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.beSummary. Links between Planetary Nebulae and binarity are often invoked whenexplaining 
ompli
ated shapes of PNe. These shapes may be a result of the 
om-panion's in�uen
e, but the binary itself is in turn a�e
ted by the nebular eje
tion.Many 
lasses of binary obje
ts are supposedly related to binary systems intera
tingat the end of the AGB phase (i.e., at the future nebular material eje
tion). Thesein
lude 
lose binary CSPNe, post-AGB binaries, Ba/CH/S stars, a fra
tion of sym-bioti
s and of the 
ata
lysmi
 variables. Be
ause of their 
ommon origin, a generalterm 'after-AGB binaries' seems appropriate, despite of other di�eren
es. But thepresent orbital 
hara
teristi
s of many of these systems resist explanation by 
ur-rent theoreti
al models. Using re
ent observational results about the omnipresen
eof 
ir
umbinary tori and disks or often high rotation rates in young 'after-AGB'systems, and stressing the role of radiation driven dusty winds, this paper presentsa new evolutionary s
heme 
ombining L1 mass transfer, L2/L3 systemi
 mass loss,transient 
ir
umbinary torus/disk formation, binary-disk intera
tions and a

ompa-nying orbital evolution. This 'transient torus' s
enario, in
luding key observationalfeatures of the various 'after-AGB' binaries, appears to be promising in explainingsome of the puzzling properties of their e�log P diagrams, thus o�ering a uni�edpi
ture for the formation of these systems.Key words: stars: AGB and post-AGB, stars: binaries1 After-AGB BinariesThere are several families of more or less pe
uliar binary systems that share onekey 
hara
teristi
 � at least one of the two binary 
omponents in these systemshas gone through the AGB phase in the past. The term �after-AGB binaries� willbe used to refer to su
h binaries in this paper, as distinguished from the term�post-AGB�, 
ommonly used to denote the short transition phase between AGBand PN 
ore (CSPN) stages of (single or binary) stellar evolution. In many of su
hafter-AGB systems, the mass transfer from an AGB star has left its mark on the
ompanion, enhan
ing its abundan
es with the produ
ts of the AGB nu
leosynthesis,most remarkably C, F, and s-pro
ess elements (see [11℄ for a re
ent review). This



502 Adam Frankowskipollution will manifest itself later in the 
ompanion's evolution. Of 
ourse, heavyAGB mass loss and mass transfer, as well as tidal e�e
ts, important due to the giantdimensions of an AGB star, lead also to orbital evolution of these systems. Results ofthese relatively short-lasting intera
tions 
an then be observed during mu
h longerafter-AGB lives of su
h systems.An exemplary 
ase of after-AGB systems are barium stars: G-K type giantsremarkable for their overabundan
es of Ba [26℄. Related families in
lude Abell-35sub
lass of PNe [4℄, barium dwarfs (in
luding the so 
alled WIRRing stars [15℄),subgiant and giant CH stars, extrinsi
 S stars and d'-type yellow symbioti
s. Butnot all of the after-AGBs need to be s-pro
ess ri
h. The post-AGB binaries are aninteresting 
ase, as they are all by de�nition after-AGBs: some of them do exhibits-pro
ess enhan
ement while others do not [35℄. Red s-type symbioti
 stars withmassive white dwarf 
ompanions (MWD > 0.5M⊙), another member of the after-AGB group, also do not exhibit s-pro
ess enhan
ement [16℄. Not mu
h in this respe
t
an be said about most binary CSPNe, as the unevolved 
ompanion is usually toofaint to be seen. Some of the 
ata
lysmi
 variables (CV) with massive white dwarfsshould also belong to the after-AGB family.2 The Observational PuzzleThe orbital parameters of after-AGB systems supplied by the observers are a long-standing 
hallenge for the binary evolution theory. Four binary evolution pro
essesare usually invoked when modeling formation of the after-AGB systems: tidal inter-a
tions, wind a

retion (in
luding tidally enhan
ed winds: Companion-Reinfor
edAttrition Pro
ess or CRAP [5℄), stable Ro
he-lobe over�ow (RLOF), and 
ommonenvelope (CE) evolution. Alas, thus 
onstru
ted evolutionary 
omputations fail toreprodu
e the 
orre
t ranges of orbital periods, e

entri
ities and s-pro
ess enhan
e-ment levels (see e.g. [29, 6℄). A typi
al model result from [6℄ is shown in Fig. 1. Thebasi
 reason for this problem is quite simple, and has ni
ely been put by [14℄: as aresult of CE intera
tion, initially 
lose systems be
ome 
loser and, be
ause of windmass loss, initially wide systems be
ome wider. [...℄ most known symbioti
 systemsbelong to a rare population on the borderline between initially 
lose and wide bina-ries. As a result, the models do not produ
e e

entri
 systems with periods below
∼2000�3000 d and all systems below ∼1000 d enter a CE and undergo a dramati
orbital shrinkage.The observed after-AGB systems with intermediate periods (100�2000 d) havesomehow avoided the 
atastrophi
 out
ome of a CE, but the theoreti
al 
on
eptsproposed so far are not satisfa
tory in explaining this fa
t: (i) the in
lusion of tidalfor
es a�e
ts only the deta
hed evolution and does not improve the �nal results; (ii)CRAP does allow for slightly shorter �nal periods in deta
hed evolution but stillnot below 2000 d and any stronger e�e
t would prevent TP-AGB, thus impedings-pro
ess; (iii) stable RLOF o

urs only for a narrow range of initial parameters;(iv) lowered binding energy of the AGB envelope due to the in
lusion of ionizationenergy as proposed e.g. by [12℄ is problemati
 [13℄; (v) CE formalism based onangular-momentum instead of on energy [27℄ is promising, however, for the momentit la
ks physi
al explanation.Equally puzzling are high e

entri
ities at relatively short periods observed es-pe
ially among post-AGB binaries (up to e=0.4 at Porb ∼ 300 d and up to e=0.6
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Fig. 1. Observational e�log P diagram for after-AGB binaries overplotted on atypi
al modeling result [6℄. Red: post-AGB [36℄ (supplemented with Van Win
kel,private 
omm.), empty blue 
ir
les: Ba stars [19℄, �lled blue 
ir
les: extrinsi
 S stars[19℄. Shades of grey represent density of model after-AGB systems in a given area.at Porb ∼ 1500 d). Ba stars and extrinsi
 S stars also exhibit this feature, but toa lesser extent. The most appealing explanation here is e

entri
ity pumping by a
ir
umbinary disk [38, 2℄. Another suggestion is periastron mass loss e

entri
itypumping [32℄ but this me
hanism 
an operate only for wide (deta
hed on the AGB)systems.We have suggested [8℄ that these 
onundrums are part of a bigger puzzle togetherwith the following observational and theoreti
al hints. First, some of the young after-AGB obje
ts exhibit 
ombined RS CVn and Ba star properties: X-rays, Hα emissionand fast rotation 
ombined with Ba enhan
ement and long orbital periods. Thelist 
onsists of Ba stars 56 Peg [7℄, HD 165141 [18℄, d' symbioti
s [20℄, WIRRingstars [15℄, and Abell-35 CSPNe [34℄. They form a strong eviden
e for fast rotationin young after-AGB systems, supposedly due to spin a

retion from wind [15, 17℄.Se
ond, post-AGB systems, the youngest among the after-AGB family, are known topossess 
ir
umbinary disks [35℄. Dusty 
ir
umbinary disks, tori and bipolar out�owsare 
ommon among bipolar and ring-like PNe, and have also been observed in someAGB stars, notably π1 Gru [30℄ and V Hya [22℄. The latter obje
t is also remarkablefor having fast rotation velo
ity (6-16 km s−1) and a long se
ondary photometri
period (∼ 6200 d), possibly due to a binary 
ompanion. Third, non-
atastrophi
RLOF has to be re
onsidered, not only with the usual stability 
onditions, but also



504 Adam Frankowskiin the light of possibility of matter out�ows through the outer Lagrangian pointsL2/L3 (e.g. [28℄). Another notable fa
tor is that dust formation and radiation-drivenwind 
ause reshaping of Ro
he equipotentials and redu
tion of the e�e
tive gravityof the mass-losing star [17, 31, 9℄.3 Transient Torus S
enarioGathering the observational and theoreti
al 
onstraints des
ribed above, we proposea `transient torus' s
enario for explaining the observed orbital periods and e

en-tri
ities of the after-AGB binaries. This s
enario 
an be divided into four phases,s
hemati
ally represented in Fig. 3:

Fig. 2. The `transient torus' s
enario. For des
ription of the four phases, see text.1. Wind a

retion. The system is well deta
hed and the 
ompanion a

retes massand angular momentum from the giant's wind. Spin a

retion is espe
ially e�
ient,pro
eeding through an a

retion disk formed around the 
ompanion [33, 25℄. Orbitalevolution pro
eeds roughly as in spheri
ally-symmetri
 wind 
ase (Jeans mode), i.e.,
a(M1 + M2) = 
onst and the e

entri
ity stays almost 
onstant.2. (Near) RLOF with substantial L2/L3 out�ow. Tidal for
es and evolutionaryexpansion of the giant bring it 
loser to its Ro
he lobe. The out�ow be
omes 
on-
entrated in the dire
tion to the 
ompanion, whi
h happens even before the a
tualRo
he-lobe �lling (e.g. [9℄). The matter is 'funnelled' through the vi
inity of L1.This e�e
t 
an be important even for very large separations, as suggested by re
entimages of o Ceti [21℄.
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ir
umbinary torus. Matter es
aping through the vi
inity ofL2 (or L3, after mass ratio reversal) forms a spiral around the system. But after oneorbital period every portion of eje
ta be
omes shadowed from the giant by the newlyeje
ted matter and 
eases being a

elerated outwards by the radiation pressure ondust. Part of the older eje
ta may gravitationally fall ba
k onto the binary and
ollide with the new stream. A thi
k 
ir
umbinary torus is formed.4. Formation of a Keplerian 
ir
umbinary disk. The torus drags angular momen-tum and energy from the binary and at the same time it is slowly pushed outwardsby the radiation pressure on dust. The leftovers be
ome a Keplerian disk. Only smallpart of the eje
ta is pulled into Keplerian motion, so the angular momentum removalfrom the 
entral binary is moderate. The orbital period 
an stay as long as a fewhundred days, while the binary e

entri
ity is pumped-up signi�
antly.Point 2. in this sequen
e deserves more 
onsideration. At this stage the 
om-panion resides within the wind a

eleration zone whi
h is governed by the dust
ondensation radius, Rcond. On TP-AGB Rcond is 2�5 R∗ [10℄. Thus the matter�owing preferentially through L1 in the dire
tion of the 
ompanion is still movingslowly in the vi
inity of the 
ompanion (whi
h favors higher a

retion rate) and isstill feeling an outward a

eleration due to radiation pressure on dust (so the mod-i�ed Ro
he potential is in for
e and a dynami
al mass transfer leading to a CE 
anbe avoided). Mass loss from the binary 
an pro
eed on a dynami
al time s
ale forsome part of this phase without an ensuing CE. These e�e
ts do not play a role fornon-dusty winds, thus not 
hanging the 
lassi
al CE at RGB and E-AGB, leading topre-CV and CV systems, as required for explaining those 
lose binary populations.4 E�e
ts on the e�log P DiagramThe 
ir
umbinary disk-binary intera
tion pla
es a natural limit on the maximum e
-
entri
ity. This 
an already be noti
ed in an oversimplisti
 des
ription whi
h redu
estidal intera
tion with the disk to dragging the stars at apastron. In this pi
ture theangular momentum transfer to the disk 
eases when angular velo
ity of a star atapastron be
omes smaller than the disk velo
ity. It turns out that detailed studies ofdisk-binary intera
tions and resonan
es [23, 1℄, pla
e a similar limit around e = 0.7,with the rate of e pumping strongly redu
ed already at e ∼ 0.5. This agrees withthe re
ently found highest e

entri
ities observed among post-AGB stars of aboute=0.6 [36, 37℄.To further investigate the possibilities of the transient torus s
enario as presentedabove, a preliminary 
he
k has been 
ondu
ted using the typi
al theoreti
al resultsavailable at hand. A 'normal' (that is, in
onsistent with observational the e�log P )results from an AGB binary evolution 
ode [6℄ have been post-pro
essed to in
ludee

entri
ity pumping by a 
ir
umbinary disk. The pro
edure was as follows. Systemsentering dynami
ally stable RLOF were assumed to produ
e an L2/L3 out�ow and
ir
ularise tidally, so that immediately after the massive out�ow the system had aseparation of a, zero e

entri
ity, and a tight Keplerian disk with an inner radiusof 1.7a (a minimal stable radius for a 
ir
umbinary disk [3℄) and with a mass up to0.01M⊙. From this point the disk was pushed away by the tidal intera
tion with thebinary. The intera
tion was assumed to vanish when the disk had es
aped to 50a.This last value was 
hosen somewhat arbitrarily to roughly re�e
t the observationsof post-AGB disks; the results are not very sensitive to this parameter.
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Fig. 3. Observational e�log P diagram for after-AGB binaries overplotted on amodel in
luding transient torus evolution. Symbols as in Fig. 1.The resulting theoreti
al e�log P diagram for after-AGB binaries is shown inFig. 3, again overplotted with the observations: post-AGB, Ba and extrinsi
 S starsdata. The same base model has been used for the transient torus 
ase as presentedabove in Fig. 1. When 
omparing these two �gures, the region 
overed by the tran-sient torus systems be
omes immediately evident as a trapezoidal area 
ontainedwithin P > 300 d and e < 0.6. Most of the previously troublesome observationalpoints lie within this area. The agreement with observations in mu
h better now!Note that the model parameters have been 
hosen with the observational data inmind, but have not been too mu
h �ne-tuned. The agreement 
an still be improvedby adjusting some of the values. For example varying the produ
t of the �nal diskdistan
e and its maximum mass by a fa
tor of two moves the upper e

entri
itylimit by roughly 20%.In the presented transient torus s
enario the s-pro
ess enri
hed and non-enri
hedafter-AGB systems are mixed in the e�log P in a natural way, depending on theevent's timing in the evolution of the primary and on the mass of the 
ompanion(higher binary mass allows to expel the disk with less e

entri
ity pumping). Thesomewhat smaller e

entri
ities of Ba and S giants at a given period, 
ompared tothe post-AGBs, 
an be attributed to a systemati
 di�eren
e in the average 
ompan-ion masses, as indeed hinted by the observational data [19, 24℄. A 
ombination ofprimary's evolutionary stage at the torus event and tidal e�e
ts at 
ompanion's RGB
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ent (to be
ome observable as a Ba giant) 
an be invoked as additional fa
tors toexplain this di�eren
e.In summary, appli
ation of the transient torus s
enario des
ribed here gives quitepromising �rst results in explaining the e�log P diagram of after-AGB binaries. Thee

entri
ity pumping me
hanism 
an indeed lead to the observed orbital 
hara
ter-isti
s. Seemingly, the 'theoreti
al gap' at intermediate periods and e

entri
ities ofthese binaries �nally starts to �ll in.Referen
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