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ABSTRACT

It is likely that at least some planetary nebulae are conpo$enatter which was ejected
from a binary star system during common-envelope (CE) exmluFor these planetary neb-
ulae the ionizing component is the hot and luminous remniatgiant which had its enve-
lope ejected by a companion in the process of spirallingiitst current short-period orbit.
A large fraction of CE phases which end with ejection of theetope are thought to be
initiated by low-mass red giants, giants with inert, degateshelium cores. We discuss the
possible end-of-CE structures of such stars and their sulesg evolution to investigate for
which structures planetary nebulae are formed. We assuatatplanetary nebula forms if
the remnant reaches an effective temperature greater tha ®ithin 10%yr of ejecting its
envelope. We assume that the composition profile is unclibtigeng the CE phase so that
possible remnant structures are parametrized by the e@Eaore mass, envelope mass and
entropy profile. We find that planetary nebulae are expectgubst-CE systems with core
masses greater than abou B, if remnants end the CE phase in thermal equilibrium. We
show that whether the remnant undergoes a pre-white dvatefqul phase depends on the pre-
scribed end-of-CE envelope mass. Thus, observing a youstgQie system would constrain
the end-of-CE envelope mass and post-CE evolution.
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1 INTRODUCTION the companion becomes immersed in the common giant envelope
and spirals towards the giant's core, depositing energyaadlar
momentum in the envelope. This continues until the compisnen
merge to form a single star or until the envelope is ejectelbave

the remnant of the giant and its companion in a shorter pdriod
nary system. In this way, the material necessary for the BN (t
ejected envelope) and the short-period binary system winiai

be able to illuminate the envelope are arranged. Despitmfier-
tance, our knowledge of CE evolution remains uncertain.

Planetary nebulae (PNe) are large expanding shells of gatate
visible because they are photoionized by a hot and luminensal
star from which they were ejected (Kwok 2000). Traditiopdfiey
are explained as having formed from the envelopes of isblate-
and intermediate-mass asymptotic giant branch (AGB) stdithe
end of the AGB phase, stars have strong winds which cause them
to lose most of their envelopes and begin to contract to becom
carbon—oxygen-core white dwarfs. Fast winds during thearaon
tion phase interact with the previously ejected circuntestehatter A CE phase can be classified by the structure of the mass-
to form a PN, ionized by the hot remnant core. losing star at the beginning of the phase and whether thdageve

However, there are more than 40 known PNe for which is ejected or it ends with the merging of the two componenite T
the compact source of ionizing photons is a member of a short- structure of the loser dictates whether a CE phase beginswuech
period binary star system. This sub-class could constliot&0 per the envelope is ejected, the type of remnant. The initisd it
cent of the total PNe population (De Marico 2009; Miszalskilet mass loss, and thus whether a CE phase begins when a star fills
2009). These PNe may have formed by a different channel, afte its Roche lobe, is dictated by the response of its radius aruh&®
a common-envelope (CE) phase which began when a giant starlobe to mass loss. A simple analysis of these responseseisripiat
overfilled its Roche lobe in a longer period orhit (Paczyisk 6). a CE phase can begin after the onset of Roche lobe overflow of
In such a situation the mass-loss rate from the giant rapidly stars with deep convective envelopes (Webhbink 1985). Lovd a
creases to a rate at which the companion is unable to acardte a intermediate-mass stars have such a structure and a desietope

on their first ascent of the giant branch as red giant branGB(R
stars and their second as AGB stars. In synthetic stellaxlptipns
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envelope are initiated by stars of these types. This mean$tke peratures and thus whether it satisfies the condition fofahea-

are expected to form from the envelopes of both RGB and AGB tion of a PN. Hence we need to prescribe the relation between t
stars via the CE channel. In the traditional single-stanokbhonly pre- or post-CE system properties to the end-of-CE straaitithe
AGB stars produce PNe, because the wind of an isolated statis  remnant as well as the post-CE wind mass loss if we are to check
thought to be strong enough to remove its envelope durinf G for the formation of a PN in a particular case.

phase. It is thus interesting to consider the question of ingor- Iben & Tutukov (1989, 1993) have also considered post-RGB

tant CE phases initiated by RGB stars are as a formation ehann PNe as part of a wider discussion of PNe formed after CE phases
for PNe. Here, we focus on low-mass RGB stars, also known as They concluded that a PN is not formed after a CE phase initi-
low-mass red giants. These are stars with inert electrgestirate ated by a low-mass RGB star unless the remnant has a core mass
helium cores, thin hydrogen burning shells and large cdiween- greater than @M, and ends the CE phase inside a Roche lobe of
velopes and have zero-age masses less than abqyt 2M radius less than about LR(Ibenl1995). They found that remnants
There are many observed short-period binary systems con-with core masses less than abotB M, do not achieve sufficiently
taining low-mass i1 <0.5M,)) white dwarfs, which could have  high effective temperatures. Remnants which have core esass
formed after CE phases initiated by low-mass RGB stars greater than this must have end-of-CE Roche lobe radii less t
(Zorotovic et all 2011). However these are observed lorgy #fie 1R, if they are to reach the critical effective temperature abpi
ejection of the envelope. We would like to know whether trase enough to avoid being lazy. In a typical model populatiors tm-
tems had a PN phase in their past. Synthetic populations ean b plies that some PNe are formed from this channel (Yungelsah e
used to predict the number of PNe formed after CE phases ini-11993). Although no observed PNe have been clearly identifted
tiated by low-mass red giants if it is possible to predict thiee post-RGB objects (De Marco 2009), there are some possille sy
the ejected envelope becomes a PN, and the lifetime of its PN tems (see Sectidd 4). Some studies assume that post-RGBnsyst

phase, on the basis of its pre- or post-CE properties (de ke@; evolve too slowly to form PNe (Nie, Wood & Nichalls 2012). Hew
Yungelson, Tutukov & Livid 1993; Moe & De Maro 2006). ever, the post-CE evolution depends on the uncertain esEof
Whether or not the ejected envelope becomes a PN depends orstructure. We would like to know if we expect PNe after CE jgisas
both the properties of and interaction between the envelapehe initiated by low-mass RGB stars because they would allowous t
central remnant binary system. However, an important sacgs  learn more about CE evolution and the formation of PNe.
condition is that the remnant supplies the ejected envele Our main contribution to the question of the importance of
ionizing photons at a sufficient rate and for a sufficient quof CE phases initiated by low-mass RGB stars as a PNe formation

time before the expanding envelope becomes too tenuoupémap  Channel is to consider alternative prescriptions for the-@rCE
as a PN, Iben & Tutukov (1989, 1993) and Yungelson et al. (1,993 structure. We also extend the work of Iben & Tutukov (198R3)9

for example, gave the condition that a CE remnant must aelsiay by computing a larger set of models, by including stars wétoz

effective temperature greater thg crit = 30kK within 10*yr of age metallicityZo = 0.001 as well as those withp = 0.02 and by
the end of the CE phase. This simple condition is based orr-obse considering the effect of a post-CE wind. In Sec{ién 2 we wtisc
vations of PNe: observed central stars have effective temyes possible end-of-CE structures and argue that only therrnailile-
greater than the critical value and estimated nebulaitifes, based ~ rium remnants are expected to form PNe. We describe ouastell
on their size and expansion speeds, of abofiyi(Kwok 2000). evolution code and our method of modelling remnants of gpe t

The proposed condition is Simp|e enough to be checked in the In SeCtiO@ we discuss the results. We derive regions inriteog-
evolution of a model CE remnant without knowing the evolntio ~ CE phase core mass—envelope mass plane for which the formati
of the ejected envelope. However, we must compute evolajon ~ Of @ PN is possible and discuss how these regions changeheith t
models of remnants and relate the properties of the systeheat ~ uncertain post-CE wind. In Sectioh 4 we discuss the impboat
beginning and end of the CE phase. For now, there are notiealis for the significance of CE phases initiated by low-mass retgi
models of CE evolution from start to finish: the most recenteh as a PN formation channel and conclude in Segtlon 5.
dimensional hydrodynamical models of CE evolution endradte
initially rapid phase of spiral-in and before most of the elope
is unbound|(Ricker & Taam 2012; Passy €f al. 2012). Theredsun 2 METHOD

certainty about what happens after this (Kashi & Soker 2@b1i} . - ] )
is not possible to predict the structure of the remnant ofiket, We start by describing the conditions required for the fdram

its composition profile, entropy profile and mass, from thipots of a PN and then discuss proposed prescriptions for the &@to
of such models. Instead it is usual to assume a prescripipnet structure and orbital properties.

dict the orbital properties and transform the pre-CE giatd its
post-CE counterpart. At the end of the CE phase the remnant ha
the same composition profile, and therefore the same corg, @as

its pre-CE counterpart but with a sufficiently small envelapass In Sectio 1 we gave a condition for PN formation, that rentsian
that it contracts and becomes a white dwarf. That the cortiposi reach an effective temperature greater tigneit = 30kK within
profile is unchanged during the phase is based on the reds@sab 10*yr of the end of the CE phase. This defines the central star
sumption that the duration of a CE phase is much shorter ttmnt of planetary nebula (CSPN) region: the region of the thémakt
time-scale for core growth. It is also necessary to accaamiass Hertzsprung—Russell (HR) diagram for whigks > Teff crit. It is

loss by wind during post-CE evolution. This is because tme-re  also useful to define the transition tima@nsto be the time between
nants which sustain hydrogen-burning shells evolve as aeseg the end of the CE phase and the star first entering the CSPdhregi
of approximately quasi-static, equilibrium burning magiel which Our condition for PN formation is based on observations o€PN
the small envelope mass is depleted by hydrogen burning laage observed central stars have effective temperatures ariddsities

and a wind. The rate at which the envelope mass decreasatedict  within the CSPN region and estimated nebula lifetimes, thase

the time-scale on which the remnant evolves to high effed&mn- their size and expansion speeds, of abodtyt (Kwok 2000). We

2.1 Conditionsfor planetary nebula formation
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define the fading timés,ge to be the time spent passing through
CSPN region. The calculation of this quantity allows us teath
that those systems which pass through the CSPN region asd sp
sufficient time there to be observed.

2.2 Prescriptionsfor the end-of-CE structure

A problem is to find the configuration of the system at the end of

Planetary nebulae from low-mass red giants3

she modelled the ejection by applying very rapid mass-latssr
(about 1I\/byr*1) which she referred to as semi-adiabatic mass
loss. She investigated the post-ejection thermal readprst by
evolving remnants with different end-of-ejection envedapasses.
She found a critical envelope mass which she identified vih t
maximum of the ratio of pressure to densiBy/p), or equivalently
the maximum of the sound speed, in the hydrogen burning shell
the pre-CE giant. This point has been called the divergena#.p

an assumed CE phase, given the structure of a binary system aff the end-of-ejection mass of the adiabatic remnant istgrean

the beginning. We want to determine whether the envelopeds s
cessfully ejected and, if it is, the orbital configuratiordatructure

the divergence point mass it expands in an attempt to rebain t
mal equilibrium. She argued that if the ejection phase eritts av

of the giant's remnant at the end of the CE phase. There are twodreater envelope mass than the divergence point valuegtheim-

aspects of the end-of-CE structure to be determined, thel@re
mass and entropy profile. We assume that the compositiorerofi
is unchanged by the CE phase. We also require that, to bed vali
end-of-CE structure, the star must only contract duringpbst-

CE phase so that the system is detached and the remnant does no

immediately interact with its companion. Remnant models loa
produced using one-dimensional stellar-evolution coaesty re-
moving mass from models of pre-CE giants.

The remnants of low-mass red giants computed by
Iben & Tutukov (1986, 1993) were in thermal equilibrium witte
end-of-CE envelope mass fixed by requiring the radius tolghaa
Roche lobe radius. They computed the evolution of the ot a
Roche lobe radius by assuming an efficiency for the loss dfadrb
energy in ejecting the envelope. Such remnants undergaeapla
phase of hydrogen burning along a roughly horizontal tracthe
theoretical HR diagram (Fif] 1). These thermal equilibriwon-
tracting remnants are only possible for a range of envelopsses
at any given core mass.

We define the peel-off envelope mass to be the maximum en-
velope mass of such remnants. This is the envelope massif@ra g
core mass such that the star contracts and evolves away lfiem t
giant branch. It has been discussed previously (Refsdal &é&ve
1970; Castellani, Limongi & Tornamhe 1992). The peel-offe
lope mass is about I@MQ for both Zo = 0.02 andZy = 0.001
stars.

We define the knee envelope mass to be the min-
imum envelope mass of thermal equilibrium remnants.
Deinzer & von Sengbusch| (1970) found a difference in the
evolution of adiabatic mass-loss remnants with envelopese®m
greater and less than the knee value, although they did festtoe
it in these terms. For envelope masses greater than the khes v
the remnants regain thermal equilibrium to begin a platdzase
of hydrogen burning. For envelope masses less than the lahee, v
the remnants fail to regain thermal equilibrium and evoliveatly
to become white dwarfs.

Ge et al. [(2010) and Deloye & Taam (2010) computed adia-
batic mass-loss sequences, fixing the entropy profile indimmant
to be the same as that in the pre-CE giant. This is the appedgim
limit of very fast mass loss which could be appropriate to aetod
the rapid ejection of the envelope. They assumed the rapatien
phase ends when the star contracts inside its Roche lobgcohe
puted the evolution of the orbit and Roche lobe radius byrassy
an efficiency for the loss of orbital energy in ejecting theetope.

In their prescription the remnant ends the ejection phasban
mal non-equilibrium with the entropy profile of the giant asrdall

ing mass is lost in a stable Roche-lobe overflow phase or leads
the merging of the components. Therefore, in this presoripthe
end-of-CE remnant has a thermal non-equilibrium entropfiler
with the divergence point envelope mass.

Others have suggested different prescriptions for theaénd-
CE envelope mass but without explicitly discussing the apytr
profile or post-CE evolution. These prescriptions are natéigt by
the need to find the base of the ejected envelope fomthecheme
(Hurley, Tout & Pols 2002). In this schema, is the ratio of the
change in orbital energy to the binding energy of the ejeeted
velope which is used to infer the properties of the systenhat t
end of the CE phaseé_(De Marco etlal. 2011; lvanovalet al.|2013).
The inner boundary of the ejected envelope, the remnangtiagre
boundary, is required to evaluate the binding energy of &m-r
nant and its envelope, parametrized AyTauris & Dewi (2001)
andllvanoval(2011b) summarized suggestions for this retanan
envelope boundary, including (i) the edge of the helium ctve
outermost point where the hydrogen mass frackos 0, (ii) the
point where the hydrogen mass fractién= 0.1, (iii) the point of
maximum energy generatiogn(,c) plus 1073 M (De_Marco et all.
2011) and (iv) the base of the convective envelope (Tauriss/D
2001). There is not much justification for these prescriggtibut
they provide simply identifiable points for computing thading
energy at the beginning of a CE phase. They all imply that&fnd-
CE envelope masses are a function of core mass only. We cefer t
these as simple prescriptions.

To summarize, for remnants which end the CE phase in ther-
mal equilibrium, there are a range of possible end-of-CEsems
between the knee and peel-off masses. For remnants which end
the CE phase in a thermal non-equilibrium configuration,hia t
case in which the entropy profile is fixed in a sequence of semi-
adiabatic mass loss, the envelope mass must be less thanadr eq
to the divergence point identified by lvanbva (2011a) beedts
is only for these envelope masses that the remnant contists
ble[d is a summary of the critical masses we have defined. We now
discuss the evolution of remnants of the two types, therrmgai-e
librium and thermal non-equilibrium to see whether they fram
PNe. We also compute models of thermal equilibrium remntnts
extend the work of Iben & Tutukov (1989). We discuss the sempl
prescriptions only for these two possibilities for the epir profile.

2.3 TheCambridge stellar-evolution code

We use the version of the Cambridge stellar-evolution cogle d
scribed by| Stancliffe & Eldridge| (2009) which has descended

envelope mass. This is probably not the end of the CE phase, asfrom that written by Eggleton (1971, 1972) and was updated by

we define it here, because such remnants can expand in apattem
to regain thermal equilibrium and further interact with tem-
panion/ lvanova (2011a) considered the effect of this tia¢read-
justment phase although, rather than removing mass adtialhgt

© 2013 RAS, MNRASA35, 2048-2059

Pols et al. 1(1995). Model sequences produced by the code sat-
isfy a standard set of one-dimensional quasi-static stellalution
equations with meshpoints distributed in a non-Lagrangieash
(Eggleton| 1971). The convective mixing-length_(Bdohmevise
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Table 1. Summary of critical masses for a mass-loss remnant of a lassmed giant of given core
mass. Each can be referred to in terms of a post-mass losopevmass and as a point in the

pre-mass loss red giant.

Critical mass

Description

Peel-off mass

Knee mass

Divergence point mass

The peel-off mass is the maximum mass of aautintg thermal equilib-
rium remnant. A thermal equilibrium remnant with mass geedtan this
is a red giant and expands as its core mass grows. The peataffope
mass is about I& M, for a 03540M, core withZy = 0.02.

The knee mass is the minimum mass of a thermalbeunii remnant.
A thermal equilibrium remnant with mass greater than thisless than
the peel-off mass undergoes a plateau phase until the @evetass de-
creases to the knee value, the burning shell fades, andahbetomes a
helium-core white dwarf. The knee envelope mass?y].'LO*e'M@ fora
0.3540M, core withZy = 0.02.

The divergence point is at the maxirofithe ratio of pressure to den-
sity inside the thin hydrogen-burning shell of the gianteTdivergence
point mass is the mass enclosed at this point. Ivanova (3Gatad that
semi-adiabatic mass-loss remnants with masses less tkatottiract, and
those with masses greater than this expand. She suggesstésl ttie end-
of-CE mass. The divergence point envelope mass3x (1(T3M@ fora

0.3540 M, core withZy = 0.02.

1958) parameteary .t = 2 and convective overshooting is included
with a parameted,y = 0.12 (Schroder, Pols & Egaleton 1997) for
consistency with the work of Hurley, Pols & Tout (2000), whos
analytic formulae for stellar evolution can be used for gapan
synthesis. These convective parameters are consisténbbser-
vations of the Sun, open clusters and spectroscopic biyatgras
(Pols et al. 1998). At the zero-age main sequence (ZAMS) tiek m
els are in complete thermal equilibrium with uniform abumcka
profiles. We choose the zero-age helium mass fradtica 0.24+
27y, so that there is a constant rate of helium to metal enhanteme
AY/AZ = 2 from the primordial abundancgp, Zp) = (0.24,0),
calibrated to the solar-like abundan@28,0.02). ForZy = 0.001
this givesYy = 0.242. The relative abundances of the various met-
als in the initial configuration are constant throughoutnadidels,
scaled to the solar abundances given by Anders & Greves86).19
In our models only the mass fractions 04, 3He, *He, 12C, 14N,

160 and?ONe are evolved by convective mixing and nuclear reac-
tions. These nuclides are sufficient to determine the streaf the
stars of interest here.

The equation of state and other thermodynamic quantites ar
described by Egaleton, Faulkner & Flannery (1973) land Pai$ e
(1995). The radiative opacity is that of the OPAL collabmmat
(lglesias & Rogers 1996), supplemented by the moleculaciepa
ties ofl Alexander & Fergusoh (1994) and Ferguson et al. (P05
low temperatures and bf Buchler & Yueh (1976) for pure etattr
scattering at high temperatures. The electron conductjmac-0
ity is from the work of| Hubbard & Lampel (1969) and Canuto
(1970). The construction of the opacity tables and theituinc
sion in the code was described by Eldridge & Taut (2004a). The
nuclear-reaction rates are those of Caughlan & Fowler (1888
the NACRE collaboration| (Angulo etial. 1999), as describgd b
Eldridge & Tout (2004b) and Stancliffe etlal. (2005). The @mte-
ment of reaction rates by electron screening is includedrdec
ing to |Graboske et al! (1973). The rates of energy loss in neu-
trinos are due to_ltoh et al. (1989, 1992) for the photo/paid a
plasma processes, respectively and Itoh & Kohyama (1988) an
Munakata, Kohyama & Itoh (1987) for the bremsstrahlung essc

24 Thermal equilibrium remnants

To make a thermal equilibrium remnant we first evolve a star of
zero-age metallicityg and low masdVg at constant mass until it
becomes a red giant with a chosen helium core nivagg, where

the outer boundary of the helium core is defined to be the point
at which the mass fraction of hydrogeh= 0.1. We then apply a
scaled Reimers’ mass loss (Reinlers 1975),

g R L M\ 1 B
= w10t () () (as) Mert @

wheret is time, R the radiusL the luminosity andv the mass of
the star. We artificially set the parametgto be sufficiently large
that the star maintains an approximately constant core thagsy
the mass-loss phase but is not significantly driven out afintlaé
equilibrium. We find that) = 500 works well for all cases. When
the star’s envelope mass has decreased to a chosen finglwalue
switch off mass loss and allow the remnant to evolve with tamts
total mass. We choose the final envelope mass to be sufficientl
small that the star contracts and becomes a white dwarf. ihat
the envelope mass is less than the peel-off envelope massigDu
the subsequent post-CE evolution, the envelope mass desrba-
cause of the hydrogen-burning shell at its base and the@tinacts

to become a helium-core white dwarf composed of an inertrdege
erate helium core surrounded by a fading hydrogen-burniredl s
and a low-mass hydrogen-rich envelope. The model is evdimed
sufficiently long after the end of the CE phase to check whdthe
satisfies the conditions for PN formation.

An example of a model made in this way has zero-age metal-
licity Zg = 0.02 and mas#/lg = 1M. We evolve this star from
the ZAMS until it becomes a red giant witgore = 0.3500 My,

a radius of 5% R and luminosity of 512k, . Its evolution in the
HR diagram is shown in Fi@] 1. At this stage we remove mass with
n =500. During the artificial mass-loss phase, the star losss ata

a rate of about 10° Mg yr~1 and after some initial expansion the
envelope contracts. Global thermal equilibrium is barésgutbed
during this phase. Mass loss is stopped when the star hasctt

to half its initial radiusR = 27.7 R, to produce a thermal equilib-
rium remnant. This radius is larger than is usually expettethe

au
dt
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Figure 1. Evolution of twoZy = 0.02 models in the HR diagram dur-
ing their pre- and post-CE phases. On the right-hand sidettrs evolve
from the ZAMS until they become low-mass red giants with qoesses of
0.2500 and B500M,. We do not plot the artificial mass-loss phase. On
the left-hand side the stars emerge from the CE phase. Thlhtstirogen
burning continues so that the star represented by the déiehdths an end-
of-CE core mass 0f.8505 M. For the solid line the end-of-CE core mass
is 0.2531 M. Our CSPN/PN region is shaded.

end of a CE phase, but the plateau evolution is such thatistppp
mass loss at high radius effectively allows us to investigatd-of-
CE remnants with smaller envelope masses and radii (SE&&)n
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Figure 2. Evolution in the effective temperature—envelope massepthn-

ing the post-CE phase of the two models shown in Eig. 1. Fdn btrs

the envelope mass decreases because of hydrogen shetighduming the
plateau phase. The effective temperature of both staredses until they
reach the point of maximum effective temperature, the knee.

25 Flashes

The evolution of the @5Ms model ends at the onset of a
hydrogen-shell flash. We should consider if such shell flashe
affect whether a remnant forms a PN. Hydrogen-shell flashes
near the surface of helium-core white dwarfs have been dis-
cussed extensively in the literature (e.Q.. Driebe et al9919

Thus we can derive, for a given core mass, a maximum end-of-CE|Althaus, Serenelli & Benvenuto 2001). These occur as thebsta

envelope mass or radius for the formation of a PN. At the point
at which mass loss ends the envelope massix 303 M@, the
luminosity is 4281, the core mass is.B505M., and the total
mass is B540M,. At this core mass the knee envelope mass is
12x 1&3M® and the divergence point envelope mass is about
0.3x10°3 M@ . From this point, the star evolves at constant mass
and the envelope contracts with continued hydrogen burimirgy
shell at its base. Its evolution in the effective tempetenvelope
mass plane is shown in Fig. 2. At first, the luminosity is appro
mately constant and well approximated by the luminosity gf-a
ant with the same core mass. This plateau phase ends whearthe s
reaches the knee at a maximum effective temperatw®ks7 Its
luminosity has decreased to .9& . By this stage the envelope
mass has fallen to.1x 10-3M, and the star begins to become
a helium-core white dwarf as its burning shell fades. In Eigve
also show the evolution of a remnant which was produced by re-
moving mass from a giant with aZb00 M, core. In this case,
mass is removed at about 10M, yr~? until the star contracts to
half its initial radius, 542R@, the core mass is 2531 M, and the
envelope mass is.Zx 10-°M,. At this core mass the knee en-
velope mass is.2x 1073 M@ and the divergence point envelope
mass is about.@ x 1cr3|v|@. It also evolves through a plateau
phase, reaching a maximum effective temperature dfiX at the
knee. Its evolution ends at the onset of a hydrogen shell.fidsh
ther of these two models forms a PN. Th@®M, core fails to
reach the critical effective temperature. Th@3M,, core takes
2.1x 10°yr to reach the critical region, longer than the estimated
10*yr lifetime of the nebula.
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gins descending the white dwarf cooling track. It is not clfes
what range of core masses hydrogen-shell flashes are egpbate
here, like Driebe et al. (1998, 1999) we find that they occuctoe
masses betweenand 03M, for Zp = 0.02. However, others
have found that when diffusion is included flashes occur betw
0.18 and 041 Mg (Althaus et all 2001). Irrespective of the range
of core masses for which they occur, the onset of these flaghes
ways begins around or belolv~ 1L~ which, for most thermal
equilibrium remnants, is more than%ﬂ after the end of the CE
phase. During the flash the stars only enter the CSPN regien af
about 10 Myr, too late to illuminate a PN.

Another phenomenon found in previous studies of stars sf thi
type is the possibility of igniting helium in the electroegknerate
core in an early or late hot flash, during the plateau or whitarél
cooling phase, respectively (Castellani & Castellani 1988a late
hot helium-core flash, the star ignites helium after the lstage,
during the white dwarf cooling phase and it may undergo ngixin
between its core and envelope before becoming a hot subdwarf
extreme horizontal branch star, depending on the degreéxafgn
between the core and envelope (Sweigart 1997). This is agsin
important here because, like the hydrogen-shell flasheasigd in
the previous paragraph, the late hot flashes typically betgow lu-
minosity on the cooling curve more than*y@ after the end of the
CE phase. A star could also undergo an early hot helium-casé fl
in which helium is ignited during the plateau phase. Thiddad-
fect a remnant which would otherwise become a PN by trungatin
its plateau evolution before it reaches the CSPN regions &lso
leads the star to become a hot subdwarf which may be hot enough
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toionize a PN but again the time to evolve to that stage is rinane
10*yr.IHan et al.[(2002) computed the core mass required at the be
ginning of the CE phase for the star to ignite helium in thet{ieis
phase although they did not distinguish between early aeciat
flashes. This means that there is a small range of end-of-G& co
mass below that at the tip of the red giant branch for which-rem
nants which would satisfy the conditions for a PN do not beeau
they undergo an early hot flash.

2.6 Parameter combinations

Our method to produce thermal equilibrium mass-loss remsnian
similar to that of_Iben & Tutukov| (1986, 1993) and Driebe et al
(1998), who also removed mass from low-mass red giants &t hig
rates and significantly decreased the mass-loss rate \kilstars
still have large radii. Both these studies used a constass#uss
rate appropriately scaled for different core masses. Tleeifp
form of the mass-loss rate should not matter provided the does
not grow significantly and its thermal equilibrium is not tdided.
We do not find significantly different results if we vary thdua
of n within these constraints. It is convenient to use the scaled
Reimers mass-loss formula because it automatically adjinet
mass-loss rate to the properties of giants of different ommeses.
The two models discussed do not form PNe, but we would
like to know for which combinations of end-of-CE core andenv
lope mass the formation of a PN is possible. We vary the zgeo-a
metallicity and the core mass. We choose two values for thalme
licity, Zg = 0.02 andZy = 0.001. For each of these we choose a sin-
gle zero-age masd)p = 1M, for the pre-CE evolution. We only
consider one zero-age total mass because the structure obté
of a low-mass red-giant depends only on the core mass (Egglet

2.7 Mesh spacing function

The Cambridge stellar-evolution code produces models mébh-
points distributed in a non-Lagrangian self-adaptive mestord-

ing to the method described by Eggleton (1971). Throughaut a
evolutionary sequence of models the number of meshpoikepis
constant but the positions evolve according to a chosen spst

ing functiong. Meshpoints are spaced equallygin/Ve find that the
standard mesh spacing function with 200 meshpoints gives po
resolution, for our purposes, in the hydrogen-burninglsifdbw-
mass RGB star. This means that when we remove mass from such
a star, it undergoes unphysical loops in the HR diagram a&oits
position profile is distorted by numerical diffusion. Moslelom-
puted with a larger number of meshpoints, about 2000, doang h
this problem and converge in terms of the maximum effective-t
perature and transition time in the post-CE phase at a gives ¢
mass. However, making sequences of models with large nismber
of meshpoints takes an inconveniently long time. To achipiek

and accurate results with fewer meshpoints, we modify thehme
spacing function so that there is a preference for meshpaiotund

the hydrogen-burning shell. We achieve this by adding a term
which varies rapidly in this region,

P+How}

2
P+ Phigh @

g=0go+Cln {

whereqp is the standard mesh spacing functiGns a suitably cho-
sen constant anB is the pressure. This term most rapidly varies
when the pressure is betweBRgn and R, and therefore acts to
increase resolution there. In models of low-mass RGB starsnal
the pressure changes by about a factor of 10 in the regiorrg# la
composition gradient between the core and envelope. Torerafe
choosePy = 107%°Ry and Pygh = 107%°Ry, wherePy is the
pressure in the hydrogen burning shell, approximated gsdime at
which the hydrogen mass fraction isSlOWe choose the constant
by increasing its value until we find consistent results ousmces

1968). We choose a set of core masses between the minimum coreyith 400 and 2000 meshpoints. We use this modified mesh spac-

mass, at the beginning of the red-giant phase, and the maximu
core mass, at the beginning of the helium-core flash. We take t
beginning of the red-giant phase to be the stage at whichahe ¢
vective envelope first dredges down more th#h af the envelope
massl(Pols et &l. 1998). For both metallicities, the coresrdasing
the red-giant phase ranges from abad&Mg, to 0.47 M, and we
model a set of 13 cores in this range, in steps.0RBM., at the
beginning of mass loss.

We efficiently investigate all end-of-CE envelope masses be

ing function with 400 meshpoints for all models computedhis t
paper.

2.8 Thermal non-equilibrium remnants

To make thermal non-equilibrium remnants with masses less t
the divergence-point mass is more difficult. Ivanova (2))1dz

tween the knee and peel-off. We choose to end mass loss wien th plied very large mass-loss rates to produce her models. We en

star shrinks to half its pre-mass loss radius, which in alesagives
envelope masses below the peel-off mass. In stars with cags m
greater than about®M, the composition profile is unaffected by
the artificial mass-loss phase. During the subsequent tivolthe

counter convergence difficulties when we attempt to sustadh
high rates to low envelope masses with our code. This does not
matter because the divergence point mass is less than tle kne
mass, as is demonstrated by the profiles for.2600Ms core

composition profile keeps the same shape but grows outward in RGB star in Fig[B. This is true at all core masses and thexefor

mass by a small amount until the star reaches the knee. B=oéus
this property of the plateau evolution, by stopping mass lelsen
the mass has fallen below the peel-off mass, we also efédgtiv
investigate the evolution of stars which end the CE phase @it
velope masses between this point and up to the knee. In sitérs w
core mass less than abou2®, the composition profile changes
during the artificial mass-loss phase. This is becaus&gsr0.02,

Mo = 1M star undergoes first dredge-up when its core mass is be-

tween about A M, and 02M,. This does not affect our results
because we find later that a star must have a core mass greater t
about 027 Mc; to reach the CSPN region.

these stars do not regain thermal equilibrium and so avad th
plateau phase and evolve directly to the cooling track asshiy
Deinzer & von Sengbusch (1970). In the cases they considgred
evolution to the cooling track is very fast, taking less tledout
100yr, so the thermal non-equilibrium remnants of this tgoe
not spend long inside the CSPN region. We extend this bebavio
to various end-of-CE core masses and envelope masses. elpwev
it is possible that when a remnant of this type reaches théewhi
dwarf cooling track it begins a hydrogen-shell flash or, ghtgore
masses, ignites helium in a late hot flash. In these casesthe s
caveats apply as for thermal equilibrium remnants (Sef&iBh

© 2013 RAS, MNRAS435, 2048-2059
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Figure 3. Structure profiles relevant to prescriptions for the rentnan
envelope boundary in a pre-CE red giant of core masss(DMy),
Mo = 1M andZy = 0.02. We plot the hydrogen mass fractién nuclear
energy generation ratg,c and the ratio of pressure to densRyp. Each
guantity is plotted relative to its maximum in the mass raslgewn. The
divergence point and knee masses are shown. The base ofriectice
envelope is at 3551 M. The peel-off mass is at abouBB M.

3 RESULTS

We have argued that the thermal non-equilibrium remnants wi
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Figure4. Combinations of end-of-CE core and envelope mass which form
PNe. Remnants in the shaded region successfully form PNesadlid up-
per boundary to this region represents remnants which réeeleritical
effective temperature £@r after the end of the CE phase. The thick dashed
line represents remnants which end the CE phase with theatréffec-
tive temperature. The solid lower boundary to the shadeidmagpresents
stars which end the CE phase with the knee envelope mass. @iamot
end the CE phase in thermal equilibrium with an envelope rhaksv the
knee envelope mass. The peel-off mass, the maximum envelags for
which remnants evolve to become white dwarfs is approxilyatethe up-
per boundary of the plot. Remnants above this line do noesgmit possible
end-of-CE structures. The uppermost dot—dashed line isabe of the con-

masses less than the divergence point mass do not form PNe. Weective envelope. The vertical dashed line 27M, is the minimum end-

now analyse our evolutionary models of thermal equilibritgm-
nants to find the parameters for which a PN is formed and atkeul
the fading times, according to different prescriptions o§pCE
wind mass loss. We use these results to investigate the famoar
of PNe formed after CE phases initiated by low-mass red giant

3.1 Starsof Zg=0.02, constant mass

We first consideiZg = 0.02 remnants which evolve with constant

of-CE core mass to reach the CSPN region, derived from thee mlatted
in Fig.[5. The lowest dotted line represents the divergeruiet @nvelope
mass.

nant, the core mass increases according to

dMcore _ L
dt XenvEH
where Xeny is the hydrogen mass fraction in the envelope and

®)

total mass. In Fid.}4 we show the core and envelope mass f star g, — g x 1018ergg ! is the energy released per unit mass of

with the critical effective temperature, 30kK (the thickstiad
line). We also plot the core and envelope mass for stars &nibe

hydrogen burned _(Eggleton 1968). For core masses greatar th
about 02Me), Xenv = 0.677. Because, during the plateau phase,

stage. Stars which end the CE phase with envelope masses in th e luminosity is approximately constant and a function fué t

shaded region between these two curves satisfy the conslitoy

core mass, this equation can be integrated and we can cothgute

forming a _PN because _at the end of the CE ph_ase they are in thechange in envelope magsVleny, to reach the CSPN region within
CSPN region. Stars which end the CE phase with a core mass less\t — 1¢%yr, assuming it evolves at constant total mass. We find

than 027 M, the vertical dashed line in Figl 4, do not reach the
CSPN region. This minimum value is computed from the interse
tion in Fig.[3, where we have plotted the critical effectieenper-
ature and the maximum effective temperature against coss,ma
assuming that the core mass is approximately constantgithian
post-CE phase. Iben & Tutukoyv (1989) found the same minimum
core mass to reach the critical effective temperature.

The maximum end-of-CE envelope mass for which a PN is
formed is larger than the thick dashed line in Fij. 4 becaase,
higher core masses, it is possible for a remnant to form a BN if
has a transition time less than*y®, the estimated lifetime of the
nebula. This boundary can be computed from our detaileduevol

~ AMenvli(envEH 7 4)
where AMepy is computed from the envelope mass at the critical
effective temperature.

For those remnants which successfully form a PN, we com-
pute the fading time defined in Sectibn]2.1. This is necesgary
calculate the duration of the PN phase. This is required hopcie
the number of PNe expected from this channel (Keller et &k, p
vate communication). In Fif] 6 we plot the range of fadingetinas
a function of core mass. The maximum is for a remnant whiclsend
the CE phase with the critical effective temperature. Theimiim

At

tionary models, as we have done for Hig. 4, or it can be derived is for a remnant which ends the CE phase at the knee. The fading

as follows. During the plateau phase of a thermal equilibriem-

© 2013 RAS, MNRASA35, 2048-2059

times are larger than the estimated nebular lifetime dfyt0To
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Figure 5. Maximum effective temperature in the post-CE phase as a func
tion of end-of-CE core mass. The points are computed fronconstant-
mass models on the assumption that the core mass is constang gost-

CE evolution. We show results fafg = 0.02 (circles) andZy = 0.001
(squares). The critical effective temperature, 30kK, édated by the hori-
zontal dashed line. The intersection of #ixe= 0.02 line and this horizontal
line indicates a remnant of this metallicity must have a qoass greater
than about 27Mg, to reach the effective temperature required to form a
PN.
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Figure6. Maximum and minimum fading times as a function of end-of-CE
core mass. The maximum fading time is the time taken to pasadh the
PN region of the HR diagram when the remnant ends the CE phasie®
this region. The minimum fading time is the time taken to ghssugh the
CSPN region when the remnant ends the CE phase with the kuelppa
mass.
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Figure 7. Rate at which envelope mass is decreased by different meses
as a function of effective temperature for. 8800 M, core massZp = 0.02
remnant. The Reimers’ mass-loss formula with= 0.5 gives a negligi-
ble rate of envelope mass decrease compared to that by sheithd. The
strong wind described by equatidd (5) dominates over sheetlibg at low
effective temperature.

summarize, if a CE remnant must evolve to 30kK withirf f0af-

ter the end of the CE phase to form a PN[ga= 0.02 star must end
the CE phase with a core mass greater tha{ Bl,. If it evolves
with negligible mass loss, the range of allowed envelopesems
indicated by the shaded region in Fig. 4. Remnants take leetwe
10 and 10 yr to pass through the CSPN region after the end of the
CE phase.

3.2 Starsof Zg=0.02, with post-CE wind mass loss

If there is significant wind during the post-CE phase then,a&o
given core mass, the range of end-of-CE envelope massesicih w

PNe are formed is increased because the remnant evolves more

rapidly to high effective temperature. The post-CE plateaniu-
tion is well modelled by a sequence of models of approximgatel
constant core mass and decreasing envelope mass. Becdlise of
we can think of the envelope mass as dictating the effectivper-
ature and therefore the rate at which the envelope massadesre
as dictating the rate of effective temperature evolutionviAd de-
creases the envelope mass in addition to the decrease frdro-hy
gen shell-burning and therefore increases the rate of gonlof
effective temperature.

In Fig.[d we show possible contributions to the rate at which
envelope mass is decreased as a function of effective tertuper
for a 03500 M, core mas<Zp = 0.02 remnant. We show the rate
at which the envelope mass is decreased by shell burningnand t
possibilities for the uncertain wind mass-loss rate. Ongsjtnil-
ity would be an unjustified application of Reimers’ formuéj(ia-
tion[d) with the standard value of = 0.5. We disregard this be-
cause the rate at which the envelope mass is decreasedigiieg|
compared to shell burning. Another possibility is the eptdation
of the mass-loss rate formula computed by Vink & Cassisi £200
for horizontal branch stars. Again, we find that this giveseglin
gible rate of envelope mass decrease compared to shelhpueahi

© 2013 RAS, MNRAS435, 2048-2059
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Figure 8. Combinations of end-of-CE core and envelope mass which form
PNe. As Fig[#, except here we include the effect of wind duthe post-

CE phase on the region for which PNe are formed. The upperdaoyrior
remnants evolving at constant mass is the thick dashed line.

all core masses. Finally, we consider an extreme, strond,wip-

per limit as suggested hy Iben & Tutukav (1986). They estadat

a maximum mass-loss rate by assuming that the photons ¢eavin
the surface of the star lose all their momentum to the kinetic
ergy of the wind SMVesc= L/c, wherevesc= 1/2GM/R is the
escape speed ands the speed of light. Assuming the total mass is
approximately constant during the plateau phase, thisgive

() o

The rate at which the envelope mass decreases accordings to th
equation is also shown Fiff] 7 where it is referred to as a gtron
wind. In this extreme case and at low effective temperafuthes
wind is the dominant process by which the envelope mass de-
creases.

We computed models with this mass-loss rate and remnants
with the peel-off mass (I M@). In Fig.[8 we show how this

L
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Figure 9. Maximum end-of-CE radius as a function of core massZp«&

0.02 remnants which successfully form PNe. The maximum radisisown
for the cases of post-CE evolution at constant mass (opelesjrand with
a strong wind (filled circles, equatigh 5). For a remnant txsessfully form
a PN it must end the CE phase with radius below the curves.
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changes the range of end-of-CE envelope masses for which PNeFigure 10. Maximum end-of-CE orbital period as a function of core mass

are formed at each core mass. There is a larger range of pavelo
masses than when there is no wind and significantly so for core
masses greater than abouBWi,. At lower core masses the rate

at which the envelope mass is decreased by wind becomes eompa

rable to the shell burning rate. For core masses greaterathaurt
0.4M, evolution with such a strong wind implies that a star could
end the CE phase with an mass near the peel-off mass andstill f
a PN. This is not realistic, because we do not expect this-hoass
rate to be valid for stars at low effective temperatures withvec-
tive envelopes. It is valid only for masses below the pethafss.

A strong wind does not have a large effect on the fading tinges b
cause the mass-loss rate decreases as the remnant readkeseth
stage. The fading times are still greater thaRyirQas for post-CE
stars evolving at constant mass.

© 2013 RAS, MNRASA35, 2048-2059

for Zy = 0.02 remnants which successfully form PNe. The maximum pe-
riod is shown for the cases of post-CE evolution at constaagsr{open
circles) and with a strong wind (filled circles, equatldn Byr a remnant

to successfully form a PN it must end the CE phase with orpigaiod be-
low the curves, which are shown for three different post-C&ssnratios,

g = Mcore/ (Mmass of companion

3.3 Prescriptionsfor the end-of-CE structure

We now transform our results to a more useful form by assum-
ing that the remnant just fills its Roche lobe at the end of the C
phase, as suggested |by Iben & Tutukov (1989). If this is tlse ca
then aZy = 0.02 system with a given core mass must end the CE
phase with a Roche lobe radius less than those plotted if9Fig.
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Figure11. Combinations of end-of-CE core and envelope mass which form Figure 12. Maximum end-of-CE orbital period as a function of core mass
PNe. As Fig[h but for systems @} = 0.001. Envelope masses are larger  for Zg = 0.001 remnants which successfully form PNe. The maximum pe-
compared t&Zp = 0.02 remnants of the same core mass. riod is shown for the cases of post-CE evolution at constaagsr{open
squares) and with a strong wind (filled squares, equéfioFd)a remnant
to successfully form a PN it must end the CE phase with orlpiealod
below the curves, which are shown for three different pdstaass ratios,
g = Mcore/ (Mmass of companionMaximum orbital periods at the same core

This relation implies a core mass—maximum orbital peridatien mass are shorter than those Zgr= 0.02 remnants.

with a weak dependence on the mass ratio (Eiy. 10). Many of the

observed post-CE systems in the SDSS sample describedrby, fo4 pjscussioN

examplel_Zorotovic et al. (2011) satisfy these conditiams there-

fore we expect they underwent a phase as a PN. Synthet|c popu_We now discuss the implications of these results for the ms
lations also contain systems which satisfy these conditi@ng., of the importance of PNe formed after CE phases initiatecby |
Davis, Kolb & Willem#{ 201D0). mass red giants.

In simple prescriptions of CE phases initiated by low-mass
red giants the end-of-CE envelope mass is a function of cassm
only. We can use Fid.]4 to determine the range of core masses
for which PNe are formed in each prescription. If the remnant We have not found any reported PNe that can be unambiguously
envelope boundary is & = 0.1 then remnants have zero end-of- identified as post-RGB systems. There are several systench wh

4.1 Observations of nebulae

CE envelope mass. If the remnant—envelope boundaryXs-aD had been identified as non post-AGB and therefore possitdf po
then remnants have negative envelope mass with our definitio RGB. However, it has since been argued that some of these neb-
Both of these prescriptions imply end-of-CE masses bel@dth ulae are ionized regions of the interstellar medium rattant

vergence point mass. We have argued that such remnants do notjected envelopes. Notable examples are the star PHL 982eth
undergo a plateau phase and therefore do not spend a sufjicien tral star of EGB 5/(Méndez et &l. 1988), and the nebulae Sh 2-
long time in the CSPN region for the formation of a PN. If the 174, K 2-2 (Napiwotzk| 1999) and DeHt 5 (Barstow etlal. 2001).
remnant-envelope boundary is at the base of the convecti® e |Frew et al. [(2010) showed that the velocity of PHL 932 is incon
lope then remnants do not form PNe for any core mass becagge th sistent with the velocity of the nebula surrounding it anahikir
evolve too slowly to reach the CSPN region before the nebata h  arguments have been made for the cases of Sh 2-174!(Frew 2008;
dispersed. Frew & Parker 2010), K 2-2 and DeHt 5 (De Marco et al. 2013).
EGB 5 is another suggested example of this type of systemn(Fre
2008; Frew & Parker 2010), but further work is needed. This sy
tem is important now that a companion to the hot star has been
discovered|(Geier et al. 2011). There are also some pogsilsity
RGB systems in which the nebula does appear to have beeaaject
from the hot central star, but in these cases alternatiezpreta-

We repeated our analysis fdg = 0.001 stars. At this metallicity, tions have not been ruled out. The atmospheric parametevg HD
remnants must have a core mass greater than ab26VQ, to are consistent with a post-RGB interpretation (NapiwofiZ99).
reach the CSPN region (Fig. 5). We show the equivalent ofifsig.  Another possible example is VW Pyx in K 1-2 for which the pa-
the end-of-CE core mass—envelope mass plane, ifFig. 1B-Env rameters of the central system are uncertain (Exter, Ruoll&Bell

lope masses are larger than thosgg@f 0.02 remnants of the same  12003).

core mass. The maximum end-of-CE orbital periods at a gives ¢ It is therefore not clear whether there are any post-RGB/CE
mass are lower than fat = 0.02, as shown in Fig. 12. PNe and, if there are any, how frequent they are. The situatio

3.4 Starsof Zg=0.001

© 2013 RAS, MNRASA35, 2048-2059
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further confused by the possibility that some of the systetnish hot component could be a post-RGB or post-extreme horizonta
are identified as post-AGB PNe have not been considered &s pos branch star based on its surface gravity and effective testyre
RGB. Because of this, we discuss confusing and distinguisttie (Klepp & Rauch 2011).

two evolutionary states.

5 CONCLUSIONS
4.2 Recognizing post-RGB systems ) o
We have considered the contribution of common-envelopsgsha

The main difference between a PN formed after a CE phase andijnitiated by low-mass red giants to the planetary nebulaifzdijon.
a PN formed from an isolated star is that in the post-CE case, t  Although this subset is a large fraction of the common-espel
central ionizing source has a companion in a short perioid. @bt phases which end with ejection of the envelope, it has somesti
what properties can be used to distinguish between PNe tbrme peen assumed that the remnants evolve too slowly to ionize th
after CE phases initiated by RGB and AGB stars? We focus on nebula before it has dispersed. We have more carefully igeted
low-mass stars. this assumption by considering the possible structurdseaend of
The properties of the central system are the stellar proper- the common-envelope phase and their evolution in the ttieare
ties of the components and the orbital properties. In a PMéor  Hertzsprung-Russell diagram. We find that a planetary neisul
by a low-mass RGB star, the central ionizing source is a pre- not expected if the remnant envelope is removed to the divery
helium-core white dwarf with mass less than abol&M,. We point defined by lvanova (2011a). Planetary nebulae arectage
have shown that PNe are only expected to have central stéts wi if the remnants end the phase in thermal equilibrium witretope
masses greater than abouP®M, in post-RGB/CE systems. In masses such that they fill their Roche lobes (Iben & Tutukd@8).9
our models we find this means it has a luminosity of less thamiab  \We have derived a relation between the maximum Roche lobe ra-
3.16 x 10°L . Post-AGB stars are expected to be pre-carbon— dius and core mass for which planetary nebulae are formesin t

oxygen white dwarfs with larger masses and luminosities this. prescription, both with and without a strong post-commoween
Although the lowest mass post-AGB stars could be confuséld wi  |ope wind. We have extended the work of Iben & Tutukov (1989)
post-RGB stars on the basis of evolutionary tracks in terfssio to lower metallicity systems and the case of a strong winavero
face gravity, effective temperature and luminosity alespecially metallicity remnants must emerge from the common-envelnpe
when we allow for uncertainties in the distance to systems. shorter period orbits for planetary nebulae to form at timesaore
The properties of the nebula include composition, sizeaexp  mass.

sion speed, morphology, electron density and luminosiya Tirst Although we have yet to find any unambiguously identified
approximation the composition of the nebula is that of theetape post-red giant branch planetary nebulae, we should nobuigc

of the giant at the moment of ejection. The abundances obwari  this as a possible evolutionary interpretation. Remnahtsost-
elements are different for low-mass RGB and AGB stars b&caus asymptotic giant branch and post-red giant branch starbealis-

of nucleosynthesis and first-, second- and third-dredgevemts. tinguished by the mass of the ionizing component, the amoea
A post-AGB nebula would be expected to show more evidence of in the nebula and the photospheres of the hot remnants. &ibul
nuclear processing than a post-RGB nebula. In the abserd® of  of this type would be useful to learn about common-envelofe e

tailed models of CE evolution it is difficult to say what woue lution and the formation of planetary nebula. In future werk
the differences in size, expansion speed and morphologgtreh shall use these results to construct synthetic populatibrsan-
density and luminosity. We would need the initial condiSarf the etary nebulae and assess the observational evidence égaintiy
ejected circumstellar matter, which can only come from aitést be formed after common-envelope phases initiated by lowsmed
model. giants.
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