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RevMexAA (Serie de Conferen
ias), 12, 127{131 (2002)THE FORMATION OF COLLIMATED OUTFLOWS AND CONCENTRICRINGS IN MAGNETIZED PLANETARY NEBULAEJ. Fran
o, G. Gar
��a-Segura, J. A. L�opez, and S. KurtzInstituto de Astronom��a, UNAM, M�exi
oRESUMENCampos magn�eti
os y asimetrias en los vientos de estrellas 
on rota
i�on, adem�as de la pre
esi�on del eje derota
i�on, pueden 
rear la mayor parte de las morfolog��as y los 
ujos 
olimados (jets) observados en NebulosasPlanetarias. La 
olima
i'on de los 
ujos debido a la tensi�on magn�eti
a se vuelve muy e�
iente despu�es de queel viento magnetizado ha pasado por el 
hoque de reversa. Asimismo, los anillos 
on
entri
os observados enalgunas PNs pueden ser expli
ados por un 
i
lo magn�eti
o de tipo solar, 
on 
ambios peri�odi
os en polaridad.ABSTRACTMagneti
 �elds and wind asymmetries from rotating stars, along with pre
ession of the stellar rotation axis, 
an
reate most of the observed Planetary Nebulae morphologies and 
ollimated out
ows (jets). The 
ollimation ofthe 
ows by magneti
 tension be
omes very eÆ
ient after the magnetized wind has passed through the reversesho
k of the PN. Also, the 
on
entri
 rings observed in some PNe 
an be explained by a solar-like magneti

y
le with periodi
 polarity inversions.Key Words: HYDRODYNAMICS | ISM: JETS AND OUTFLOWS | ISM: BUBBLES | PLANE-TARY NEBULAE: GENERAL | STARS: AGB1. INTRODUCTIONPlanetary Nebulae (PNe) display a variety of
omplex shapes with opti
al emission-line spe
-tra dominated by forbidden lines of di�erent ioni
spe
ies. They are 
lassi�ed a

ording to shapeas spheri
al, ellipti
al, bipolar, quadrupolar, point-symmetri
, and irregular (see 
atalog by Man
hadoet al. 1996), and some of these morphologies may beasso
iated with the mass of the progenitor star (seethe paper by Gar
��a-Segura et al. in this volume).Some PNe display 
ollimated out
ows, others showmultiple 
on
entri
 rings (or ar
s), and some othersa series of knots aligned in a narrow jet-like straightline (see Kwok, Su, & Hrivnak 1998; Bali
k et al.2000; Terzian & Hajian 2000; Sahai & Nyman 2000;Guerrero et al. 2001). These features, along withsome of the point-symmetri
 features des
ribed byL�opez et al. in this volume, indi
ate the existen
eof quasi-periodi
 events and pre
ession of the rota-tion axis during the evolution of the nebulae. PNeare formed by the expulsion of the outer layers of alow-mass star at its �nal evolutionary phase. TheAGB wind drives a massive out
ow, with speeds ofabout 20 km s�1, and the wind velo
ity in
reasesto more than 103 km s�1 as the stellar nu
leus be-
omes a white dwarf. The wide variety of observed

shapes seems to be produ
ed, during the transitionfrom AGB to the PN phase, by the intera
tion of theslow and fast winds. This model, usually referredto as the \intera
ting wind" model, has been devel-oped and modi�ed over the last three de
ades (seere
ent reviews by Frank 1999, Fran
o et al. 2001, andGardiner & Frank 2001), and has been su

essful inexplaining the main properties of PNe.In parti
ular, MHD pro
esses seem to be keyingredients in shaping the nebulae. Re
ent high-resolution studies have revealed a wealth of 
omplexstru
tures with 
iers, ansae, bipolar jets, multipolarout
ows, 
on
entri
 rings, and narrow and well 
olli-mated jet-like blobs. Despite some 
riti
isms aboutthe a
tual relevan
e of B-�elds in shaping PNe (seeSoker 1998, 2000, 2002; Frank 1999), the existen
e ofall these observed features is diÆ
ult to understandwithout the a
tive role of toroidal magneti
 �eldsand solar-like 
y
les. This view is now reinfor
ed bythe re
ent dis
overy of a toroidal magneti
 �eld, ofmilliGauss strength, in the 
ir
umstellar torus of theyoung planetary K3-35 (Miranda et al. 2001). Herewe des
ribe, within the intera
ting wind s
enario,the role played by stellar rotation and magnetizedwinds in the origin of 
ollimated out
ows and 
on-
entri
 rings in PNe. 127
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128 FRANCO ET AL.2. STELLAR ROTATION, MAGNETIC FIELDS,AND COLLIMATIONAs stated above, the fast wind of the post-AGBphase eventually 
ollides with the slower AGB windand, as the eje
ted matter is photoionized by the
entral star, the main features of spheri
al and ellip-ti
al PNe are satisfa
torily explained with a simpleintera
ting wind model (i.e., Dyson & de Vries 1992;Kwok, Purton, & Fitzgerald 1978). For elongatedand bipolar morphologies, however, the formation ofan equatorial density enhan
ement during the slow-wind phase plays a major role in the subsequent de-velopment of the nebula. By modifying the proper-ties of this equatorial density enhan
ement, the mainobserved features in axisymmetri
 PNe are su

ess-fully reprodu
ed (Kahn & West 1985; Mellema, Eu-lderink, & I
ke 1991; Frank 1999). The formation ofbipolar morphologies, as dis
ussed by Gar
��a-Seguraet al. in these pro
eedings, 
an be due to a vari-ety of di�erent agents ranging from binary systems(e.g., Soker & Rappaport 2000), stellar rotation (e.g.,Gar
��a-Segura et al. 1999), and dipolar B-�elds (e.g.,Matt et al. 2000). The 
ombined a
tion of theseagents and additional possibility of pre
ession 
an
ertainly 
reate a variety of interesting features insome parti
ular obje
ts (e.g., Gar
��a-Segura& L�opez2000).The roles played by stellar rotation and magne-tized winds in the generation of 
ollimated, high-velo
ity out
ows have been explored only re
ently,and their relevan
e be
omes 
lear when 
onsider-ing the variety of observed features su
h as knots,tails, and 
iers that are lo
alized both inside andoutside the main nebular shells. These stru
turesare prominent in low-ionization lines su
h as thoseof [N II℄, [O I℄ and [S II℄, and are present indis-tin
tly in all morphologi
al 
lasses of PNe (see Bali
ket al. 1993; Gon�
alves, Corradi, & Mampaso 2001).Pure hydrodynami
 models fa
e 
ertain diÆ
ultiesin reprodu
ing these types of stru
tures (i.e., jet-like out
ows are very diÆ
ult to form be
ause fastwinds tend not to 
onverge into stable stru
tures;see Dwarkadas & Bali
k 1998), and stellar rotationand magnetized winds are logi
al alternatives to 
re-ate them (R�o_zy
zka & Fran
o 1996; Gar
��a-Seguraet al. 1999; Matt et al. 2000; Bla
kman et al. 2001).As dis
ussed by Bjorkman & Cassinelli (1993)for pressureless rotating winds, rapidly rotating stars
an 
reate asymmetri
al out
ows with equatorialdensity enhan
ements. Gar
��a-Segura et al. (1999)applied these solutions to the initial slow wind of ro-tating AGB stars, and generated winds with higherdensities near the equatorial plane. The resulting

torus-like mass 
on
entrations a
t as obsta
les forthe faster se
ond wind, and the 
ow be
omes bipolarand evolves along the rotation axis. Similar densityenhan
ements 
an also be 
reated in binary systems(e.g., Soker & Rappaport 2000), but now the angularmomentum of the 
ow is asso
iated with the orbitalmotion of the system. Hen
e, stellar rotation in ei-ther single stars or binary systems may be one of theprin
ipal 
auses of the bipolar stru
tures in PNe.Aside from the asymmetries indu
ed by rotation,magneti
 �elds 
an also drive deformations in boththe free-expanding wind and in the 
orrespondingwind-driven bubbles. The magneti
 �eld in an out-
owing wind from a rotating star has a toroidal 
om-ponent that de
reases with distan
e as r�1, and this
omponent eventually dominates the evolution of thewind. The �rst des
ription of the 
on�guration ofthe magnetized wind was given by Weber & Davies(1967) for the 
ase of the solar wind and their solu-tions were restri
ted to the 
ow at the equatorialplane. Later on, Sakurai (1985) made a general-ization of the Weber & Davies model, and derivedthe wind traje
tories outside the equatorial planefor the parti
ular 
ase of a rotating split monopole.The main e�e
ts of the tension of the toroidal �eld(also referred to as the hoop stress) are the de
e
-tion of the �eld lines toward the polar dire
tion, andhe found that the wind is 
ollimated along the polaraxis at large distan
es from the star. The hoop stressin a stellar wind operates in exa
tly the same manneras dis
ussed in earlier works for winds from a

retiondisks (Blandford & Payne 1982), and the only di�er-en
e is the topology of the initial 
ow. More re
ently,several authors (see Rotstein & Ferro-Fontan 1995,and the review by Rotstein 1998) have dis
ussed theout
ows resulting from rotating stars with di�erentmagneti
 multipole stru
tures. They found that theout
ows are always 
ollimated towards the rotationaxis, and that equatorial density enhan
ements 
analso o

ur when a dipolar �eld is present. In parti
-ular, Matt et al. (2000) derived the density enhan
e-ments at the equatorial plane for dipole �elds witha variety of wind parameters. All these works havefo
used, as in the 
ase of a

retion disk solutions, onthe solutions for freely expanding winds.Regarding the shaping of nebulae 
reated byintera
ting winds with rotation and magneti
 �elds,the �rst and most important step was done by Begel-man & Li (1992). They obtained self-similar solu-tions for aspheri
al nebulae produ
ed by a rapidlyrotating neutron star with a magnetized relativis-ti
 wind. They used the thin shell approximationwith initial spheri
ally symmetri
 winds, and the as-
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MAGNETIZED PNe 129pheri
al shapes arose (as in the 
ase of free expand-ing magnetized winds) solely from the tension of thetoroidal magneti
 �eld. This same type of solution,but in the non-relativisti
 regime, was later appliedto PNe by Chevalier & Luo (1994). They found thesame steady-state aspheri
al stru
tures with 
ylin-dri
al symmetry. Later on, with 2-D MHD simula-tions in 
ylindri
al 
oordinates, R�o_zy
zka & Fran
o(1996) found the time-dependent evolution for theseintera
ting magnetized winds. The shapes of the ex-ternal envelopes are similar to those found in theanalyti
al approximations, but the resulting sho
ked
ows are very 
omplex, with jet-like features and 
ol-limated out
ows. The generation of a jet-like out
owo

urs on
e the sho
ked wind region be
omes mag-neti
ally dominated (the magneti
 energy be
omeslarger than the thermal energy after 
ompression and
ooling of the sho
ked gas). Then the tension ofthe toroidal �eld drives a 
ow from the equatorialparts of the sho
ked wind region toward the sym-metry axis, leading to the formation of a jet. Thegas arriving at the polar regions of the nebula formsrelatively dense blobs whi
h 
an be identi�ed withthe ansae observed in some PNe. The 3-D 
ompu-tations performed by Gar
��a-Segura (1997) 
orrobo-rate the 2-D results and show, in addition, that the
ollimated 
ows are probably subje
t to kink insta-bilities. This study was extended by Gar
��a-Seguraet al. (1999), who made a series of 2-D spheri
al 
al-
ulations to explore the range of shapes that 
an beas
ribed to rotation and magneti
 �elds. More re-
ently, Gardiner & Frank (2001) made models witheven larger magneti
 strengths and found that self-
ollimation 
an o

ur even before the fast wind isable to intera
t with the slow wind. As stated above,this me
hanism is a
tually the one that operates inmagnetized a

retion disks to form jets, but the mostimportant point to stress here is that magneti
 
olli-mation be
omes very eÆ
ient after the 
ow has beenpro
essed by a sho
k.In a further extension of this type of study,Gar
��a-Segura & L�opez (2000) in
luded the pre
es-sion of the rotational axis of the progenitor star.They made a 
omputational survey of 3-D MHD sim-ulations for young PNe, and explored the e�e
ts ofdi�erent misalignments of the magneti
 
ollimationaxis with respe
t to the symmetry axis of the bipo-lar/ellipti
al wind out
ow (see L�opez et al. in thisvolume). This steady tilt 
an also be interpretedas the result of a large pre
ession period. The sim-ulations show that in these 
ases a hydrodynami-
al de
e
tion of the magnetized, 
ollimated wind onthe bipolar/ellipti
al 
avity 
an produ
e morpholo-

gies that may resemble the presen
e of pre
essing orrotating sour
es. Also, the strength of several fea-tures is 
ontrolled by varying only the mass-loss rateof the wind, and they are able to reprodu
e a 
on-siderable number of point-symmetri
 morphologies.The in
lusion of a binary system in these modelsonly strengthens the 
onditions for the developmentof point-symmetry in the resulting nebulae. All theseworks indi
ate that MHD shaping and 
ollimation isa key ingredient in understanding PN formation andevolution.3. MAGNETIC CYCLES, CONCENTRIC RINGS,AND ALIGNED KNOTSThe presen
e of multiple 
on
entri
 rings, or ar
s,in some PNe (see Kwok et al. 1998; Bali
k et al. 2000)indi
ates the existen
e of quasi-periodi
 events, withtime intervals of about 500 to 1500 years, duringPN formation. The possible origin of these rings hasbeen dis
ussed by Soker (2000) and, after a 
riti-
al review of the me
hanisms that have been pro-posed to explain them, he 
on
ludes that a solar-likemagneti
 
y
le is perhaps the best alternative fortheir origin. The possibility of a solar-like magneti
dynamo at the AGB phase has been re
ently dis-
ussed by Bla
kman et al. (2001) and Soker & Zoabi(2002), and they 
on
lude that dynamo ampli�
ationis likely to operate in rotating single AGB stars or inbinary systems. A logi
al extension of this result isthat solar-like a
tivity, in
luding dynamo and 
y
les,is also expe
ted in some AGB stars. In Soker's view,however, the magneti
 �eld plays no dire
t role inthe formation of the rings, and he suggests that themagneti
 
y
le only regulates periodi
 variations inthe mass-loss rate. Thus, in his interpretation, therings are formed by pure hydrodynami
al e�e
ts dueto variations in mass-loss that follow the 
y
le a
tiv-ity, and the magneti
 �eld has no dynami
al e�e
ts.A variation of this purely hydrodynami
 modelhas been dis
ussed by Simis, I
ke, & Dominik (2001),in whi
h a non-magneti
 dusty 
ow from the AGBstar develops 
ompressions in the base of the wind.They present detailed 1D hydrodynami
al simula-tions for the a

eleration of a dusty AGB wind, with-out assumptions about the grain-gas 
oupling. Inthis 
ase, the drift velo
ity of re
ently formed dustgrains 
an be larger than its equilibrium value, 
reat-ing 
ompressed regions with larger dust-to-gas massratios. These 
ompressed zones appear in a 
y
li
manner in their 1D simulations, driving a variablemass-loss rate that may lead, as in the s
heme de-s
ribed by Soker (2000), to the 
reation of dustyshells. In these purely hydrodynami
 models, theperiodi
 formation of shells is only due to the in-
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130 FRANCO ET AL.
rease in mass-loss, and higher shell densities 
an bemaintained as long as the wind temperature 
an belower in these same lo
ations. This is a reasonablepossibility during the AGB phase, but it 
annot lastfor a long time. On
e the wind is photoionized by the
entral star, the plasma temperature be
omes nearlyhomogeneous in the nebula, and the rings tend to bewashed away in a sound 
rossing time. Thus, therings are short-lived in these purely hydrodynami

ases.A di�erent alternative, exploring the a
tual dy-nami
al e�e
ts of a solar-like magneti
 
y
le, hasbeen proposed by Gar
��a-Segura et al. (2001). Thenovel aspe
t in this model is that the stellar mag-neti
 �eld is allowed to 
hange sign in a sinusoidal
y
le. Given the la
k of knowledge about the true�eld variations in these stars, this fun
tional form isan adequate �rst approximation. The model is verysimple, without mass-loss variations and 
onsideringonly a 
y
li
 polarity inversion of the magneti
 �eldat the surfa
e of the AGB star. Their 2-D MHD sim-ulations show that shell formation in a magnetizedwind with variable �eld strength is a straightforwardpro
ess. The magneti
 pressure of the out
owingplasma varies with twi
e the frequen
y of the mag-neti
 
y
le, and goes to zero at the moment whenthe magneti
 �eld 
hanges polarity. The plasma inthe expanding wind noti
es the magneti
 pressuredepressions, both upstream and downstream, andmoves towards the low-pressure sites. The wind isthen 
ompressed at these lo
ations, in
reasing thelo
al density, to 
ompensate for the low magneti
pressure values. The rings are easily formed by thisme
hanism, and they 
an be long-lived. The den-sity 
ontrast between ring and inter-ring zones isless than 10%, but it 
an be modi�ed by 
hangingthe amplitude of the pressure 
u
tuations. In addi-tion, the shells formed by these magneti
 models arenot rapidly washed away by photoionization, and arestable against the Parker and Rayleigh-Taylor insta-bilities. Thus, modulated mass-loss episodes are notreally ne
essary to generate the observed rings.The series of bright knots observed by Sahai &Nyman (2000) in He 2-90 
an also be explainedby this same me
hanism. Depending on the �eldstrength, as in the 
ase of magnetized free expand-ing winds, magneti
 
ollimation 
an o

ur during theepisodes of polarity inversion. The 
ollimation ofthese out
ows is again solely due to the hoop stressof the toroidal �eld, but the 
ow is not a

elerated inthis 
ase. The models show that the density stru
-ture of the jet-like features observed in He 2-90 
anbe 
reated by this me
hanism but, given this 
olli-

mation without a

eleration, the gas velo
ities haveto remain slow. The low and 
onstant radial velo
-ity of the knots observed by Guerrero et al. (2001),of only 26 km s�1, is 
ertainly 
ompatible with thissimple model. 4. CONCLUSIONSThe intera
ting wind model for Planetary Nebu-lae has been re
ently modi�ed to in
lude the e�e
tsof stellar rotation and magneti
 �elds. The in
lusionof stellar rotation, either in single stars or in binarysystems, 
an result in equatorially 
on�ned out
ows,and may be one of the primary 
auses of bipolarPNe. This e�e
t is signi�
antly magni�ed when thetension of the toroidal magneti
 �eld is ampli�ed atthe sho
ked region, and 
ollimated out
ows 
an beformed. The pre
ise form of the o�-equator distri-bution of this toroidal 
omponent is not very im-portant, provided that the �eld is suÆ
iently strongto 
ause a deformation in the sho
ked wind region.This 
ollimation is operative up to large distan
es,and anisotropi
 ambient density distributions are notrequired. If they o

ur, they 
an produ
e even moreelongated stru
tures. Thus, a 
ombination of rota-tion and a magneti
 �eld 
an naturally a

ount forsome of the most interesting features in PNe. Thisdoes not pre
lude other e�e
ts, su
h as those gen-erated by external density gradients or binary sys-tems, taking pla
e at the same time, resulting in evenri
her morphologi
al stru
tures.Point-symmetri
 stru
tures in PNe are be
omingmore and more important. Almost every PN thathas been observed at high spatial resolution showssome degree of point-symmetry, indi
ating that theme
hanisms that produ
e it should be rather 
om-mon. These stru
tures 
an be reprodu
ed in 3-DMHD simulations with misalignments between themagneti
 and out
ow axes. The results are verypromising, and reprodu
e a wide variety of observedmorphologies. In addition, the e�e
ts of magneti

y
les are su

essful in reprodu
ing the enigmati

on
entri
 rings in some PNe, as well as the highly
ollimated string of bright knots observed in He 2-90.Finally, it is important to stress that the re
entdis
overy of a toroidal magneti
 �eld in K3-35 by Mi-randa et al. (2001), of milliGauss strength, providesvery important observational support for this typeof model. The main 
riti
ism of magneti
 modelswas based on the la
k of eviden
e for the strengthand topology of the required �elds. The observedproperties of the magneti
 �eld in K3-35, whi
h hasa 
ollimated bipolar jet, is within the range of valuesexplored by the models.
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