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hester.eduSummary. The physi
al me
hanism(s) responsible for transitioning from a spher-i
al Asymptoti
 Giant Bran
h (AGB) star to an asymmetri
 post-AGB (pAGB)obje
t is poorly understood. In parti
ular, ex
ess momenta in the out�ows of pAGBobje
ts suggest that a binary may be required to supply an additional sour
e of en-ergy and angular momentum. The extra
tion of rotational energy from the engine islikely fundamental and may be fa
ilitated if a dynamo is operating in the interior. Inthis regard, single star magneti
 out�ow models have been proposed as me
hanismsfor produ
ing and shaping PNe, however these models negle
t the ba
k-rea
tion ofthe large-s
ale magneti
 �eld on the �ow.Here we present a transient α−Ω dynamo operating in the envelope of an AGBstar in (1) an isolated setting and (2) a 
ommon envelope in whi
h the se
ondary is alow-mass 
ompanion in-spiralling in the AGB interior. The ba
k rea
tion of the �eldson the shear is in
luded and di�erential rotation and rotation deplete via turbulentdissipation and Poynting �ux. For an isolated star, the shear must be resupplied inorder to su�
iently sustain the dynamo. We 
omment on the energy requirementsthat 
onve
tion must satisfy to a

omplish this. For the 
ommon envelope 
ase, arobust dynamo 
an result as the 
ompanion provides an additional sour
e of energyand angular momentum.Key words: stars: AGB and post-AGB � stars: low-mass, brown dwarfs � stars:magneti
 �elds � planetary nebulae: general � MHD � binaries: 
lose1 Binaries and Additional MomentaPost-AGB obje
ts, and 
orrespondingly, many PNe, exhibit extreme asymmetry inthe form of 
ollimated jets and/or bipolar stru
tures. However the physi
al pro-
esses responsible for shaping pAGB out�ows have remained elusive for almost twode
ades. Magneti
 �eld dete
tion and maser emission in many obje
ts have sustainedinterest in magneti
 laun
hing and 
ollimation me
hanisms [1, 8, 15℄. In parti
ular,a magneti
ally 
ollimated jet in an evolved star further suggests a dynami
al role ofthe magneti
 �eld in pAGB evolution [17℄.



616 J. Nordhaus and E. G. Bla
kmanSingle star magneti
 out�ow models have been proposed as me
hanisms for shap-ing and produ
ing pPNe/PNe [13, 2, 6℄. However, these models negle
t the 
atas-trophi
 quen
hing whi
h o

urs when the large-s
ale �eld ba
k-rea
ts on the �ow.As the magneti
 �eld grows, di�erential rotation is drained rapidly (≤ 100 yrs) andresults in the termination of the dynamo, making it di�
ult for isolated stars toprodu
e observed asymmetries. On the other hand, if 
onve
tion 
an resupply dif-ferential rotation in an AGB star, then an envelope dynamo in an isolated star maybe viable.If single star models fail, the observed bipolarity may instead be the result of en-ergy and angular momentum supplied by a binary 
ompanion. This is supported byre
ent radial velo
ity surveys suggesting that many, if not all, PNe harbor binariesor in
urred a binary intera
tion [5, 16℄. Additionally, most pAGB systems exhibitextreme momentum ex
esses (∼ 102 − 104 times larger than that supplied by radi-ation pressure) [4℄. A binary 
ompanion may provide a natural sour
e of additionalmomentum, espe
ially if the intera
tion results in a 
ommon envelope (CE) phase[10℄.Here, we review results of ongoing theoreti
al studies whi
h aim to understandhow low-mass 
ompanions (planets, brown-dwarfs and low-mass main sequen
estars) produ
e asymmetries in evolved stars [10, 11℄. We fo
us on 
ommon envelopeevolution in whi
h a low-mass 
ompanion is engulfed during the AGB phase. Threedistin
t eje
tion s
enarios are identi�ed, leading to qualitatively di�erent mass out-�ow 
onsequen
es (see �2). In parti
ular, we investigate a magneti
 model in whi
hthe 
ompanion spins-up the 
ommon envelope, driving a dynamo in the interior. We
ompare these results to a dynamo operating in an isolated AGB star. Constraintsare pla
ed upon the isolated star s
enario for it to be a viable engine in produ
ingbipolarity (see �3). A 
ommon envelope dynamo, on the other hand, is robust and
an drive asymmetries for a range of out�ow types and 
ompanion masses (see �4).We 
on
lude and 
omment in �5.2 Common Envelopes: The 
ase of low-mass 
ompanionsRo
he lobe over�ow in 
lose binary systems 
an result in both stars immersed in a
ommon envelope [12, 7℄. On
e inside, a drag for
e generated by velo
ity di�eren
esbetween the primary envelope and 
ompanion, indu
es in-spiral. If the mass ratioof the system is low (< 0.1), the se
ondary in-spirals towards the primary 
ore.During evolution o� the main-sequen
e, expansion of the primary's envelope mayengulf a 
ompanion either by tidal 
apture or dire
tly during the expansion. In-spiralof a low-mass 
ompanion (planet, brown dwarf, low-mass MS star) into an AGB starenvelope was investigated in [10℄. The transfer of energy and angular momentum
an eje
t the AGB envelope and in�uen
e out�ow dire
tion. Three mass eje
tions
enarios are presented in Fig. 1. In s
enario (a), the 
ompanion inje
ts enoughorbital energy and angular momentum into the AGB envelope to dire
tly unbind itand eje
t material in an equatorial torus. In s
enario (b), the 
ompanion spins-upthe envelope 
ausing it to di�erentially rotate and drive a dynamo in the interior.The dynamo 
an unbind the envelope and eje
t material poloidally. In s
enario (
),the 
ompanion is shredded into an a

retion dis
 around the 
ore. The dis
 drives anout�ow, unbinding the envelope and laun
hing material along the poles. For more onthese s
enarios, see [3℄ (these pro
eedings). In this paper, we fo
us on (b) in the 
ase
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h a low-mass 
ompanion has spun-up theenvelope during a 
ommon envelope phase. We refer the reader to [11℄ for in-depthdetails.
a.

b.

c.Fig. 1. Three possible out
omes of our CE evolution with a low-mass se
ondary.(a) The 
ompanion be
omes embedded in the stellar envelope dire
tly eje
ting theenvelope equatorially. (b) The envelope is spun-up 
ausing it to di�erentially rotate.An envelope dynamo ensues, unbinding material along the poles. (
) The 
ompanionis shredded into an a

retion dis
 around the 
ore. The dis
 drives an out�ow whi
hunbinds the envelope poloidally [10℄.3 Isolated AGB DynamoAn unresolved issue in magneti
 PNe progenitor models is whether an isolated AGBstar 
an sustain the ne
essary �eld strengths and 
orresponding Poynting �ux tounbind the envelope and produ
e 
ollimated out�ows. We present results of a dy-nami
al model in whi
h the ba
k-rea
tion of �eld growth on the �ow is in
orporatedfor a 3 M⊙ AGB star. Angular momentum is 
onserved on spheri
al shells as the starevolves o� the main sequen
e and provides the initial di�erential rotation pro�le.As the large-s
ale magneti
 �eld ampli�es, shear energy is 
orrespondingly drained.However, in an isolated AGB star, there is too little shear energy to generate strongmagneti
 �elds and the dynamo terminates after ∼ 20 yrs [11℄. A 
onstant di�eren-tial rotation pro�le must be established, in order to sustain the dynamo until theaggregate Poynting �ux is dynami
ally important [11℄. This 
ir
umstan
e o

urs inthe sun as 
onve
tion re-seeds di�erential rotation through the λ-e�e
t [14℄.
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Fig. 2. Conve
tive resupply results in a steady-state di�erential rotation pro�le.Left 
olumn: poloidal �eld, Bp (bottom), toroidal �eld, Bφ (middle) and Poynting�ux (top). Insets represent the time evolution to 2 yrs. Right 
olumn: rotation, Ω(bottom), di�erential rotation, ∆Ω (middle) and the fra
tion of the envelope bindingenergy supplied via heat and Poynting �ux (top).Although it remains to be established dynami
ally if a similar e�e
t o

urs inevolved stars, by analogy to the solar 
ase, we allow a fra
tion of the turbulent energy
as
ade to resupply shear [11℄. Additionally, we keep the rotation at the interfa
ebetween the 
onve
tive and shear zones �xed. This is physi
ally equivalent to storingthe Poynting �ux in the interfa
e region (i.e. magneti
 buoyan
y is negligible). If the�eld is trapped, Poynting �ux does not emerge from the layer and thus, does notspin-down the envelope. A single star dynamo may be viable when the following two
onditions are satis�ed: (i.) 
onve
tion resupplies di�erential rotation (ii.) Poynting�ux is stored inside the envelope.For our 3 M⊙ AGB star, under the above two 
onditions, a steady-state dynamois established when ∼ 1% of the turbulent 
as
ade energy reinfor
es the shear (seeFig. 2) . The peak Poynting �ux is sustained at ∼ 5× 1034 erg s−1 and a

umulatesuntil the stored �eld supplies enough energy to unbind the envelope at the end ofthe AGB phase (∼ 105 yrs). If the above two 
onditions are met, then an isolatedstar dynamo may be viable as a me
hanism for produ
ing bipolar out�ows in pPNe.4 Common Envelope DynamoUnlike single star models, a binary 
ompanion via a 
ommon envelope phase o�ers anadditional sour
e of energy and angular momentum whi
h is otherwise unavailable



Transient Dynamos and Common Envelopes 619[10℄. A 
ommon envelope is advantageous as the in-spiral time is fast (< 1 yr) andthus, energy and angular momentum are delivered qui
kly. We 
onsider low-mass(planets, brown dwarfs, low-mass main sequen
e stars) embedded in the envelopeof our model AGB star, and use the gravitational potential energy released by these
ondary during in-spiral to spin up spheri
al shells. The dynami
al equations andmodel are presented in detail in [11℄.The in-spiral of even low-mass 
ompanions 
an signi�
antly spin-up the envelope.Higher mass se
ondaries supply enough orbital energy to spin-up the envelope aboveits Keplerian value at a given radius. The rotational energy will then redistributevia outward mass transfer until Keplerian rotation is re-established. Ideally, thedi�erential rotation pro�le should be solved for self-
onsistently with this e�e
t be-
oming parti
ularly important as soon as the rotation rate ex
eeds the sound speed.We have not in
orporated this redistribution expli
itly and hen
e, our approa
hof redistributing the ex
ess rotational energy in the inner regions is approximate.Nevertheless, the required energy and angular momentum are present in the CEphase.Our solutions are 
ategorized by the relative amount of energy supply to theenvelope by the time-integrated heat and Poynting �ux. A key parameter in deter-mining whether the indu
ed out�ow would be thermally or magneti
ally driven isthe turbulent magneti
 Prandtl number, Prp ≡ βφ/βp < 1. In our model AGB star,the 
onve
tive zone is highly turbulent while the shear layer is weakly so. There-fore, we parameterize the turbulent di�usion 
oe�
ients in ea
h region su
h that
βφ ≫ βp. The turbulent di�usion 
oe�
ient in the di�erential rotation zone governshow far the poloidal 
omponent of the �eld 
an di�use into the shear zone in a 
y
leperiod. The further into the shear zone the poloidal �eld 
an penetrate, the greaterthe shear energy that 
an be extra
ted and utilized via the dynamo. In 
ontrast,
βp governs how mu
h heat is generated by turbulent dissipation. Thus, it is theinterplay of these two quantities, 
oupled with the 
ompanion mass that ultimatelydetermines whether a model is thermally or magneti
ally driven.We present an example of a thermally driven model in Fig. 3. In this 
ase, a 0.02
M⊙ brown dwarf in-spirals through the AGB envelope. Even though the dynamo isoperating and the magneti
 �eld is ampli�ed, in this 
ase, heat supplies the requiredenergy to unbind the envelope. For Prp = 10−4 (Fig. 3), the de
ay of the shearenergy and toroidal �eld is long (∼ 25 yrs) an o

urs over several thousand 
y
leperiods. If heat is the primary driver in mediating the transition from progenitorto pAGB, the resulting out�ow is probably quasi-spheri
al and may not be theme
hanism responsible for the produ
tion of bipolar PNe.In 
ontrast to a thermally driven model, we also identify a situation in whi
h thetime-integrated Poynting �ux is large enough to unbind the envelope. In Fig. 4, a 0.05
M⊙ brown dwarf in-spirals through our AGB star and spins-up the envelope. For thismodel, Prp = 10−6 with the 
orresponding Poynting �ux de
aying in ∼ 100 yrs. Thepeak �eld strengths are 
omparable to those obtained in Fig. 3, however the lower
Prp results in less di�erential rotation energy being 
onverted into heat. Instead,the dynamo lifetime is longer and the aggregate Poynting �ux larger. We therefore,identify this as a magneti
ally driven model. In this situation, the out�ow is expe
tedto be magneti
ally laun
hed, 
ollimated and bipolar. In addition, for some models,the laun
h may be explosive and 
ould be responsible for the produ
tion of ansaewhere the burst-times are generally ∼ 100 − 300 yrs. It may also be possible toprodu
e steady, magneti
ally 
ollimated winds from these results for a range of



620 J. Nordhaus and E. G. Bla
kman

ε
ε

M

T

Fig. 3. Interfa
e dynamo resulting from the in-spiral of a 0.02 M⊙ brown dwarf.For this model, heat from turbulent dissipation is the dominant sour
e of energyand is the primary driver in unbinding the envelope. Su
h an out�ow is expe
ted tobe quasi-spheri
al.time-s
ales. To fully investigate this problem, future resear
h should link magneti
�eld ampli�
ation to the physi
s of the jet-laun
h in a self-
onsistent manner.Both magneti
ally and thermally driven models 
an be produ
ed for a rangeof 
ompanion masses and di�usion 
oe�
ients. The resultant out�ows for the two
ases are quite di�erent. For dynamo driven winds, the laun
hing and shaping of theout�ow may o

ur 
lose to the 
ore. Su
h an out�ow is expe
ted to be 
ollimated,predominately poloidal and may be responsible for shaping features in Abell 63 [9℄.On the other hand, if heat is the primary transitioning me
hanism between theAGB and pAGB phase, the resulting out�ow is probably quasi-spheri
al and maybe responsible for produ
ing ellipti
al or spheri
al pPNe/PNe. Bipolar, magneti
ally
ollimated pPNe/PNe 
ould be the result of 
ommon envelope, magneti
ally drivenmodels.5 Con
lusionsExtra
tion of rotational energy is likely fundamental to the formation of multipolarpPNe and PNe. Magneti
 dynamos 
an play an intermediary role in fa
ilitating theextra
tion of rotational energy, however, previous models have negle
ted the 
ru
iale�e
t of the ba
k-rea
tion of �eld growth on the shear. We have presented resultsof dynamos in
orporating this e�e
t for both isolated stars and 
ommon envelope
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Fig. 4. For this model, the se
ondary is a 0.05 M⊙ brown dwarf. Strong di�erentialrotation in the interior generates a Poynting �ux whi
h unbinds the envelope after
∼ 100 yrs. The resulting out�ow is expe
ted to be bipolar and 
ollimated.systems. For an isolated star, stringent 
onditions (in
luding resupply of shear andstorage of Poynting �ux) must be met if an isolated dynamo is to be viable inprodu
ing bipolar PNe.Common envelope evolution is robust in supplying the requisite energy andangular momentum needed to produ
e strong, bipolar magneti
 �elds in the pAGBphase. We have dis
ussed two paradigms: magneti
ally driven (bipolar, 
ollimated)and thermally driven (quasi-spheri
al) whi
h may be responsible for shaping duringthe pAGB phase.Referen
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