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1. Introduction

Even though the precise limits are unknown, it has been generally acdbptesingle stars
less massive thanr- 10M,, end their lives as white dwarfs, whereas stars whose mass in the
ZAMS is larger than this limit explode as supernovae. However, recdatlations, specially
those corresponding to primordial or extremely metal—poor stars are ghadirbts on the fate
of intermediate—mass stars — see, for instance, Refs. [1, 2, 3, 4, Bjm&im reasons for these
uncertainties are the unknowns relating the mixing of isotopes and the stellds duming the
thermally—pulsing (Super)AGB phase. Moreover, the situation is complexuse both phenom-
ena are connected.

Convection in stellar interiors still lacks a completely satisfactory treatment irdamen-
sional codes mainly because it is, by its nature, a multidimensional phenom@im@nmixing
parameters in the cases of stars whose metallicity is similar to the solar value calliivated by
comparison with observations, but this is not the case for primordial andakemetal—poor stars.
The physical peculiarities of these objects also make things complicatedsleabair evolution is
characterized by strong thermonuclear flashes that alter the stellar stgjdhe nucleosynthesis
and the ongoing mixing processes [6]. The new perspectives in this seapromising, as the
results from multidimensional calculations are beginning to be introduced imitedamensional
models [7, 8]. Therefore, it is expected that more realistic results majualgrboe obtained during
the next few years.

Here we explore how the peculiarities of the mixing processes and the afdlue prescrip-
tion for the mass—loss rates due to stellar winds determine the fate of intermethatestars of
primordial composition, and we assess whether they end their lives as whdrésdas it is the
case of solar metallicity stars of analogous masses, or as SNell/2 [9gntThef the old genera-
tions of stars as white dwarfs or as supernovae would have profamnsgéqguences on the chemical
evolution of the Galaxy, and might be a necessary factor to complete itsstadeing [10, 11].
Additionally, an accurate knowledge of how primordial and very old staeglland died will un-
doubtely help us to better understand the reionization history of the Univers

Finally, it is important to realize that the IMF of primordial and ultra—metal paarssis the
subject of an active debate. A number of calculations have pointed to #séopity that pristine
hydrogen— and helium—clouds would be unable to fragmentate into the poesaf non—massive
stars, and instead, primordial stars would have masses between 100Givid BL2]. However,
other works have proposed that rotation and vibrations of HD moleculdlsl ext as efficient
coolants to allow fragmentation into clouds that would form stars of low andngeiate mass
[13]. In addition, accurate multidimensional simulations of the growth of instalsilitigprimordial
clouds have been made [14, 15] which show that the primordial IMF stmuldbimodal function
with a main peak around 100-, and a secondary peak arounMl. Therefore, the evolution of
intermediate—mass primordial stars is worth considering and has alreadgthdeed in a series of
recent papers [6, 16, 17, 18].

We have organized the present work as follows. Section 2 describasetitment of the
overshooting used for the calculations and the evolution of intermediate-priassrdial stars
during the main central burning stages. Section 3 considers the evolutiog the early stages of
the TP—(S)AGB. Section 4 is devoted to obtain hints of the final fate of ouehstdrs by means
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Figure 1: Evolutionary tracks in the Hertzsprung—Russell diagramowf model stars. The solid lines
correspond to the case in which overshooting was disredavdeereas the dotted lines show the evolution

for the case in which overshooting was taken into account.

of a simplified synthetic code. In the last section we summarize our findingdramdthe main

conclusions of our work.

2. Evolution previous to the TP-(S)AGB phase

The results of the calculations presented in this work have been obtaingdhusiavolution-
ary code described in Ref. [4]. We have computed evolutionary seqaexi primordial stars with
masses between 5 andNIQ, with and without overshooting. In order to understand the effects
that overshooting produces in this mass and metallicity ranges we have foltbogely the imple-
mentation detailed in Ref. [19], which itself evolves from that explained in IRHf Therefore,
convection is extended beyond the formal limits set by the Schwarzschildamite zones where
Orag > Uag— 0, Whered is given by

0= 2.5+ 200 + 1602

dov

being{ = Pad/Pyasanddoy is equal to 0.12 [19].
The hightlights of the evolution during the main central burning stages areltbeiing. Both
the core hydrogen—burning phase and the core helium—burning pbasead the left hand side of

(2.1)
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Mzams/Me  ters(x10s) Mue/Mo tches(x 104 s) Mco/Mg
no OV ov noobv OV noQV ov noov OV
5.0 19.8838 21.2417 1.17 1.32 23.6791 24.2174 0.64 0.80
6.0 13.8396 15.3209 1.18 1.60 16.2184 17.0675 0.65 0.90
7.0 10.5091 11.8733 1.20 2.23 12.1470 12.8494 0.83 1.15
8.0 8.3796 9.4119 1.48 2.30 9.7551 10.3818 1.09 1.38
9.0 6.8994 7.7360 1.85 2.35 8.0519 8.5778 1.18 1.50
10.0 6.0116 6.7436 2.09 2.38 6.8359 7.3791 1.30 1.76

Table 1: Main nuclear burning times and core masses.

Overshooting also has effects on the threshold masses required folet@mgrbon burning
and the development of degenerate oxygen—neon cores in intermediasgaingordial stars. This
threshold mass is.8M, for the case in which no overshooting is considered, but it decreases d
to about M., when overshooting is taken into account. Nevertheless, carbon burciogsdn a
way very similar to that of solar metallicity stars. The ignition of carbon in a partdglyenerate
environment causes the development of strong flashes, with associatieddities Lc of about
10’L., and inner convective zones that occur as a consequence of ttensedergy release and
increase of temperature near the zones where the flashes occur.

Figure 2 shows the time evolution of the luminosity associated to carbon burniok thid
lines), and helium burning (thin solid lines), as well as the evolution of adiweregions (shaded
areas) during the carbon burning phase of oMi.8model stars, both without overshooting (up-
per panels), and with overshooting (lower panels). When overshoigtitagien into account, the
smaller degeneracy parameters in the stellar interior still allow the developinemadoon flash,
but once degeneracy is lifted after this flash the rest of this nucleamigustage occurs in nearly
stationary conditions, opposite to the rich sequence of carbon flasheshdracterizes carbon
burning in the model without overshooting.

As a summary of our main results, Table 2 shows the masses and compositioaslefener-
ate cores resulting after the main central burning stages. Figure 3 steuatiposition profiles of
the cores of theM;, model star computed without overshooting (left panel) and with overstgpotin
(right panel). It is important to realize that the model computed without beeting is unable
to develop an oxygen—neon core, whereas the model of the same initiatamapated with over-
shooting develops an oxygen—neon core surrounded by a carharerolayer, as previously found
in other studies [4].

3. Evolution during the early TP-(S)AGB phase

Once central hydrogen, helium and, in the corresponding casdmnchurning have been
completed, helium burning remains active in a shell that surrounds the stetlaand is able to
sustain a deep convective envelope. At this stage, when the helium-dpshgh is at a few times
10~*M,, from the helium-hydrogen discontinuity, hydrogen reignites in a shell an@ifa(S)AGB
begins. We follow the standard nomenclature [20] and use the term TPf&GBose stars which
have CO cores, and the term TP-SAGB for those which develop ONs.cBeTP-(S)AGB we
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Figure 3: Left panel: composition profile of the core of th&1¢ star computed without overshooting. Right
panel: same for the case computed with overshooting. Inrfal panel at the right there is a expanded
view of the CO buffer.

Mzams/Ms  Mco/Ms  Mone/Ms  AMco/Ms  X(C)/X(O)  X(Ne)/X(O)

5 0.90 — — 0.60 —
6 0.92 — — 0.62 —
7 0.96 — — 0.65 —
8 — 111 0.025 — 0.56
9 — 1.18 0.015 — 0.47
10 — 1.33 0.010 — 0.35
5 0.94 — — 0.60 —
6 — 1.00 0.070 — 0.50
7 — 1.20 0.200 — 0.42
8 — 1.34 0.002 — 0.36
9 — 1.36 0.008 — 0.35

Table 2: Characteristics of the cores at the end of our calculationghe model sequences computed without
overshooting (top section) and with overshooting (bottectisn).
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Figure 4: Upper panels: Time evolution of the helium luminosity dgrthe early TP-(S)AGB of the M,
models computed without overshooting (left) and with olkerging (right). Lower panels: Temporal evolu-
tion of the edges of the convective shell and of the base afdheective envelope during th&&nd the &
pulses of the ., model star computed without overshooting (left panel) d&red3" and 24" pulses of the
7M computed with overshooting (right panel).

will mean both cases indistinctly. The TP-(S)AGB is characterized by thenaltee of helium
and hydrogen as main energy suppliers of the star. The hydrogemdéptmell adds mass to the
helium-rich layer beneath and, when a certain critical mass is reachetiym fiash develops.
The associated energy release causes the formation of an innertaagnsbell, and the expansion
and cooling of the layers above cause the switch—off of the hydrogeimigshell and the advance
inwards of the base of the convective envelope. If the latter is able th teazones processed by
helium burning, the corresponding isotopes will be dredged-up to therstetface. This is the
so—called third dredge—up episode. When the helium flash is over, thaass inner convective
zone disappears, the hydrogen burning shell recovers, the biseainvective envelope receeds,
and the cycle repeats. It is important to mention at this point that the occeroemot of the third
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Mzams /Mg tcore tow tehy
5 30x10F 62x10° 26x10°
6 19x10f 21x10° 1.2x10°
7 12x10° 31x10® 7.7x10°
8 11x10° 41x10° 6.7x10°
9 07x10° 29x10" 34x10°
5 90x10F 41x10® 6.6x10°
6 72x10° 43x10 7.0x10°
7 50x10° 6.8x10° 4.2x10

8 17x10° 12x10" 31x10°

Table 3: Timescales (in years) associated to core growth and lodseoéntivelope for the case in which
no overshooting was taken into account (top section) anthircase in which overshooting was adopted
(bottom section).

dredge—up is extremely model dependent but, at the same time, it is crudiaéfdetermination
of the final fate of primordial stars. Our model stars do not show anyfigignt third dredge—up,
as it has been also found in other recent studies [5], whereas othks wo intermediate—-mass
primordial stars do show the effects of a third dredge—up episode [16].

In Figure 4 we show the evolution with time of the helium luminosity for oM-/computed
without and with overshooting — left and right upper panels respectividig lower panels show
the evolution during two thermal pulses of the base of the convective grevaled the limits of
the inner convective zones that accompany each helium flash. Retlatansuch as the values of
AMcs, the maximum mass of the convective sh&N]y, the mass through which the hydrogen pro-
file moves between pulseAMpy, the amount of mass dredged—up during pulse power—down and
AMgg, the mass of the outer edge of the convective shell and the base of thextiom envelope,
are shown on the bottom of the lower panels.

4. Probing the late stages of the intermediate—mass primordl star evolution

As already mentioned, according to our calculations the TP-(S)AGB evolsitiows no signs
of significant third dredge—up. Under these condition, a reasonabksgi the fate of the consid-
ered stars can be made by comparing the time required by their cores tahedchandrasekhar
mass,tch, with the time required by the stars to lose their envelopgg, The values fotteny,
have been computed according to the different mass—loss prescriptistingein the literature,
both with and without a metallicity correction. This metallicity correction is usuallyesged as
(Z2/Z)%, where an educated guess fois 0.5. However, we stress that it is not clear yet whether
this factor should be added or not to the standard mass—loss prescriptienscomputing stel-
lar evolution. The reason is that very metal poor stars appear naturally imobe compact and,
therefore, the mass loss rates are lower than those of larger metallicity stars.

The results are shown in Table 3. As can be seen, when the prescriptiRtef.o[21] for
the mass—loss rates is considerigd,appears to be several orders of magnitude shortertghan
Therefore, our stars would be expected to explode as SNell/2. Hssrfption that is a modified
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Figure 5: Possible fate of our 5, 6, 7, 8 and/®, models computed without overshooting, given a dredge—up
parameteA = 0.7. Mass—loss has been taken to account according to Ref. [22]

version of the classical Reimers law [22], is supposed to give reakoresults, even for the tip of
the AGB:

: Y Tet 35 9o -1
Msc(Zs) = MRr(Z5) <4000> <1+ 43009 Ma yr (4.1)

whereTg is the effective temperaturg,is the surface gravityg., is the surface gravity of the Sun
andMg is the Reimers mass—loss rate:

: LR
MRr(Z>) = —4x 10 ng o Mo yrt (4.2)
whereng is a parameter such thaf3d < nr < 3. Another widely used mass—loss presciption is
that of Ref. [23]

2.7

. L .
Mg(Z.) = —4.83x lO‘QFMR(ZG>) Mg yr—t (4.3)

21
TP

whereMrp is the actual mass of the considered star during the TP-(S)AGB phastharefore,

decreases as mass is lost. Nevertheless it must be kept in mind that thispfioestends to

yield consistently larger values than other generally accepted prescsif2i&25]. Note that even
when this prescription is used, the formation of SNell/2 is allowed for theahd6™., cases
computed without overshooting. In any case it is important to point out thetjtatively, our

results coincide with the recent results reported in Ref. [5], where ttiee &iP-AGB phase was
computed for primordial stars of massd¥5 and ™, without overshooting.



Is there a chance for SNI1/2? Pilar Gil-Pons

- M = 8 Mg
sl M =7 Mg--
I M =6 Mg——]
e M =5 My
6 T\\\_\\\\\< OV ——

o
R\\\\\\\\v / /

2 .
e % ,,l, /%ﬁ\ﬁ :
0 1 5 3 4
time(Myr)

Figure 6: Possible fate of our 5, 6, 7 andv8, models computed with overshooting, given a dredge—up
parameteA = 0.7.

We have also contemplated the possibility that the absence of any significdrdrgdge—up,
that supports the results of Table 3, were dependent on the physicsdhd particular treatment
of mixing in the convective regions implemented in the codes. To begin an e@itlyration of the
final fate of primordial stars, we have built a toy synthetic code, followirggapproach of other
recent works [26]. Our aim is to check the effects of changing thegdredp efficiency:

AMdredge
A= 4.4

whereAMgredge iS the mass dredged—-up from the region located between the hydroggngour
shell and the helium burning shell, aAtfy is the variation of mass of the H-rich envelope due to
hydrogen burning during the interpulse period [27].

We have performed a few tests with our synthetic code. As inputs to this signtibde we
have used the surface temperature and radius computed with our evalytioda, as well as the
masses and the compositions, both of the stellar cores and the envelopbsavé\@so adopted
the Reimers mass—loss rate. To begin with, we have considered a fixedatathe dredge—up
efficiencyA = 0.7, and we have computed the minimum mass required to form a SNell/2 — see
Figure 5. In this figure those evolutionary sequences which end up fgmsnpernova are marked
with an asterisk. Also, the lines at the bottom of the figure indicate the massaddgiemerate core,
whereas the upper lines depict the evolution of the total mass of the catsistars. Note that
with this relatively large value fok, the 9M, star becomes a white dwarf, but thig star ends
up its life as a supernova. This is obviously also the case for the rest ofmamsive stars. When

10
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Figure 7: Possible fate of our M, model computed with overshooting, given different dredgeparame-
tersA ranging from 0.01 to 0.7. Mass—loss rates have been compateniding to Ref. [28].

overshooting is taken into account — see Figure 6 — the former resultrdmesary, and the
maximum mass that allows for the formation of a white dwarf is stil.5 In order to probe the
possible effects of the dredge—up efficiency, we have performedamddest in which we have
considered a W, — see Figure 7. Note that in this case we have adopted the mass—loss rate of
Ref. [28]:

logM (M, yr 1) = —11.440.0125{P(days — 100(M /M., — 2.5)} (4.5)
log P(dayg = —2.07+ 1.94 log(R/R) — 0.9 log(M /M,,) (4.6)

For this case we have computed the approximate time evolution of the total stelmanths
its core mass for different values of the dredge—up efficiericy=(0.0,0.1,0.5,0.7,0.9 and 1.0).
The case witlhA = 0.0 would correspond to no third dredge—up, and that is exactly what vegnob
with our evolutionary code, whereas the case- 1.0 would correspond to an efficiency of third
dredge—up that does not allow core growth. It can be seen that insas axcept fod = 1.0,
which simply makes impossible the occurrence of SNI1/2, the stellar coredbkréo reactMc,
much earlier than the stellar winds are able to remove the hydrogen—riclogese Therefore,
these stars will end their lives as SNI1/2.

Finally, we have repeated the former test, but we have consideredaipties to describe
stellar winds that yields much larger mass—loss rates [23]. Under thedéions only with the
smallest values for th& parameter efficiency can theéViz, star become a SNI1/2 — see Figure 8.

11
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Figure 8: Possible fate of our M, model computed with overshooting, given different dredgeparame-
ters fromA = 0.01 to 0.7. Mass—loss has been taken into account accordiReftd23].

5. Summary and discussion

We have computed and analyzed the evolution of primordial stars of ZAMSerdetween
5 and 1M, from the main sequence, until the early stages of the TP-(S)AGB, bglkatimg
and taking overshooting into account. As a result, the main properties ovdhgien as well as
the values for the masses and composition of the resulting degeneratbaozdseen determined.
We conclude that taking overshooting into account leads to an evolutioisthimilar to that of
primordial objects computed without overshooting that are initially abd&it Znore massive than
the considered star.

According to our calculations, our model stars do not experience a treabd—up episode,
and this result seems to be independent on overshooting. Howevetress that the treatment
of mixing turns out to be crucial. In particular, other choices for the treatmemixing or the
inclusion of diffusion can possibly lead to different results. Furthermibre uncertainties about
the mixing cause uncertainities in the magnitude of the radiative winds (whidchereselves one
of the main unknowns in stellar evolution). We know that stars whose erezlam very metal
poor present more compact configurations and are only able to sudttivelg weak winds. If
the mixing during the TP-(S)AGB of primordial or extremely metal-poor starsegligible or
very weak, the stellar envelope will remain slightly polluted, the winds indudattdbevsmall, and
the stellar cores will be able to reach the Chandrasekhar mass in times tsavearal orders of
magnitude shorter than the times required by the stars to lose their envelopashicases the stars
would end their lives exploding as SNI1/2. The explosion mechanism wausihhilar to that of a

12
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thermonuclear supernova, but they would show hydrogen in their spastiSNell. But if mixing
during the TP-(S)AGB, that is, the effects of the third dredge—up episare being underestimated
in our calculations, and the pollution of the stellar envelopes are significantyitids would be
able to remove the envelope and leave almost naked degenerate caselsasTheen assessed by
means of a synthetic code. We have explored several mass—losspti@ssras well as a wide
range of mixing efficiencies during the third dredge—up. Depending om#umnitude of the mass—
loss rates through radiative winds and on the mixing efficiency during theedn@dge—up we have
found that in most of the cases these stars would probably end—up tkeeiaBvSNI1/2, even when
a moderately large third dredge—up efficiency is introduced.
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