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A former paper of me investigated the conditions which are required to get back the
abundance of nuclei (Kiss 2014). According to this investigation the required neutron
density (10" em-10"° cm™) is available at the asymptotic giant branch (AGB) stars. How
much is the AGB contribution, what part of stellar mass goes through the AGB evolution
phase? From this what part returns into the interstellar medium (ISM)? Where is the
Galactic Fe-60 formed? In this paper these questions are examined. The result is that most
stellar matter was or is in AGB stars. The AGB contribution of interstellar medium is
greater than the supernovae (SNII) contribution: that is, much more mass goes through
AGB stars than core collapsing supernovae.

Copyright©2018 Miklos Kiss. This is an open access article distributed under the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

INTRODUCTION

Based on the analysis of individual abundance (abundance of
nuclei), it seems that the m-process with medium neutron
density, Kiss (2014) [1], could be an important scene for
nucleosynthesis with neutron capture. Here, the m-process

starts at 10cm™ neutron density and lasts until the r-
process neutron density. It is important to note that there is no
s-path, r-path or m-path; formation always occurs in bands
Kiss 2010 [2]. It would be better to speak about s-ridge, r-ridge
and m-ridge that indicate the place of the greatest formation
within the band Kiss 2014 [1]. It would also be expedient to
speak about s-band, r-band and m-band. The m-process could
basically be identical with the i-process introduced by Cowan
in 1977 [3]. Significant investigations can be seen at Malaney
1986 [4]. New investigations are by Lugaro and Karakas 2008
[5] by Dardelet et al. 2014 [6] or Hampel et al 2016 [7]

Reviewing the mass dependent possibilities of stellar
evolution, the question arises how frequent AGB stars are.
Three important questions based on this are:

1. Of all the stars, how many undergoes the AGB phase?
2. What mass undergoes the AGB evolution?
3.  What mass returns to the ISM?

The first question was mostly answered by Salpeter in 1955
[8]: it is the initial mass function (IMF). It was also
investigated by Kruppa (2001) [9]. The latter was taken as a
starting point here.
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The second question is easy to answer by means of
calculations that are described here. The third question could
be answered if we know how much of the initial mass of the
AGB star leaves during the gradual mass losses, and how
much remains in the final state of the star: in the white dwarf
(WD). Information could be gained on this by S. Catalan et a/
2008 [10]. Based on this, a linear function final mass — initial
mass could be fitted for estimates. Against the background of
the function, with the help of the IMF, it could be calculated
how much mass remains in WD stars and how much enters the
ISM.

Stellar evolution and mass

Nucleosynthesis occurs in stars, except the Big Bang
nucleosynthesis, so the elements above lithium are formed in
the stars. The evolution of stars depends on their initial mass.
There is a lower and upper limit for possible star mass. The
mass determines the temperature, the possible processes and
the life-time. Consequently, the mass determines the possible
nucleosynthesis processes. Heavy elements are formed in
neutron capture processes. Thus, it is an important question
what neutron sources are available at a given evolutional phase
of the stars. What is the main place where the bulk of matter is
formed by neutron capture nucleosynthesis?

Stellar evolution begins with gravity. The interstellar gas cloud
becomes denser, its temperature and pressure increase. The
pressure balances the gravity. If the cloud is massive enough,
the temperature will be so high that fusion reactions set on and
the cloud becomes a star. It is possible only if the mass is
greater than a lower mass limit, M>0.08Mg,,. Similarly,
balance is not possible between pressure and gravity if the star
mass is greater than an upper mass limit. The maximum star
mass is about 100Mg,, [11].
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Nuclear fusion processes support the “light”, that is the
radiation of stars. According to the Hertzsprung—Russell-
diagram, most stars belong to the main sequence (MS). These
stars release the energy by proton-proton and/or CNO cycles.
This depends on the mass. During these processes, helium is
formed from four protons. At this state of stars, the burning
process occurs in the core of the star. After the star has burnt
10% of hydrogen to helium, it leaves the main sequence and
becomes a red giant. The burning of hydrogen at this phase
occurs in the shell between the helium in the core and
hydrogen in the envelope.

If the mass of the star is greater than the half of Sun mass
(M>0.5Mg,,), burning occurs in the core helium: the 3a (triple-
alpha) is the next nucleosynthesis process. After that phase the
helium burning is in the shell. The 3o process is more rapid
than hydrogen burning. Each helium burning phase takes place
in a shorter timescale. If the mass of the star less than 8Mgy,
double shell burning occurs. Helium shell burning and
hydrogen shell burning occur alternately. The helium burning
shell is around the helium core, and the hydrogen burning shell
is in the inner side of the hydrogen envelope. This is the AGB
phase of stars. Here, slow and intermediate neutron capture
processes are possible. In the AGB phase some dredge-ups
occur, hence the matter of AGB stars is mixed with freshly
synthesized nuclei. During the AGB phase, the stars lose mass
and eventually become white dwarf (WD) and planetary
nebula (PN). Due to the mass loss of the AGB stars, their
remaining mass will be less than 1.4Mg,,; that is the
Chandrasekhar mass. Consequently, most mass goes into
interstellar medium. The end states of these stars are He or CO
white dwarf. It depends on their initial mass. Stars with mass
8-11Mg,, become ONeMg white dwarfs. The massive stars
evolve more quickly, but the less massive stars are still in the
main sequence. The nucleosynthesis by fusion at massive stars
ends with silicon burning. This nucleosynthesis leads to the
iron at massive stars [11].

If the star mass exceeds 11Mg,,, the star eventually becomes
core-collapse supernovae (SNII). Another kind of supernovae
(SNIa) is formed in a binary system. In SNII with rapid
neutron capture processes nuclei heavier than iron and beyond
bismuth are formed. However, between iron and bismuth the
nuclei can be formed by neutron capture processes in the stars
as well. This is possible if neutron sources are available. As
mentioned above, the required conditions are present in AGB
or more massive red giant stars. Heavier elements than helium
— “metals” are not synthesized during the hydrogen burning
phase of stars only from the helium burning state.

Neutron source and mass

Neutron capture nucleosynthesis is only possible if there is
neutron source. There are two main neutron producing
processes:

»®Ne(a,n);Mg  and '}C(a,n)'50

The first process occurs in massive helium burning stars and in
AGB during thermal pulse (TP), the second occurs in AGB
stars at the third dredge-up (TDU) following the TP [12,13].

IMF and calculations

For the sake of the goal, we need the corresponding functions
and then it is possible to calculate the AGB mass contributions
to the stellar evolution. The IMF is well known, only its

continuous form is required for the calculations. After that, we
need the final mass - initial mass function for the AGB WD
calculation. Finally, against the background of the function, with
the help of the IMF, it could be calculated how much mass
remains in WD stars and how much enters the ISM.

The distribution of stars by mass

What is the contribution of stars with different mass to the neutron
capture nucleosynthesis? One must know how many stars there
are with given mass. The answer is given by the initial mass
function (IMF) Fig 1. The IMF describes the distribution of stars
as per their initial mass in a population of stars. The number of

stars between m and M + Am in a given population is given:
AN = f(m)-Am, where f(m) =K -m™ .The o exponent
depends on mass [9]:

0.3; m < 0,08
a=+1.3; 0,08<m<0,5
2.35; 0,5<m
25348; m < 0,08
K=< 2061, 0,08<m<0,5
1000; 0,5<m

These K constants are necessary to the continuous ISM
function. Here the Sun mass is used as a mass unit. According
to the IMF and the AGB mass range, 30% of stars become
AGB stars and less than 1% become supernovae.
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Figure 1 The fitted logarithmic IMF by Kroupa’s exponents [9]
The final mass of an AGB star

1.4 T T T

Dominguez et al. {1999)
Z=0.008

i - —- Z=0.011
1.2 - =

—_— Z=0.02

ko8
M37 -y
Praesepe B
HAyades
NGC3532

M3s —
NGC2516

Sirius

Plelades
CPMPs —

eoHaDbrole x

1 M " n L L L " 1 n n L
2.0 4.0 6.0 B.0

Figure 2 Final masses versus initial masses of the available cluster [10,14]
with a linear fit line
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The initial-final mass relationship of white dwarfs links the
mass of a white dwarf with the mass of a main sequence star
which is its progenitor in the main sequence. [10]

For a white dwarf the minimal mass is 0.4 Mgy and the
maximal mass is less than the Chandrasekhar mass (Mcy,). The

Chandrasekhar mass is 1.4Mg .

There is a semi empirical formula between the initial mass of
an AGB star and the final mass of the WD star. For this, the
available data are needed to be fitted linearly. (Fig 2). [14].
The result of this fitting is:

M(final) = 0,0988 - M(initial) + 0,4087 - My (1)

With this formula it is possible to calculate the total mass loss
of the AGB star. With this fit the remaining mass are a bit
overestimated. There is a better fitting result at Catalan at al.
[10].

How much matter (mass) was in an AGB star?

As is mentioned above, the number of stars between m, and

m, can be calculated from IMF:

AN = nj-zf(m)dﬂ’l = TK -m *dm = K|:;n];:|: _ %(mzl—g _ m]Hl) (2)

m, m;

It is also possible to calculate how much mass is in stars
between m; and m, mass range. The mass distribution of
stars is (Fig 3.):

Am = Im.f(m)dln = TK-m""dm = K[?H :|m2 = %(mzzfu —mlhx)

m; m,

And how much mass remains in the WD from the initial AGB
star? It can be derived from the final mass- initial mass relation

(1).

Mass times IFM

10000

1000

100

m f(m)

m in solar mass
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All calculations are in solar mass as units. The results of these
calculations can be seen in Table 1:

Table 1
Minimum
time (year) on The. age of Piece Mass
End state Mass range . universe
main 13E+10Y percent percent
sequence >
BDr‘;;’ffl 0-0,08 1,5E+13 7,33 444
HeWD 008025 55p+11 Stllonmain g, 13,37
sequence
HeWD 02505  74p+1g Stllonmain g 5, 15,20
sequence
CO WD 0,5-1 1,0E+10 possible 1,36 17,11
CO WD 1-2 1,3E+09 possible 0,53 13,42
CO WD 2-4 1,8E+08 possible 0,21 10,5
CO WD 4-8 2,5E+07 possible 0,082 8,26
ONeMg WD 8-11 9,8E+06 possible 0,019 3,17
SN II 11-20 1,7E+06 possible 0,019 5,08
SN II >20 - possible 0,014 9,41

From the whole initial mass of a star population, during the
stellar evolution, 81% were or are in an AGB star. During the
elapsed time 52% went through the AGB evolution, and due to
the mass loss, 30% mass returned into the ISM. At SNII, out of
the initial mass, only 14.5% mass returned to the ISM. From
the mass of evolved AGB stars, 58% of the total initial mass
returned to ISM and 41% are in the WD stars. Of course SNI
contribution is important as well.
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Figure 4 The Co 59 (isotonic channel) and Fe 60 (isotopic channel) abundance
at different neutron density [1]

SUMMARY AND CONCLUSIONS

Our investigation shows that our hypothesis deriving from
analyzing the individual abundance and rates (Kiss 2014) is
possible. Most stars undergo the AGB evolution. At the TP
(thermal pulse) state of this, the intermediate

n=10" —10"cm . neutron density is present, which is
typical of the m-process (or i process). Since a significant part
of the material (81%) were or are in AGB stars, and 58 % of
this returns to the ISM so the AGB stars play an important role
in the nucleosynthesis of heavy elements and have important
contribution to interstellar medium as well.

The Fe-60 nuclei in higher rate can be formed in intermediate
neutron density [1]. The figure 4. (Kiss 2014) shows the
possibility of Fe-60’s formation in case of different neutron
densities. It could be clearly seen that the opening of this

channel at n=10""cm™ neutron density is rather
significant. It can be found in the article referred to what is
worth considering an opening from rate standpoint. The AGB
contribution to the Fe-60 synthesis based on this examination
is probably very significant. The Fe-60 is very important as it
is the fifth nuclei in the order of neutron capture formation of
nuclei from Fe-56 Kiss 2017 [15].
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