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Numerical simulation of the Galactic chemical
evolution
S. Sahijpal∗ and G. Gupta
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Abstract. We report the preliminary results of our numerical simulations
of the Galactic chemical evolution of stable isotopes from 1 H to 69 Ga. The
Galaxy was formed in two episodes of accretion: an early rapid accretionary episode, followed by a declining accretion rate. Successive generations of 1-100 M stars were numerically simulated to evolve in a realist
manner the entire evolution of the Galaxy since the initiation of its formation. This is perhaps the first attempt to numerically simulate the Galactic
chemical evolution without solving the classical set of integro-differential
equations. We could successfully simulate the history of star formation
rate, the white-dwarf, neutron star and black hole generation rate of the
Galaxy in the solar neighborhood. Further, we could explain the stable isotopic abundance of 1 H to 69 Ga at the time of formation of the solar system
around 4.5 billion years ago.
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1.

Introduction

Our Galaxy, the Milky-way, consists of hundreds of billions of stars, interstellar gas
and dust. The primordial nucleosynthesis after the big-bang produced the inventories
of hydrogen, helium and 7 Li. Ever since the origin of the universe ∼ 13.7 billion
years ago, the process of stellar nucleosynthesis has resulted in the enrichment of elements from carbon to uranium in the interstellar medium (e.g., Pagel 1997; Rana
1991). These elements are synthesized inside stars by a series of nuclear reactions
that involve hydrostatic as well as explosive thermonuclear fusion reactions, slow
and rapid neutron capture processes and the nuclear statistical equilibrium processes
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(Clayton 1968). The Galactic chemical evolution models essentially deal with understanding the gradual growth in the stable isotopic abundances over the Galactic
timescale of ∼ 13 billion years as a result of the stellar nucleosynthetic contributions of numerous generations of stars (see e.g., Alibes et al. 2001; Chiappini et al.
1997, 2003; Timmes et al. 1995). We have developed numerical simulations of the
Galactic chemical evolution for all the stable isotopes from 1 H to 69 Ga to understand
the evolution of our Galaxy in the solar neighborhood. We are here presenting preliminary results of our simulations. The detailed work based on our simulations is
submitted elsewhere (Sahijpal & Gupta 2012). This work also takes into account the
recently revised solar abundances along with the elemental abundance evolution over
the Galactic timescales.

2.

Galactic chemical evolution

Our Galactic chemical evolution (GCE) model incorporates the latest understanding
of the star formation rate, the stellar initial mass function, the updated stellar nucleosynthetic prescriptions and the revised stellar evolutionary theories for different
stellar masses and metallicities. Our main objective is to develop numerical models
for the Galactic disk to explain the observed G-dwarf metallicity distribution, the agemetallicity relation, the solar abundances of the stable isotopes, the type Ia, Ib/c and
II supernova rates, etc. (e.g., Alibes et al. 2001; Timmes et al. 1995). On the other
hand, on the Galactic scale, we want to understand the observed elemental abundance
gradient, the formation of the Galactic halo, the thin and the thick discs.
Over the last couple of decades there has been a significant improvement in our
understanding of the various astronomical and astrophysical aspects that are involved
in developing a robust GCE model. Several research groups have developed comprehensive numerical models for the stellar evolution and nucleosynthesis of stars
in the mass range of 1-100 M . We have incorporated the stellar nucleosynthetic
yields of the stellar models that include low and intermediate mass asymptotic giant
branch (AGB) stars (Karakas 2003), supernovae type Ia (Iwamoto et al. 1999), type II
(Woosley & Weaver 1995). The improvements in the stellar evolutionary and nucleosynthetic models have resulted due to the incorporation of revised nuclear reaction
rates and stellar mass-loss rates (Sahijpal & Soni 2006). In addition, as several research groups are now involved in estimating the stellar nucleosynthetic yields for a
wide range of stellar masses and metallicities, it is now possible to make comparisons
among their results. A brief overview and an updated literature survey of the various
stellar nucleosynthetic scenarios can be found in the work by Sahijpal & Soni (2006).
Apart from the recent theoretical refinements in the stellar evolution and nucleosynthesis, the observed elemental abundances of various F, G and K dwarf disc stars
have produced an enormous data on the elemental abundance distribution of stars.
The elemental abundance distribution of the disc stars is used to constrain the Galac-
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tic chemical evolutionary models, and to trace the origin and evolution of the various
elements.
On contrary to solving the classical set of nonlinear-integro-differential equations
associated with the GCE model (Alibes et al. 2001; Chiappini et al. 1997, 2003; Pagel
1997; Timmes et al. 1995) we have followed a direct approach, whereby, we actually simulate, in a realistic manner, the birth and evolution of successive generation
of stars of different masses and metallicities during the ∼ 13 billion years evolution
of the Galaxy. This is perhaps the first N-body numerical simulation of the Galactic chemical evolution in terms of the evolution of successive generations of stars.
The stars are formed in the simulation according to a prescribed star formation rate
throughout the evolution of the Galaxy. We used the modified form of the Salpeter
initial mass function for the formation of stars of different masses (Alibes et al. 2001).
The Salpeter function was suitably parametrized to obtain the solar metallicity of the
Galaxy at the time of the formation of the solar system around 4.5 billion years ago
in the solar neighborhood. The birth, evolution and final evolved stages, e.g., supernova, red-giant stage, etc., of the ensemble of successive generation of stars were
numerically simulated to develop a framework of a realistically evolving Galaxy. The
dependence of the life-time of a star on its zero age main sequence mass was taken
from Pagel (1997). The stars in the mass range 0.08 to 8 M evolves to white dwarf
through red-giant phase. The planetary nebula is ejected into the interstellar medium
during the final red-giant phase. In the case of binary system, the white-dwarf can
accrete mass from the companion. The accreting star can undergo type Ia supernova
in case its mass exceeds the Chandershekhar mass limit. However, in the case of single star, the white-dwarf is the final evolutionary stage in the evolution of the low and
intermediate mass stars. The comparatively massive stars, in the mass range 11 to 35
M , eventually evolve to a stage, whereby, their cores collapse to either neutron star
or black hole and the outer shells are ejected into interstellar medium as a result of
supernova. The stars in the mass range 35 to 100 M evolves through Wolf-Rayet
phase that eventually leads to supernova Ib/c. While the planetary nebula, supernova and Wolf-Rayet winds from the various stars contribute to the enhancement of
the elemental inventories of the interstellar medium, the remnants of the stars, e.g.,
white-dwarf, neutron stars, black holes do not further participate in the re-cycling of
interstellar material. Nonetheless, a proper account of these remnants was considered
during the evolution of the Galaxy.
We followed the recently proposed open chemical evolutionary model prescriptions for the formation of the Galaxy as suggested by Chiappini et al. (1997). The
Galaxy was considered to have formed by two main accretion episodes. The first
episode involves the formation of the Galactic halo and bulge over a short timescale
of ∼ 1 billion years. This is followed by a second episode that results in the formation
of the thin-disk over a timescale that is an increasing function of the Galactocentric
distance, ∼ 7 billion years at the solar neighborhood. The G-dwarf metallicity distribution has been best explained by considering infall of the extraGalactic matter on the
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Galactic disc over an extended time duration and with a constant stellar initial mass
function (Chiappini et al. 2003).
As mentioned earlier, one of the main objective involved in performing the numerical simulation of GCE is to reproduce the average solar metallicity of the Galactic
disc, at a distance of 8.5 kilo-parsecs from the Galactic center, i.e., the solar neighborhood. This has to be achieved at the time of the formation of the solar system around
4.5 billion years ago. This was numerically achieved by suitably parameterizing the
star formation rate and the stellar initial mass function. These two essential parameters critically decide the evolution of Galaxy in terms of stable isotopic composition
evolution.

3.

Results and discussion

We have developed an open chemical evolution model for the evolution of almost all
the stable isotopes from hydrogen to the iron-peaked nuclei. The essential details of
the simulation results are presented here in the form of sequel of graphs that show the
temporal evolution of star formation rate (Fig.1), the surface mass densities (Fig.2)
and the age-metallicity relation (Fig.3).
The star formation rate of the Galaxy (Fig.1) initially increases essentially due the
initial rapid accretionary episode of the Galaxy that last for the initial one billion years
(Chiappini et al. 1997). The termination of the rapid accretion episode of the Galaxy is
marked as a kink in the star formation rate (Fig.1). The star formation rate maximizes
at ∼ 2 billion years, and thereafter gradually decreases. The decrease is essentially due

Figure 1. The deduced temporal evolution of the star formation rates from the numerical simulation at a distance of 8.5 kilo-parsecs from the Galactic center, i.e., the solar neighborhood.
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Figure 2. The deduced temporal evolution of the distribution of surface mass densities at a
distance of 8.5 kilo-parsecs from the Galactic center, i.e., the solar neighborhood.

Figure 3. The deduced age-metallicity at a distance of 8.5 kilo-parsecs from the Galactic center.

to the decline in the accretion of new material on the Galaxy, and the entrapment of
interstellar material in the long-lived, low and intermediate mass stars (0.08 to 8 M ).
According to the stellar initial mass function, the low and intermediate mass stars are
significantly more abundant compared to massive stars (≥ 11 M ). Further, the low
and intermediate mass stars live long, in certain cases over the Galactic time-spans,
thereby, entrapping the interstellar matter inventories for considerably long time.
The inferred temporal evolution of the distribution of surface mass densities, expressed as M pc−2 , at a distance of 8.5 kilo-parsecs from the Galactic center, i.e., the
solar neighborhood are presented in Fig. 2. The total surface mass density (σtotal ) con-
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Figure 4. The estimated bulk solar isotopic abundances at the time of formation of the solar
system, around 4.5 billion years ago, at a distance of 8.5 kilo-parsecs from the Galactic center.
The abundances are normalized to the bulk solar isotopic abundances.

sists of the stellar surface mass density (σ stars ), the interstellar gas mass density (σGas )
and the stellar remnant density in the form of white-dwarf (σWhite−dwar f ), and supernova remnants (σS upernova−remnant ), i.e., neutron stars and black hole. The total surface
mass density increases on account of the accretion of new material on the Galaxy. The
total surface mass density was parametrically adjusted to match the present astronomically observed value of ∼ 55 M pc−2 . The stellar surface mass density increases on
account of star formation at the cost of gas surface mass density. The stellar remnant
mass densities gradually increases during the evolution of numerous generations of
stars.
The age-metallicity relationship in the solar neighborhood is presented in Fig.3.
The metallicity is essentially the sum of the mass fraction of all the elements except for
hydrogen and helium. As represented in Fig.3, the mass fraction of heavier elements
increases from 0 at big bang, to 0.02 at the time of the formation of the solar system
in the solar neighborhood. Based on the simulations, the present value of metallicity
is estimated to be around 0.023 in the solar neighborhood. It should be noted that the
solar metallicity has been revised recently. We have performed a comprehensive work
on this issue (Sahijpal & Gupta 2012).
The estimated bulk solar isotopic abundance of the isotopes from 1 H - 69 Ga, at
the time of formation of the solar system in the solar neighborhood is presented in
Fig. 4. The estimated yields are normalized with respect to the bulk solar isotopic
abundance (Anders & Grevesse 1989). The bulk solar isotopic abundance of most of
the isotopes expect for the heavier iron-peaked nuclei can be successfully explained
within a factor of two uncertainty. The uncertainties in the case of the iron-peaked
nuclei are essentially due to the large uncertainties in their stellar nucleosynthetic
yields.
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4. Conclusions
We have successfully developed a Galactic chemical evolution model that can numerically simulate in a realistic manner the birth and evolution of the successive generations of stars during the evolution of Galaxy over ∼ 13 billion years. We could explain
the bulk solar isotopic abundances of the low and intermediate mass elements upto the
iron-peaked nuclei.
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