
Jets and Tori in Proto-Planetary Nebulae:Observations vs. TheoryP. J. HugginsPhysi
s Department, New York University, New York, NY 10003, USApatri
k.huggins�nyu.eduSummary. We report on a study of the time sequen
e for the appearan
e of high-velo
ity jets and equatorial tori in the transition of stars from the asymptoti
 giantbran
h to the planetary nebulae phase. Jets and tori are prominent features of thisevolution, but their origins are un
ertain. Using the kinemati
s of mole
ular toriand mole
ular or opti
al jets, we determine the eje
tion histories for a sample ofwell-observed 
ases. We �nd that jets and tori develop nearly simultaneously. Wealso �nd eviden
e that jets appear slightly later than tori, with a typi
al jet-lag ofa few hundred years. The re
onstru
ted time-lines of this sequen
e provide goodeviden
e that jets and tori are physi
ally related, and they set new 
onstraints onjet formation s
enarios. Some s
enarios are ruled out or rendered implausible, andothers are 
hallenged at a quantitative level.Key words: stars: mass-loss, planetary nebulae: general, binaries1 Introdu
tionJets and equatorial tori are among the most prominent morphologi
al features ofproto-planetary nebulae (proto-PNe). They are also relatively 
ommon, but theirorigins are un
ertain. In this paper we attempt to make 
onne
tions between theobserved 
hara
teristi
s of the jets and tori, and various theoreti
al ideas on howthey might form.The paper is divided into two parts. In the �rst part we fo
us on observations,and address the question whether jets and tori are related in some way. We examinethis in the time domain, by asking if there is a 
onsistent pattern for the eje
tions,and what the relevant time s
ales are. We 
on
lude that jets and tori are related:they develop nearly simultaneously, and we �nd eviden
e for a torus-jet sequen
e.In the se
ond part of the paper, we use this torus-jet relation to evaluate di�erentformation s
enarios. It favors and 
onstrains 
ertain s
enarios, and rules out others.



624 P. J. Huggins2 ObservationsThe laun
hing of high-velo
ity jets and the eje
tion of equatorial tori are among themost traumati
 events in the lives of stars in the transition from the asymptoti
 giantbran
h (AGB) to the PN phase. Figure 1 illustrates the relatively sudden 
hange ingeometry from the regular AGB mass-loss. The left hand panel shows a simpli�edpi
ture, and the right hand panel shows a real example, AFGL 618, imaged with theHST. The jets of AFGL 618 show multiple 
omponents (the 
ause is not known),but they have well de�ned tips, and there is a dense torus, seen in absorption aroundthe equator, whi
h was formed by the last major mass-loss event from the star. Itmight 
ome as no surprise that su
h dramati
 mass eje
tions are somehow related,but the question has not previously been addressed in any detail.

Fig. 1. Jets and tori: (left) simpli�ed pi
ture; (right) the proto-PN AFGL 618,imaged by the Hubble Spa
e Teles
ope, adapted from [18℄2.1 Kinemati
 AgesWe explore the relation between jets and tori in the time domain by estimating whenea
h 
omponent was eje
ted. We 
an determine the kinemati
 ages of the jets fromtheir velo
ities and radial extent. This 
an be done using imaging and spe
tros
opyof opti
al emission lines or mole
ular lines if there are mole
ules in the jets. Theestimates require information on the tilt of the system (be
ause only proje
tedquantities are measured), and in well studied 
ases this 
an be determined fromgeometri
al or kinemati
 
onsiderations. Observations of opti
al proper motions ofthe tips of the jets 
an also yield kinemati
 ages, independent of the tilt.For the equatorial out�ows, we emphasize in this study obje
ts with massivemole
ular tori whose expansion velo
ity and radial extent have been observed inmillimeter CO lines. This is an important 
onsideration: tori 
an of 
ourse be studiedin opti
al emission lines in fully developed PNe, but by then the kinemati
s of thegas will have been strongly a�e
ted by the onset of ionization, and will no longer bea reliable indi
ator of the time sin
e eje
tion. We note that the eje
tion of the tori
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ases may be more spheri
ally symmetri
 than suggested in our s
hemati
�gure, but pier
ed by the jets: this does not appre
iably a�e
t our dis
ussion. Wealso note that in the 
lassi
 paper [16℄, Soker & Rappaport argued that tori arenot distin
t eje
tions, but are simply formed by jets snow-plowing the AGB windtowards the equatorial plane; however the high masses and high mass loss ratestypi
ally found, e.g., [6℄, argue for something di�erent.There are nine obje
ts with observations suitable for 
omparing the kinemati
ages of jets and tori. They range from AGB stars to young PNe: π1 Gru, AFGL 618,V Hya, He 3-1475, M 2-56, M 1-92, M 2-9, M 1-16, KjPn 8. We have omitted a fewwell-observed 
ases where the geometry is 
omplex, e.g., AFGL 2688 [3℄. The datafor the sample 
ome from the work of several resear
h groups and the details aregiven in [5℄ (see also J. Al
olea, this volume). For this sample, the median expansionvelo
ity of the tori is 10 kms−1 (
omparable to or less than the wind velo
ity nearthe end of the AGB), and the median jet velo
ity is 160 kms−1. The kinemati
 agesrange from 50 to 5,000 yr, and they roughly 
orrelate with the evolution of ea
hobje
t suggested by the morphology of the nebula and/or the temperature of the
entral star; this is 
onsistent with all eje
tions o

urring near the end of the AGB.2.2 Jet-LagThe kinemati
 ages of the jets are plotted against those of the tori in the left handpanel of Fig. 2. In spite of the relatively 
rude measures involved (espe
ially of thetori whi
h are not highly resolved) and the un
ertainties in the orientations (see[5℄ for details), the ages are seen to be 
orrelated. The jets and tori o

ur nearlysimultaneously, strongly suggesting they are physi
ally related.Further inspe
tion of the �gure shows that the kinemati
 ages of the jets areslightly less than those of the tori. There is good eviden
e to suggest that the kine-mati
 ages are quite reasonable estimates of the true travel times: for the tori be
auseof their large inertia and low velo
ity, and for the jets be
ause of the Hubble-likeballisti
 �ows seen in well studied 
ases, e.g., [1, 2, 19℄. On this basis, the most rea-sonable interpretation of the �gure is that the jets typi
ally develop after the tori,with a delay or jet-lag. From the age measurements for the ensemble of obje
ts, thetypi
al jet-lag is 300 yr.Although there is good eviden
e for approximate, unimpeded ballisti
 motion forthe jets, the dynami
s is not understood in detail, so there 
ould be slight variations.The di�eren
e between the true age and the kinemati
 age 
an be seen by writing theformer as t =
R

dr/v(r) (where v is the velo
ity as a fun
tion of distan
e r), whereasthe latter is r/v at the 
urrent epo
h. To the extent that the jets are de
elerated byintera
tion with the 
ir
umstellar gas, their true ages will therefore be shorter thanthe kinemati
 ages, and the jet-lag will be longer than we estimate. A

eleration ofthe jets is unlikely to dominate the kinemati
s (see [5℄ for details), but the jet-lag
ould be somewhat shorter. In any event, our measurements refer to the tips ofthe jets and 
hara
teristi
 or average radii of the tori, so our �nding that the jetsare almost simultaneous or delayed relative to the tori is likely to be robust. Thissequen
e is also 
onsistent with the kinemati
s and morphology seen in individual
ases, e.g., [6℄, where material of the torus is entrained along the sides of the jets.
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Fig. 2. The timing of jets and tori: (left) kinemati
 ages of jets vs. tori (error barsindi
ate un
ertainties in in
linations, proper motions, et
., and the 
ontinuous lineshows where the ages are equal); (right) re
onstru
ted time lines, with time axisin years ago from now (horizontal lines denote the duration of torus eje
tions, andarrowheads denote jet eje
tions)2.3 Torus-Jet Sequen
eUsing our timing estimates we 
an re
onstru
t the evolution of the out�ows, and thisis shown in the right hand panel of Fig. 2. The horizontal axis is time in the past,measured from the 
urrent epo
h. The �lled points show when the tori were eje
ted,and the horizontal lines show estimates for the duration of the eje
tion, based on theradial widths of the tori and the expansion velo
ity. These would be overestimatesif there is an appre
iable internal dispersion in the gas. The arrowheads show whenthe jets were laun
hed. In two 
ases there are data for multiple jets, and the intervalbetween them is seen to be 
omparable with the jet-lag.In spite of the 
onsiderable heterogeneity of the data used to make Fig. 1, theoverall pi
ture for the ensemble of obje
ts is remarkably 
onsistent. Tori are eje
tedon relatively short time s
ales, and jets are laun
hed at the same time or shortlyafter.3 Impli
ationsWe now turn to the impli
ations of these results for ideas on jet formation. Thereare several theoreti
al ingredients, MHD laun
hing and 
ollimation, disks of variouskinds (primary, se
ondary, 
ir
um-binary), the e�e
ts of a 
ommon envelope phase,et
., and they 
ome together in four types of s
enario whi
h we dis
uss in turn.3.1 S
enariosEa
h s
enario has fairly spe
i�
 predi
tions on the relations between the jets andtori whi
h we 
an test using the �ndings from the observations des
ribed in theprevious se
tion.



Jets and Tori 627Single StarsThe �rst s
enario involves magneti
 winds from single stars. Current models with astrong enough magneti
 �eld 
an produ
e jets [4℄ although there are likely problemswith this idea [17℄. In the 
ontext of our present results, it is un
lear if single starmodels 
an produ
e sudden jets, and those available do not produ
e 
o-ordinatedtori. The equatorial density enhan
ements in the simulations by [4℄ are input sep-arately, and do not 
onstitute a dis
rete eje
tion. In view of the 
lose 
onne
tionbetween jets and tori found here, the 
urrent single star models do not give a gooddes
ription of the observations.Disks around Binary CompanionsThe se
ond s
enario involves the laun
hing of jets from a

retion disks around binary
ompanions, e.g., [10, 16℄, similar to the jet laun
hing pi
ture in young stellar obje
ts.In this 
ase the disk is fed by the mass-loss from the AGB primary. This s
enariohas several attra
tive features. First, it provides a natural me
hanism for enhan
edmass-loss in the equatorial plane. Se
ond, it provides a 
ausal and sequential relationbetween the torus and jets, be
ause the enhan
ed mass-loss of the torus feeds thea

retion disk that in turn fuels or triggers the jets. It even provides a naturalexplanation for jet-lag.Jets will not immediately respond to enhan
ed mass-loss and enhan
ed a

retion,but will lag by the time it takes the matter to spiral into the 
ompanion. Thisa

retion time is the vis
ous times
ale of the disk, whi
h is given by the followingexpression in the usual α-pres
ription:
tν = 160 yr
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, (1)where α is the vis
osity parameter, M2 is the mass of the 
ompanion, and H and Rare the s
ale height and radius of the disk, respe
tively. For reasonable values of theparameters (given by the s
aling values in the equation), the vis
ous times
ale is afew hundred years, 
omparable with the typi
al jet-lag found from the observations.Thus the jet-lag 
ould well be the signature for the presen
e of an a

retion disk(whi
h is not otherwise dete
ted) and 
an provide quantitative information on itsproperties.In spite of the su

ess of this s
enario, one feature that is not generally explainedis the onset of a dis
rete torus. It may be 
onne
ted with spin-up by the se
ondary,and/or a 
riti
al envelope mass of the primary. This point warrants further study.Spun-up EnvelopesThe third type of s
enario involves the e�e
ts of spin-up of the envelopes, e.g., [11, 8℄,espe
ially during a 
ommon envelope phase whi
h might naturally lead to eje
tionin the equatorial plane. One version involves 
ommon-envelope eje
tion to form atorus, while the spin-up of the envelope generates jets. A se
ond version involves thebuild-up of the stellar magneti
 �eld by rotational shear until it explodes in boththe polar and equatorial dire
tions. This 
ase is interesting in view of the possibleobservable 
hara
teristi
s of the magneti
 �eld in the tori, e.g., [7, 13℄.For both of these s
enarios, the time s
ale for the sequen
e is likely to be fairlyrapid, so it is un
lear if either of them is 
onsistent with jet-lag of a few hundred
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lear whether 
ommon-envelope eje
tion or a magneti
 ex-plosion 
an give rise to the low velo
ity tori: in all observed 
ases the bulk of themass 
omes o� with a velo
ity 
omparable to or lower than the wind velo
ity on theAGB. Realisti
 simulations of the eje
tion pro
ess in a 
ommon envelope need to bedeveloped.A hybrid model, in whi
h a binary 
ompanion �rst a

retes matter and blowsjets, and is then engulfed by the primary to form a 
ommon envelope phase thateje
ts a torus is ruled out: it gives the wrong torus-jet sequen
e.Disks around the Primary CoreThe fourth type of s
enario involves the produ
tion of jets from an a

retion diskaround the primary 
ore or 
ore-remnant [14, 15, 12, 11℄. One version involves alow mass obje
t that is engulfed by the primary and is tidally disrupted to form adisk-jet system around the 
ore, to be later followed by the normal evolution of thestar and the eje
tion of the nebula. This s
enario 
an be ruled out be
ause the jetsand torus are un
oordinated (
ontrary to observations) and they o

ur in the wrongsequen
e.A se
ond possibility is for a 
ompanion to eje
t a torus in a 
ommon envelopephase, followed by tidal disruption forming a disk-jet system around the 
ore. Thisgenerates the 
orre
t torus-jet sequen
e, but is likely restri
ted to a narrow range of
ompanion mass, and the time s
ales are un
ertain.A third possibility is one in whi
h a torus is formed by 
ommon envelope eje
tion,and then the se
ondary undergoes Ro
he lobe over�ow, feeding a disk-jet systemaround the remnant 
ore. This gives the 
orre
t torus-jet sequen
e, but the times
ale on whi
h the disk is formed is likely too long, and it 
an probably be ruledout.3.2 Summary of S
enariosAs seen by the above dis
ussion, the torus-jet 
onne
tion provides important 
on-straints on possible s
enarios. Table 1 provides a summary, with a rating for ea
hof the 
ases 
onsidered. Half of them are ruled out or made implausible, and theremainder need more realisti
 simulation for 
omparison with the observed 
on-straints.All the plausible s
enarios involve a stellar or sub-stellar mass 
ompanion. Giventhe ubiquity of jets, this would imply intera
tions on the AGB should be a 
ommonphenomenon, and there is growing eviden
e that this might be the 
ase, e.g., [9℄ (seealso R. Sahai, this volume).4 Con
lusionsThe results of this study show that the laun
hing of jets and the eje
tion of equatorialtori are related. They are nearly simultaneous, and there is eviden
e for a torus-jetsequen
e with a typi
al delay time or jet-lag of a few hundred years.The near simultaneity of the out�ows, the torus-jet sequen
e, and time s
alesfor their development set interesting 
onstraints on s
enarios for jet and torus for-mation. The observations already rule out or make implausible several proposed



Jets and Tori 629Table 1. Jet-Torus S
enariosS
enario Rating Commentsmag. wind from single star − jets and torus?primary mass loss + 
ompanion a

. disk + dis
rete torus eje
tion?
ompanion a

. disk + CE eje
tion − wrong sequen
eCE eje
tion + mag. polar wind + jet-lag?(CE) mag. polar & equatorial explosion + jet-lag?(CE) primary a

. disk + late PN − wrong sequen
eCE eje
tion + primary a

. disk + jet-lag?CE eje
tion + RLOF − time s
ale too long?s
enarios, and for others they pose well de�ned, quantitative questions that need tobe addresses by realisti
 simulations.A
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