary and vw is the slow wind speed fromthe primary. In general, for M2 < M1, reasonable parameters provide an a

retionrate 
ompatible with the luminosities required at the PNe stage if the 
ompanionis a main sequen
e star. However, the out�ow velo
ities of the fast wind in PNewould require a WD 
ompanion, as seen in the next se
tion. Complementarily, theluminosities of the fast wind pPNe out�ows would also require a WD 
ompanion.3 A

retion Disk Out�ows in pPNe and PNe:A

retion disk out�ows have a me
hani
al luminosity of order [5℄

Lm ∼ GM∗Ṁaǫ

2Ri
= 4.5 × 1036ǫ−1

M∗Ṁ−4

Ri,10
, (2)where ǫ is the dimensionless e�
ien
y of 
onversion from a

retion to out�ow, Riis the inner disk radius, Ṁa is the a

retion rate, G is Newton's 
onstant, and M∗is the 
entral stellar mass. In the last term Ri,10 ≡ Ri/10

10cm, ǫ−1 ≡ ǫ/0.1 and
Ṁa,−4 = Ṁa/10−4M⊙/yr. For an MHD out�ow, Eq. (2) equals the Poynting �uxat the laun
h surfa
e.For propagation into a region of negligible inertia, the asymptoti
 out�ow speedis ∼ ΩrA [19℄ where Ω is the angular speed of �eld an
hor point and rA is the radiuswhere the poloidal out�ow speed equals the Alfvén speed. This produ
t is typi
allyof order 1-3 times the es
ape speed of the inner most radius of the disk and is thusat least

vout ∼ vesc = 1600

„

M∗

R∗,10

«1/2

km/s. (3)Time dependent a

retion out�ows des
ribed with Eqs. (2) and (3) are 
onsistentwith the high pPNe out�ow me
hani
al luminosity and the fast PNe wind speed ofSe
. 1 when M∗/R∗ 
orresponds to a WD (for a

retion onto primary M∗ = M1,or se
ondary M∗ = M2). The out�ow speed from (3) does not depend expli
itlyon Ṁa (only impli
itly and weakly via Ri whi
h 
an ex
eed the stellar radius for astrong �eld) and is thus largely time independent. However, this speed depends onthe inertia of material blo
king the out�ow. Conservation of momentum gives
vobs =

Mfvf

fΩMenv + Mf
∼ 80km/s, (4)
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R 1000

1
τ−5/4dτ is the mass in one of the fast
ollimated out�ows, Menv is the envelope mass, fΩ ∼ 0.2 is the solid angle fra
tioninter
epted by the 
ollimated out�ow, and τ ≡ t/1yr is used to in
orporate Ṁa ∝

t−5/4 of Ref. [20℄. The numbers have been s
aled to the pPNe 
ase so that here
Menv >> Mf and for an envelope of mass 2M⊙, giving the inter
epted mass of 0.2
M⊙ for fΩ = 0.2. Eq. (4) then implies vobs = 40km/s, within the range observed [2℄.Eq. (4) represents the observed speed of the fast when blo
ked and loaded by theenvelope. By the end of the pPNe phase, the envelope is quite extended, redu
ingthe opti
al depth and revealing material moving at the �free streaming� fast windspeed. Assuming a dust-to-gas mass ratio of 1/100 and mi
ron sized grains of densityof 2g/
m3, the opti
al depth from dust is

τd ∼ 2.5 × 10−3

„

nd

2.5 × 10−13cm−3

«

“ σd

10−8cm2

”

„

R

1018cm

«

, (5)s
aled for PNe. For pPNe, the density in
reases by a fa
tor ≥ 104 and R is downby a fa
tor of 10, so τd ≥ 2.5, opti
ally thi
k. The di�erent opti
al depths of pPNeand PNe 
an thus explain why observed PNe fast winds 
an have vf > 1600km/s,whilst those of pPNe have vf < 100km/s.Keeping in mind our dis
ussion of low mass stellar 
ompanions in Se
 2, notethat Ref. [20℄ 
onsiders a 
ompanion of mass M2 ∼ 0.03M⊙ < Mcrit and a Shakura-Sunyaev vis
osity parameter αss ∼ 0.01, for whi
h the a

retion rate then de
aysas Ṁa ∼ 1.6 × 10−3t−5/4M⊙/yr.. Using this in (2) with ǫ = 0.1 for t = 100 yr with
Ri = 2×109
m and M1 = 0.6M⊙ gives Lm,f ∼ 4.3×1039(t/1yr)−5/4. This providesthe needed power demands of Se
. 1 for pPNe after 1000 yr and for PNe after 104yr. Be
ause the surfa
e density evolves, the gas opa
ity evolves from Thomson toKramer's after ∼ 100 yr [20℄, and the height to radius ratio de
reases substantially asthe disk 
ools. A �xed αss ∼ 0.01 is self-
onsistent with the time evolving a

retionand power above.4 Laun
h versus Propagation Regions for MHD Out�owsWe refer to the �laun
h� region [3℄ of MHD out�ows as the region where the magneti
for
e and energy dominates the �ow and thermal energy. This extends to a heighttypi
ally no greater than zc ∼ 10 − 50Ri, where Ri is the innermost radial s
aleof the engine (e.g. the inner radius of an a

retion disk). In the laun
h region thebulk �ow is a

elerating but is sub-Alféni
 until rea
hing zc. The �propagation�region des
ribes z > zc where the poloidal �ow speed ex
eeds the Alfén speed,eventually approa
hing its asymptoti
 speed. Presently, only the propagation regionis observationally spatially resolved. With this distin
tion, we des
ribe 3 
lasses ofMHD out�ow related work.Laun
h to Propagation: e.g. [15, 10, 1℄; Here the magneti
 �eld is imposed to beordered on a s
ale at least as large as the an
horing rotator. The base of the rotatoris typi
ally a boundary 
ondition. Cal
ulations address how material is a

eleratedby the 
ombination of 
entrifugal �inging of material along quasi-rigid �eld linesand/or a verti
al gradient in the magneti
 pressure. Both a poloidal and toroidal�eld 
omponent at the base are required. The �ow 
an be 
ollimated and supersoni
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kman and Jason T. Nordhausby hoop stresses before upon rea
hing the propagation region provided that thereis an ambient pressure to 
ollimate the magneti
 �eld. Simulations 
an 
over fromthe base of the laun
h region to a s
ale typi
ally ≤ 100 times the engine s
ale.Asymptoti
 Propagation: e.g. [9, 7℄; Here a 
ollimated jet is inje
ted on smalls
ales, and the subsequent propagation and shaping by the ambient medium ofspe
i�ed magneti
 and thermal properties is studied. The jet and ambient mediumparameters are varied to assess what 
onditions 
an produ
e the observed asymp-toti
, morphologies. These simulations do not address the magneti
 �eld origin ora

eleration me
hanism.Field Origin to Laun
h: e.g.[5, 18℄; The previous two 
ategories do not addresswhere the dynami
ally important large s
ale �elds 
omes from in the �rst pla
e.A

retion of �ux may be di�
ult in a turbulent disk, but these large s
ale �elds 
anplausibly be produ
ed by a 
ombination of a �ow dominated heli
al dynamo inside ofthe rotator, followed by magneti
 buoyan
y, and a magneti
ally dominated heli
aldynamo relaxation in the 
orona [4℄. The latter opens up stru
tures to the larges
ales needed to drive jets, mu
h as solar 
oronal loops open to 
reate solar 
oronalholes. This 
ategory of work fo
uses on the �eld origin, with kinemati
 estimates ofthe subsequent laun
h, but not the dynami
al laun
h itself.It is a frontier to 
ouple the above 
ategories, and ea
h has limitations when sepa-rated from the other two. For example, a self-
onsistently grown strong �eld dynam-i
ally mediating the laun
h need not ne
essarily imply a strong magneti
 in�uen
ein the propagation region: If the laun
h region produ
es a super-magnetosoni
 
ol-limated out�ow, then even subsequent ballisti
 propagation into the propagationregion would still emerge as 
ollimated. In addition, a super-magnetosoni
 out�ow
ould be
ome turbulent and the turbulen
e 
an amplify small s
ale magneti
 energyto > 10% of equipartition with this turbulen
e. This 
an be a substantial fra
tionof the initial bulk �ow energy and su
h a �eld would be responding to the �ow, notthe reverse.To summarize: the physi
s of the laun
h region (< 1AU) involves: (1) Originof large s
ale magneti
 �elds, �eld buoyan
y to 
oronae, �eld relaxation into larger
oronal stru
tures, (2) physi
s of 
entrifugal + magneti
 a

eleration of materialfrom small to super-Alfvéni
 speeds, or Poynting �ux driven bursts of a

eleration,(3) 
riteria for steady or bursty jets, and (4) assessment of the extent of Poynting�ux domination.The physi
s of the propagation region (>> 1AU observationally resolved) in-volves su
h issues as: (1) Propagation, instability formation, and sustenan
e of 
ol-limation in as a fun
tion of internal vs. external density and strength of magneti
�elds, (2) bow sho
ks, 
o
oon physi
s, parti
le a

eleration, (3) e�e
t of 
ooling onmorphology, and (4) intera
tion with ambient media.5 Toward Conne
tions between Theory and ObservationSpatially resolving the laun
h region and measuring the magneti
 �eld strengthand geometry therein would be the gold standard for dire
tly evaluating the role ofmagneti
 �elds in produ
ing asymmetri
 p/PNe. Measurements of �elds in the prop-agation region provide primarily indire
t eviden
e, though the dete
tion of relativelystrong �elds there is parti
ularly signi�
ant [24℄.
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iples and Paradigms 613Whether binaries supply needed rotational energy to amplify jet-mediating �eldsin a

retion disks is a fundamental question. The basi
 wind kinemati
s are roughly
onsistent with a

retion onto a WD, suggesting the importan
e of a

retion ontothe primary.Coupling a

retion disk physi
s to large s
ale magneti
 �eld produ
tion, to jetlaun
h, and jet propagation in a uni�ed theory is work in progress that spans sev-eral sub�elds of theoreti
al astrophysi
s, let alone the spe
i�
 appli
ation to p/PNe.However some predi
tions/trends 
an be studied: (1) It should be possible to eval-uate the kinemati
 
onstraints/predi
tions of Se
 3 in more detail and 
ompare thedistribution of inferred fast out�ow speeds to what would be expe
ted from knownbinary statisti
s of low mass main sequen
e stars. This would serve to help determinethe 
ommonality of a

retion onto the 
ompanion vs. the primary. (2) CE modelswould predi
t mostly Oxygen ri
h rather than Carbon ri
h post AGB systems be-
ause typi
ally, the 
ompanion eje
ts the envelope on time s
ales of order years,right from the beginning of the AGB phase when the envelope expands, so the AGBstar would not have had a 
han
e to rea
h the Carbon dredge up. (3) Crystallinedust in post-AGB systems 
an be produ
ed if a binary indu
ed spiral sho
k annealssili
ates [8℄. Is this universal? (4) CE evolution would predi
t equatorial out�owsfrom 
ompanion inspiral that pre
edes any a

retion driven poloidal jet. A delay isobserved [12℄ but more work is needed to predi
t the delay time s
ale. (5) Are thegeometry and 
omposition of dust tori around post-AGB obje
ts 
onsistent withthe in�uen
e of a binary? (6) Are fast out�ows 
ontaminated by material that 
ouldrepresent a

retion disk residue of shredded low mass 
ompanions? (7) Are times
ales of observed out�ow pre
ession 
onsistent with the gravitational in�uen
e ofa binary on a disk? (8) Can double peaked line pro�les be dete
ted to identify a
-
retion disks within the laun
h region? (9) Can shrouded novae outbursts from a
M2 > Mcrit 
ompanion feeding the primary be dete
ted in X-rays? (10) Improvedstatisti
s on the fra
tion of bipolar pPNe, the fra
tion of suitable pre
ursor binariesfor CEE, and the fra
tion of stars whi
h evolve to be pPNe will 
onstrain theoriesand assess whether all PNe in
ur asymmetry.Referen
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