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Abstract
We test several gas infall laws, starting from that suggested in
the two-infall model for the chemical evolution of the Milky
Way, but focusing on laws derived from cosmological
simulations which follows a concordance ΛCDM cosmology. By
means of a detailed chemical evolution model we study the
effects of the different gas infall laws on the abundance patterns
and the G-dwarf metallicity distribution. One cosmological gas
infall law in particular resembles the infall law suggested by the
two-infall model. It predicts two main gas accretion episodes.
Minor infall episodes are predicted to have followed the second
main one but they are of little significance compared to the
previous two. By means of this cosmologically motivated infall
law, we study the star formation rate, the SNIa and SNII rate,
the total amount of gas and stars and the behavior of several
chemical abundances. We find that the results of the two-infall
model are fully compatible with the evolution of the Milky Way
with cosmological accretion laws.

Introduction
Here we study the infall law that arises directly from the DM
halo, testing it in a detailed model of chemical evolution of the
Milky Way which follows the evolution of many chemical
species by taking into account the stellar lifetimes, detailed
nucleosynthesis prescriptions and the supernova (type II, Ib/c
and Ia) rates. Several authors before us have tried to build a
model for the evolution of disk galaxies in a cosmological
context, but none of these considered the chemical evolution in
such detail as our model. Naab & Ostriker (2006) studied the
metallicity and photometric evolution of a generic disk galaxy
by assuming that it forms through mergers of dark matter halos.
They concluded that the infall rate should have been almost
constant during the lifetime of the disk. However no detailed
chemical evolution was followed. We compare the chemical
results with those of François et al.’s (2004) model. For the single
stars in the mass range 0.8 M⊙ ≤ M ≤ 8 M⊙ we adopt here the
stellar yields of van den Hoek & Groenewegen (1997). For SNIa
we adopt the single-degenerate progenitor scenario (Whelan &
Iben, 1973; Han & Podsiadlowski 2004) and we assume the
stellar yields from Iwamoto et al. (1999). For massive stars
(8 M⊙ < M ≤ 100 M⊙) we adopt the stellar yields by Woosley
& Weaver (1995) with the suggested modifications of François et
al. (2004). We start with primordial gas. The reference solar
abundances are those by Asplund et al. (2005).
The model by Chiappini et al. (1997) was the first in which two
main infall episodes for the formation of the Galactic
components were suggested. They assumed that the first infall
episode was responsible for the formation of the halo and
thick-disk stars. The second infall episode formed the thin-disk
component, with a timescale much longer than that of the
thick-disk formation. The authors also included in the model a
threshold in the gas density below which the star formation
process stops. With these precise prescriptions it is possible to
reproduce the majority of the observed properties of the Milky
Way. In the model by Chiappini et al. (1997) the Galactic disk is
approximated by a series of concentric annuli, 2 kpc wide,
without exchange of matter between them. The basic equations
are the same as in Matteucci & François (1989). The two models
have in common the “inside-out” formation of the thin disk. The
SFR is a Schmidt (1955) law with a dependence on the surface
gas density and also on the total surface mass density. The IMF
is that of Scalo (1986) normalized over a mass range of 0.1-100
M⊙ and it is assumed to be constant in space and time.

The cosmological simulation
We run a dark matter-only cosmological simulation, using the
public tree-code GADGET2 (Springel 2005), in order to produce
and study dark matter halos in which spiral galaxies can form.
Our simulated box has a side of 24 h−1 Mpc. We used 2563

particles. We adopted the standard cosmological parameters
from WMAP 3-years (Spergel et al. 2007), namely Ω0 = 0.275,
Ωλ = 0.725 and Ωb = 0.041. Each DM particle has a mass equal to
6.289 · 107h−1M⊙ and the Plummer-equivalent softening length is
set to 3.75 h−1 comoving kpc to redshift z = 2 and to 1.25 h−1

physical kpc since z = 2. We use the public package GRAFIC
(Bertschinger 1995) to set up our initial conditions. The
simulation started at redshift z = 20. We checked that the final
mass function of DM halos and the power spectrum are in
agreement with theoretical expectations.

To identify the DM halos that can host a spiral galaxy similar to
the MW we used selection criteria based on four different
characteristics of the halos:

• mass between 5 · 1011M⊙ and 5 · 1012M⊙;

• spin parameter λ > 0.04;

• redshift of last major merger larger than z = 2.5;

• redshift of formation larger than z = 1.0.

We found four DM halos compatible with our selection criteria.
We label them with their F-o-F group number, i.e. group 48001,
group 52888, group 56004 and group 6460. We note that, given
our simulated volume, the expected number of halos in our
mass range is higher: using a Press & Schechter mass function,
approximately 70 halos are expected.
However, the requirement of having a “quiescent” formation
history and a high spin parameter greatly reduces their number.
We assumed that the derived infall law has the same functional
form for the whole Milky Way, but that the normalization
constant is different for different Galactic regions. In other
words, the normalization constants were obtained by
reproducing the current total surface mass density at any
specific galactocentric distance, although here we will focus on
the solar neighbourhood. Finally, we also considered the
arithmetic mean of the infall laws of all four halos, in order to
have an “average” cosmological infall law to study. In Table 1
we summarize the characteristics of the halos.

Table 1 Characteristics of the DM halos.

Group Mass [1010M⊙] Spin parameter Redshift major merger Redshift of formation

48001 90.26 0.045 5.00 1.75 - 1.50
52888 465.75 0.059 3.75 1.50 - 1.25
56009 90.73 0.049 3.25 2.00 - 1.75
6460 61.94 0.041 2.50 1.25 - 1.00

The infall laws
In testing the accretion laws, we started by adopting the
two-infall law model, as suggested by Chiappini et al. (1997)
(Model 1). Besides this infall law, we tested other possible laws,
such as a time constant infall rate (Model 2), a linear infall law
(Model 3) and an infall law that is the same as that of Chiappini
et al. (1997) but with pre-enriched infalling gas (Model 4).
Then we tested the cosmological infall laws. To derive the
cosmological infall law we proceeded in the following way:

A(r, t) = a(r)0.19
dMDM

dt
[M⊙ pc−2 Gyr−1]. (1)

where 0.19 is the cosmological baryonic fraction and a(r) is a
normalization constant fixed to reproduce the current total
surface mass density along the disk. For the solar ring

a(r) = Σ(r⊙,tG)
MGal

, with MGal = 0.19MDM being the baryonic mass of

our Galaxy and tG the Galactic lifetime.
One infall law is given by the arithmetic average of the infall
laws derived for the four halos and the last infall law is that
suggested by Naab & Ostriker (2006). Our infall laws for the
solar region are shown in Figure 1 (left panel). Every figure has
the same characteristics. Upper left panel: red solid line is the
two-infall model (Model 1); black dashed line is the
cosmological mean model (Model 9); green dotted line is the
model by Naab & Ostriker (2006) (Model 10). Upper right panel:
magenta solid line is the constant infall model (Model 2); blue
dashed line is the linear infall model (Model 3); cyan dotted line
is the pre-enriched model (Zinf = 1/10 Ztoday, Model 4). Bottom
left panel: black solid line is Model 5; magenta dashed line is
Model 6. Bottom right panel: blue solid line is Model 7; cyan
dashed line is Model 8. The assembly history of our best halo
(Model 5) presents two distinct accretion peaks which produce
an infall law very similar to the two-infall model by Chiappini et
al. (1997), even if the two peaks are placed at a lower redshifts.
In Fig. 1, right panel, we present the total surface mass density
Σtot, expressed as M⊙pc−2, as a function of time for all the
models.
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Figure 1 Left panel: Infall vs time; Right panel: Σtot vs time

Models 1 and 4 have the same Σtot. The linear model predicts the
largest final amount of matter. The constant model has a linear
growth. Model 10 is the only one that starts to increase the
amount of matter very slowly (in the solar neighbourhood). The
cosmological models produce results that are quite similar to the
two-infall model.

Results
In Fig. 2, left panel, we show the infall law derived from Model
5 (our best halo) for three galactocentric distances (4, 8 and 14
kpc).
Figure 2 (right panel) shows the star formation rate as a function
of cosmic time for all the models. At high redshift there is a gap
in the SFR for some of the models, due to the adoption of a
threshold in the surface gas density. We deduce that the constant
infall model predicts a growing star formation rate at low
redshifts, a trend that is not predicted by the other laws. On the
other hand, the cosmological best model predicts a very
important peak between 3 and 6 Gyr, which should correspond
to the formation of the bulk of the stars in the thin disk. After 10
Gyr from the Big Bang the threshold is easily reached in most of
the models, thus causing the SFR to have an oscillating
behaviour.
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Figure 2 Left panel: infall law of our best cosmological halo at three different radii (4 kpc: blue dotted line; 8
kpc: red solid line; 14 kpc: green dashed line); Right panel: SFR vs time

In Figure 3 (left panel) we present the SNIa rates for all the
models. The cosmological law of Model 5 predicts a peak for the
SNIa rate at about 6 Gyr. This is due to the fact that the SFR in
this model has a large peak at about 5 Gyr. Thanks to this peak,
many stars form and many SNIa explode after a delay of about 1
Gyr. All the models predict a SNIa rate between 0.003 and 0.004
SNe pc−2 Gyr−1, in good agreement with the value given by
Boissier & Prantzos (1999), i.e. 0.0042 ± 0.0016 .
In Figure 3 (right panel) we present the predicted [Fe/H] as a
function of time for all models. The model with a constant infall
law and Model 10 never reach the solar abundance. The reason
is that in both models the infall rate during the whole galactic
lifetime is probably overestimated. In the model by Chiappini et
al. (1997) [Fe/H] reaches a local peak at 1 Gyr, then decreases
slightly to increase again. The small depression in [Fe/H] is due
to the predicted gap in the SFR just before the formation of the
thin disk. The second infall episode coupled with the halt in the
SF produces a decrease of [Fe/H]. We can see the same
behaviour in the cosmological models. In particular in Model 5
the peak is followed by a deeper depression of [Fe/H] and this
is due to the longer gap in the SFR predicted by this model (1-2
Gyr) as opposed to that predicted by Model 1. This is an
important prediction and it can be tested via chemical
abundances. Both Gratton et al. (1996) and Furhmann (1998)
detected such an effect in the [Fe/O] vs. [O/H] and [Fe/Mg] vs.
[Mg/H], respectively.
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Figure 3 Left panel: SNIa vs time; Right panel: [Fe/H] vs time.

A very important constraint for the chemical evolution of the
galaxies is represented by the G-dwarf metallicity distribution.
This is the relative number of G-dwarf stars as a function of
[Fe/H]. Our predicted metallicity distributions are shown in
Figure 4, left panel. From this figure, it is clear that Model 10
predicts insufficient high metallicity stars. On the other hand,
some of the cosmological models such as Model 7 and Model 8
predict too many metal-poor stars.

Our best cosmological model shows a bimodal metallicity
distribution, which is clearly at odds with the data.
In Figure 4, right panel, we show the O abundance gradient as
predicted by Model 1 and Model 5, compared with a
compilation of data including Cepheids (see Cescutti et al.
2007). The O gradient predicted by Model 5 flattens for r < 8
kpc whereas it agrees very well with the slope predicted by
Model 1 (the original two-infall model) for r ≥ 8 kpc. Model 1
contains the assumption of an inside-out formation of the disk,
whereas in Model 5 no such assumption is made. In spite of
that, the two predicted gradients are similar and we cannot
reject the O gradient predicted by Model 5 on the basis of the
comparison with data. The reason for that probably resides in
the adoption of the star formation threshold which acts mainly
at large galactocentric distances where the gas density is lower.
This effect predominates over the increase of the timescale for
disk formation.
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Figure 4 Left panel: G-dwarf metallicity distribution; Right panel: predicted and observed O abundance
gradients in the galactocentric distance range 4 - 14 kpc.

In Figure 5 (left panel) the [O/Fe] as a function of [Fe/H] can be
seen. Here, the range of [Fe/H] has been restricted to −2.0 to
+0.3 dex in order to better see the predictions relative to the
transition between the halo-thick disk and the thin disk.
In Figure 5 (right panel) we show the same plots but for the
whole range of [Fe/H] down to −4.0 dex. The data are from:
Cayrel et al. (2004) (red triangles) and François et al. (2004)
(green crosses). One can see that cosmological models have a
similar behaviour to the model by Chiappini et al. (1997), except
for a longer gap in the SF, which produces a loop in the
predicted curves. Such loops arise when SF stops, the
α-elements are no longer produced whereas Fe continues to be
produced.
This induces the [O/Fe] to decrease and also the [Fe/H] ratio to
decrease to a lesser extent, because of the accretion of primordial
gas. Then when SF starts again the [O/Fe] again increases. This
loop is very prominant in some models and is not in agreement
with the data, although some spread is present. Model 4, which
is the same as Chiappini et al’s model but with the pre-enriched
gas, is acceptable. This is due to the fact that the metallicity of
the pre-enriched infalling gas is not so different from the
metallicity of the primordial infalling gas.
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Figure 5 Left and right panels: [O/Fe] vs [Fe/H].

Conclusions
Our main conclusions can be summarized as follows:

• A model with constant infall predicts a present day infall rate
and SFR larger than all the other models. Moreover, it is the
only model that produced an unrealistically increasing SFR
during the last billion years. This is probably an unrealistic
law, and we only used it for comparison with other infall
laws.

• The linear model predicts the largest number of stars
presently in the solar neighbourhood but it seems to
reproduce reasonably well all the other observables.
However, this model does not describe the evolution of our
Galaxy as well as an exponential law does.

• The model adopting the two-infall law, but where the gas is
assumed to be pre-enriched during the formation of the disk
at the level of 1/10 of solar, well reproduces the G-dwarf
metallicity distribution, as expected.

• The cosmological laws, and in particular our preferred best
fit, seem to fit well all the data. This law predicts two main
accretion episodes which can be identified with the formation
of the halo-thick disk and thin disk, respectively, very similar
to the two-infall law. Moreover, there seems to be a gap of 1-2
Gyr in the SFR between the two episodes, larger than
predicted by Chiappini et al. (1997) (< 1 Gyr). The gap is due
mainly to the adoption of a threshold gas density for the star
formation rate. The model including this cosmological infall
law can well reproduce most of the observational constraints.
It predicts for the G-dwarf metallicity distribution, in the
solar vicinity, two different peaks: we speculate that the first
peak represents the stars of the halo and thick disk while the
second peak represents the stars of the thin disk. The same
metallicity distribution computed for the central region
should also include the bulge stars. The predicted timescales
for the formation of the halo-thick disk and the thin disk,
respectively, are in excellent agreement with those suggested
by Chiappini et al. In particular, the halo-thick disk must
have formed on a timescale not longer than 1-2 Gyr whereas
the thin disk in the solar vicinity took at least 6 Gyr to
assemble 60% of its mass. As a consequence of the gap
between the halo-thick disk and the thin disk, we predict that
the thin disk is at least 2 Gyr younger than the halo.

• The other cosmological infall laws are characterized by
several minor accretion events after the two main ones and
predict larger gaps in the SFR which are not observed in the
[Fe/O] vs. [O/H] and [Fe/Mg] vs. [Mg/H] which indicate a
gap not larger than 1-2 Gyr.

• A model adopting a cosmologically inferred infall law by
Naab & Ostriker (2006) presents a behaviour very similar to
the constant infall law and predicts too low metallicities at the
Sun’s age and at the present time. Moreover, this model
predicts a too small number of G-dwarfs with high
metallicity. In their paper they present a G-dwarf metallicity
distribution but as a function of Z which represents O and not
Fe, as in the observations.
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