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Abstract. Preliminary results from an ongoing project to compute a grid of post-
AGB models is presented. Our preliminary results show that stellar evolution computa-
tions that include an updated treatment of the microphysicspredict post-AGB timescales
that are several times shorter that predicted by older models. Also the mass-luminosity
relation of post-AGB models deviates from that of older grids. In addition, our results
suggest only a slight metallicity dependence of the post-AGB timescales. We expect
these results to have significant consequences for models ofthe formation of planetary
nebulae and their luminosity function.

1. Introduction

Planetary Nebulae (PNe) are among the most beautiful astronomical objects. They are
the result of the evolution of low- and intermediate-mass stars (MZAMS ∼ 0.8−8 M⊙). In
the most simple scenario, PNe are formed when the progenitorstars lose their external
envelopes at the end of the Asymptotic Giant Branch (AGB) andcross the HR-diagram
on their way to the white dwarf cooling sequence. While crossing the HR-diagram
the central stars of the PNe (CSPNe) become sufficiently hot to ionize the previously
ejected material (Shklovsky 1957; Abell & Goldreich 1966; Paczýnski 1970).

Besides being interesting and fascinating objects in themselves their properties
are also useful for other fields of astrophysics (Kwitter et al. 2014). PNe and CSPNe
offer unique insight into the nucleosynthesis during previousevolutionary phases like
the AGB. Extragalactic PNe can be used to understand metallicity gradients and their
temporal evolution in galaxies. Also, the PNe luminosity function (PNLF) has proven
to be a good distance indicator as far as∼ 20Mpc, but we still do not understand why
(Ciardullo 2012). The formation and detectability of PNe depends strongly on the re-
lationship between two different timescales. The evolutionary timescale of the CSPNe,
which provides the ionizing photons, and the dynamical timescales of the circumstellar
material ejected at the end of the AGB. If the CSPN evolves toofast the PN will be
ionized for a short time, and thus will have a low detection probability, or might even
not be ionized at all. On the other hand, if the star evolves too slowly, the ionization
of the nebula will take place when the ejected material has already dispersed too much
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to be detectable. In this work we address the first of these timescales. Namely, we
present preliminary results from full stellar evolution computations of the post-AGB
and CSPNe phases that include an updated treatment of macro and microphysics. This
stage is one of the least understood phases of low- and intermediate mass stars and there
are some indications that current models are not accurate enough, e.g. a) The two avail-
able grids of post-AGB models (Vassiliadis & Wood 1994; Bloecker 1995) do not agree
on the predicted timescales (Zijlstra et al. 2008), b) The CSPNe mass-luminosity rela-
tion seems to be at variance with the constraints coming fromhydrodynamically con-
sistent model atmospheres (Pauldrach et al. 2004), c) consistency between the masses
of white dwarfs and those of CSPNe determined by asteroseismology requires faster
evolutionary speeds (Gesicki et al. 2014). In addition, until now we do not understand
why the cut-off of the PNe luminosity function is constant in most galaxies.Last, but
not least,Marigo (2002) showed that C-rich molecular opacities are key to predict the
right effective temperatures once the AGB models become carbon rich (C/O > 1, by
number fraction). These inconsistencies and the fact that available post-AGB models
are based on very old radiative opacities and microphysics calls for a restudy of the
problem.

2. Physical details of the stellar evolution models

The computations presented in this work have been performedwith LPCODE stellar evo-
lution code. A detailed description of the code can be found in Althaus et al.(2013),
and references therein, here focus on the physical ingredients, and updates, which are
particularly relevant for the present work. In the pre-WD regime LPCODE uses the
OPAL EOS_2005 equation of state for H- and He rich mixtures and a simplified EOS
for other compositions. Updated high- and low- temperatureradiative opacities are in-
cluded according toIglesias & Rogers(1996) andFerguson et al.(2005). This includes
pretabulated C-rich molecular opacities (Weiss & Ferguson 2009). The 14N(p,γ)15O
reaction rate, that sets the overall efficiency of the CNO-cycle, was taken fromImbriani
et al. (2005). Convective mixing is treated within mixing length theory(MLT) and a
diffusive convective picture, including an exponentially decaying velocity field outside
formal convective boundaries (with a free parameterf , seeHerwig et al. 1997for de-
tails). From the calibration of the solar model with diffusion we obtainαMLT = 1.825.
The value off in convective cores is set tof = 0.0174 from the calibration of the width
of the upper main sequence. This equivalent to an overshooting extension of 0.2 times
the pressure scale height. The values off in the pulse driven convection zone (PDCZ)
during the thermal pulses in the AGB is set tof PDCZ

= 0.005 which allows to reproduce
the range of He, C and O ratios observed in PG1159 type stars (Werner & Herwig 2006).
The f -value at the bottom of the convective envelope is taken to bef CE

= 0.1 (Herwig
2005). Winds are a decisive aspect of AGB evolution since they determine when the
TP-AGB phase ends. To include the impact of the transition from an O-rich AGB to
a C-rich AGB star we implemented different wind prescriptions for the O- and C-rich
dust driven winds. For the sake of consistency we choose dustdriven wind prescriptions
derived by the same authors and methods, (logṀ = 4.08 logP − 16.54 Groenewegen
et al. 1998and logṀ = −9+ 0.0032P Groenewegen et al. 2009; whereP is the pulsa-
tion period). For the pre-dusty winds we included theSchröder & Cuntz(2005) which
seems to reproduce some RGB and AGB observables better than the standard Reimers
prescription (Girardi et al. 2010). Finally, for the hot radiative driven winds we adopted
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a mass loss prescription,̇M = 9.8×10−15× (L/L⊙)1.674, which is based on the results of
Pauldrach et al.(2004) and similar to the one adopted byBloecker(1995). Between the
the hot and cold wind regime, 3.8 . logTeff . 4.1, there are no available prescriptions
and we had to rely on interpolations.

3. Preliminary results and discussion
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Figure 1. logTeff − logg-diagram of the computed sequences for Z=0.01.

It is well known that the computation of the very end of the TP-AGB is riddled with
convergence problems (Weiss & Ferguson 2009; Lau et al. 2012). This implies that a
lot of human time (baby-sitting) is required to compute the transition from the TP-AGB
to the CSPNe phase. Even when codes converge, convergence happens at the expense
of a prohibitively small timesteps (even down to∆t ∼ 1 hour). Despite all numerical
improvements our computations are not the exception. Consequently, the number of
complete simulations presented in this work is rather small. In Fig. 1 we show the
logTeff− logg-diagram (“Kiel diagram”) for ourZ = 0.01 sequences. Table1 shows the
most relevant quantities of our TP-AGB and post-AGB stellarmodels. A comparison of
theMi-M f relationship of our models (Table1) with semiempirical determinations from
stellar clusters (Salaris et al. 2009), common proper motion pairs (Catalán et al. 2008) or
the Galactic bulge (Gesicki et al. 2014) suggest that our values ofM f may me somewhat
low. This is very likely the consequence of too strong third dredge up during the TP-
AGB (Salaris et al. 2009). In fact, this causes the formation of C-rich stars alreadyat
the first thermal pulse in our low metallicity sequences (Z=0.001 andMi = 1.5 and
2.5 M⊙). This might lead to disagreements with the carbon star luminosity function
and thus to a need to re-calibrate the overshooting parameters during the TP-AGB.
However, it should be notice that the value off PDCZ ∼ 0.005 is required to reproduce
the abundances of PG1159 type post-AGB stars, leaving onlyf CE as a possible free
parameter.
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Figure 2. Crossing times (τcross) from different sources as compared with our
results for H-burning post-AGB sequences. Filled symbols indicate the predicted
crossing times for Z=0.02, 0.01, 0.001; circles, rhombi and triangles respectively.

A comparison of our timescales with those of previous modelsand semiempirical
determinations (see Fig.2) allow us for some very interesting preliminary conclusions.
On one hand, in the range of remnant masses where our models overlap with those of
Weiss & Ferguson(2009) the agreement is quite good. This is particularly interest-
ing in the light of the different numerical codes and wind prescriptions adopted. This
suggests that the details of mass loss might not play a crucial role in the determina-
tion of post-AGB timescales. Given the uncertainties behind this ingredient of stellar
evolution computations, this might be a good news. On the other hand, our models
predict much shorter (up to a factor of∼ 5!) post-AGB timescales than those ofVas-
siliadis & Wood(1994) andBloecker(1995). In the light of the agreement between
our timescales and those ofWeiss & Ferguson(2009) this suggests that stellar evolu-
tion computations based on old microphysics might have significantly overestimated
the length of the CSPNe phase. Interestingly enough our muchshorter timescales are
in agreement with the results from studies of PNe (Gesicki & Zijlstra 2007; Gesicki
et al. 2014) that suggests that CSPNe should evolve several times faster than predicted
by old stellar evolution models. Last, but not least, our models do not predict a strong
dependence of the post-AGB timescales with metallicity. Inaddition, the post-AGB
mass-luminosity relation of modern models is different from that of old grids. All these
results, if confirmed, will have an impact in the predictionsof models for the formations
of PNe in different stellar populations. In particular, the impact of modern post-AGB
computations in the formation of the PNLF needs to be assessed.
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Table 1. Properties of the AGB and post-AGB (H-burning) stellar evolution mod-
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logTeff=4 , taken at logTeff = 4), and the crossing time
(τcross) of the post-AGB remnant form logTeff = 4 to the point of maximum effective
temperature (“knee”, see Fig.1).
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