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Abstract. The initial-to final mass relation is revised in view ofmasses. Koester & Reimefs (1981) embarked on a program of
new theoretical and observational data. Recent stellar evolutgystematic search and observations of white dwarfs in young
models predict core masses at the beginning of the thermallyen clusters for which the progenitor masses had to be larger
pulsing asymptotic giant branch which practically coincidthan the turn-off masses. A striking success was the finding of
with final white dwarf masses derived for NGC 3532 and thtbree massive white dwarfs in the cluster NGC 2516 (Reimers
binary white dwarf PG 0922+162. The Hyades white dwar& Koester 1982). Considering the luminosity function of the
must be relocated at higher initial masses since Hipparcos detsster they concluded that the limiting mass for white dwarfs
lead to a reduced cluster age, and move also closer to the ffsbuld be around 8 solar masses. A more detailed method to ob-
TP relation. Comparison with theoretically predicted initiagiain progenitor masses for individual white dwarfs was also ap-
to final mass relations support the new evolutionary modgified: determination of the cooling age from spectroscopically
with exponential diffusive overshoot which undergo core masdsrived surface gravities and effective temperatures by compar-
reduction by a strong third dredge-up. The upper mass limit fision with theoretical white dwarf cooling tracks (Koester 1972),
C/O white dwarf production is smaller than hitherto assumeftlowed by subtraction of the cooling age from the cluster age
around 6.5M, with white dwarf masses below M. More to obtain the total pre-white dwarf evolutionary age which is
massive white dwarfs must have Ne/O cores after off-centéen fitted to theoretical stellar evolution model calculations of
carbon burning or are due to mergers or rotational liftingotal ages as a function of initial mass (and composition). The
Differential mass loss seems to be small thus justifying tmeethod and the results were then discussed and semi-empirical
use of an universad; /M relation for calculations of stellar initial- final mass relations presented by Weidemann & Koester
and galactic evolution. It differs from the widely used 1987 r¢1983). An upper mass limit around 8 solar masses for white
lation and is steeper especially in the mass range from 3fp 4 dwarf production was confirmed, it agreed in those days with

the theoretical upper mass limit for the development of a de-

generate carbon-oxygen core, 8-9 solar masses (Iben & Renzini
Key words: stars: evolution — stars: AGB and post-AGB — star&983). It thus was predicted that all intermediate mass stars un-
mass-loss — stars: white dwarfs dergo heavy mass loss in order to reach the relatively small final
white dwarf masse— a facthat since then has been confirmed
by observations on and around AGB stars which produce cir-
1. Introduction cumstellar shells and planetary nebulae.

) ] o Since classical stellar evolution calculations predicted at that
Ever since it became clear that stars with initial masses far ab%yﬁ)e a strict core mass — luminosity relation, AGB tip lumi-

the Chandrasekhar mass produce white dwarfs the question Qfities and luminosity functions in clusters — discernible prac-
the existence of a relation between initial main sequence Q%Ily only in the Magellanic Cloud clusters with numerous
final white dwarfs mass has been discussed. The classical csfs _ could also be taken to derive final masses — an approach
of the Hyades white dwarfs was investigated by Weidemaghich was included in a thorough discussion of the initial-final
(1977) in his paper on "Mass loss towards the white dwgt{ass relation in the galactic disk and the Magellanic Clouds
stage”. Koester & Weidemann (180) demonstrated how effjyeidemanri 1987). Especially the absence of brighter AGB
pirically established data on white dwarfs — especially the N& < in the famous young LMC cluster NGC 1866 was eval-
row mass distribution and the ratio of white dwarf to SUPerNoY@yeq 1o predict a final mass of 0.8 solar masses for an initial
birth rates — constrain models of galactic evolution. We CORs555 around 4.5 solar masses — the exact values depending on
cluded that the data favor relatively strong mass loss durifigh | Mc distance modulus and the degree of overshooting in-
the stellar lifetime and that the average upper limiting initigh jeq in the stellar evolution models. The strong dependence
mass for white dwarf production is probably higher than S Solgf the semi-empirically derived initial masses on overshooting
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in that paper, especially it has been shown that evolution mod&ble 1. Core masses at the beginning of the TP-AGB
with no overshoot predicted initial masses far above the limit
for carbon ignition. The above mentioned agreement of that. 053 0.56 050 062 0.80 0.86 092 0.99
theoretical limit,M,,, with the predicted limitfromthe extrap- . 10 15 20 30 40 50 60 7.0
olated M;/M; relation of Weidemann & Koester (1983) could
only be upheld for models with medium or strong overshoot.

Since medium overshoot at that time seemed to be favourebierwig/Blocker (priv. comm.). Cb: off-center carbon burning
tabulated in the 1987 paper a best estimate of\th\/; rela-

tion and the mass fraction returned to the interstellar medium

which in the following years has been widely used in galactigwards the end of the AGB which is determined by the as-
evolution calculations. sumed mass loss law. The final white dwarf mass thus depends
However in the meantime several changes occurred whigh how far the carbon/oxygen core can grow during the TP-
necessitate a revision of tfid;//; relation. These changes arezGB. Since the mass loss mechanism is still not understood
based partly on the progress of white dwarf observations —bet@in first physical principles, different laws have been assumed
spectra for faint objects with CCDs and larger telescopes —an@ g. the Reimers$ (1975) formula with constant or variaple
partly on more sophisticated stellar evolution models due to garameter (Boothroyd & Sackmahn 1988, Bryan ef al. 1990,
enormous increase of computational possibilities during the |#restini & Charbonnél 1997), the Bowen 1988 shocked wind
decade. The presentinvestigation thus will be based on the laigat with modifications (Bbcker[1995), or the Mira pulsation
papers on AGB evolution which incorporate hydrodynamicallyeriod calibrated law (Vassiliadis & Wo6d 1993). Accordingly
predicted exponentially declining overshoot at the base of cijfferent final masses are predicted (see Weiderhann 1993a for
vective instable layers and predict a breakdown of the classigadiscussion of total mass loss on the AGB).
core mass — luminosity relation. The next section will be de- |n order to check the influence of the new model calculations
voted to these changes which are important for the predictigfs thus advisable to compare first their predictions of the core
of theoreticaIMi/Mf relations. In the third section we will dis- mass at the beginning ofthe TP-AGB (the first TP, or the end of
cuss changes in the semi-empirically deriveld M; relations the E-AGB). Such a comparison has been made by Wagenhuber
based on mostly new observations of white dwarfs and clusgetroenewegen 1998, Fig. 7, for three different compositions.
data. In Sect. 4 we discuss the implications of these changesyigg general trend is as follows: for low mass stars, from 1 to
a comparison of the new theoretical and semi-empidiédl\/s  about 2.5M, (the limiting helium flash mass) the first-TP core
relations and point to some open questions especially concefizsses are nearly constant, around Q82 then strongly in-
ing the end of the AGB evolution. We suggest a nef/M; crease for the intermediate mass stars up /4 , followed
relation. The foIIowing section 5 is devoted to the question Qg/ a slower growth due to the second dredge-up (which reduces
the upper mass limit for white dwarf production. In Sect. 6 Whe core mass) until off-center carbon ignition occurs around 6
consider the importance of differential mass loss. Finally wg 7 17, which terminates the TP phase at core masses around
summarize our results. 1 M,,. For the more recent model calculations the results are
plotted in Fig. 1. It can be seen that models with overshoot (as
those of Girardi et al. 2000) predict larger core masses thanthose
without overshoot (Dominguez et al. 1999). Girardi et al. 2000
assume intermediate core overshabt£ 0.5) 0.5) and some-
Numerous new sets of stellar evolution models have beehat stronger envelope undershoat £ 0.7) similar to the
calculated during the last years, to mention only the Padearlier Padua calculations of Bressan et al. 1993 and following.
group (Marigo et all[_1999, Girardi et al. 2000), the Frascati The most recent 1.TP relation calculated with the exponen-
group (D’Antona & Mazzitelli[ 1996, Straniero et al._1997tial diffusive overshoot and undershoot prescriptions of Herwig
Ventura et al[ 1998, Dominguez et al. 1999) and the Pott-al.[1997, 1998, 1999b by Herwig anddBker 2000 (private
dam group (Bdcker[1995, Herwig et al. 1907, 1998, 1999acommunication) is given in Tabld 1 and plotted in [Eig. 1.
Blocker et al.2000, Herwig 2000). They differ in their assump- For a 3M, star with solar composition the core masses are
tions about convective overshoot as well as mass and com@8, 0.60 and 0.62/, for the cases of no, intermediate and
sition range. Whereas the evolution through main sequenegponential diffusive overshoot respectively. For larger initial
first giant branch, central helium burning and early asymptoticasses the trend is inverse: alh, the core masses are equal,
giant branch (E-AGB) phase towards the beginning of the th&.86 M, , for 6 M, Dominguez et al. find 0.94, Herwig and
mally pulsing asymptotic giant branch (TP-AGB) is calculateBlocker 0.92M, whereas Girardi obtains off-center carbon
by standard procedures, the evolution on the TP-AGB itselfbsirning already at 0.9%4. M,;, the limiting mass for C/O
dealt with very differently. Since the exact calculation througlvhite dwarf production is dependent on metallicity (see Umeda
thermal pulses is extremely time consuming, the evolution hetsal 1999 for a discussion, especially their Fig. 7). Present day
been often followed only through a few or exemplary pulsesodels which use OPAL opacities and overshooting laWeg
and is then replaced by synthetic models (Groenewegen &ammpared to the classical models (Becker & Iben 1979) from 9
Jong 1993, 1994, see also Wagenhuber & Groenewegen 1998) to 8 M, or 7 M (Umeda or Dominguez, without over-

2. Theoretical evolution models
and predicted M;/ M5 relations
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C and O abundances found for hydrogen-deficient post-AGB
C, stars (PG 1159 stars: Dreizler & Heljer 1998, Weflner 2000).
Herwig (2000) uses the fact that these abundances depend on
the strength of the dregde-up from the C/O core to constrain his
overshoot efficiency parametgr (which originally had been
calibrated from the width of the observed main sequence to be
f = 0.016 and was used with that same value at all evolutionary
stages) to be between 0.01 and 0.03. Since these longtime unex-
plained phenomena can thus be understood with the concept of
hydrodynamically caused overshooting and its description by
an exponentially declining diffusion, | shall prefer the results of
| the Potsdam group in the further discussion.
! ! ! ! ! ! \ \ The evolution after the first TP towards the final mass de-
pends again on the mass loss law but now under different cir-
cumstances: Whereas for 3 andM, stars core mass reduc-
Fig. 1.Core masses at the beginning of the TP-AGB. Crosses: Girardgjn, jnhibits the further core growth (see Fig. 1 in Herwig et al.
al.[2000, circles: Dominguez et B, 1999, t(h'Ck line: Herwig&Bker 1gg8) the Juminosity increases above the classical core mass-
((:[;rr“tib?igrmiz;r:hm line: Mazzitelli et al. T999. Cb indicates Oﬂ'cemefuminosity relation. One may thus expect the final mass to be
' nearly equal to the core mass at the beginning of the TP phase.
In the case of 5M and above hot bottom burning occurs

shooting) to 6/, (Girardi, with overshooting) for solar com-but 3DUP remains strongly efficient. In the &, case con-
position,Z = 0.02, and further down for lower metallicity (5 sidered especially by Mazzitelli et al. (1999) which also adopt
My, atZ = 0.008, Girardi). We shall come back to the questiohe concept of exponential diffusive overshoot (however with
of M,, in Sect.5. After the thermal pulsing phase is reachdine Canuto Full Spectrum Turbulence instead of mixing length
further growth of the core towards the final white dwarf magiescription for the convective unstable layers) the 3DUP even
depends on the details of the AGB evolution. removes the helium buffer zone completely such as to suppress
A third dredge-up (3DUP) is necessary to explain the exiiermal pulses and to produce C/O white dwarfs aroudd1
tence of carbon stars. It has been a longstanding “carbon $igivever Bbcker et al.[(2000) found no quenching of TPs for
mystery” (Iberi 19811) that classical calculations predicted 3DUReir 6 M model. The different behavior may come from the
only for stars above 8/, whereas LMC observations demonfact that the core mass at the first TP is smaller for Herwig
strated their occurrence at much smaller initial masses. Sirfe®! 0cker 2000 (private communication), 0.92, , than for
computational efforts to obtain 3DUP at smaller masses wédv@zzitelli et al. 1999, 1.01M/,. In summary: for intermediate
unsuccessful several authors tried to reproduce the carbon Biags stars we expect the theoretital M; relation to follow
luminosity function by parametrization, i.e. an adjustment fosely the first-TP relation fon/; larger than 3Mg. How-
a dredge-up parameter lambda which measures the ratic®¥#r for smaller initial masses a prediction is not that easy.
dredged-up matter to burned matter between consecutive puldegvig et al. [(1999b) investigated the mass range from 1 to
and an assumption about the minumum core mass at whith/e as well for solar composition as for reduced metallic-
3DUP begins (Groenewegen & de Jong 1993, Forestini & Chédly (Z = 0.02,0.01,0.001) in order to check the occurence of
bonnel[1997) or the minimum temperature at the base of t@UP and transformation to carbon stars. Whereas thé:1
convective envelope (Marigo et &I, 1999). However the receftgr left the AGB already after the second TP (no 3DUP), the
concept of exponentially declining diffusive overshoot from ak-5 M (Z = 0.02) star showed continuous 3DUP after the
convective layers, especially also below the helium flash cdh-TP (atM. = 0.584 M), the 1.7M, star showed stronger
vection zone during thermal pulses (Herwig e{al. 1997, 1998UPs beginning at the 5. pulse and became a carbon star af-
19994, Herwig 2000) causes 3DUP already at about the thigfl the 9.TP (atV/. = 0.603 M), the 2 M (Z = 0.02) star
pulse for a 3M,, initial mass star at a core mass of 0.64, needed 22 TPs to become a carbon stafat 0.601 M, and
(Herwig & Blocker 199D). Since lambda becomes even largée 3Me (Z = 0.02) star 7 TPs atV/. = 0.628 M. Since
than one, a core mass reduction occurs, although the lumindgrwig et al. (1999b) were not interested to reach the end of
ity increases further (see Herwig et &l. 1998), even strondBe AGB they assumed a rather small Reimers mass loss law
for M; = 4 M. Above 4 M, hot bottom burning operateswith n = 0.5 for initial masses below the limiting helium flash
and destroys carbon thereby explaining the observed abseféss between 1.7 and®, andn = 1.0 above, thus allowing
of brighter C-stars. The very efficient 3DUP and the simultanBany TPs. In reality the mass loss law will be much stronger
ous treatment of mixing and burning also explains the exister@ed thus determine the final masses. Forestini & Charbonnel
of lithium-rich AGB stars (Bbcker et al[2000). The dredge1997 e.g. assume fav; = 3 M, 7 to increase from 2.5t0 5
up from the C/O core below the helium flash convection tongilethe final AGB stage. Their final mass of 0.8@, is reached
(called 4thDUP by Iben 1999) leads to an enrichment of C ancefier 19 TPs from a core mass of 0.84;, at the first TP —
in the intershell region which is in agreement with the unusughereas Herwig et al. (1999b) start the TP-AGB at a core mass
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of 0.62 M (much higher since they used overhooting mod-able 2. M; and M; for Hyades White Dwarfs

els up to the AGB stage whereas Forestini and Charbonnel use

models with no overshoot) and find the above mentioned ca@es. M; M;

mass reduction very soon af, = 0.63 M. Dominguez et Aythor 1 2 3 4 1 2 3 5

al.[1999, with no-overshoot models, start the TP-AGB at 0.58, 6 74 71 71 30 2.90 300 351

Mg and reach the end after 26 TPsMf = 0.71Mg —cal- | goo7 _ go — 79 _ 285 _ 350

culated by Straniero et al._ 1997 with a mass loss prescriptipey g2 70 68 675 2.6 252 2.67 2.95

according to Groenewegen & de Jong 1994= 5), whereas vris .65 .69 .70 .70 25 242 258 2.85

Blocker (1995) starting at 0.9% - needed 20 TPstoreachafiHz7 .63 .67 65 .645 2.6 245 262 2.90

nal mass of 0.63/, with his fairly strong Bowen massloss lawHz14 .62 .66 .68 .68 25 239 255 2.80

These examples demonstrate that it is not yet possible to deter-

mine theoretical final masses convincingly, but that they depend _ ) _
strongly on mass loss laws and overshooting prescriptions. Eéplanatlons. Des.: McCook Sion Catalogue (1987) Authors: 1) Wei-

smaller initial masses one should expect rather numerous mann, Jordan, Iben, Casertano (1992) 2) Reid (1886)ased on
it u xp u u dshift 3) Herwig[(1995)M/¢ based on spectroscopic gravity and effec-

to occur since below the transition region from degenerate jQ, temperature, with Wood thick layer models 4) Weidemann (1997)
nondegenerate helium ignition (around22)) the first-TP core 5yerage ofM (g),M(R) and M (red) 5) this paperM; with lower
masses are small (between 0.51 and Q&) and the empiri- Hyades age (see text)

cally established final masses (Hyades masses around §.7

at M; around 2.7M,) are larger (see next section). Also white

dwarfs in the maximum of the observed mass distribution witlye Hyades white dwarfs reached practically the same results
M; around 0.60V/;, must be produced by low mass stars in thiyr the final and initial masses (see Table 2).

initial mass interval between 1 and 2\5,,. The calculations of In an extensive comparative investigation (1997) | demon-
the Potsdam group (Herwig etlal. 1999b) do not show core maggated how the average final white dwarf masses had been in-
reduction due to 3DUP in this range of initial masses (depengteased from 0.58/., (Koester et al1979) to 0.62/. by

ing on metallicity however: core mass reduction occurs even f@ging thin-layer cooling models (Wood 1992) instead of zero-
a 2 Mg, initial mass star withZ = 0.001). temperature configurations for the mass-radius relation (Berg-
eron etal 1992, Weidemann etal. 1992) and then to D/g&y

an increase of the spectrosopically determined surface gravities
(Bergeron et al. 1995) and finally — by using thick-layer cool-
ing models instead — to 0.69;, (Herwig|1995). Practically
The semiempiricalM/;/M; relation has been determined prethe same value was reached by Reid (1996) with his redshift
dominantely by the open cluster method described in the ihata, reduced also with thick-layer cooling models. Both Her-
troduction. The three most important clusters are the Hyadesg and Reid pointed out that the higher value fa¢ would

NGC 3532 and NGC 2516 which shall be discussed in mareply a change of the initial-final mass relation compared to

3. New data on the semiempirical
initial-final mass relation

detail first. Weidemanin 1987 in suggesting a steeper increase in the initial
mass interval from 1 to 2.5/, the average initial mass for
3.1. The Hyades the Hyades white dwarfs. However the evaluation of the HIP-

PARCOS observations for the Hyades by Perryman et al. {1998)
The Hyades white dwarfs have been studied extensively in fhresented new and more reliable cluster parameters which | have
past (Weidemanh_19F77, Weidemann et al. 1992, Weidemarirecked for changes in our derived data. Firstthe average cluster
1993a.1993h. 1993c. 1997). Reid (1996) obtained new high rdistance is now determined to be — M) = 3.33 £ 0.01, (we
olution spectra and was able to determine improved redshiftshgd used 3.35 in 1992). Second the individual distances derived
observation of the sharp NLTE-cores of Balmer lines. He uskg the moving cluster method are changed by a revised cluster
the data together with physical parameters for the stars obtainetbcity V' to 45.93 + .23 km/s (we and Reid used 46.6) and
by the Bergeron group (Bergeron et[al. 1995) to derive mas$gsa change of the converging point CP fram= 97.65° and
for six Hyades white dwarfs. Initial masses were then calculatéd= +5.98° t0 97.91° and6.66°. The formula for the distance
from cooling and cluster ages by comparison with evolutionadetermination gived « Vsin\/u, wherel measures the an-
models of the Geneva group (Schaller ef al. 1992, Schaeregelar distance of the star from the CP anthe proper motion.
al.[1I993). The necessary individual distances were determir&dce the recalculated angular distances changes are minor the
with the moving cluster method as outlined by Weidemann @istances change accordingAdogd = AlogV = — —0.0063,
al. (1992) however with slightly different proper motions obke. the stars are somewhat closer and the radii (for a given sur-
tained by Reid[(1992). The resulting initial masses were veigce flux) correspondingly smaller. A straightforward parallax
similar (Tabl€2). Anindependent study by Herwig (1995) usingetermination for the Hyades white dwarfs could not been made
effective temperatures and surface gravities by Bergeron ettal. HIPPARCOS since the Hyades white dwarfs are too faint,
(1995) and Wood (1995) evolutionary tracks (with thick hydraaroundV = 14, for direct observation. Anyway the use of indi-
gen surface layers) to determine masses and cooling agesvidual proper motion determined distances for the Hyades white
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dwarfs results in a much smaller scatter around the theoretical!
mass-radius relation than the use of an average cluster distance
(cf. Weidemann 1997 vs. Schm[dt 1996). Although Perryman .o
et al.[1998 conclude that the concept of parallel motion is justi-
fied for the derivation of the cluster parameters, small deviationss
are present which of course also influence the derived individ-
ual white dwarf distances. The somewhat smaller radii cauSes
a change of about-0.01 M, for the white dwarfs masses de-
rived from the mass-radius relatiod/ (R), compared to the o~
tabulated data in Weidemann_1997. For the determination of
the gravitational redshift one needs to correct the observed reds
shift for the radial velocity which also is derived by the moving
cluster methodV cosA. Again we predict a change of the order 5
of Alogv(red) = 0.007. The velocity increase is minor and the
derived masses/(red) increase by).007 M, in the average,
compared to Reid 1996 well within the listed uncertainties. Fig- 2. Semi-empirical data for final masses, ahil/M; relations+
The largest change however occurs for the derived initigy2des# NGC3532, thombus: PG 0922+162A, triangles: NGC2516,
masses: it is caused by the new determination of a cluster ii—@%arigs&Pé?éidkéglé?\?ngbxgz : ftmﬁ]:fg:g]il_'gri'pilr'izdpwzfﬁ'on of
by Pe_rryman_et al. 1998. Whereas Weidemann €t al. (_1992) z?%I tions by Weidemarin 1987 (l;elow) and Herwig 1995 (al:l)ove)
Herwig (1995) used a cluster age of 700 Myr, and Reid (1996
800-900 Myr, Perryman et al. now derig25+ 50 Myr by com-

parison of amuch clearer defined main sequence and isochragi@or the cooling ages, and Schaller models for the reduction
from newly calculated stellar models with Hyades abundances.progenitor ages. Plotted in Fig. 2 these results show initial
Y = 0.26,Z = 0.024 (corresponding tqFe/H] = +0.14). masses between 3.5 and/, fully coincident with the Herwig
The smaller cluster age for a given cooling age also reduces ghg| gcker (priv. comm.) core mass relation for five of the six
progenitor ages and thereby increase the derived initial massggss and a highevs; of 5 M, for 3532-10, withM; = 0.9 My,

in the average by 0.28/;, (Table[2). The progenitor ages werggain close to the Herwig/Btker 1. TP relation. However in this
reduced to initial masses with evolutionary ages up to the figgise the Potsdam models predict hot bottom burning with only
TP by models of Girardi et al. (2000). The new data are plafight core mass reduction during the AGB (seéd¥er et al.

ted in theM;/M; plane (Figl2). The steepness of th&/M:  [2000). The results for NGC 3532 thus strengthen the conclusion
relation above B/, is thus again somewhat reduced and moggready obtained for the Hyades that filg M; relation follows

close to the former 1987 relation (see Herwig 1995). Moreovgipsely the first-TP relation for stellar models with exponential
itis striking that the new points are located very closely aboclining diffusive overshoot.

the 1.TP relations of Fig. 1 &; ~ 2.9 M, and for HZ4, (EG
26) even at the 1.TP relation faf; ~ 3.5 M. Itis interesting
to note that this interval of progenitor masses, 3 td/4, is 3.3. NGC 2516

just the one in which Herwig et al. 1998 first showed the cogince this cluster has been most important for the test of the
mass reduction by the third dredge-up to occur, thus our new/\/; relation at the high mass end, the white dwarfs have also
results for the Hyades white dwarfs give empirical support f@leen reobserved by Koester & Reiniers 1996. The resulting final
that concept (see also the presentation in Herwig2000).  masses, 0.91, 1.05, 0.975 and 1302 for 2516-1, -2, -3 and

-5 respectively and evaluation with Schaller ef al. 1992 models
3.2. NGC 3532 and a cluster age of 140 Myr leads to initial masses between 5.5

and 7M. Koester & Reimers 1996 discussed the uncertainties
White dwarfs in NGC 3532 have been first detected and spggr pointed out that aside from observational errors the main
troscopically observed by Reimers & Koester 1989 and suksyrces were uncertain distance and cluster age. HErwig 1997
sequently by Koester & Reimers 1993. At a turn-off mass @fs thus redetermined the cluster age by observation of main
about 4)/, and initial masses between 3.5 andl/3 the final  sequence B- and A stars and use of theoretical isochrones by
masses showed a large scatter between 0.65 afd 1possi- Meynet et all 1993. He finds an indication of a slightly lower
bly an indication of differential mass loss (see Fig. 1 of Herwigge of 120 Myr which would imply larger initial masses be-
1993). Since the higher mass objects, 3532-1, -5 and -6 h@gen 6.5 and 9.5V/;, (the latter value for 2516-5). On the
been observed with lower quality in 1988, they have been igther hand Jeffries (1997) has recently claimed that the initial
observed by Koester and are now found at normal massesyfsses are about 1 to 17, smaller (from 4.5 to 5.3M)
0.72,0.75and 0.7F;, (see Fig.4 in Finley & Koester 1997).since NGC 2516 appeared to be metal-poor by factor of two.
HerWig 1995 has redetermined the initial masses for the Oth% recalculated the progenitor ages using the same C00|ing ages
three white dwarfs found by Koester & Reimerrs (1993), 35385 Koester & Reimers 1996 or Herwig 1997 but an increased
8, -9 and -10, using Woaod 1995 tracks with thick hydrogen lagjyster age of 185 Myr compared to 141 Myr for a given turn-off

1 2 3 4 5 6 7 8
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color (B-V) and Geneva group models with= 0.008 instead et al. With a turn-off age of 4 Gyr the turn-off mass is around
of 0.02. He demonstrates that the new locations inlhEV/; 1.25M, , and since the cooling time of the hot white dwarf
plane are close to the theoretical first-TP relationsfet 0.02 is negligible compared to the total age the initial mass should
and Z = 0.008 for evolutionary models of the Padua grougpe around 1.33/, (from Girardi et al 2000 models). If con-
which predict an upper limit for white dwarf production at théirmed — there remained some doubt about the membership of
onset of carbon ignition aroundd, and thus smaller than theG152 (Fleming et al. 1997) — this would provide a point for
canonical 8/, suggested and confirmed by Koester & Reimethe low mass range of th&f; /M; relation in agreement with
1996. Indeed Koester and Reimers as well as Herwig had usiegloretical expectations. Since many more fainter white dwarfs
normal metallicity evolution models in their reduction, and thusith larger cooling ages are expected and may be made out
the run of theM;/M; relation at the upper mass end was opdn the color-magnitude diagram of Richer etlal. 1998 — who
to question. However in a more recent paper Jeffries, Janfiésheir cooling sequence with white dwarfs of O, — ad-

and Thurston (1998) redetermined the metallicity of NGC 25Iftional spectroscopic efforts should be made to obtain more
by observations of late type star color-magnitude diagrams amtiable data.

conclude that the best values obtained are between [Fe/H] +0.05

and—0.18, thus favoring again a normal metallicity and theres ;

fore the Koester/Reimers results. But even if we assume ?13 Pleiades

metal deficiency to be real one must state two remarks: first, filee single white dwarf, LB1497, detected in the Pleiades,
new extensive models by Girardi et al. 2000 produce 1.TP fes been of special importance since it gave a strong argu-
lations which run to higher initial masses than those applied byent for the extension of th&/; /M; relation towards higher
Jeffries 1997 (his Fig. 1). If the data for NGC 2516 are reducénltial masses than 5/, (Weidemann—1977). With an initial
with Z = 0.008 Girardi models the stars move to afi range mass around 6/, and a spectroscopically determined mass of
from 5.2 to 6.2M, instead of Jeffries 4.5 to 58,. Second, 0.9M, (Schulz & Wegner 1981) it provided empirical evidence

if we however want ard/;/M; relation valid forZ = 0.02, we for an increasing\/; /M relation before the detection of the
had to correct the data points for NGC 2516 by the differeneéhite dwarfs in NGC 2516. Since Greenstein & Trimble 1972
betweenZ = 0.008 andZ = 0.02 models which amounts to had derived a redshift mass of only 082, , efforts were made

an increase of about 0.08, i.e. we would expect a range ofat a redetermination. The last one, made by Wegnerlet all 1991,
5.7 to 6.7M, for the typical white dwarf massed/; ~ 0.9 indeed lead to increase the redshift mass to 4@2(using a

to 1.05M of NGC 2516, which is exactly the range whicHHamada Salpeter zero temperature mass-radius relation) or to
Koester & Reimers 1996 obtained with their assumption of naven 1.05//, (using Wood thick hydrogen surface layer mass-
mal metal abundance. One thus cannot uphold Jeffries claim tteatius relations for the high temperature of 32000 K), whereas
the M;/ M relation runs to 5-8/ instead of 8/.. However spectroscopic redeterminations (Bergeron €t al. 1995) resulted
a more serious problem arises from the fact that indeed all le-M = 1.08 M. Herwig[1995 determined/; to be between
cent calculations of evolutionary models predict a smaller valbel and 5.7/, and thus raised thaf;/M; relation to differ
than 8M, for carbon ignition. It occurs already ati@. for strongly from the generally accepted Weidemann 1987 relation
the Girard[ 2000 population | models and between 6 and 7 Mdich predictedM; values between 0.8 and Q1 only for

for Frascati and Potsdam models (Mazzitelli e’ al. 1999, Hehis range ofd/;. However a change appears necessary in view
wig & Bl dcker 2000, private communication) with exponentialf recent results as discussed by Ventura €t al.11998. Whereas
overshoot (see Fig. 1.) The core masses at the beginning of tiae-age of the cluster taken by Herwig had been 150 Myr (from
bon burning are also smaller (0.96, 1.0 and 1MD4 for Girardi  Gianuzzi 1995) the formerly adopted age of 100 Myr (Meynet
et al.[2000, Forestini & Charbonrie[ 1997 and Mazzitelli et agt al[1993) had to be increased by the lower Hipparcos distance,
1999 respectively). If correct this would imply that the whiten — M = 5.33 instead of 5.6, to about 120 My a \alue which
dwarfs in NGC 2516 are just at the limit of carbon ignition. Avas also found from the transition to lithium-rich brown dwarfs
linear extrapolation of the semi-empirichl;/M; relation from in the cluster (Basri et al. 1996). Reid 1996 in his reduction had
M; =~ 1 Mg, for M; = 6 M, for NGC 2516 to higher massesused also 100 Myrs. With the same cooling age, 52 Myr, and
e.g. toM; = 1.2 M, for M; = 8 M (Koester & Reimers a cluster age of 100 -120 Myr we now obtain a range of 6.2 to
1996) would then not be permitted for carbon-oxygen whifeé)M, for the initial mass of LB1497 — practically at the same
dwarfs. The question of the upper limit for C/O white dwarffcation as Reid 1996.

will be further discussed in Sect. 5.

3.6. PG 0922+162

3.4. Me7 Aside from the open cluster method Finley & Koesfer (1997)

A white dwarf cooling sequence has been detected with ddegve evaluated observations of a pair of young double degen-
imaging down ¢ V = 25 inthis cluster (Richer et al._1988)erates PG 0922+162. High quality spectra allowed an accurate
however only one DA star, G152, seems as yet to be spectietermination of surface gravities and effective temperatures.
scopically confirmed (Fleming et al._1997). The DA star is hothe corresponding masses ared + 0.03 and1.10 £ 0.03 Mg
68000 K and of normal mass (0.87;), according to Fleming for PG 0922+162A and B respectively. Finley & Koester de-
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rive cooling times of 90 and 260 Myr and demonstrate how.! - T
the difference translates in differences for the initial masses. a—a
Assuming aM;-range for the high mass white dwarf between 1.0
5.5and 7.5V, (see discussion for NGC 2516) the initial mass
range for the 0.79/;, white dwarf becomes narrow and must o.e
be between 3.6 and M, thereby providing a comparatively
well defined point for thel/; /M relation which perfectly fits <o
between the data for NGC 3532 and again is located exactly at
the 1.TP core mass relation. Thé; value should be reduced o7
from 0.79 to 0.78V/;, since the Wood 1995 cooling tracks do
notincorporate the fact that the hydrogen surface layer thickness
is smaller for higher masses @lker et al. 1997).

We plot the empirical results of this section in El. 2, to- <
gether with the formen/; /M relations by Weidemann 1987
and Herwig 1995 and notice that both have to been revised:
whereas the 1987 relation runs too flat, not showing the theorgg: 3- I_nitial_-to-final mass relations. - (from top to bottom): relations
ically predicted and now empirically confirmed upturn betwenffP™ Girardi etall 2000, Herwig 1995, Marigo 1998, Dominguez et al.
3 and 4M, the 1995 relation has to be changed due to the st We'd.emann 1987. L(.)ng. dashed: 1.TP re.lat'on from HerW'g &

. . Blocker (priv. comm). Full line: new\; /M relation as tabulated in
of the Hyades, and probably also the Pleiad, towards hlgH%EﬂeB
initial masses.

1 2 3 4 5 6 7 8

Table 3. Revised Initial-to-Final Mass Relation

4. Comparison of M; / M relations. End of the AGB M1 2 25 3 4 5 6 -

Dominguez et al. 1999 as well as Girardi et[al. 2000 present 055 060 063 068 080 0.88 095 1.02
M, / M relations which were obtained by synthetic AGB calcu-
lations following the method of Groenewegen & de Jbong 1994

with different mass loss prescriptions. As shown in Dominguez

etal. (Fig. 16) up 30 to 60 TPs were necessary to reach the fitgiminates the AGB evolution for stars with higher masses, i.e.
positions plotted in Fig. 3. The final masses listed in the Padilr interaction of core mass growth and dredge-up and carbon
tables were obtained by a similar simple prescription (mass ldgsition needs further study. However as outlined above the co-
according to Vassiliadis & Woad 1993, assumption of the clas#icidence of semi-empirical and theoretical data especially in
cal core mass luminosity relation), they are presented in Giratbé range from 3 to 4/, strongly suggests a neW; /M; rela-

et al. 2000 (Fig. 4) and also plotted in our Fif. 3. Third dredgéon intermediate between Weidemann 1987 and Herwig|1995
up and hot bottom burning for the more massive stars weag tabulated in Tablg 3 and plotted in Eilg. 3. The new relation is
not included, thus core mass reductions like the ones foundaychored aff; = 4 M , My = 0.8 Mg in view of the agree-

the Potsdam group or deviations from the classical Mc-L reent of the data points for PG0922+162A, NGC3532 and the
lation (Blocker & Sclonberner 1981, Bicker[1995, Herwig theoretical predictions of the Potsdam group. Ehtarger than

et al.[1998) as investigated by Marigo 1998 and Marigo et &M, it is assumed to be in between the 1.TP relation and the
1999 change the AGB evolution. Exponential diffusive ovePominguez et al. 1998/;-relation which was reached only af-
shoot tends to increase third dregde-up and core reduction &rdnany thermal pulses (calculated with the synthetic method)
thus keeps the final mass closer to the core mass at 1.TP. $tilereas a stronger mass loss law produces a relation closer to
the mass loss prescription determines the end of the AGB,the 1.TP relation (see Btker(1995).

clearly demonstrated by Btker 1995 who used a strong mass
loss law and reached the end of the AGB after only a few Tlgs
with a resulting); /M relation (his Fig. 4) practically follow-
ing the first-TP relation from 5 to #/,. New calculations with Of more general interest then the details of g/ M; relation

a realistic third-dredge up and hot bottom burning and differemiay be the upper mass limit for the production of white dwarfs
mass loss laws should give similar results: final core masses abbve which supernova explosions or collapse to neutron stars
much larger than 1.TP core masses — in the whole initial makses occur. This limit),,, has been taken to be located at
range from 3/ to the upper limitd,, for off-center car- M; = 8 M up to now, in agreement with an extrapolation of
bon ignition (Cb). At present there remains some discrepartte semi-empiricall; /M; relation toM; at the Chandrasekhar
even if exponential diffusive overshooting is included: whereéimit, 1.4 M, (Weidemann & Koester 1983). However classi-
Mazzitelli et al.[I999 find that for a B/, star dredge-up be- cal model calculations claimed that the upper mass limit for
comes so strong that the whole helium buffer layer is mixed-gmgle C/O white dwarfs is about 1M , since for higher

and TPs are quenched, the Potsdam group cannot reproduesses carbon ignition will occur leading to Ne/O degenerates
this result (Bbcker et al! 2000). Evidently the question whatvhich either explode or else go to collapse by electron capture.

Upper mass limit for white dwarf production



654 V. Weidemann: Revision of the initial-to-final mass relation

Recently however Garcia-Berro, Ritossa and Iben (1997) hawvkereas Girardi 68/, like Dominguez 8/, and Garcia-Berro
demonstrated that a/®, star (calculated with solar compo-et al[1997 9 Mo stars evolve towards off-center carbon ignition.
sition, without mass loss, and the old Iben code) does indeHuke lowering ofM,,,(Cb) can partly be understood by the fact
go to off-center carbon ignition in the E-AGB stage, burninthat Garcia-Berro et al. used an old Iben code, constant mass
carbon in the core by several flashes to Ne/O, but afterwawmtsd no overshoot whereas Dominguez et al. used modern input
starts thermal pulsing in a super-AGB which produces new caata (e.g.OPAL opacities) which increase luminosities and core
bon/oxygen and leads to a final white dwarf of 15 with an masses for the same initial mass.
1.07M Ne/O core and an outer 0.08;, C/O shell which due The calculations of the Padua group on the other hand in-
to cooling by neutrinos will not explode or collapse. We thuslude relatively strong overshoot which again leads to increases
should be more specific abalif,,,: either define it as is usually inthe core masses and thus steéyey M relations and a corre-
done as the lower mass limit for off-center partly degeneratpondingly lowering of\/,,;,. In view of the fact that the calcula-
carbon ignition,M,,(Cb), or take it as the upper limit for thetions of the Potsdam group with the most modern prescription of
production of single white dwarfs even after carbon burning exponential diffusive overshoot (cf.Sect. 2) do preditt,(Cb)
the way demonstrated by Garcia-Berro ef’al. 1997. These &mbe betweenl; = 6 and 7M (see Figlll and Tablg 1) we
thors also investigated a 1@, star (Ritossa et al. 1996) andare inclined to prefer this higher value compared to the lower
obtained a final single white dwarf of 1.26., with a 1.19M, M, (Cb) derived by the Padua group. If the Padua limit)&t
NeO core and a 0.Q¥/;, C/O outer shell. Spectroscopicallybelow 6M, , M. below 0.97M, were realistic we would have
would such a post super-AGB star not necessarily appear dif-claim that the more massive white dwarfs observed in NGC
ferent from normal C/O white dwarfs with masses below th2516 and the Pleiades were indeed not C/O but Ne/O white
classical limit of 1.1M,. We shall call this final mass limit for dwarfs. The question if field white dwarfs with masses larger
single white dwarfsh/,,(Wd). Further investigations by (Ri- than 1M/, (see e.g. Napiwotzki et al. 1999, Vennes 1999) with
tossa et all_1999) showed that a ML, star would undergo C/O cores are possible depends on the AGB core mass growth
central carbon ignition and after the super-AGB phase produoee initial masses smaller thail,,,(Cb), i.e. essentially on the
a degenerate Ne/O core mass of 1.368 with a C/O layer of mass loss law. It is however improbable that core masses will be
0.014M which however — being that close to Chandrasekhgrowing that far on the AGB since our investigation has shown
limit — collapses due to electron capture and produces a wehét at least folMl; = 3 — 4 M, the final mass is close to the
type 1l supernova. We thus with the present knowledge wouidst-TP core mass. Even by extension of the AGB evolution with
have to put)M,,(Wd) between 10 and 11 Mo with an uppesynthetic calculations including hot-bottom burning Marigo et
limit for the white dwarf mass around 113,. al.[I998 obtain fotM; = 4 M (Z = 0.008) a final mass of
More information is available about/,,(Cb). We check only 0.94M, after 174 TPs and foi/; = 5 Mg (Z = 0.02)
the recent data given in the literature: Umeda ef’al. 1999 fitite same value after 83 thermal pulses. More massive field white
8 Mg for Z = 0.02, 7.5M, for Z = 0.008; Dominguez et al. dwarfs as recently included in the studies of Napiwotzki et al.
1999 7.5\ for Z = 0.02, 7 M, for Z = 0.008; Mazzitelli (1999) and Vennes (1999) should thus be produced by more
et al.[1999 6.9/ for Z = 0.02; Girardi et al. 2000 5-8/;, massive progenitors and have Ne/O cores or are the result of
for Z = 0.019, 4.5 - 5.0M, for Z = 0.008 (the latter range mergers as considered by Segretain ef al. (1997).
was based on the run of the 1.TP relation as listed in Table 2
of Girardi & Bertelli[1998. But if plotted according to the elec- . )
tronic tables of Girardi et al. 2000 the range is shifted to al Differential mass loss

above 5\/). It is remarkable that Girardi et al. 2000 obtaimhere is no reason to assume the existence of a single-valued
off-center carbon burning already &f; = 6 M for a core initial-to- final mass relation in view of the fact that there are
mass of 0.9%/, , far below the classical limit of 1.1/;. For additional parameters besides of initial mass and composition
Mazzitelli et al[ 1999 the core mass at 1.TP fdt = 6 Mo which determine the final outcome, e.g. rotation, magnetic fields
is 1.01M, and no carbon burning occurs. The same is true fgnd binarity. The lifting effect of rotation as been shown to be
Dominguez et al. 1999 at/; = 7 M. Herwig and Bbcker aple to increase the core masses of massive white dwarfs in the
(priv. comm.) find off-center carbon burning &f; = 7 M , AGB phase (Dominguez et al. 1996) e.gMb(1.TP) between

M. (1.TP) at 0.99. To summarize: recent model calculaq.1 and 1.4/, for M; = 6.5 M, calculated in an approch
tions cover a large predicted rangeldt,, (Cb) (see Fid.11) for similar to Sackmann & Weidemanh (1972) who demonstrated
solar composition from 8/, downto 5M, , butif the classical that carbon detonation could be avoided if the angular momen-
upper mass limit for the white dwarf masses, 1 isreached tum remaining in the core was large enough to slow down the
depends on the duration of AGB evolution after the 1.TP. Hejigcrease of central density to critical values for deeply degen-
we try to explain the differences between the predictég of erate carbon ignition. Magnetic fields are of importance as ev-
Girardi et al”2000 and Dominguez et al.”1999. On compayfitent by the fact that magnetic white dwarfs are more massive
son of the evolutionary tracks in the central temperature/centiighn nonmagnetic (Ferrario et BI._1998). Binarity of course is
density plane (Fig. 5 in Dominguez et al.) with the data givest uppermost importance if interactions produce and determine
in the Padua tables one notices that a Giramtil7 star evolves mass exchange, leading e.g. to cataclysmic variables or even to
like a Dominguez 9/, star towards central carbon ignitionmergers. Strong evidence for differential mass loss in low mass
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stars is given by the fact that the horizontal branch can be unelude diffusive exponentially declining overshoot which pro-
derstood only if mass loss on the first giant branch differs fduce a strong third dredge-up (leading to carbon stars) and even
stars which come from the same turn-off (Iben & R6od 1970)ore mass reduction. Although not yet calculated to the end of
If differential mass loss occurs on the first giant branch theretree AGB with different mass loss laws one can already expect
no reason not to expect the same to occur on the AGB (Weidleat the final masses will be reached very closely to the first-TP
manr 197]7). The fact that white dwarf masses in clusters scattdation. It is presumed and supported weakly by the empirical
considerably in the same region of initial masses has been tallata that this closeness of the final mass to the first-TP core
by Reid (1996) to conclude that mass loss depends moremass relation continues also to higher initial masses which go
individual stellar properties than on a global mechanism attttough hot bottom burning until an upper mass limit for AGB
that mass loss (predominantely on the AGB) is essentiallyegolution and C/O white dwarfs is reached by off-center carbon
stochastic phenomenon. He is lead to this conclusion especiadiyition around\/; ~ 6 — —7.5 M andM ~ 1 M. However
by his result that the redshift masses for three Praesepe whN&O white dwarfs with outer layers of C/O could be produced
dwarfs are 0.42, 0.66 and 0.91; for the same initial mass, beyond this limit up ta\/; ~ 1.3 M, according to recent cal-
~ 2.45 M. A similar conclusion had been possible from theulations by Garcia-Berro et al. 1997. Otherwise supermassive
investigation of Herwig 1995 whose Fig. 1 showed final massehite dwarfs can be produced by the lifting effect of rotation
for NGC 3532 between 0.65 and 1.0k; for initial masses (Dominguez et al. 1996) or by mergers (Segretain et al. [1997).
around 41/, and between 0.67 for NGC 2168 and 123, for  Since these alternatives are only partly explored, and the out-
the Pleiad atVl; ~ 5.5 M. However the data for NGC 3532comes are strongly dependent on initial conditions, a reliable
have been revised according to more recent observationsniey )M /M relation can only be proposed up to initial masses
Koester and Reimers — as discussed above — and now coinafle 7 M. Itis tabulated for normal composition in Talle 3.
with the theoretical expectation for a single valueg/ M re-
lation (Fig[3). This suggests that also the white dwarfs in NG&sknowledgementd. thank Falk Herwig and D. S@nberner, Pots-
2168 should be reobserved, as well as the rather faint Prae<j@: for clarifying remarks and S. Jordan, Kiel for help at the prepa-
members ¥ ~ 17.5) for which effective temperatures havdation of the figures and of the manuscript and the referee for critical
. . comments.
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