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The first stars in the universe were massive and luminous with typical massesM ≥ 100M¯. Metal-free stars have unique physical character-
istics and exhibit high effective temperatures and small radii. These so called Population III stars were responsible for the initial enrichment
of the intergalactic medium with heavy elements. In this work, we study the structure, evolution and nucleosynthesis of100, 200, 250 and
300M¯ galactic and pregalactic Population III mass losing stars with metallicitiesZ = 10−6 andZ = 10−9, during the hydrogen and
helium burning phases. Using a stellar evolution code, a system of 10 structure and evolution equations together with boundary conditions,
and a set of 30 nuclear reactions, are solved simultaneously, obtaining the star’s structure, evolution, isotopic abundances and their ratios.
Motivated by recent stability analysis, almost all very massive star (VMS) calculations during the past few years have been performed with
no mass loss. However, it has recently been claimed that VMS should have strong mass loss. We present in this work new VMS calculations
that includes mass loss. The main difference between zero-metal and metal-enriched stars lies in the nuclear energy generation mechanism.
For the first stars, nuclear burning proceeds in a non-standard way. Since Population III stars can reach high central temperatures, this leads
to the first synthesis of primary carbon through the3 α reaction activating the CNO-cycles. Zero-metal stars produce light elements, such as
He, C, N and O. Thus, very massive pregalactic Population III stars experienced self-production of C, either at the zero-age main sequence
or in later phases of central hydrogen burning. In advanced evolutionary phases, these stars contribute to the chemical enrichment of the
intergalactic medium through supernova explosions.

Keywords: First stars; stellar evolution; nucleosynthesis.

Las primeras estrellas en el universo fueron masivas y luminosas con masas tı́picasM ≥ 100M¯. Estrellas libres de metales tienen
caracteŕısticasúnicas y exhiben altas temperaturas y radios pequeños. Estas estrellas llamadas de la Población III fueron responsables del
enriquecimiento inicial del medio intergaláctico con elementos pesados. En este trabajo estudiamos la estructura, evolución y nucleośıntesis
de estrellas galácticas y pregalácticas de la Población III de 100, 200, 250 y 300M¯ con ṕerdida de masa y metalicidadesZ = 10−6 y
Z = 10−9, durante las fases de quemado de hidrógeno y helio. Usando un código de evolucíon estelar se resuelven simultáneamente un
sistema de 10 ecuaciones de estructura y evolución junto con condiciones de frontera y un conjunto de 30 reacciones nucleares, obteniendo
de las estrellas su estructura, evolución, abundancias isotópicas y sus relaciones. Motivados por análisis recientes de estabilidad, casi todos
los ćalculos de estrellas muy masivas (VMS) durante los pasados años han sido realizados sin perdida de masa. Sin embargo, recientemente
se ha argumentado que VMS deben tener una fuerte pérdida de masa. En este trabajo presentamos nuevos cálculos de VMS que incluyen
pérdida de masa. La principal diferencia entre estrellas sin metales y sus contrapartes enriquecidas en metales se encuentra en el mecanismo
de generación de enerǵıa nuclear. Como estrellas de la Población III pueden alcanzar altas temperaturas centrales, esto conduce a la primera
śıntesis de carbono primario, a través de la reacción 3 α, activando los ciclos CNO. Las estrellas sin metales producen los elementos más
ligeros, tales como He, C, N y O. Esto es, estrellas pregalácticas de la Población III autoproducen C, tanto en la secuencia principal de
edad cero, como en fases posteriores de quemado de hidrógeno central. En etapas avanzadas de evolución, éstas estrellas contribuyen al
enriquecimiento intergaláctico a trav́es de explosiones de supernova.

Descriptores: Primeras estrellas; evolución estelar; nucleosı́ntesis.

PACS: 97.10.Cv; 97.10.Me; 97.10.Zr; 97.20.Wt

1. Introduction

The first stars provided the initial heavy elements enrichment
of the intergalactic medium. The CNO abundance is funda-

mental, it form the bulk of the heavy elements with an impor-
tant role in stellar opacities and energy generation, affecting
the lifetimes, Hertzprung-Rusell (HR) diagram positions and
heavy element yields.
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The major factors on the nucleosyntetic yield are the
12C(α, γ)16O reaction rate and the efficiency of semiconvec-
tive mixing [25]. A review of the available cross-section data
was compiled by [9] and updated by [5,6,10,11].

Remarkable progress was achieved for reaction rates
at energies close to those of astrophysical relevance [20].
The Nuclear Astrophysics Compilation of Nuclear Rates
(NACRE) have documented and evaluated sets of experimen-
tal data or theoretical predictions for a large number of astro-
physical nuclear reactions [1]. The main goal of the NACRE
compilation is to provide reaction rates in tabular form.

The proton-proton (pp) chains must be invoked to synthe-
size4He in a gas consisting of hydrogen (H) and helium (He)
only. However, most stars have apparently formed from gas
having an admixture of heavier elements. It then becomes
necessary to consider other reactions as possible sources of
energy. The CNO-cycles are the other main sequences of
reactions for H-burning and they are more sensitive to tem-
perature than thepp-chains which dominate at low temper-
atures (T7 < 1.5, where the subindex ”7” denotes that the
temperature is given in units of107 K). If the star is initially
composed of pure hydrogen, thepp-chains play a key role to
supply the helium needed to produce some CNO isotopes.

In most H-burning stars, thepp-chains and the CNO-
cycles operate simultaneously. The question of which en-
ergy source dominates, depends upon the hydrogen and CN
abundance, and the temperature. The net result of the CNO-
cycles is to produce4He from1H, and the transformation of
C, N and O isotopes mostly into14N, since the14N(p, γ)15O
reaction is slower than the other involved reactions. Three
nuclide are important for the CNO-cycles:15N, 17O and18O.

After central H-exhaustion, the star contracts until high
temperatures are reached. The He-burning reactions gradu-
ally converts4He into 12C, 16O, and so on. Because of the
higher Coulomb barriers, this process requires temperatures
T8 ≥ 1, i.e., appreciably higher than for H-burning. The heart
of the reaction by which34He → 12C + γ is the temporary
formation of8Be from two alpha particles. This reaction is
called triple alpha (3α) and is strongly temperature depen-
dent, which means energy generation is peaked towards the
highest temperature region.

Once a sufficient12C abundance has been built up by the
3α reaction, furtherα captures can occur and the nuclei16O,
20Ne, ... are successively formed. The12C(α, γ)16O reaction
is non-resonant and occurs simultaneously with the 3α reac-
tions. Actually, during He-burning, the whole set of reactions
occur simultaneously.

At temperatureT8 ' 1.5, the main He-burning reactions
are 24He(α, γ)12C and12C(α, γ)16O. The 16O(α, γ)20Ne
reaction also takes place during He-burning but at a much
lower rate than12C(α, γ)16O.

The cross-section for the critically important
12C(α, γ)16O reaction rate used by [25], [26] and [27], has
been the value given at each temperature by [6] multiplied
by the constant 1.7. In their pre-supernova evolution and
supernova explosion calculations, [24] have chosen 1.4 times

the value given by [6]. The12C(α, γ)16O reaction competes
with 4He(2α, γ)12C for helium consumption, and thus the
relative rates of these reactions determine whether oxygen or
carbon is the dominant He-burning product.

In this work, we calculate the stellar structure, evolution
and nucleosynthesis of the first stars. In§II the input physics
of the stellar evolution code is briefly described, in§III some
results concerning evolution models are shown, and in§IV
we present a discussion and conclusions.

2. Code and Input physics

The system of stellar structure and evolution equations used
in the numerical code has been described by [2, 14–16]. The
full system of 10 structure and evolution equations together
with boundary conditions are solved simultaneously. An im-
portant difference between our method and that of other au-
thors is that we use a convective diffusion method [2, 3] in-
stead of the standard convective overshooting.

The equation of state includes the effect of gas, radiation
pressure, ionization of hydrogen and helium, and electron
degeneracy. Convective transport is treated using a mixing-
length theory formulation, with the ratio of mixing length to
pressure scale height taken to beα = 1.5. For the change
of chemical composition, which determines the evolution of
a star, the diffusion treatment described by [8] is used.

The mass loss rate is given by the expression
Ṁ = NL/c2, whereL is the luminosity of the star,c is the
speed of light andN is the mass loss parameter which can
take a value in the rangeN = 0− 500. For this work a con-
venient analytical fit to opacity tables is used which includes
the contribution of electron scattering, hydrogen, helium and
metals as a function of density and temperature, and has been
modified to take into account the Klein-Nishina contribution
to the opacity [15].

The H-burning reactions are given by thepp-chains and
the CNO-cycles. For the He-burning phase, the3α reaction
becomes very important. The standard nuclear reaction rates
have mostly been taken from [10] and [11].

3. Results

Stellar evolution models of mass losing 100, 200 and 300
M¯ massive and very massive stars have been computed for
the H- and He-burning phases. The metallicity of the Popula-
tion III stars has been taken to beZ = 10−6 andZ = 10−9,
and for the mass loss parameter we have assumed the value
N=50. Stellar nucleosynthesis models with mass loss have
been computed during the H-burning phase for both200M¯
galactic and pregalactic Population III stars by using a mass
loss parameterN=100.

Figure 1 shows the HR-diagram, and theρc−Tc plane, for
a wide mass range. A metallicityZ = 10−2 andZ = 10−3

Rev. Mex. F́ıs. S53 (6) (2007) 48–53
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FIGURE 1. Zero-age main sequence of very massive galactic Pop-
ulation I, II and III, and pregalactic H and C Population III stars,
with masses from 100 to 1,000M¯ (top panel), and theρc − Tc

plane in the mass range from 1 to 10,000M¯ for the same metal-
licities (bottom panel). With increasingρ andT , radiation pressure
becomes more important.

is used for Population I and II, respectively. For popula-
tion III, a metallicityZ = 10−6 has been adopted for galac-
tic stars; pregalactic H and C stars are defined as stars with
Z = 10−9 andZ = 10−10, respectively.

In Fig. 2 the nuclear energy generation as function of the
temperature is shown for250M¯ stars. Because Population
III stars are hotter than their metal-enriched counterparts, the
3α reaction contribution is more important at high tempera-
ture. Figure 3 shows the nuclear energy generation as func-
tion of the hydrogen mass fraction during the hydrogen burn-
ing phase. For pregalactic stars the3α reaction takes place
from the beginning of H-burning. In the case of galactic stars,
this contribution occurs only by the end of this burning phase.

Figure 4 shows different evolutionary tracks for 100, 200
and 300M¯ galactic and pregalactic H Population III stars,
with a mass loss parameterN=50, during the H- and He-
burning phases. Stars evolve with high luminosity and ef-
fective temperature. Evolutionary trajectories move continu-
ously to the red of the HR-diagram and, in both cases, stars
reach the asymptotic giant branch (AGB) at a typical temper-

FIGURE 2. Nuclear energy generation rate as function of temper-
ature for 250M¯ galactic (top panel), and pregalactic H Popula-
tion III (bottom panel) stars, respectively. The energy generation is
strongly peaked towards the region of highest temperature.

ature. For the conservative case, the evolutionary tracks don’t
reach the AGB region. During evolution with mass loss, stars
lose mass considerably.

In Fig. 5 the H-burning nucleosynthesis of 200M¯ galac-
tic H Population III stars is shown. The most abundant iso-
topes are14N and 12C. The abundance ratio shows a non-
constant behavior of16O/14N, suggesting a production of
non-primary N for galactic Population III stars.

Our results indicate that mass loss plays a significant role
in the evolution of these stars. A mass loss parameterN = 50
implies a mass loss rate oḟM ∼ 10−6M¯ yr−1. This value is
of the order of magnitude suggested by [17] for lower metal-
licity stars. In the present evolutionary cases, the luminosity
increases and the effective temperature reduces at the begin-
ning of H-burning, then the stars evolve with practically con-
stant luminosity and decreasing effective temperature during
the H- and He-burning phases. At the end of this last phase,
the luminosity decreases with the effective temperature and
suddenly increases asymptotically at a typical effective tem-
perature logTeff ∼ 3.6.

As an example of the differences between conservative
and mass losing evolution we describe here theM=200 M¯,

Rev. Mex. F́ıs. S53 (6) (2007) 48–53
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FIGURE 3. Hydrogen burning nuclear energy generation as func-
tion of the hydrogen mass fractionXH for 250M¯ galactic (top
panel), and pregalactic H Population III (bottom panel) stars, re-
spectively. If metals are absent, nuclear burning proceeds in a non-
standard way.

Z = 10−6 galactic Population III case for several values of
the mass loss parameterN . For this model, the initial ratio of
the convective core mass to the total mass of the star,qcc, is
0.9039. The evolution ofqcc depends upon the mass loss rate.
The He- and carbon-oxygen (CO) core masses depend upon
their initial mass and mass loss rate. This value increases with
mass from0.8038 to 0.9236 for the100 and200M¯ cases,
respectively. By the end of the H-burning phase,qcc reaches
the values0.44747, 0.51059 and0.51080 for theN = 0, 50
and100 cases, respectively. Hence,qcc is lower for conser-
vative evolution and roughly constant forN > 0. The cor-
responding values by the end of the He-burning phase are
0.38810, 0.55682 and0.59437, which indicates that during
He-burning,qcc keeps decreasing without mass loss but in-
creases with mass loss.

The qcc evolution and the mass loss rate affects the He-
core massMHe at the end of the H-burning phase and the CO-
core massMCO at the end of the He-burning phase. TheMHe

values are89.49, 85.45 and72.20M¯ for theN = 0, 50 and
100 cases, respectively. TheMCO values are77.62, 85.96
and 70.11M¯ for the same cases. Hence, with the inclu-

sion of mass loss, the structure and evolution of the stars is
strongly affected; the evolutionary tracks in the HR-diagram
and the core masses are completely different, as well as the
qcc evolution and this affects the structure and composition
of the models and the final fate of these stars.

4. Discussion and conclusions

Massive and very massive stars are located in the left upper
part of the HR-diagram; they are the most luminous and hot-
ter stars. Because very massive Population III stars are hotter
than their metal-enriched counterparts, the locus in the HR-
diagram is shifted to the left upper part to higher effective
temperatures,Teff ∼ 105K; pregalactic H and C Population
III stars are bluer than the others.

FIGURE 4. Evolutionary tracks in the HR-diagram for 100, 200
and 300M¯ galactic (top panel) and pregalactic (bottom panel) H
mass losing stars with mass loss parameterN = 50 during the H-,
and He-burning phases.

Rev. Mex. F́ıs. S53 (6) (2007) 48–53
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FIGURE 5. Hydrogen burning isotopic abundances (top panel), and
their ratios (bottom panel) for 200M¯ galactic Population III stars
with initial metallicity Z = 10−6 and mass loss parameterN=100.

When metal-free stars settle down on the main sequence,
they have smaller radii, hotter cores, and higher temperatures
than metal enriched-stars. Lower metallicity stars are sys-
tematically cooler, larger and more luminous over their H-
burning life-times (τ ∼ 3 Myr). The most massive stars have
shorter lifetimes.

In this work we have studied the evolution of very mas-
sive stars with and without mass loss. In recent years several
authors have claimed that because of the lack of heavy ele-

ments, very massive first stars are not expected to lose mass,
and this has motivated that almost all recent VMS calcula-
tions of the cuasi-static evolutionary phases have been per-
formed without mass loss [4, 12]. The few recent mass los-
ing VMS calculations are by [18, 21]. Other studies focused
on the explosive supernovae phase [7, 12]. Very recently it
has been argued that VMS should have a significant rotation
driven mass loss [19]. Hence, the use of mass loss for studies
of first stars evolution is well justified. We have then calcu-
lated in this work the cuasi-static evolution of mass losing
first stars VMS.

The nucleosynthesis has only been calculated here for the
non-explosive phases that for VMS corresponds mostly to hy-
drogen and helium burning. Explosive nucleosynthesis cal-
culations have been performed, among others by [7, 12]. In
standard models the material processed in the core of massive
stars does not reach the surface. Therefore, core H-burning
should not provide any nitrogen. In the present work, changes
of isotopic abundances are different depending upon the ini-
tial chemical composition of the star. At the end of the H-
burning phase, the most abundant nuclei produced by200M¯
galactic and pregalactic stars during H-burning nucleosynthe-
sis is14N.

According to [22], if nitrogen was secondary, the [N/O]
ratio should increase with increasing metallicity. These char-
acteristics are noted in the models presented here for galactic
Population III stars. However,14N production is primary for
pregalactic Population III stars [2, 13]. Then, galactic stars
have been preceded by an earlier stellar population, enhanc-
ing the amount of heavy elements from the cosmological
value. These pregalactic Population III stars contributed to
the initial chemical enrichment of the intergalactic medium.

Our results for the conservative case (N = 0) are con-
sistent with those reported by Refs. 4 and 23. For the mass
losing models our results are also consistent with those ob-
tained by other authors; the convective core sizesqcc during
the H- and He-burning phases are similar to those reported
by Ref. 18, and our nuclear lifetimes are in good agreement
with Ref. 21. For a more detailed comparison see Refs. 2
and 3.

Acknowledgments

This work has been partially supported by the Mexican Con-
sejo Nacional de Ciencia y Tecnologı́a (CONACyT) under
contract U43534-R, and the German Deutscher Akademis-
che. One of us (D.B.) thank CONACYT for financial sup-
port.

1. M. Arnould, S. Gloriely, and A. Jorissen,A&A 347(1999) 572.

2. D. Bahena, PhD Thesis, (UK, Praha 2006).

3. D. Bahena and J. Klapp, in preparation (2007).

4. I. Baraffe, A. Heger, and S.E. Woosley,ApJ550(2001) 890.

5. G.R. Caughlan, W.A. Fowler, M.J. Harris, and B.A. Zimmer-
mann,At. Data and Nucl. Data Tables32 (1985) 197.

Rev. Mex. F́ıs. S53 (6) (2007) 48–53



FIRST STARS EVOLUTION AND NUCLEOSYNTHESIS 53

6. G.R. Caughlan and W.A. Fowler,At. Data and Nucl. Data Ta-
bles40 (1988) 283.

7. A. Chieffi and L. Limongi,ApJ577(2002) 281.

8. P.P. Eggleton,MNRAS156(1972) 361.

9. W.A. Fowler, G. Caughlan, and B.A. Zimmerman,ApJ 5
(1967) 525.

10. W.A. Fowler, G. Caughlan and B.A. Zimmerman,ApJ 13
(1975) 69.

11. M.J. Harris, W.A. Fowler, G. Caughlan, and B.A. Zimmerman,
ARA&A21 (1983) 165.

12. A. Heger and S.E. Woosley,ApJ567(1975) 532.

13. G. Israelianet al., A&A 421(2004) 649.

14. J. Klapp,Ap&SS93 (1983) 313.

15. J. Klapp,Ap&SS106(1984) 215.

16. J. Klapp, D. Bahena, M.G. Corona-Galindo, and H. Dehnen, in
Gravitation and Cosmology, eds. A. Maćıas, C. L̈ammerzahl
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