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Abstract The main aim of this thesis has been to find a cosmologically

motivated infall law to understand if the ΛCDM cosmology can reproduce

the main chemical characteristics of a Milky Way-like spiral galaxy.

We have tested several gas infall laws, starting from that suggested in

the two-infall model of Chiappini et al. (1997) for the chemical evolution

of the Milky Way, but focusing on laws derived from cosmological simula-

tions which follow a concordance ΛCDM cosmology. By means of a detailed

chemical evolution model for the solar vicinity, we have studied the effects

of the different gas infall laws on the abundance patterns and the G-dwarf

metallicity distribution.

Our best cosmological infall law, derived from dark matter halos having

properties compatible with the formation of a disk galaxy like the Milky

Way, and assuming that the baryons assemble like dark matter, 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 have studied

the star formation rate, the SNIa and SNII rate, the total amount of gas

and stars in the solar neighbourhood and the behaviour of several chemical

abundances (O, Mg, Si, C, N, Fe). We have found that the results of the

two-infall model are fully compatible with the evolution of the Milky Way

with cosmological accretion laws. We have derived that the timescale for the

formation of the stellar halo and the thick disk must have not been longer

than 2 Gyr, whereas the disk in the solar vicinity assembled on a much longer

timescale (∼ 6 Gyr).

Then we have studied the abundance gradients along the Galactic disk

produced by our best cosmological model and their dependence upon several

parameters: a threshold in the surface gas density regulating star formation,

the star formation efficiency, the timescale for the formation of the thin disk

and the total surface mass density of the stellar halo.

We have found that to reproduce at the same time the abundance, star

formation rate and surface gas density gradients along the Galactic disk it

is necessary to assume an inside-out formation for the disk. The threshold

in the gas density is not necessary and the same effect could be reached
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by assuming a variable star formation efficiency. However the derived new

cosmological infall law contains a mild inside-out formation and is still not

enough to reproduce the disk properties at best.

We have also studied the effect of a cosmologically motivated infall law

for the formation of a massive elliptical galaxy in order to understand the

impact on the formation of the spheroids.

We have found that such a model predicts a too low mean stellar value for

the [Mg/Fe] ratio. This is, according to us, the most important result of our

cosmological model applied to an early-type galaxy indicating that perhaps

the hierarchical paradigm of galaxy formation should be revised for ellipticals.

Moreover we have found that models for ellipticals without a galactic wind

predict a too large current SNIa rate. In particular, the cosmological model

produces a current SNIa which is about ten times higher than the observed

values and predicts a large current SNII rate which is not observed. The

predicted SNII rate for models with galactic wind is also in contrast with the

actual star formation mesured by GALEX.

The conclusions of our work are that a gas assembly history derived from

a DM halo, compatible with the formation of a late-type galaxy from the

morphological point of view, can produce chemical properties in agreement

with the available observations. Moreover, a cosmologically derived infall law

with an inside-out process for the disk formation and a variable star formation

efficiency can indeed well reproduce all the properties of the disk. Higher

resolution cosmological simulations, however, are necessary to better trace

the radial properties of disk galaxies. Finally, a cosmologically derived infall

law for an elliptical galaxy cannot well reproduce all the chemical constraints

given by observations and this is an important result.
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Chapter 1

Overview

One of the major challenge in modern astrophysics is to understand the origin

and evolution of galaxies. Two kinds of approaches have been explored up

to now: a forward approach and a backward approach.

The forward approach is based on modelling galaxy formation and evo-

lution in a cosmological context. In a Universe dominated by Cold Dark

Matter (CDM) and, as recent observations seem to suggest, by some kind of

Dark Energy in the form of a non-zero Cosmological Constant Λ, and con-

taining a suitable mix of baryons and photons, cosmic structures are formed

by the gravitational collapse of Dark Matter and are organized in a hierarchy

of complexes (halos) inside which baryons dissipate their energy and collapse

to form luminous systems.

The backward approach, instead, is based on reproducing the observed

properties of stellar populations at present time and, from them, inferring

the evolutionary history of a galaxy. In this context, our work mainly refers

to the backward approach model of Chiappini et al. (1997), the so called

two-infall model for the Milky Way. Prior to this model, different models

assuming gas accretion onto the galactic disk had been constructed. For ex-

ample, dynamical models, such as the one of Larson (1976), viscous models

(Lacey & Fall 1985; Sommer-Larsen & Yoshii 1989, 1990; Tsujimoto et al.

1995), inhomogeneous models (Malinie et al. 1993), detailed chemical evo-

lution models (Matteucci & Greggio 1986; Tosi 1988; Matteucci & François

1989; Pagel 1989; Matteucci & François 1992; Carigi 1994; Giovagnoli &

11
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Tosi 1995; Ferrini et al. 1994; Pardi & Ferrini 1994; Pardi, Ferrini & Mat-

teucci 1995; Prantzos & Aubert 1995; Timmes, Woosley & Weaver 1995)

and chemodynamical models (Samland & Hensler 1996, Burkert, Truran &

Hensler 1992).

The model of Chiappini et al. (1997) was the first in which two main

infall episodes for the formation of the Galactic components were suggested.

In particular, they assumed that the first infall episode was responsible for

the formation of the halo and thick-disk that originated from a fast dissi-

pative collapse. The second infall episode formed the thin-disk component,

with a timescale much longer than that of the thick-disk formation. The au-

thors also included in the model a threshold in the gas density below which

the star formation process stops. The existence of such a threshold value

was suggested by observations relative to the star formation in external disk

galaxies (Kennicutt 1998b, but see Boissier et al. 2006). The physical reason

for a threshold in the star formation is related to the gravitational stability,

according to which, below a critical density, the gas is stable against density

condensations and, consequently, the star formation is suppressed. In the

two-infall model the halo-thick disk and the thin disk evolutions occur at

different rates, mostly as a result of different accretion rates. With these

prescriptions it has been possible to reproduce the majority of the observed

properties of the Milky Way and this shows how important is the choice of

the accretion law for the gas coupled with the star formation rate in the

Galaxy evolution.

On the other hand, in the context of cosmological models, we recall the

one of Naab & Ostriker (2006) who presented a simplified model (assuming

I.R.A.) for the evolution of disk galaxies in a ΛCDM cosmological context,

assuming that a generic disk forms through mergers of dark matter halos.

Their model needs three input parameters: the present-day scalelenght of the

total disk surface density distribution, the central surface density of the disk

and the circular velocity. They used these three parameters to constrain the

evolution of the infall rate. They assumed that in the absence of star forma-

tion the gas in a given halo would settle in a disk with an exponential surface

density, starting the star formation after the disk is formed. Throughout

the paper they used a formulation for the star formation based on the local
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dynamical time (rotation period) of the system.

With this model they were able to reproduce a large number of observed

global and local properties of the Milky Way. However, their model does not

contain any detailed chemical evolution and no consideration is given to the

formation of the stellar halo. Moreover their model is a simplified version of

a hierarchical model. In fact, in the hierarchical framework disk galaxies do

not only grow continuously by smooth accretion of gas but also in discrete

steps by minor mergers and accretion of small satellites. In addition, a small

amount of old stars that have formed within small satellites are continuously

added to the disk by accretion.

Robertson et al. (2005) adopted the hierarchical scenario for galaxy for-

mation to see if in this context they could reproduce the rich data set of stellar

abundances in the galactic halo and Local Group dwarf galaxies. They used

an analytical expression for the growth of DM halos in a ΛCDM cosmology.

Their baryonic infall law was proportional to the DM one. The hierarchical

formation scenario, when applied to the stellar halo of the Milky Way, sug-

gests that it formed through accretion and disruption of dwarf galaxies. They

concluded that the majority of stars in the stellar halo were formed within a

relatively massive dwarf irregular sized dark matter halo, which was accreted

∼ 10 Gyr ago. In their scenario, these systems had rapid star formation his-

tories and were enriched primarily by supernovae (SNe) of type II. They also

suggested that the still existing dwarf irregular galaxies formed stars more

gradually and they underwent both SNIa and II enrichment. On the other

hand, dwarf spheroidal galaxies should be systems where the abundances are

determined by galactic winds. In summary, the paper dealt mostly with the

comparison between the [α/Fe] ratios in the galactic halo and dwarf galaxies.

Another paper dealing with chemical evolution in a cosmological context

is that by Nagashima & Okamoto (2006). The authors investigated the

chemical evolution in Milky Way-like galaxies based on the ΛCDM model

in which cosmic structures form via hierarchical merging. They adopted a

semi-analytical model for galaxy formation where the chemical enrichment

due to both SNeIa and SNeII was considered. They suggested that the so-

called G-dwarf metallicity problem can be fully resolved by the hierarchical

formation of galaxies. In fact, the infall term introduced by the traditional
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monolithic collapse models to solve the G-dwarf problem can be explained by

some physical processes such as injection of gas and metals into hot gas due

to SNe. The model, however, was not tested on a large number of chemical

elements but was limited to the [O/Fe] vs. [Fe/H] plot.

When only cooling processes are included, smoothed-particle hydrody-

namical simulatons of galaxy formation in a ΛCDM hierarchical clustering

scenario produce collapsed objects that are deficient in angular momentum.

Sommer-Larsen, Gelato & Vedel (1999) explored and compared the effects of

including two different types of feedback event to solve the problem: an uni-

form reheating of the entire universe at redshift ∼ 6 and a gas blowout from

pregalactic clouds at a lower redshift. They found that blowout is more suc-

cessful than early reheating and that it can be sufficient to solve the angular

momentum problem. They showed that the remaining angular momentum

deficit was due to limitations in the numerical method they used.

Another important paper about the the formation of a disk galaxy within

a growing dark matter halo is that of Samland & Gerhard (2003). They used

the cosmological N-body simulations of the VIRGO-GIF-project (Kauffmann

et al. 1999) to study the galactic evolution of 96 halos. The three-dimensional

chemo-dynamical code included dark matter, stars and a multi-phase ISM.

In their model the star formation rate reaches a maximum at redshift z ∼

1. Moreover they showed that the galaxy forms radially from inside-out and

vertically from halo-to-disk. The first galactic component that forms is the

halo, followed by the bulge and the disk-halo transition region. The last

component is the disk. They also found that at redshift ∼ 1 a gaseous ring

forms and then it collapses and forms a galactic bar. It alters the structure

of the disk, induces spiral arms, enhances the mixing of ISM and flattens

metallicity gradients in the disk.

An intermediate approach between chemical models and cosmological

ones was followed by Prantzos (2003) who developed a detailed model of

the Milky Way and extended it to other disks using some simple scaling rela-

tions obtained in the framework of CDM models. With his approach he could

reproduce a large number of observables of galaxies in the local universe, in-

cluding: disk sizes and central surface brightness, Tully-Fisher relations in

various wavelenght bands, gas fractions vs magnitude and abundances as a
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function of local and integrated properties. He found that the crucial ingre-

dient of that success was the assumption that gas is infalling more slowly in

galaxies with smaller masses and/or surface densities. He showed that, on

average, massive disks are older than lower mass ones, being redder, poorer

in gas and richer in metals than less massive ones. In spite of the cosmolog-

ical context, this result is in contrast with the hierarchical galaxy formation

scenario, where low mass dark matter halos form first, while more massive

ones are formed later through accretion and merging.

Samland (2004) developed a model for the formation of the Milky Way

where the galaxy forms inside a slowly growing dark matter halo in a ΛCDM

cosmology. In this case the galactic mass grows continuosly, without any

major merger, over a Hubble time. The whole formation scenario was simu-

lated with a three-dimensional chemodynamical code. This model predicted

that even galaxies like the Milky Way show phases with supernova-driven

galactic winds. However, being the mass loss of the order of a few per cent

of the total baryonic mass, these galaxies are in all probability not the main

contributors to the enrichment of the intergalactic medium. As expected,

the mass loss decreases with increasing mass of galaxy and it also increases

with angular momentum. For dwarf galaxies the model by Samland (2004)

predicts mass losses up to 80% of the baryonic matter.

Abadi et al. (2003a) presented a detailed analysis of the dynamical and

photometric properties of a spiral galaxy simulated in the ΛCDM scenario.

They used a three-dimensional simulation including gravitational and hydro-

dynamical effects of dark matter, gas and stars. Moreover they also included

the energetic feedback from stellar evolution. They found that the galaxy

assembled through a number of high-redshift mergers followed by a rather

quiescent period after z ∼ 1. They found that 75% of stars have already

formed by z ∼ 1.3 and that two distinct dynamical components formed: a

spheroid of mostly old stars and a rotationally supported disk of younger

stars. They showed that approximately half of the total light comes from

each component. The luminous component had a specific angular momentum

well below that of late-type spirals of similar rotation speed, in agreement

with their previous simulation work. Finally they showed that the main lim-

itation of their simulation was the simplified star formation/feedback recipe
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adopted.

In a second paper, Abadi et al. (2003b) focused on the fine structure of

simulated galactic disks in a ΛCDM universe. They used the same simulation

of their first paper and they analyzed a galaxy formed in a dark matter halo

chosen so that mergers and accretion events were dynamically unimportant

after z ∼ 1. They found that at z = 0 two separate stellar components were

easily distinguishable on the basis of the orbital parameters of stars in the

galaxy: a slowly rotating, centrally concentrated spheroid and an extended

disk-like component largely supported by rotation. The spheroid was old and

had no stars younger than the last major accretion episode, i.e. ∼ 8 Gyr in

the past for their galaxy. On the other hand, the majority of thin-disk stars

formed after the merging activity was over and had a mean age of ∼ 5 Gyr.

They could also decompose the disk in two well-defined subcomponents: a

thin, dynamically cold disk of stars on nearly circular orbits and a thicker disk

with orbital parameters transitional between the thin disk and the spheroid.

The bulk (∼ 60%) of the thick-disk consisted of the tidal debris of satellites

whose orbital plane was roughly coincident with the disk. Moreover they

found that a significant fraction (∼ 15%) of thin-disk stars were old enough

to predate the last major accretion event. These were the remains of the

cores of disrupted satellites.

Also Governato et al. (2007) used cosmological simulations to follow the

formation of disk galaxies in a ΛCDM universe. Their simulations included

gas cooling, star formation, the effects of a uniform ultraviolet background

and a physically motivated description of feedback from supernovae. They

showed that an extended stellar disk formed inside the Milky Way-sized halo

immediately after the last major merger. Moreover the combination of UV

background and SN feedback drastically reduced the number of visible satel-

lites orbiting inside the Milky Way-sized halo. Their simulations predicted

that the average age of a primary galaxy’s stellar population decreases with

mass because feedback delays star formation in less massive galaxies. They

showed that their simulated galaxies reproduced the observed ’antihierarchi-

cal’ trend of stellar polulations: smaller galaxies have younger stellar popu-

lations. The authors underlined that their simulations and those published

in the recent literature show that some significant progress has been done to-
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ward understanding galaxy formation in the context of a ΛCDM concordance

cosmology. However, areas remain were progress needs to be made. For ex-

ample, a large range of initial conditions needs to be explored to understand

the role played by halo spin and merging history on the morphology and

colours of galaxies. Moreover satellites are still too bright compared to those

orbiting our Milky Way. One obvious possibility to create fainter satellites

would be to increase the efficiency of SN feedback.

In addition, most of these models in a cosmological context adopt a very

simple scheme for computing chemical evolution. Most of these models, for

example, assume the instantaneous recycling approximation (I.R.A.) which

neglects stellar lifetimes and it does not allow a precise calculation of the

evolution of the abundances of single elements in the gas, especially those

produced on long timescales. In this thesis we attempt of constructing a very

detailed chemical evolution model in a cosmological context.
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Chapter 2

Chemical evolution models

Galactic chemical evolution describes how the gas as a whole and its chemical

composition evolve with time in galaxies. In order to build models to compute

galactic chemical evolution one needs to specify the basic ingredients and the

equations. Details can be found in Matteucci (2008).

2.1 Basic ingredients

The basic ingredients to build a model of galactic chemical evolution can be

summarized as:

• Initial conditions

• Stellar birthrate function (the rate at which stars are formed from the

gas and their mass spectrum)

• Stellar yields (how elements are produced in stars and restored into the

interstellar medium)

• Gas flows (infall, outflow, radial flow)

The chemical abundance of a generic chemical species i is defined as:

Xi =
Mi

Mgas
. (2.1)

19
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According to this definition it holds:

∑

i=1,n

Xi = 1, (2.2)

where n represents the total number of chemical species.

2.1.1 The initial conditions

The initial conditions for a model of galactic chemical evolution consist in

establishing whether: a) the chemical composition of the initial gas is pri-

mordial or pre-enriched by a pre-galactic stellar generation; b) the studied

system is a closed box or an open system (infall and/or outflow).

2.1.2 Birthrate function

The birthrate function can be defined as:

B(M, t) = ψ(t)ϕ(m), (2.3)

where the quantity:

ψ(t) = SFR, (2.4)

is called the star formation rate, namely the rate at which the gas is

turned into stars, and the quantity:

ϕ(t) = IMF, (2.5)

is the initial mass function (IMF), namely the mass distribution of the

stars at birth.

The most common parametrization of the SFR is the Schmidt (1959) law:

ψ(t) = νσk
gas, (2.6)

where k = 1-2 with a preference for k = 1.4 ± 0.15, as suggested by

Kennicutt (1998a) for spiral disks and ν is a parameter describing the star



2.1. BASIC INGREDIENTS 21

formation efficiency. Other physical quantities such as gas temperature, vis-

cosity and magnetic field are usually ignored.

Other common parametrizations of the SFR include a dependence on the

total surface mass density besides the surface gas density:

ψ(t) = νσk1
totσ

k2
gas, (2.7)

as suggested by observational results of Dopita & Ryder (1994) and taking

into account the influence of the potential well in the star formation process.

Other suggestions concern the star formation induced by spiral density waves

(Wyse & Silk 1998) with expressions like:

ψ(t) = νV (R)R−1σ1.5
gas, (2.8)

or

ψ(t) = 0.017Ωgasσgas ∝ R−1σgas, (2.9)

with Ωgas being the angular rotation speed of gas (Kennicutt 1998a).

The most common parametrization of the IMF is a one-slope (Salpeter

1955) or multi-slope (Scalo 1986, 1998; Kroupa et al. 1993, Chabrier 2003)

power law. The most simple example of a one-slope power law is:

ϕ(m) = am−(1+x), (2.10)

generally defined in a mass range of 0.1 - 100 M⊙, where a is the normal-

ization constant derived by imposing that
∫ 100
0.1 mϕ(m)dm = 1.

The Scalo and Kroupa IMFs were derived from stellar counts in the solar

vicinity and suggest a three-slope function. Unfortunately, the same analysis

cannot be done in other galaxies and we cannot test if the IMF is the same

everywhere. Kroupa (2001) suggested that the IMF in stellar clusters is a

universal one, i.e.:

x1 = 0.3 for 0.08 ≤M/M⊙ ≤ 0.50 (2.11)

x2 = 1.3 for M/M⊙ > 0.50. (2.12)
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Weidner & Kroupa (2005) suggested that the IMF integrated over galaxies

is generally different from the IMF in stellar clusters. Therefore, we should

expect that the chemical enrichment histories of different galaxies cannot be

reproduced by an unique invariant Salpeter-like IMF.

2.1.3 Stellar yields

The stellar yields, namely the amount of newly material ejected with the

respect to the material locked up in the star, represent a fundamental ingre-

dient to compute galactic chemical evolution. All the elements with mass

number A from 12 to 60 have been formed in stars during the quiescent

burnings. Stars transform H into He and then He into heaviers until the

Fe-peak elements, where the binding energy per nucleon reaches a maximum

and the nuclear fusion reactions stop. H is transformed into He through the

proton-proton chain or the CNO-cycle, then 4He is transformed into 12C

through the triple-α reaction.

Elements heavier than 12C are then produced by synthesis of α-particles:

they are called α-elements (O, Ne, Mg, Si and others).

The last main burning phase in stars is the 28Si-burning which produces
56Ni, which then decays into 56Co and 56Fe. Si-burning can be quiescent or

explosive (depending on the temperature).

Explosive nucleosynthesis occurring during SN explosions mainly pro-

duces Fe-peak elements. Elements originating from s- and r-processes (with

A > 60 up to Th and U) are formed by means of slow or rapid (relative

to the β-decay) neutron capture on Fe seed nuclei; s-processing occurs dur-

ing quiescent He-burning, whereas r-processing occurs during SN explosions

(Sneden & Cowan 2003).

Some yields are obtained by assuming mass loss by stellar winds with

a strong dependence on metallicity (e.g. Maeder 1992), whereas others

(Woosley & Weaver 1995) are computed by means of conservative models

without mass loss. One important difference arises for oxygen in massive

stars for solar metallicity and mass loss: in this case the O yield is strongly

depressed as a consequence of mass loss. In fact, the stars with masses >

25 M⊙ and solar metallicity lose a large amount of matter rich in He and
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C, thus subtracting these elements to further processing which would lead

to O and heavier elements. So the net effect of mass loss is to increase the

production of He and C and to depress that of O. More recently, Meynet &

Maeder (2002, 2003, 2005) have computed a grid of models for stars with M

> 20 M⊙ including rotation and metallicity dependent mass loss. The effect

of metallicity dependent mass loss in decreasing the O production in massive

stars was confirmed, although they employed significantly lower mass loss

rates compared with Maeder (1992).

2.1.4 Gas flows

Various parametrizations have been suggested for gas flows and the most

common is an exponential law for the gas infall rate:

IR ∝ e−t/τ , (2.13)

with the timescale τ being a free parameter, whereas for the galactic

outflows the wind rate is generally assumed to be proportional to the SFR:

WR ∝ −λSFR, (2.14)

where λ is againg a free parameter. Both τ and λ should be fixed by

reproducing the majority of observational constraints.

2.1.5 Type Ia SN progenitors

Type Ia SNe originate from C-deflagration in C-O white dwarfs (WD) in

binary systems. The C-deflagration produces ∼ 0.6 - 0.7 M⊙ of Fe plus traces

of other elements from C to Si, as observed in the spectra of SNIa. Two main

evolutionary scenarios for the progenitors of SNIa have been proposed:

• Single Degenerate (SD) scenario: the classical scenario of Whelan and

Iben (1973), recently revised by Han & Podsiadlowsky (2004), namely

C-deflagration in a C-O WD reaching the Chandrasekhar mass MCh ∼

1.44 M⊙ after accreting material from a red giant companion. Kobayashi

et al. (1998) had proposed a similar scanario, based on the model of
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Hachisu et al. (1996), where the companion can be either a red giant or

a main sequence star. The clock to the explosion in this scenario is given

by the lifetime of the secondary star in the binary system, where the

WD is the primary (the originally more massive one). Therefore, the

largest mass for a secondary is 8 M⊙, which is the maximum mass for

the formation of a C-O WD. As a consequence, the minimum timescale

for the occurance of SNIa is ∼ 30 Myr (i.e. the lifetime of a 8 M⊙)

after the beginning of star formation. The minimum mass for the sec-

ondary is 0.8 M⊙, which is the star with lifetime equal to the age of

the Universe.

• Double Degenerate (DD) scenario: the merging of two C-O WDs, due

to the loss of angular momentum caused by gravitational wave radia-

tion, which explode by C-deflagration when MCh is reached. In this

scenario the two C-O WDs should be of ∼ 0.7 M⊙ in order to give rise

to a Chandrasekhar mass after they merge, therefore their progenitors

should be in the range 5-8 M⊙. The clock to the explosion here is given

by the lifetime of the secondary star plus the gravitational time delay

which depends on the original separation of the two WDs. The mini-

mum timescale for the appearance of the first SNIa in this scenario is

about one million year more than in the SD scenario (Greggio 2005).

Within any scenario the explosion can occur either when the C-O WD

reaches the Chandrasekhar mass and carbon deflagrates at the center or when

a massive enough helium layer is accumulated on top of the C-O WD.

A way of defining the typical SNIa timescale is to assume it as the time

when the maximum in the SNIa rate is reached (Matteucci & Recchi 2001).

This timescale varies according to the chosen progenitor model and to the

assumed star formation history, which varies from galaxy to galaxy. For the

solar vicinity, this timescale is at least 1 Gyr, if the SD scenario is assumed,

whereas for elliptical galaxies, where the stars formed much more quickly, this

timescale is only 0.5 Gyr (Matteucci & Greggio 1986; Matteucci & Recchi

2001).
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2.2 Detailed numerical models

Detailed models of galactic chemical evolution require consideration of the

stellar lifetimes, namely they should relax IRA. However, the majority of

them still retain the instantaneous mixing approximation (IMA).

The basic equations of chemical evolution follow the evolution of the

abundances of single chemical species and the gas as a whole. If σi is the

surface mass density of an element i, with σgas =
∑

i=1,n σi being the total

surface gas density and n the total number of chemical elements, we can

write:

σ̇i(t) = −ψ(t)Xi(t)

+
∫ MBm

ML

ψ(t− τm))Qmi(t− τm)ϕ(m)dm

+ A
∫ MBM

MBm

ϕ(m)

· [
∫ 0.5

γmin

f(γ)ψ(t− τm2)Qmi(t− τm2)dγ]dm

+B
∫ MBM

MBm

ψ(t− τm)Qmi(t− τm)ϕ(m)dm

+
∫ MU

MBM

ψ(t− τm)Qmi(t− τm)ϕ(m)dm

+XAi
A(t) −Xi(t)W (t), (2.15)

for any given chemical element. These equations can be solved only nu-

merically. The quantities Xi(t) are the abundances as defined in eq. (2.1).

The quantity Qmi contains all the information about stellar evolution and

nucleosynthesis.

The various integrals represent the rates at which the mass of a given

element is restored into the ISM by stars of different masses which can evolve

into WDs or supernovae (II, Ia, Ib). The integral representing the rate of

matter restoration by SNIa is the second one on the right hand side. The

quantity A is a constant: it is the fraction, in the IMF, of binary systems

with those specific features required to give rise to SNIa, whereas B = 1−A

is the fraction of all the single stars and binary systems in the same mass
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range of definition of the progenitors of SNIa (third integral).

The integral of the SNIa contribution is made over a range of mass going

from MBm = 3M⊙ to MBM = 16M⊙, which represents the total masses of bi-

nary systems able to produce SNIa in the framework of the single degenerate

scenario. There is also an integration over the mass distribution of binary sys-

tems; in particular, one considers the function f(γ) where γ = M2

M1+M2
, with

M1 and M2 being the primary and secondary mass of the binary system,

respectively (for more details see Matteucci & Greggio 1986 and Matteucci

2001). The third and fourth integrals represent the rates of Type II and

Type Ib/c SNe, respectively. Finally, the functions A(t) and W (t) are the

infall and wind rate, respectively.

For type Ia SNe, if a progenitor model made of a C-O white dwarf plus a

red giant (Whelan & Iben 1973) is assumed, the resulting rate is:

RSNIa = A
∫ MBM

MBm

ψ(MB)
∫ 0.5

µm

f(µ)ψ(t− τM2) dµ dMB. (2.16)

(Greggio & Renzini 1983; Matteucci & Greggio 1986), where MB is the

total mass of the binary system, MBm = 3M⊙ and MBM = 16M⊙ are the

minimum and maximum masses allowed for the adopted progenitor systems,

respectively. µ = M2/MB is the mass fraction of the secondary and µm is its

minimum value. The constant A represents the fraction of binary systems in

the IMF which are able to give rise to SNIa explosions.

In the following chapters we will present results obtained with a detailed

numerical model such as that just described and we will follow the evolution

of the abundances of H , He, C, N , O, Mg, Si and Fe.



Chapter 3

The cosmological simulation

A numerical simulation integrates the Vlasov-Poisson equations in order to

follow the non-linear evolution of density fluctuations. The capacity of an

N-body simulation to follow the gravitational clustering is limited by the

dynamical resolution, i.e. by the minimum scale of lenght and mass which

can be resolved. In a cosmological simulation, in which no attempt is made

to better simulate a particular region, the resolution is defined by the particle

number used in the simulation itself.

To avoid as much as possible the influence of collisionalities (Aarseth

1963) all N-body algorithm performing an evaluation of the force between

couples of particles needs to introduce a softening lenght ǫ. For scales lower

then ǫ the gravitational force becomes constant. The softening parameter,

however, implies a dissipation for small scales and, therefore, the energy is

not strictly conserved. It is very important to chose the better softening

parameter to have a good conservation of the energy and a minimum colli-

sionality.

Clasically there are four main types of N-body codes:

• Particle-Particle (PP). These codes calculate the gravitational force

acting on a particle considering the effect of all the other particles. In

this case the particle trajectories are calculated with high precision.

The computation time is tCPU ∝ N2.

• Tree-codes. In this case the data are organized following a tree struc-

27
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ture. The gravitational force is directly calculated only for particles

belonging to the same region, while every other particle interacts only

with the centre of mass of regions farther and larger. In this case

tCPU ∝ N logN .

• Particle-Mesh (PM). These codes uses Fourier transforms to calculate

the gravitational potential. Every particle interacts only with the mean

field calculated on the mesh. This technique is the one with less col-

lisionality problems and it is particularly adapt for a high number of

particles; no softening is needed since here we do not have 2-body in-

teractions.

• Particle-Particle, Particle-Mesh (P3M). This code combines the PP and

the PM. In this case the gravitational force is the sum of a term which

considers the mean field on the mesh plus a contribute due to direct

interaction with closed particles. This code represents a compromise

between the velocity of PM codes and the accuracy of PP codes.

In the last decade more algorithms have been introduced, which improve

or mix the technical characteristics of those summarized above. Among them,

the most important are the Tree + PM codes (making use of a PM algo-

rithm at large scales and of a tree code at intermediate/low ones) and AMR

(Adaptive Mesh Refinements) codes. The latter use a finer grid to improve

resolution where needed, for example in high density regions.

The main aim of this thesis is to study the formation and chemical evo-

lution of spiral galaxies in a cosmological context. Thus 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
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simulation started at redshift z = 20 and 28 outputs were produced. We

have chosen to use a quite large spread in the redshifts at the beginning,

while in the last part of the simulation, where a small change in the redshift

corresponds to a large change in time, the redshifts are closer. We checked

that the final mass function of DM halos and the power spectrum were in

agreement with theoretical expectations.

We identified DM halos at redshift z = 0 using a standard friend-of-friends

algorithm, with a linking length l = 0.17 mean (comoving) interparticle

distance. After that, we determined the virial mass and radius for each DM

halo, using the center of mass of the F-o-F group as the halo center. Here we

define the virial radius as the radius of the sphere within which the matter

density contrast is δ ≈ 100 times the critical density, with δ given by the

cosmological parameter as in Navarro & Steinmetz (2000).

We then built the mass accretion history of our halos. To achieve this

goal, we analysed our 28 outputs from redshift z = 9.0 to z = 0. We identified

all DM halos in each snapshot using the procedure described above, except

for the fact that we used the redshift-dependent density contrast given by

Bryan & Norman (1997) to define the virial radius as a function of z. At

any output zi+1, we found all the progenitors of our halos at redshift zi.

We defined a halo at redshift zi+1 to be a progenitor of one at zi if at least

50% of its particles belong to the candidate offspring (see e.g. Kauffmann

2001, Springel et al. 2001 for a discussion on this threshold). The mass

accretion history is defined as the mass of the main progenitor of the halo

as a function of redshift. Having the mass accretion histories, we were able

to identify the redshift of formation (defined as the epoch at which half of

the mass of the forming halos were accreted) and the redshift at which each

halo experienced its last major merger (defined as an increase of at least 25%

of its mass with respect to the mass of its main progenitor at the previous

redshift). 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;
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• 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.

In Table 3.1 we summarize the characteristics of the halos. Figure 3.1

represents our best cosmological halo (halo 48001) at four different redshifts

(z = 0.0, z = 0.5, z = 1.0 and z = 2.0).

Table 3.1: Characteristics of the chosen 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

We note that, given our simulated volume, the expected number of ha-

los 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 (see e.g. D’Onghia & Burkert 2004 and references therein for

a discussion on this point). In this thesis we want to focus on the chemi-

cal evolution of a MW-like galaxy in its cosmological context and, therefore,

we will not discuss issues connected with the angular momentum problem

which arises when performing a direct simulation of the formation of a disk-

like galaxy in a cosmological dark matter halo. Also, we could have obtained

a larger number of halos by relaxing the third of the above constraints, but

for the purpose of the present work it is more important to focus on the most

promising DM halos than on obtaining statistics. So, we simply used the

(few) best candidates as example halos.

Assuming that the baryonic matter follows the same accretion pattern

as the dark matter, and that it represents 19% (the cosmological baryon

fraction) of all the infalling matter, we obtained a final baryonic mass for the

Galaxy of 1.7·1011M⊙. This approach is similar to that followed by Robertson
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et al. (2005). In this way, we obtained the baryon infall law from the mass

accretion history of each halo. 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.

As a first approach, 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 den-

sity at any specific galactocentric distance (see next chapter). In chapter 5,

however, we try to derive infall laws having different functional form along

the disk in order to obtain an inside-out formation for the disk.

Here, we do not make any attempt to model the disk formation inside

the hierarchically growing DM halo, even if a cosmological simulation can

follow the inside-out formation of a galactic disk (producing however a too

high bulge/disk ratio, Scannapieco et al. 2008) This is undoubtedly an over-

simplification of the physics involved. On the other hand, the issue of disk

galaxy formation in hierarchical cosmologies is far from being solved. Any at-

tempt to model the formation of the disk should use a number of assumptions

which are currently under debate. As an example, the structure of the disk is

obviously driven by the gas cooling coupled with its angular momentum con-

tent. Semi-analytical galaxy formation models (SAMs) usually assume that

DM and gas share the same specific angular momentum. But this point is

very controversial (see e.g. D’Onghia & Burkert 2004, D’Onghia et al. 2006,

and references therein). Even direct self consistent numerical simulations are

not currently able to solve the problem, which may (Governato et al 2007) or

may not (Abadi et al 2003) be simply due to insufficient numerical resolution

and/or an insufficiently detailed treatment of supernova feedback. Lacking

a widely accepted model for the formation of the disk, we prefer to keep our

model as simple as possible and to verify whether the cosmological growth

of the halo is compatible with the observational constraints obtained using

available data on the chemical composition of stars and gas in the Milky

Way.
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Figure 3.1: This figure represents our best cosmological halo, i.e. halo 48001, at four

different redshifts (z = 2.0, z = 1.0, z = 0.5 and z = 0.0).



Chapter 4

Formation of the Milky Way in

a cosmological context for the

solar vicinity

In this chapter we study some cosmologically motivated infall laws to under-

stand if the ΛCDM cosmology can reproduce the main chemical character-

istics of a Milky Way-like spiral galaxy. We test several different gas infall

laws, starting from that suggested in the two-infall model of Chiappini et

al. (1997) for the chemical evolution of the Milky Way, but focusing on laws

derived from cosmological simulations which follows a concordance ΛCDM

cosmology. Moreover we also test some very simple infall laws, such as a

constant and a linear infall law. These laws, probably, are not realistic, but

they have the advantage to be simple and, therefore, they can be used to test

the chemical evolution model before to adopt the cosmological infall laws.

To begin, we first give some information about the two infall model of

Chiappini et al. (1997) and the nucleosynthesis prescriptions adopted.

4.1 The two infall model

Chiappini et al. (1997) were the first authors which proposed the existence of

two main infall episodes for the formation of the Galactic components. They

assumed that the first infall episode was responsible for the formation of the

33
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halo and thick-disk stars, while the second infall episode formed the thin-disk

component, with a longer timescale. The authors also included in the model

a threshold in the gas density below which the star formation process stops.

In the model by Chiappini et al. (1997) the Galactic disk is approx-

imated 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 main differences between the model by Chiappini

et al. (1997) and Matteucci & François (1989) are the rate of mass accre-

tion and the rate of star formation. Moreover, in the model by Chiappini

et al. (1997) the material accreted by the Galactic thin disk comes mainly

from extragalactic sources. These extragalactic sources could include, for in-

stance, the high velocity clouds, the Magellanic Stream or a major accretion

episode (see Beers & Sommer-Larsen 1995 and references therein). The two

models have in common the “inside-out” formation of the thin disk, in the

sense that both assume that the timescale for the disk formation increase

with galactocentric distance (see section 5). This choice was dictated by the

necessity of reproducing the abundance gradients along the Galactic disk.

The main equations regulating the model of Chiappini et al. (1997) are

the same as described in chapter 2 (see eq. 2.23), except for the fact that

they did not consider gas outflow.

The SFR adopted is a Schmidt (1955) law with a dependence on the

surface gas density (k = 1.5, see Kennicutt 1998) and also on the total

surface mass density (see Dopita & Ryder 1994). In particular, the SFR is

based on the law originally suggested by Talbot & Arnett (1975) and then

adopted by Chiosi(1980):

ψ(r, t) = ν

(

Σ(r, t)Σgas(r, t)

Σ(r⊙, t)2

)(k−1)

Σgas(r, t)
k, (4.1)

where the constant ν is the efficiency of the star formation process and is

expressed in Gyr−1: in particular, ν = 2Gyr−1 for the halo and 1Gyr−1 for

the disk (t ≥ 1Gyr). The total surface mass density is represented by Σ(r, t),

Σ(r⊙, t) is the total surface mass density at the solar position, assumed to be

r⊙ = 8 kpc (Reid 1993). The quantity Σgas(r, t) represents the surface gas

density and t represents the time. These choices of values for the parameters
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allow the model to fit the observational constraints very well, in particular

in the solar vicinity.

The IMF is that of Scalo (1986) normalized over a mass range of 0.1-100

M⊙, assumed to be constant in space and time.

4.2 Nucleosynthesis prescriptions

One of the most important ingredients for chemical evolution models is rep-

resented by the nucleosynthesis prescriptions and consequently by the stellar

yields.

The single stars in the mass range 0.8 M⊙ ≤ M ≤ 8 M⊙ (low and

intermediate-mass stars) contribute to the Galactic enrichment through plan-

etary nebula ejection and quiescent mass loss. They enrich the interstellar

medium mainly in He, C, N and heavy s-process elements (e.g. Cescutti et

al. 2006). We adopt the stellar yields for low and intermediate mass stars

of van den Hoek & Groenewegen (1997) computed as functions of stellar

metallicity, their case with variable mass loss (Chiappini et al. 2003).

These stars are also the progenitor of Type Ia supernovae (SNe), if they

are in binary systems that originate from carbon deflagration of C-O white

dwarfs. We adopt the single-degenerate progenitor scenario (Whelan & Iben,

1973; Han & Podsiadlowski 2004). Type Ia SNe contribute a substantial

amount of Fe (∼ 0.6 M⊙ per event) and Fe-peak elements as well as non

negligible quantities of Si and S. They also produce other elements, such as

O, C, Ne, Ca, Mg and Ni, but in very small amounts compared to Type

II SNe. We assume the stellar yields for Type Ia SNe from Iwamoto et al.

(1999).

Massive stars (8 M⊙ < M ≤ 100 M⊙) are the progenitor of core-

collapse SNe which can be either Type II SNe or Type Ib/c SNe. These

latter can arise from binary systems or Wolf-Rayet stars whereas Type II

SNe originate from the massive stars in the lower mass range. Type II SNe

mainly produce the so called α-elements, such as O, Mg, Ne, Ca, S and Si

and T i, but also some Fe and Fe-peak elements although in smaller amounts

than Type Ia SNe. We adopt the stellar yields for massive stars by Woosley

& Weaver (1995) with the suggested modifications of François et al. (2004).



36 CHAPTER 4. THE MW IN THE SOLAR VICINITY

However, the most important modifications concern some Fe-peak elements,

except Fe itself, whereas for the α-elements, with the exception of Mg which

has been increased relative to the original yields, the yields are substantially

unmodified. The modifications of the yields in François et al. (2004) were

required to fit at best and at the same time the [element/Fe] versus [Fe/H ]

patterns and the solar absolute abundances. We keep the same prescriptions

here.

In this thesis we adopt the solar abundances by Asplund et al. (2005).

4.3 The infall laws

In testing the accretion laws, we started by adopting the two-infall law model,

as suggested by Chiappini et al. (1997). This law presents two distinct

peaks. During the first peak the halo and thick disk formed whereas during

the second peak the thin disk was assembled. The two accretion events are

considered to be independent from each other and only a very small fraction

of the gas lost from the halo was assumed to have fallen onto the disk. The

infall law that we indicate as A(r, t) is expressed as:

A(r, t) = a(r)e−t/τH (r) + b(r)e−(t−tmax)/τD(r) [M⊙ pc−2 Gyr−1], (4.2)

where a(r) and b(r) are two parameters fixed by reproducing the total

present time surface mass density along the Galactic disk. In particular, in

the solar vicinity the total surface mass density Σtot = 51 ± 6M⊙ pc−2 (see

Boissier & Prantzos 1999). tmax = 1.0 Gyr is the time for the maximum infall

on the thin disk, τH = 2.0 Gyr is the time scale for the formation of the halo

thick-disk and τ(r) is the timescale for the formation of the thin disk and

is a function of the galactocentric distance (inside-out formation, Matteucci

and François 1989; Chiappini et al. 2001). In particular, it is assumed that:

τD = 1.033r(kpc) − 1.267 [Gyr]. (4.3)

Besides this infall law, we tested other possible laws, such as a time

constant infall rate. In particular:



4.3. THE INFALL LAWS 37

A(r, t) = 3.80 [M⊙ pc
−2 Gyr−1]. (4.4)

This law is probably not realistic although Naab & Ostriker (2006) con-

cluded that an almost constant infall law over the disk lifetime was to be

preferred. Here we adopted it mainly for the purpose of comparison with

more realistic laws. We adopted that particular value of the infall rate in or-

der to reproduce the current infall rate (see Table 4.2), as well as the current

total surface mass density.

The third infall law we tested is a linear infall law, given by:

A(r, t) = 6.57 − 0.4 · t [M⊙ pc
−2 Gyr−1]. (4.5)

Again, we used this particular expression in order to reproduce the current

Σtot and infall rate.

The fourth adopted infall law is the same as that of Chiappini et al. (1997)

but with pre-enriched infalling gas. The metallicity of the infalling gas which

forms the disk was assumed to be 10 times lower than the present time

interstellar medium (ISM) metallicity while the infalling gas which forms the

halo is still primordial. The assumed chemical composition of the infalling

gas does not assume solar abundance ratios but reflects the composition of

the halo-thick disk.

Then, we tested the infall laws derived from the cosmological simulations

performed with GADGET2 (Springel 2005), as described before. In par-

ticular, 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], (4.6)

where 0.19 is the cosmological baryonic fraction and a(r) is a normaliza-

tion constant fixed to reproduce the current total surface mass density along

the disk, in analogy with eq. (4.2). 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. In Figure 4.1 we show the values of a(r) versus the galactocentric

distance.
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Figure 4.1: a(r) vs radius. This normalization constant is fixed to reproduce the present

time total surface mass density along the disk (see eq. 4.6).

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). In Table 4.1 we show the model parameters. The different models

are identified mainly by their infall histories.

Our infall laws for the solar region (8 kpc from the Galactic center) are
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Table 4.1: Models parameters. In the first column is the number of the

model, in the second one the adopted infall law, in the third the time scale for

the halo, in the fourth that for the disk and in the fifth the type of infalling

gas. All the models adopt a threshold gas density for star formation in the disk

of 7M⊙pc−2 and have the same nucleosynthesis prescriptions. The model by

Naab & Ostriker (2006) is the only one that has a threshold also during the

formation of the halo. Note that our best cosmological model is Model 5.

Model Infall law τ halo τ disk Gas t = 0

[M⊙pc−2Gyr−1] [Gyr] [Gyr]

1 Two-infall law 0.8 7 Primordial

2 3.80 - - Primordial

3 6.57 − 0.40 · T - - Primordial

4 Two-infall law 0.8 7 Enriched (1/10 Ztoday)

5 Group 48001 - - Primordial

6 Group 52888 - - Primordial

7 Group 56009 - - Primordial

8 Group 6460 - - Primordial

9 Mean - - Primordial

10 Naab & Ostriker - - Primordial

shown in Figure 4.2. The infall law derived for the best halo selected as

representative of the Milky Way halo is very similar to the two-infall law by

Chiappini et al. (1997).

We selected our best halo by choosing the one which has a very high

redshift of the last major merger. This is to ensure the correct spin parameter

for a Milky Way-like galaxy. The assembly history of this particular halo

presents two distinct accretion peaks which produce an infall law very similar

to the two-infall model by Chiappini et al. (1997). The only difference to

the two-infall model is that in this case the two peaks are placed at a lower

redshifts. After the two main peaks there are other smaller peaks. All models

predict a current infall rate which is in good agreement with the observed

one, as quoted by Naab & Ostriker (2006). Thus, according to the infall

laws derived from cosmological simulations, the Galaxy had some large infall

episodes at high redshift, followed by smaller ones.

In Fig. 4.3 we present the total surface mass density Σtot, expressed as
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M⊙pc
−2, as a function of time for all the models. Once again Models 1 and 4

(two-infall model with primordial and enriched infall, respectively) have the

same Σtot. The linear model predicts the largest final amount of matter, equal

to 51.88 M⊙ pc
−2. The constant model has a linear growth (in this case Σtot

is the integral of a constant infall law) and produces 49.98 M⊙ pc−2. Model

10, i.e. the model of Naab & Ostriker (2006), is the only one that starts to

increase the amount of matter very slowly (in the solar neighbourhood). After

5 Gyr from the Big Bang it only reached 6.00 M⊙ pc−2. The cosmological

models produce results that are quite similar to the two-infall model. At the

beginning their growth is slower but after ∼ 3 - 3.5 Gyr their Σtot increases

with a steeper slope, due to the peaks in the infall law.

The basic equations to follow the chemical evolution of our models can

be seen in chapter 2.

4.4 Results for the solar neighborhood

We now present the chemical evolution obtained results. They are shown

in Tables 4.2, 4.3 and 4.4. In Table 4.2 we show the predicted current star

formation rates, the current infall and the current SNIa and SNII rates,

compared with the corresponding observational values. In Table 4.3 we show

the total amount of gas and the number of stars, the Σgas/Σtot and the total

surface mass density in a ring of 2 kpc centered at the Sun’s galactocentric

distance (8 kpc). Table 4.4 presents the predicted solar absolute abundances

by mass for Fe, C, Mg, N , O and Si, namely the abundances in the ISM at

the time of birth of the solar system 4.5 Gyr ago, compared with the observed

ones by Asplund et al. (2005).

Figure 4.4 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. This gap is due to the adoption of a threshold in the surface

gas density below which star formation does not occur. In all models we

have adopted a threshold equal to 7.0 M⊙ pc−2 during the formation of the

thin disk. Model 10, instead, adopting the infall law suggested by Naab &

Ostriker (2006), has a star formation threshold equal to 7.0 M⊙ pc−2 both

for the halo and the disk.
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Table 4.2: Current values for all the models and observed values as reported in Boissier

& Prantzos (1999) and Chiappini et al. (2001).

Model SFR Infall SNII rate SNIa rate

[M⊙pc−2Gyr−1] [M⊙pc−2Gyr−1] [pc−2Gyr−1] [pc−2Gyr−1]

1 2.66 1.100 0.00900 0.00330

2 4.55 3.800 0.01928 0.00411

3 2.81 1.320 0.01194 0.00391

4 2.66 1.100 0.00900 0.00332

5 2.65 0.528 0.00584 0.00366

6 2.69 2.273 0.01140 0.00347

7 2.65 0.126 0.00229 0.00366

8 4.01 0.998 0.01712 0.00412

9 2.69 0.979 0.01147 0.00381

10 4.72 3.406 0.02002 0.00397

Boissier & Prantzos (1999) 2-5 1.0-3.3 0.02 0.0042 ± 0.0016

Chiappini et al. (2001) 2.6 1.0 0.008 0.004

From Figure 4.4 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 (Model 5)

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. This peak is directly

related to the trend of the infall law. 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 behavior.

In Figure 4.5 we present the SNIa rates for all the models. The cosmolog-

ical 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 .

We do not show the rates of SNe II since their behavior is like that of the

SFR. Type II SNe are produced by massive stars that live only a few million

years. For this reason, the behavior of the SNII rate is equivalent to that of

the SFR.
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Table 4.3: Current values for all the models and observed values as reported in Boissier

& Prantzos (1999) and Chiappini et al. (2001)

Model Gas Stars
Σgas

Σtot
Σtot

[M⊙pc−2] [M⊙pc−2] [M⊙pc−2]

1 7.00 35.24 0.1444 48.46

2 10.11 35.09 0.2024 49.98

3 7.42 38.66 0.1431 51.88

4 7.00 35.24 0.1444 48.46

5 6.99 36.13 0.1439 48.55

6 7.06 35.60 0.1455 48.53

7 7.00 36.69 0.1442 48.56

8 9.21 34.75 0.2056 48.55

9 7.06 36.32 0.1455 48.55

10 10.29 34.29 0.2099 49.04

Boissier & Prantzos (1999) 13 ± 3 35 ± 5 0.15 - 0.25 51 ± 6

Chiappini et al. (2001) 7.0 36.3 0.13 53.85

In Figure 4.6 we present the predicted [Fe/H ] as a function of time for all

models. The model with a constant infall law (Model 2) 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) (our Model 1) [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 behavior 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, which is less than 1 Gyr. 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.

A very important constraint for the chemical evolution of the galaxies

is represented by the G-dwarf metallicity distribution. This is the relative
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Table 4.4: Predicted and observed solar abundances by mass (after 8.64 Gyr from the

Big Bang)

Model Fe C Mg N O Si

1 0.162E-02 0.156E-02 0.774E-03 0.121E-02 0.592E-02 0.980E-03

2 0.987E-03 0.119E-02 0.585E-03 0.932E-03 0.461E-02 0.665E-03

3 0.149E-02 0.135E-02 0.778E-03 0.105E-02 0.602E-02 0.940E-03

4 0.111E-02 0.157E-02 0.691E-03 0.121E-02 0.547E-02 0.771E-03

5 0.169E-02 0.199E-02 0.797E-03 0.142E-02 0.608E-02 0.102E-02

6 0.917E-03 0.140E-02 0.604E-03 0.105E-02 0.483E-02 0.653E-03

7 0.107E-02 0.168E-02 0.701E-03 0.124E-02 0.559E-02 0.761E-03

8 0.126E-02 0.212E-02 0.796E-03 0.144E-02 0.635E-02 0.879E-03

9 0.111E-02 0.173E-02 0.716E-03 0.127E-02 0.570E-02 0.783E-03

10 0.531E-03 0.102E-02 0.439E-03 0.784E-03 0.362E-02 0.432E-03

Asplund & al. (2005) 0.116E-02 0.217E-02 0.601E-03 0.623E-03 0.540E-02 0.669E-03

number of G-dwarf stars as a function of [Fe/H ]. We have used the data from

Rocha-Pinto & Maciel (1996), Kotoneva (2002), Jorgensen (2000) and Wyse

(1995). Our predicted metallicity distributions are shown in Figure 4.7. 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,

i.e. Model 5, shows a bimodal metallicity distribution, which is clearly at

odds with the data. It is interesting to see that Model 9 gives a very good

fit of the G-dwarf metallicity distribution.

The last constraint we study concerns the chemical abundances of several

elements, such as O, Mg, Si, N and C. As it can be seen, abundance ratios

at low metallicities depend essentially only on the stellar yields and so it is

not surprising that the different models predict very similar results.

In Figure 4.8 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 4.9 we show the same plots but for the whole range

of [Fe/H ] down to −4.0 dex.

In Figure 4.8 one can see that cosmological models have a similar behavior

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
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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 9 predicts a discontinuity in the [O/Fe] vs.

[Fe/H ] diagram, which happens at too low [Fe/H ]. Observations of Feltzing

and collaborators predict a discontinuity around [Fe/H ] = -0.5 which is well

reproduced by the C97 model. 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.

Figures 4.10 and 4.11 present the [Mg/Fe] and the [Si/Fe] as a function

of [Fe/H ]. The data in Figures 4.8, 4.9, 4.10 and 4.11 are from Cayrel et al.

(2004) for the very metal poor stars and from the compilation of François et

al. (2004) for all the others. Once again all the considerations made above

for [O/Fe] are valid for these other α-elements.

Two other important elements are C and N . It is important to underline

that the results for C and N are much more uncertain than for the other

elements discussed before since in this case the yields are extremely stellar

model dependent. Figures 4.12 and 4.13 show the behavior of [C/Fe] and

[N/Fe] as a function of [Fe/H ]. The data in Figure 4.12 are from Spite

et al. (2005) (magenta points), Carbon et al. (1987) (red points), Clegg,

Lambert & Tomkin (1981) (cyan points), Laird (1985) (black points) and

Tomkin et al. (1995) (green points). Figure 4.13 presents the data from

Spite et al. (2005) (magenta points), Israelian et al. (2004) (blue points),

Carbon et al. (1987) (red points), Clegg, Lambert & Tomkin (1981) (cyan

points) and Laird (1985) (black points). From Figure 4.12 it can be seen

once again that the cosmological models are very similar to the model by

Chiappini et al. (1997). The predicted curves are different only for values

of [Fe/H ] higher than −1.5 dex. The same holds for the [N/Fe]. In both

cases, cosmological models have a particular behavior at high metallicities.

This behavior is common to all the elements analysed and is due to the gap

in the SFR at about 1 Gyr, as discussed before. In the cosmological models
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this effect is larger because of the longer duration of the gap. However in the

case of [C/Fe] and [N/Fe] we cannot draw any firm conclusion because of

the large spread in the data.

Figures 4.14, 4.15 and 4.16 present the results obtained by using a differ-

ent infall law, derived from the cosmological simulation but selecting different

parameters. In this case we selected a halo which is not expected to produce

a spiral galaxy, so we looked for a spin parameter lower than 0.04, a redshift

of the last major merger lower than 2.5 and a redshift of formation lower

than 1.0. Such a halo is perhaps more appropriate for an elliptical or S0

galaxy. We found a halo with the following characteristics:

• mass = 2.15 · 1012M⊙

• λ = 0.029

• redshift of major merger = 0.50

• redshift of formation = 0.75 - 0.63.

Figure 4.14, 4.15 and 4.16 compare the results from this halo with Model

1 (two-infall law) and Model 5 (our best cosmological choice). The infall law

is very different. In particular, it has a major peak at a redshift of about

0.3. This produces a peak at the same redshift in the star formation rate

and, of course, in the SNII rate. Moreover, there is a strong depression in the

[Fe/H ] ratio between 1.8 and 3 Gyr from the beginning of the simulation,

difficult to reconcile with observations.

In Figures 4.15 and 4.16 we show the results for the [O/Fe] and for

the G-dwarf metallicity distribution. The main difference between this halo

and Models 1 and 5 is that the loop placed at [Fe/H ] ∼ −1.0 is longer

and predicts low values of [O/Fe] at low [Fe/H ], which is not observed in

Galactic stars. As far as the G-dwarf metallicity distribution is concerned,

the halo forms too many stars with low metallicity as a consequence of the

deep depression in the [Fe/H ] ratio (see the plot on the bottom right part

of Figure 4.14), again not in agreement with the data, and resembles an

early-type galaxy. This example confirms the importance of the cosmological

assembly history of the DM halo in determining not only the morphological

parameters of the galaxy it hosts, but also its chemical properties.
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Figure 4.2: Infall vs time. 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. In the bottom left panel the black

solid arrow represents the redshift of last major merger for Model 5, the magenta dotted

arrow the redshift of last major merger for Model 6, the black solid interval the redshift

of formation for Model 5 and the magenta dotted interval the redshift of formation for

Model 6. In the bottom right panel the blue solid arrow represents the redshift of last

major merger for Model 7, the cyan dotted arrow the redshift of last major merger for

Model 8, the blue solid interval the redshift of formation for Model 7 and the cyan dotted

interval the redshift of formation for Model 8.
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Figure 4.3: Σtot vs time. 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.
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Figure 4.4: SFR vs time. 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.



4.4. RESULTS FOR THE SOLAR NEIGHBORHOOD 49

0

0.001

0.002

0.003

0.004

0.005

Redshift Redshift

0 5 10
0

0.001

0.002

0.003

0.004

0.005

Time [Gyr]

0 5 10

Time [Gyr]

Figure 4.5: SNIa rate vs time. 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.
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Figure 4.6: [Fe/H ] vs time. 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.
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Figure 4.7: G-dwarf metallicity distribution. 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.
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Figure 4.8: [O/Fe] vs [Fe/H ]. 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 data are from François et al.

(2004) (green crosses).
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Figure 4.9: [O/Fe] vs [Fe/H ]. 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 data are from: Cayrel et al.

(2004) (red triangles) and François et al. (2004) (green crosses).
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Figure 4.10: [Mg/Fe] vs [Fe/H ]. 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 data are from: Cayrel et al.

(2004) (red triangles) and François et al. (2004).
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Figure 4.11: [Si/Fe] vs [Fe/H ]. 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 data are from: Cayrel et al.

(2004) (red triangles) and François et al. (2004).
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Figure 4.12: [C/Fe] vs [Fe/H ]. 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 data are from: Spite

et al. (2005) (magenta stars with three arms), Carbon et al. (1987) (red crosses), Clegg,

Lambert & Tomkin (1981) (cyan circles), Laird (1985) (black stars with five arms) and

Tomkin et al. (1995) (green triangles).
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Figure 4.13: [N/Fe] vs [Fe/H ]. 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 data are from: Spite et al.

(2005) (magenta stars with three arms), Israelian et al. (2004) (blue crosses), Carbon et

al. (1987) (red circles), Clegg, Lambert & Tomkin (1981) (cyan stars with five arms) and

Laird (1985) (black triangles).
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Figure 4.14: The infall law (upper left panel), the star formation rate (upper right panel),

the SNIa rate (bottom left panel) and the [Fe/H ] (bottom right panel) as a function of

time for the two-infall model (Model 1, red solid line), for Model 5 (black dashed line) and

for the halo 20912 (blue dotted line).
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Figure 4.15: This plot represents the [O/Fe] as a function of [Fe/H ]. The red solid line

represents the two-infall model (Model 1), the black dashed line represents Model 5 and

the blue dashed line the halo 20912.
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Figure 4.16: G-dwarf metallicity distribution for the two-infall model (red solid line),

Model 5 (black dashed line) and for the halo 20912 (blue dashed line).



Chapter 5

Formation of the Milky Way

disk in a cosmological context

In the previous chapter we have concentrated on results produced for the

solar neighbourhood. Now we extend our results to the whole Galactic disk,

in order to understand if our best cosmological model can well reproduce all

the observables.

In Fig. 5.1 we show the infall law derived for Model 5 (our best halo, see

chapter 4) for three galactocentric distances (4, 8 and 14 kpc). The derived

infall laws have the same functional form for the whole Milky Way, but the

normalization constant (see section 4.3) is different for different Galactic

regions. In this case no assumptions are used about the timescales of disk

formation at any radius.

In Figure 5.2 we show the O abundance gradient as predicted by Model 1

and Model 5 (see chapter 4), compared with a compilation of data including

Cepheids (see Cescutti et al. 2007). As one can see, 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, as described

by eq. (4.3), 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

61
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Figure 5.1: The infall law of our best cosmological halo, i.e. halo 48001, at three different

radii (4 kpc: blue dotted line; 8 kpc: red solid line; 14 kpc: green dashed line).

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.

In this chapter we study the abundance gradients along the Galactic disk

and their dependence upon four variables in order to understand if it is

possible to well reproduce all the observed values. The considered variable
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Figure 5.2: Predicted and observed O abundance gradients in the galactocentric distance

range 4 - 14 kpc. The continuous line is the prediction of the two-infall model, the dashed

line is the prediction of Model 5. The data points are from Cepheids. The large squares

with error bars represent averages of the points with their errors (see Cescutti et al. 2007

and reference therein).

are: a threshold in the surface gas density regulating star formation, the

star formation efficiency, the timescale for the formation of the thin disk and

the total surface mass density of the stellar halo. Chiappini et al. (2001)

explored the effect of the same parameters on the abundance gradients.
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We compare our model predictions to observational data relative to abun-

dance gradients along the disk. Andrievsky et al. (2002a-c, 2004) and Luck

et al. (2003) measured the abundances of all the selected elements (O, N

and Fe) in a sample of 130 Galactic Cepheids found in the galactocentric

distance range from 5 to 17 kpc. These variable stars have a distinct role in

the determination of radial abundance gradients for several reasons. First,

they are usually bright enough that they can be observed at large distances,

providing accurate abundances; second, their distances are generally well de-

termined, as these objects are often used as distance calibrators; third, their

ages are also well determined. They generally have ages close to a few hun-

dred million years. So we can assume that they are representative of the

present day gradients.

We also compare our results with the observational data collected by

Simpson et al. (1995), Afflerbach et al. (1997) and Gummersbach et al.

(1998) for the N gradient from HII regions and with those collected by

Chen, Hou & Wang (2003), Twarog et al. (1997) and Carraro et al. (1998)

for the Fe gradient from open clusters. We also compare our model results

with the star formation rate and the surface gas density as functions of the

galactocentric distance by adopting the data collected by Rana (1991). He

took the average HI distribution from Blitz et al. (1983), Gordon & Burton

(1976) and Garwood & Dickey 1989 and two distinct H2 distributions: one

from Bronfman (1986) and the other from Robinson et al. (1988), Wouter-

loot et al. (1990) and Digel et al. (1990). Moreover he took the radial

dependences of the present surface density of the star formation rate from

Rana & Wilkinson (1986).

The considered variables to test our models are:

• Threshold. In the original model by Chiappini et al. (1997) the

threshold in the surface gas density was equal to 4 M⊙ pc
−2 during the

formation of the halo and to 7 M⊙ pc−2 during the formation of the

thin disk. When the surface gas density was lower than these values

the SFR stopped. Here we switch off the threshold in all the models.

• SF efficiency (ν). In Chiappini et al. (1997) and in chapter 4 the

star formation efficiency was assumed to be constant along the disk.
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Here we use, for some models, a SF efficiency which is a function of

radius. This approach is already known (see Boissier & Prantzos 1999)

and such a dependence has been proposed on the basis of large-scale

instabilities in rotating discs. Even in Carigi (1996) the author used a

model in which the star formation efficiency was variable with radius

(ν(r) ∝ r−1, as already seen in Prantzos & Aubert 1995). We adopt

several ad hoc variations of the parameter ν as a function of radius plus

the law adopted in Boissier & Prantzos (1999). All the adopted laws

are shown in Table 1.

• Timescale for the formation of the disk (τ). In Chiappini et al.

(1997) the Galactic disk forms inside-out. This means that the inner

parts of the galactic disk formed first than the outer ones. This type

of formation was introduced to explain the Galactic gradients. Even in

Carigi (1996) the author used a model in which the infall timescale for

the disk was variable with radius. In chapter 4, instead, we do not use

an inside-out scenario since the cosmologically derived infall law does

not contain such process. So in this case the parameter τ cannot be

changed.

In some of the models we use a constant timescale while in others we

use the prescription used in Chiappini et al. (1997), namely:

τ = 1.03 r − 1.27 [Gyr], (5.1)

where r is the galactocentric radius in kpc. Other authors have also

studied an inside-out formation of the disk by assuming a linear depen-

dence of τ on r (e.g. Matteucci & François 1989, Carigi 1996, Boissier

& Prantzos 1999).

• Surface halo mass density (Σhalo). In Chiappini et al. (1997) the

projected halo mass density was a constant parameter. Here we use

both a halo density which is a function of radius and a constant one,

as in Chiappini et al. (2001). In particular, it follows this equation:

Σhalo =
136

r
[M⊙ pc

−2], (5.2)
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where r is the radius in kpc. The value of 136 is adopted in order

to have a surface halo mass density equal to 17 M⊙ pc−2 at the solar

neighbourhood. The halo density is important in determining the slope

of the gradient at large galactocentric distances, where the disk density

is very low (see Chiappini et al. 2001).

In Table 5.1 we present the models and all the parameters which char-

acterize them. The second column indicates the presence or the absence of

a threshold, the third column the type of variation of the SF efficiency (the

values of ν for Model 3 are for 2.5, 7.5 and 12.5 kpc), the fourth shows if the

galaxy forms inside-out or not and the fifth if the halo density is constant or

if it is a function of radius. In the sixth column we show the type of infall

law used and in the seventh column the SFR.

Table 5.1: Models parameters. The second column indicates the presence or the absence

of a threshold, the third column the type of SF efficiency, the fourth if the galaxy forms

inside-out and the fifth if the halo density is constant or if it is a function of radius. In

the sixth column we show the type of infall law used and in the seventh column the SFR.

The values of ν for Model 3 are for 2.5, 7.5 and 12.5 kpc.

Model Threshold ν (4 - 6 - 8 - 10 - 12 - 14 kpc) τ Σhalo Infall law SFR

C08 yes const / / cosmological eq. (1)

C97 yes const 1.03 · R - 1.27 const two-infall law eq. (1)

1 no const / / cosmological eq. (1)

2 no 8.0 - 4.0 - 1.0 - 0.5 - 0.2 - 0.05 / / cosmological eq. (1)

3 no 4.0 - 1.0 - 0.1 / / cosmological with inside-out eq. (1)

4 no const const const two-infall law eq. (1)

5 no const 1.03 · R - 1.27 const two-infall law eq. (1)

6 no 9.0 - 3.0 - 1.0 - 0.3 - 0.1 - 0.03 1.03 · R - 1.27 ∝ 1/R two-infall law eq. (1)

7 no 0.1 · 8/R const / one-infall law eq. (2)

Model C08 is our best cosmological model (see chapter 4, Model 5). It

has the threshold only during the formation of the disk and a constant star

formation efficiency ν.

Model C97 is the original model of Chiappini et al. (1997). It has a

threshold, both during the formation of the halo and thick-disk component

and during the formation of the thin disk. It has a star formation efficiency

constant along radius and equal to ν = 1.0 Gyr−1, an inside-out prescription

and a constant surface halo density along radius.
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5.1 Models C08, C97, 1 and 2

In Figures 5.3 and 5.4 the results for Model C97, compared with those pre-

dicted by Model C08 and with observations, can be seen. Figure 5.3, upper

panel, presents the SFR normalized at the solar neighbourhood value. The

data are from Rana (1991) (green dotted line) while the red dashed line rep-

resents Model C08. The black solid line represents Model C97. It can be

seen that both Model C97 and Model C08 have no SF in the outer part of the

disk, both having a threshold in the surface gas density below which the SF

stops. The bottom panel of Figure 5.3 shows the current surface gas density

along the radius. The data are, once again, from Rana (1991). In this case

Model C97 and Model C08 produce very similar results. Moreover both the

models reproduce very well the lower values of Rana (1991).

Figure 5.4 shows the evolution of [O/H ], [N/H ] and [Fe/H ] along the

radius for Models C97 and C08. The model results are normalized to the

Asplund et al. (2005) solar abundances in all the models. The data are

from a compilation by Cescutti et al. (2007) (blue dots, Cepheids stars),

from Gummersbach et al. (1998) (red squares, B stars), from Simpson et al.

(1995) and Afflerbach et al. (1997) (green triangles, HII regions) and from

Chen, Hou & Wang (2003), Carraro et al. (1998) and Twarog et al. (1997)

(cyan crosses, open clusters). The black squares are the mean values inside

each bin only for the compilation by Cescutti et al. (2007) and the error

bars are the standard deviations. It can be seen that Model C97 reproduces

quite well the data, even in the inner part of the disk, since the slope is more

pronounced than that of Model C08. As already said, Model C08 is too flat

in the inner part of the disk. For this reason we test several parameters in

order to better reproduce the inner abundance gradients. In the outer parts

of the galactic disk the slope of Model C08 is more pronunced than that of

Model C97.

Figures 5.5 and 5.6 show the results for Model 1, compared with those

predicted by Model C08 and with observations. Model 1 is equal to Model

C08, except for the lack of the threshold. We can see that Model 1 reproduces

very well the SFR/SFR⊙, much better than Model C08. However, Model

1 can not reproduce the surface gas density in the outer parts of the disk,
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Figure 5.3: SFR/SFR⊙ and surface gas density vs radius for Model C97 (black solid

line) and for Model C08 (red dashed line). The data are from Rana (1991) (green dotted

lines, representing the lower and the maximum values for the gas).

since the obtained values are too low respect to the observed values.

Figure 5.6 shows the abundance gradients for Model 1, compared with

the results of Model C08. The data are the same of Figure 5.4. In this

case the lack of a threshold in the surface gas density makes the abundances

gradients completely flat. Therefore, simply removing the threshold from
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Figure 5.4: [O/H ], [N/H ] and [Fe/H ] vs radius for Model C97 (black solid line) and

for Model C08 (red dashed line). The data are from a compilation by Cescutti et al.

(2007) (blue dots, Cepheids), from Gummersbach et al. (1998) (red squares, B stars),

from Simpson et al. (1995) and Afflerbach et al. (1997) (green triangles, HII regions) and

from Chen, Hou & Wang (2003), Carraro et al. (1998) and Twarog et al. (1997) (cyan

crosses, open clusters). The black squares are the mean values inside each bin only for the

compilation by Cescutti et al. (2007) and the error bars are the standard deviations.

Model C08, it is not possible to reproduce the chemical abundances along

the galactic disk, neither in the inner parts nor in the outers. So in the next
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Figure 5.5: SFR/SFR⊙ and surface gas density vs radius for Model 1 (black solid line)

and for Model C08 (red dashed line). The data are the same of Figure 5.3.

model (Model 2) we also use a variable star formation efficiency along radius.

In Figures 5.7 and 5.8 the results obtained for Model 2, compared with

those predicted by Model C08 and with observations, can be seen. Model 2

has the same infall law of Model C08 but in this case there is no threshold

during the formation of the galactic disk. Moreover, in Model 2 we use a star

formation efficiency which is a function of radius.
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Figure 5.6: [O/H ], [N/H ] and [Fe/H ] vs radius for Model 1 (black solid line) and for

Model C08 (red dashed line). The data are the same of Figure 5.4.

In Figure 5.7, upper panel, it can be seen that Model 2 is in better

agreement with the data then Model C08, especially in the outer part of the

disk. Model C08 has a SFR/SFR⊙ equal to zero in the outer parts of the

disk, and it is due to the presence of the threshold. From the bottom panel

of Figure 5.7 we can see that Model C08 is in quite good agreement with the

data, whereas Model 2 predicts a surface gas density at variance with the



72 CHAPTER 5. FORMATION OF THE MW DISK

observations: it predicts a too low SF in the inner disk because of the high

SF efficiency.
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Figure 5.7: SFR/SFR⊙ and surface gas density vs radius for Model 2 (black solid line)

and for Model C08 (red dashed line). The data are the same of Figure 5.3.

Figure 5.8 shows the evolution of [O/H ], [N/H ] and [Fe/H ] along the

radius for Models 2 and C08. Using no threshold and a star formation ef-

ficiency variable with radius again we cannot reproduce, as we hoped, the

gradients in the inner parts of the disk. We can only increase the slope of the
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gradients, relative to Model C08 in the outer parts. However it is still not

sure from the observational point of view if the gradients are flatter towards

the inner parts or not.
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Figure 5.8: [O/H ], [N/H ] and [Fe/H ] vs radius for Model 2 (black solid line) and for

Model C08 (red dashed line). The data are the same of Figure 5.4.

Since it is not possible to well reproduce at the same time the surface

gas density and the abundance gradients along the galactic disk using the

cosmologically derived infall law by C08 without the threshold or without
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the threshold and adopting a SF efficiency variable along radius, we now try

a new approach. As we said, model C08 assumed that the derived infall

laws have the same functional form for the whole Milky Way, but that the

normalization constant is different for different Galactic regions.

5.2 The cosmological infall law with inside-

out

We then tried to derive infall laws having different functional form along

the disk. To do this we divided the galactic disk in three zones. The first

includes the central 5 kpc of the disk, the second is a radial shell starting at

5 kpc and ending at 10 kpc whereas the third shell has inner and outer radii

of 10 and 15 kpc. Having the coordinates of each DM particle of the main

progenitor at every redshift, we calculated the total mass included in every

shell, deriving three different cosmological infall laws for the three zones.

It is well-known (Helmi et al. 2003 and references therein) that the build-

up of a Galaxy-sized DM halo proceeds in an inside-out fashion, with the

mass of the inner part of the halo being in place at high redshift, while its

outer part still accretes mass up to low redshift. We wanted to determine

if a cosmological, standard resolution simulation can still capture such a

behaviour. This in order to verify if it is possible to use such a simulation

to build a cosmological inside-out barionic accretion law, without resorting

to high-resolution resimulation of single halos with DM only or with more

comples physics. It is also known that re-simulation of single halos, with gas

physics, a star formation prescription and some effective form of SN energy

feedback can reproduce an inside-out formation of disk galaxies (Governato

et al. 2007, Abadi et al. 2003a,b). Such numerical simulations are however

computationally very expensive and the properties of the simulated galaxy

somehow depend on the sub-grid prescription for the various astrophysical

processes. Our aim is to see whether we can obtain similar results using a

much simpler numerical approach.

Then we tested these laws in the chemical evolution model, using no

threshold and a star formation efficiency which changes with radius. In
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Figures 5.9 and 5.10 the results can be seen.

Figure 5.9 shows that Model 3 reproduces very well the observed SFR,

especially between 9 and 12.5 kpc. The slope of the curve of observable

data is very similar to that of Model 3. Only at 2.5 kpc the predicted SFR

is slightly larger than the observed. However the improvement respect to

model C08 is clear and it is mainly due to the lack of a threshold in the

superficial gas density. In the bottom panel it can be seen that Model 3 has

a too low Σgas respect to the observable data and model C08. However it is

interesting to note that the behavior of the curve is quite similar to that of the

observable data since the increasing of the superficial gas density observed

by Rana (1991) in the outer part of the disk is also predicted by Model 3.

Moreover the value at 2.5 kpc is equal to that given by the observable data.

However at this distance the Galaxy shows a complex mix of bar, bulge and

molecular ring and so we do not expect this kind of chemical evolution models

to explain the behavior of the data for galactocentric distances shorter than

3-4 kpc.

Figure 5.10 shows the obtained [O/H ], [N/H ] and [Fe/H ] along the

radius for Model 3. It can be seen that in the case of O and N the results

are quite similar to those of model C08, even if the slope produced by Model

3 is more pronunced. The slope is even more evident in the case of [Fe/H ],

especially for the outer part of the disk. However, not even Model 3 can

well reproduce the slope in the inner part of the Galaxy, in spite of the fact

that the accretion law contains an inside-out effect. This is due to the mild

inside-out effect predicted by the infall law which can be attributed to the

relatively low resolution that our cosmological simulation can achieve on a

single halo, especially at high redshifts.

5.3 Changing the parameters in the C97 mod-

els

After this study on the cosmological model by C08, we considered the model

by Chiappini et al. (1997), trying to find the best combination of param-

eters to well reproduce the SFR/SFR⊙, the surface gas density and the
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Figure 5.9: SFR/SFR⊙ and surface gas density vs radius for Model 3 (black points)

and for Model C08 (red dashed line). The data are the same of Figure 5.3.
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Figure 5.10: [O/H ], [N/H ] and [Fe/H ] vs radius for Model 3 (black solid line) and for

Model C08 (red dashed line). The data are the same of Figure 5.4.
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abundance gradients along the Galactic disk, as done with Model C08. The

considerations done in this section are different from those presented in Chi-

appini et al. (2001) since we do not consider any threshold in the surface

gas density. In this case we studied the behavior of the parameters in four

different models, comparing every model with Model C08.

Figures 5.11 and 5.12 show the results for Model 4. This Model has no

threshold and the SF efficiency ν, τ and Σhalo are constants. In Figure 5.11

it can be seen that the predicted star formation rate of Model 4 agrees very

well with the data by Rana (1991). However Σgas is too low in the outer parts

of the disk, even if in the inner parts it agrees quite well with the observed

values.

Figure 5.12 shows the [O/H ], [N/H ] and [Fe/H ] along radius for Model

4. We can see that in the inner disk the abundance gradients are flat, while

in the outer parts they even increase, in contrast with the observed data.

Therefore, it is not possible to reproduce the abundance gradients without

the threshold and when ν, τ and Σhalo are constants. This is due to the fact

that with a constant τ the disk evolution is too quick to allow the formation of

abundance gradients, and that the star formation never stops (absence of the

threshold) and the halo surface mass density is constant with galactocentric

distance. In this case, in fact, the star formation in the halo overcomes that

in the outer disk and produces higher abundances than in the more realistic

case of a fading surface halo mass density.

Figures 5.13 and 5.14 show Model 5, compared to Model C08. Model 5 has

no threshold (neither in the halo nor in the disk), a constant star formation

efficiency, a variable τ along the disk and a constant surface halo density.

From Figure 5.13 it can be seen that the star formation rate predicted by

Model 5 is in quite good agreement with the data by Rana (1991), especially

for the outer parts of the galaxy. However the amount of gas is too low, even

if compared with the lower values by Rana (1991).

Figure 5.14 shows the abundance gradients along the galactic disk for

Model 5. In the inner part of the disk the [O/H ], [N/H ] and [Fe/H ] ratios

are not flat as in Model C08, reproducing better the observed data. Never-

theless, beyond 10 kpc the gradients become positive at variance with the

observations. So we can say that a model without threshold and with a
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Figure 5.11: SFR/SFR⊙ and surface gas density vs radius for Model 4 (black solid

line) and for Model C08 (red dashed line). The data are the same of Figure 5.3.
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Figure 5.12: [O/H ], [N/H ] and [Fe/H ] vs radius for Model 4 (black solid line) and for

Model C08 (red dashed line). The data are the same of Figure 5.4. It can be seen that

in the outer part of the disk the gradients increase. In fact, being the halo surface mass

density constant along the galactic disk and since there is no threshold in the surface gas

density, the star formation in the halo overcomes that in the outer disk.
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Figure 5.13: SFR/SFR⊙ and surface gas density vs radius for Model 5 (black solid

line) and for Model C08 (red dashed line). The data are the same of Figure 5.3.
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variable τ cannot well reproduce the data, especially in the outer disk. This

effect happens because we use a two-infall model. The models of Prantzos

and collaborators, for example, without a threshold and with radially varying

timescales, do reproduce the abundance gradients since they only model the

disk.

Figures 5.15 and 5.16 show the SFR/SFR⊙, Σgas and the [O/H ], [N/H ]

and [Fe/H ] gradients for Model 6. This model has no threshold, a star forma-

tion efficiency which changes strongly with radius, an inside-out prescription

and a surface halo density which is a function of radius. From Figure 5.15

it can be seen that the SFR is in good agreement with the data, especially

in the outer parts of the disk. On the other hand, the surface gas density

increases along radius, at variance with the observations which show that

there is more gas in the inner parts of the disk.

In Figure 5.16 we can see that the abundance gradients have a slope which

is quite similar to the slope of the data, mainly for the [Fe/H ] ratio. Even

in the inner parts the gradients are in quite good agreement with the data.

However, we cannot say that this model can reproduce all the observations,

since it cannot reproduce the correct behavior of Σgas.

The last model we present is Model 7. Its results are shown in Figures

5.17 and 5.18. This model has no threshold, a star formation efficiency

which follows that one given by Boissier & Prantzos (1999) and no inside-

out prescription. In this model we assume only one episode of accretion

where halo forms first and then the disk follows. It differs from all the other

models also because it adopts a simple Schmidt law for star formation. It

can be seen that the SFR agrees well with the data by Rana (1991), while

the surface gas density is too low in the inner part of the Galactic disk. This

is again due to a too high SF efficiency in the inner disk.

From Figure 5.18 we can see that Model 7 predicts abundance gradients

which are in good agreement with the observed data, especially for the outer

parts of the Galactic disk. Therefore we can say that this is the only case

with no threshold and no inside-out prescription where it is possible to well

reproduce abundance gradients, although the surface gas density is too low

in the inner part of the Galaxy.

In table 5.2 we summarize model successes and failures for abundance
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Figure 5.14: [O/H ], [N/H ] and [Fe/H ] vs radius for Model 5 (black solid line) and for

Model C08 (red dashed line). The data are the same of Figure 5.4. This model shows that

the presence of a variable τ along the galactic disk steepens the inner gradients, without

however reducing the positive slope in the outer disk, as seen in Fig. 5.12.
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Figure 5.15: SFR/SFR⊙ and surface gas density vs radius for Model 6 (black solid

line) and for Model C08 (red dashed line). The data are the same of Figure 5.3.
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Figure 5.16: [O/H ], [N/H ] and [Fe/H ] vs radius for Model 6 (black solid line) and for

Model C08 (red dashed line). The data are the same of Figure 5.4.
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Figure 5.17: SFR/SFR⊙ and surface gas density vs radius for Model 7 (black solid

line) and for Model C08 (red dashed line). The data are the same of Figure 5.3.
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Figure 5.18: [O/H ], [N/H ] and [Fe/H ] vs radius for Model 7 (black solid line) and for

Model C08 (red dashed line). The data are the same of Figure 5.4.
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trends, surface gas densities and star formation rates.

Table 5.2: Models successes and failures. The second column shows the successes while

the third column the failures.

Model Successes Failures

1 good agreement for the SF R/SF R⊙ Σgas not reproduced in the outer Galactic disk

abundance gradients completely flat

2 good agreement for the SF R/SF R⊙ too low Σgas in the inner disk

increased slope of the gradients in the outer disk abundance gradients too flat in the inner disk

3 good agreement for the SF R/SF R⊙ too low Σgas

Σgas increases in the outer part of the disk abundance gradients too flat in the inner disk

slope of abundance gradients more pronunced in the outer disk

4 good agreement for the SF R/SF R⊙ Σgas not reproduced in the outer Galactic disk

abundance gradients increase along the galactic disk

5 good agreement for the SF R/SF R⊙ Σgas not reproduced in the outer Galactic disk

slope of abundance gradients more pronunced in the inner disk abundance gradients increase in the outer Galactic disk

6 good agreement for the SF R/SF R⊙ Σgas increases along radius

abundance gradients in good agreement with the observed data

7 good agreement for the SF R/SF R⊙ Σgas too low in the inner part of the Galactic disk

abundance gradients in good agreement with the observed data



Chapter 6

Elliptical formation

In this chapter we study the effect of a cosmologically motivated infall law for

the formation of a mean elliptical galaxy in order to understand its impact

on the formation of the spheroids. We use the same simulation adopted to

study Milky Way-like galaxies, even if in this case the parameter to identify

the dark matter halos are different. In particular we consider the spin pa-

rameter, connected to the angular momentum of a galaxy. The novelty of

this approach to model the formation of an elliptical galaxy consists in the

fact that we identify a posteriori a possible dark matter halo which can host

an elliptical galaxy.

Our approach is very simple. In particular ellipticals are tipically found in

clusters of galaxies, whereas in our simulation we model an isolated elliptical

galaxy. In a galaxy cluster there are some important physical processes

(i.e. ram-pressure stripping, tidal stripping, harassment among others) that

we do not consider in our DM-only simulation and that can influence the

properties and the amount of the gas. Another important process that we

do not consider is that ellipticals are likely to accrete not only gas during

the mergers but also already formed stars. In this case, details on baryons

properties become important and they cannot be ignored.

Other authors studied the formation and evolution of ellipticals, but with

a different approach. Among the others, Thomas, Greggio & Bender (1999)

adopted two different scenarios for the formation of an elliptical galaxy: a

fast clumpy collapse and the merger of two spirals similar to the Milky Way.

89
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Pipino & Matteucci (2006), instead, adopted an analitical infall law to study

the formation and the chemical evolution of an elliptical galaxy.

6.1 Introduction to elliptical galaxies

Elliptical galaxies show an important uniformity in their photometric and

chemical properties. The first proposed scenario of elliptical formation was

the monolithic collapse scenario (Larson 1974; Matteucci & Tornambè 1987;

Arimoto & Yoshii 1987; Chiosi & Carraro 2002). Ellipticals are assumed to

have formed at high redshift as a result of a rapid collapse of a gas cloud.

This gas is rapidly converted into stars by means of a very strong burst,

followed by a galactic wind powered by supernovae and stellar winds. The

wind, carring out the residual gas from the galaxy, inhibites further star

formation. Minor episodes of star formation, related to gas accretion from

the surrounding medium or interactions with neighbours, are not excluded,

although they do not influence the galactic evolution.

The second proposed scenario for elliptical formation was the hierarchical

clustering scenario. Hierarchical semi-analytic models predict that ellipticals

are formed by several merging episodes which trigger starbursts and regulate

the chemical enrichment of the system (White & Rees 1978). In this case

massive ellipticals form at relatively low redshifts through major mergers be-

tween spiral galaxies (e.g. Kauffmann & White 1993; Kauffmann & Charlot

1998).

The high-redshift formation of elliptical galaxies is supported by observa-

tions showing also an increase in the strength of the metal absorption lines

(mass-metallicity relation, e.g. Carollo, Danziger & Buson 1993; Gonzalez

1993; Davies, Sadler & Peletier 1993; Trager et al. 1998, 2000b) and a red-

dening of the stellar light (colour-magnitude relation, e.g. Bower et al. 1992)

with the velocity dispersion of the galaxies. In other words, the most mas-

sive ellipticals are also the most metal-rich. This was interpreted by Larson

(1974) as resulting from the galactic winds that should occur later in the most

massive objects, allowing the star formation process to continue for a longer

period. In the last years, however, this interpretation has been challenged.

This because there was increasing evidence that the [Mg/Fe] ratio in the
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dominant stellar population is larger than zero in the core of bright galaxies

(e.g. Faber, Worthey & Gonzalez 1992), suggesting that the star formation

lasted for a period shorter than the time at which the pollution from type Ia

SNe becomes important (Matteucci 1994; Weiss, Peletier & Matteucci 1995).

Moreover, the [Mg/Fe] ratio in the cores of elliptical galaxies increases with

galactic mass (Worthey et al. 1992; Weiss et al. 1995; Kuntschner 2000) indi-

cating that higher mass galaxies are, on average, older, more metal-rich and

more α-enhanced than lower mass galaxies. Moreover the largest galaxies

formed their stars ∼ 13 Gyr ago, whereas the mean age of low-mass objects

is only ∼ 4 Gyr (e.g. Nelan et al., 2005) in a manner resembling the ’inverse

wind model’ of Matteucci (1994). This is clearly at variance with the scenario

of Larson. Other possible solutions to the increase on [Mg/Fe] as a function

of galactic mass are a variable initial mass function (IMF) and/or a decrease

of the DM content as a function of galactic mass (Matteucci, Ponzone &

Gibson 1998). In Pipino & Matteucci (2004) the authors showed that the

majority of the optical properties of elliptical galaxies can be simultaneously

reproduced under the assumption that the formation process, occurring at

high redshift (as in the monolithic collapse scenario), is stronger and faster

in more massive objects with respect to the less massive ones. On the other

hand, evidences favouring the hierarchical scenario are represented by the

observed interacting galaxies, ellipticals with disturbed morphologies (e.g.

Kormendy & Djorgovski 1989).

Evidences of very recent (but very modest) star formation in early-type

galaxies come from the Galaxy Evolution Explorer (GALEX) data (e.g. Yi

et al. 2004, Salim et al. 2005). The sensitivity of GALEX to very low

star formation rates (∼ 10−3M⊙yr−1, Salim et al. 2005) provide us with

more reliable data on recent minor episodes of star formation in ellipticals.

Therefore one cannot completely rule out the possibility of late mergers,

although they do not represent the main process of galaxy formation as they

seem to be limited only to (a fraction of) the low mass objects. Monolithic

models, obviously, cannot reproduce recent star formation if there is not late-

time accretion of satellites. The cosmological model, instead, has a residual

star formation by definition. For this reason it is interesting to compare it

with the data by GALEX.
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Kaviraj et al. (2008a) showed that the medium value of recent star for-

mation in early-type galaxies, defined by the authors as the mass fraction of

stars that form in a galaxy within the last 1 Gyr of look-back time in its rest

frame, is ∼ 5.5 per cent.

A residual star formation at low redhshift seems quite common in Bright-

est Cluster Galaxies (BGCs) hosted in cool-core clusters (Hicks & Mushotzky

2005, O’Dea et al. 2008, Bildfell et al. 2008). Using Bildfell et al. (2008) sam-

ple, Pipino et al. (2008b) demonstrate, for the first time, a one-to-one cor-

respondence between blue cores in elliptical galaxies and a UV-enhancement

observed using GALEX. However, it should be said that only a small frac-

tion of elliptical galaxies is showing current star formation. In any case it is

interesting to understand if this supposed recent star formation really exists

or not and how it can influence the chemical evolution of ellipticals.

Generally, models for the formation of normal ellipticals predict that the

star formation rate stopped several Gyrs ago. In fact, besides the mod-

els quoted before, Merlin & Chiosi (2006) found that the star formation in

early-type galaxies was completed within 4 Gyr, showing that a strong wind

occurred. The same was found by Kawata & Gibson (2003a). They showed

that the star formation stops abruptly at an early epoch due to the galac-

tic wind. In another paper (Kawata & Gibson 2003b) the authors showed

that the radiative cooling becomes more efficient, and thus the gas infall rate

increases, with decreasing mass of elliptical galaxies.

6.2 The cosmological infall law

As already said, here we use the same cosmological simulation described in

Chapter 3. In this case, however, we need a DM halo which can host an

elliptical galaxy, not a spiral one. Therefore to identify the DM halos that

can host an elliptical galaxy we used selection criteria different than those

adopted to select a MW-like spiral galaxy. The first one is the mass of the

halo. We want to study a mean elliptical galaxy, so it is important to chose

an interval of masses in which we can find it. The second characteristic is

the spin parameter. This parameter is a measure of the angular momentum

of the halo and, therefore, we look for a small spin parameter in order to be
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sure to consider a DM halo which can host an elliptical galaxy. These are

the selectioned characteristics:

• mass between 1 · 1012M⊙ and 5 · 1012M⊙;

• spin parameter λ < 0.04;

We found 22 DM halos compatible with our selection criteria. We label

them with their F-o-F group number. We assumed that the baryonic matter

follows the same accretion pattern as the dark matter and that it represents

19% (the cosmological baryon fraction) of all the infalling matter. In this

way, we obtained the baryon infall law from the mass accretion history of

each halo.

Having 22 infall laws and knowing that elliptical galaxies form the bulk

of their stars rapidly, we looked for a halo with a consistent mass accretion

history at high redshift. This characteristic, in conjunction with a low spin

parameter, was found only in one halo, being representative of a general

elliptical galaxy. One may argue that this halo is not so representative,

being these three characteristics not essential to characterize an elliptical

galaxy. However the mass, the spin parameter and the redshift of formation

of a galaxy are the same parameter used in Chapter 4 to identify a spiral

galaxy similar to the Milky Way, where we obtained good results.

6.3 The model by Pipino & Matteucci (2004)

We implement the cosmologically motivated infall law into the Pipino &

Matteucci (2004) (hereafter PM04) chemical evolution model for elliptical

galaxies. This model is an updated version of the multizone model of Mar-

tinelli et al. (1998) and Pipino et al. (2002). For the star formation rate ψ

they adopted the following law:

ψ(t) = ν ·
ρgas(t)

ρgas(0)
. (6.1)

The constant ν, representing the star formation efficiency, is an increasing

function of the galactic mass in order to reproduce the ‘inverse wind model’

(Matteucci 1994; Matteucci et al. 1998).
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For type Ia SNe they assumed a progenitor model made of a C-O white

dwarf plus a red giant (Whelan & Iben 1973). The resulting rate is:

RSNIa = A
∫ MBM

MBm

ψ(MB)
∫ 0.5

µm

f(µ)ψ(t− τM2) dµ dMB. (6.2)

(Greggio & Renzini 1983; Matteucci & Greggio 1986), where MB is the

total mass of the binary system, MBm = 3M⊙ and MBM = 16M⊙ are the

minimum and maximum masses allowed for the adopted progenitor systems,

respectively. µ = M2/MB is the mass fraction of the secondary and µm is its

minimum value. The constant A represents the fraction of binary systems in

the IMF which are able to give rise to SNIa explosions.

For the infall law PM04 adopted the expression:

[dGi(t)

dt

]

infall
= Xi,infall C e−t/τ . (6.3)

where Xi,infall describes the chemical composition of the accreted gas,

assumed to be primordial, and τ is the infall time-scale. C is a constant

obtained by integrating the infall law over time and requiring that ∼ 90% of

the initial gas has been accreted at the time when the galactic wind occurs.

Differently from PM04, here we use the yields by Woosley & Weaver

(1995).

6.4 Results for an elliptical galaxy

We study three different models. Model 1 is the same model as in Pipino

& Matteucci (2004), with the difference that we on purpose turned off the

galactic wind (a natural consequence of SN feedback), in order to have a

residual star formation rate at low redshift; Model 2, instead, is exactly the

same model as in Pipino & Matteucci (2004). The wind occurs after 0.92

Gyr from the beginning of the formation of the galaxy, when the thermal

energy of the gas heated by SNe (II and Ia) equates the binding energy of

the gas, thus halting the star formation. Model 3 is our cosmological model.

In this case, we maintained all the characteristics of Model 1, but changing

the infall law. In this case we do not have galactic wind since we want to

have a residual present time star formation rate.
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In Table 6.1 we show the assumed luminous mass and star formation

efficiency (i.e. the star formation rate per unit mass of gas) and the time

of formation (time at which the galaxy accreted half of its mass) for all the

models. It can be seen that Model 3 needs a much longer time to accumulate

half of its mass (a factor of 10 compared to models 1 and 2).

Table 6.1: Luminous mass, star formation efficiency and time of formation for all the

models.

Model MLUM [M⊙] ν τ [Gyr]

1 1.32 · 1011 10 0.4

2 1.08 · 1011 10 0.3

3 1.32 · 1011 10 4.0

In subsection 6.4.1 we show several plots where we compare the three

models. In the upper panels of each plot it can be seen Model 1, i.e. the

model by Pipino & Matteucci (2004) without wind. In the middle panels we

show the same model, but with the wind (Model 2). In the bottom panel it

can be seen Model 3, i.e. the cosmological model without wind. We show the

different infall laws and total masses, the star formation rate and the SNIa

rate, the behavior of the [Fe/H] ratio as a function of time and, finally, the

[O/Fe] and [Mg/Fe] as a function of [Fe/H].

In subsection 6.4.2 we present some comparisons of our results with ob-

servable data given by Thomas et al. (2005), Mannucci et al. (2008) and

Kaviraj (2008b). In particular, we show the mean values for [Fe/H], [Mg/H]

and [Mg/Fe] for each model, the current SNIa and SNII rates and the mass

in stars formed in the last 1.0 and 6.2 Gyr by each model.

6.4.1 Comparison between the three models

Figure 6.1 shows the infall laws for all the models as a function of time. The

infall law of Model 1 and 2 has a peak at high redshift, and lasts for 1 Gyr.

In particular, the infall law of Model 2 becomes equal to zero after the peak,

since the wind starts. The infall law of Model 3, as we know, is cosmologically

derived. It does not present a peak, having an important accretion episode
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between 2 and 5 Gyr and several minor episodes during the whole formation

of the galaxy.
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Figure 6.1: The gas infall rate vs time for the three models. Upper panel: Model 1;

Middle panel: Model 2; Bottom panel: Model 3.

In Figure 6.2 it can be seen the total mass of all the models as a function

of time. The mass of Model 1 increases during the first Gyr of formation,

remaining constant when the infall law rapidly decreases. Model 2 has the

same behavior during the first Gyr, whereas it slightly decreases after 1 Gyr,
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since the wind starts and part of the gas is ejected. The mass accretion

history of Model 3, instead, is very different from those of Model 1 and 2.

It increases very slowly until ∼ 2.5 Gyr, when the slope increases. Then,

between ∼ 4.8 and ∼ 7.5 Gyr it remains more or less constant, starting to

increase again up to the end of the formation of the galaxy.
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Figure 6.2: Total mass vs time for the three models. Upper panel: Model 1; Middle

panel: Model 2; Bottom panel: Model 3.

Figure 6.3 shows the star formation rate as a function of time for the
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three models. It can be seen that it is very similar to the infall rate of each

model. The difference between Model 1 and 2 is that, when the wind starts,

the SFR of Model 2 suddenly becomes equal to zero, whereas in Model 1 it

goes to zero very slowly. In Model 3 the SFR never stops, since in this case

there is no wind and the infall rate is always different from zero.
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Figure 6.3: The star formation rate (SFR) vs time for the three models. Upper panel:

Model 1; Middle panel: Model 2; Bottom panel: Model 3.

In Figure 6.4 it can be seen the SNIa rate as a function of time. The
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behavior of Model 1 and 2 are very similar, even if the SNIa rate of Model 2

decreases more rapidly. Model 3 produces a large amount of SNIa between

2 and 7 Gyr, when the infall rate is larger. After this interval the SNIa rate

becomes nearly constant until the end of the evolution. We do not present

a plot for SNII because, being the life of their progenitor very brief, their

behavior traces out the SFR.

0

0

0 5 10
0

Time [Gyr]

Figure 6.4: The SNIa rate vs time for the three models. Upper panel: Model 1; Middle

panel: Model 2; Bottom panel: Model 3.
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Figure 6.5 presents the [Fe/H] as a function of time for all the models.

Both Model 1 and Model 2 reach the largest value for the [Fe/H] ratio after

about 2 Gyr from the beginning of the formation. After this peak the [Fe/H]

slightly decreases, in particular in Model 2 where, at the end, [Fe/H] ∼ 1.2.

In Model 3 the [Fe/H] ratio has a behavior very different form that of Model

1 and 2. In the first three Gyrs the [Fe/H] has several peaks and depressions.

The latter are due to the two peaks in the infall rate, at 1.5 and 2.5 Gyr

which dilute the Fe abundance because the infalling gas is assumed to have

a primordial chemical composition (no metals). After the first peaks the

[Fe/H] ratio increases rapidly, then becoming constant for more or less two

Gyr, decreasing again and then keeping constant and equal to ∼ 1.0 dex at

the end of the present time.

In Figure 6.6 it can be seen the [Mg/Fe] as a function of [Fe/H]. All

the three models initially have the same behavior. However the [Mg/Fe] of

Model 3 starts to decrease at lower metallicities than in Model 1 and 2. In

Model 3 the changing in slope happens at [Fe/H] ∼ -1, whereas in Model

1 and 2 it happens at [Fe/H] ∼ 0. In Model 1 and 2 the [Mg/Fe] becomes

equal to zero at [Fe/H] ∼ 0.4, whereas in Model 3 the [Mg/Fe] ratio becomes

zero when the [Fe/H] ∼ 0.1. This is due to the longer and less efficient star

formation predicted by Model 3. In fact, different star formation histories

produce different [α/Fe] abundance patterns, favoring high values for a large

interval of [Fe/H] in regimes of long and brief star formation (Matteuccci,

2001). The high and short star formation rate produced [Mg/Fe] ratios in

excellent agreement with those measured in the Bulge (Ballero et al. 2007)

and in ellipticals (Pipino & Matteucci 2004).

6.4.2 Comparison with observables

In order to study the mean properties of the stellar component in ellipticals,

we need to average quantities related to the mean abundance pattern of the

stars, which, in turn, can allow a comparison with the observed integrated

spectra1. To this scope, we recall that both real and model galaxies are made

1We recall that in elliptical galaxies it is not possible to resolve single stars and, hence,

determine the stellar metallicity distribution.
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Figure 6.5: [Fe/H] vs time for the three models. Upper panel: Model 1; Middle panel:

Model 2; Bottom panel: Model 3.

of CSP, namely a mixture of several SSP, differing in age and chemical com-

position according to the galactic chemical enrichment history, weighted with

the SF rate. On the other hand, the observed line-strength indices are usually

tabulated only for SSPs as functions of their age, metallicity and (possibly)

α-enhancement. In particular we make use of the mass-weighted mean stellar

metallicity as defined by Pagel & Patchett (1975, see also Matteucci 1994):
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Figure 6.6: [Mg/Fe] vs [Fe/H] for the three models. Upper panel: Model 1; Middle

panel: Model 2; Bottom panel: Model 3.

< Z >=
1

Sf

∫ Sf

0
Z(S) dS. (6.4)

where Sf is the total mass of stars ever born contributing to the light at

the present time and Z is the metal abundance (by mass) in the gas out of

which an amout of stars S formed. In practice, we make use of the stellar
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mass distribution as a function of Z in order to derive the mean metallicity

in stars.

In Table 6.2 we show the mean value for [Fe/H], [Mg/H] and [Mg/Fe]

for all the models. The mean values for Model 1 and Model 3 are taken

during the whole lifetime of the galaxy, while in Model 2 the mean values

are representative for the whole period prior to the wind. It can be seen that

the [Mg/Fe] value for Model 3 is too low and it is in contrast with the values

given by Thomas et al. (2005), where for an elliptical galaxy of the same

mass the value of the fit of the observed data is ∼ 0.2 dex

Table 6.2: Mean values for [Fe/H], [Mg/H] and [Mg/Fe] for all the models. The time for

Model 2 is the time at which the wind occurs.

Model Time [Gyr] [Fe/H] [Mg/H] [Mg/Fe]

1 13.12 0.677 0.358 0.434

2 0.92 -0.078 0.270 0.511

3 13.12 0.777 0.299 -0.304

However, Thomas et al. (2004) found that a non-negligible fraction of

low-mass ellipticals in their sample shows evidences of a young (i.e. age

< 2 Gyr) and metal-rich ([Z/H ] ∼ 0.2) stellar population which represents

∼ 10 − 20% of their total stellar mass. These values are independent from

the environment and the typical [α/Fe] of this population are ∼ 0.2 dex lower

than the bulk of the stars, as expected if the young component formed out

of gas strongly polluted by SNIa.

As seen in the introduction, evidences of very recent (but modest) star

formation in early-type galaxies come from the GALEX data. In Table 6.3

we show the mass in stars formed in the last 1 and 6.2 Gyr by the three

models, comparing it with the total amount of stars and with the observed

values by Kaviraj (2008b). We can see that Model 2 does not form stars

in the last 6.2 Gyr. These is due to the presence of a wind which stops

the star formation at early times. Model 3 predicts very well the mass of

stars formed in the last Gyr, whereas it produce less stars than expected in

the last 6.2 Gyr. The residual star formation of Model 1, instead, cannot

reproduce neither the amount of stars formed in the last Gyr (according to
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Galex) nor those formed in the last 6.2 Gyr, being the obtained values too

low. We recall, however, that elliptical galaxies with some residual recent

star formation are only a minor fraction of the whole class of ellipticals;

therefore the disagreement between Model 1 and the GALEX observations

is not emphasizing any model deficiency.

Table 6.3: Mass in stars formed in the last 1.0 and 6.2 Gyr for all the models compared

with the total amount of stars. Observed values by Kaviraj (2008b).

Model M∗ [M⊙] (last 1.0 Gyr [z = 0.08]) M∗ [M⊙] (last 6.2 Gyr [z = 0.7]) M∗ [M⊙] (13.12 Gyr)

1 4.17 ·108 (0.21%) 3.66 ·109 (1.85%) 1.98 ·1011

2 0.00 (0.00%) 0.00 (0.00%) 1.58 ·1011

3 7.95 ·109 (4.25%) 5.54 ·1010 (29.63%) 1.87 ·1011

Kaviraj (2008b) 1 - 6 % 5 - 13 %

Table 6.4 shows the current SNIa and SNII rate for the three models.

They are compared with the observed values by Mannucci et al. (2008) and

they are in units of SNuM (SN per century per 1010M⊙ of stellar mass). We

can see that Model 3 predicts too large an amount of SNIa and SNII. In

particular the value of SNIa for Model 3 is at ∼ 32 standard deviations from

the observed mean.

As seen in Table 6.4, the SN rates for Model 3 are too high with respect

to the observed data given by Mannucci et al. (2008). From Table 6.3 we

can see that this is due to the residual star formation of Model 3, not seen

in the other two models (especially in Model 2), but confirmed by GALEX.

Therefore we find a remarkable lack of consistency between the star formation

rates inferred by GALEX and the limits on the the SN rates. In fact, in

principle we should be able to observe SNII events if the star formation is

still on-going. However, the lower brightness of SNII, combined with the fact

that the recent star formation takes place in the the bright centres of the

galaxies, implies that the probability of finding SNII with current surveys is

probably quite low (Mannucci et al. 2007).
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Table 6.4: Current SNIa rate and SNII rate in SNum for the three models. Observed

values by Mannucci et al. (2008).

Model SNIa rate [SNuM] SNII rate [SNuM]

1 0.060 0.028

2 0.046 0.000

3 0.673 0.767

Mannucci et al. (2008) 0.058+0.019
−0.015 < 0.017
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Chapter 7

Conclusions

We have tested different gas infall laws for models of the formation of the

Milky Way and especially cosmologically derived infall laws, obtained by

means of cosmological simulations for the formation of the DM halo of the

Milky Way. In particular, we assumed that the accretion law for the DM

halo holds also for the baryonic matter. We found four different DM halos

with properties compatible with a disk galaxy and one in particular seemed

better than the others. All these infall laws were then compared with the

one proposed by Chiappini et al. (1997), called the two-infall law, which

predicts that there were two main accretion episodes which formed the halo-

bulge-thick disk and the thin disk, respectively. We found that our best

cosmological infall law is very similar to the two-infall one, which has already

proven to be able to reproduce the majority of the chemical properties of

the Milky Way in the solar neighbourhood. Our cosmological infall laws

have been tested in a detailed chemical evolution model for the Milky Way,

following the evolution of several chemical elements by taking into account

stellar lifetimes, SN progenitors and stellar nucleosynthesis.

We have also shown that adopting a cosmologically motivated infall law,

resembling the one of C97, for the solar neighbourhood but not predicting an

inside-out formation of the Galactic disk, we were not able to reproduce the

[O/H] gradient in the inner parts of the disk. So we tested several models

in order to find the best values of four parameters to best reproduce the

SFR/SFR⊙, Σgas and the [O/H], [N/H] and [Fe/H] gradients along the

107



108 CHAPTER 7. CONCLUSIONS

Galactic disk, for our best model and for the model by C97. These four

parameters are the threshold gas density for the star formation, the star

formation efficiency ν, the inside-out prescription τ(r) (i.e. the variation of

the timescale for the formation of the Galactic disk) and the surface halo

mass density.

In the last part of the thesis we tested a cosmologically derived infall law

for the formation of an elliptical galaxy. We compared our results with those

produced by the model by Pipino & Matteucci (2004), with and without

galactic wind, focusing on constraints pertaining to the chemical evolution.

Our main conclusions can be summarized as follows:

• The cosmological laws, and in particular our preferred best model, seem

to fit quite 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. More-

over, 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. Such a gap seems to have been observed in

abundance patterns, in particular at [Fe/O] vs. [O/H] (Gratton et

al. 1996) and at [Fe/Mg] vs. [Fe/H] (Fuhrmann 1998), although new

data are necessary to draw firm conclusions. The model including this

cosmological infall law, being similar to the two-infall model, can well

reproduce most of the observational constraints. However this model

has some problems to fit the G-dwarf metallicity distribution, since it

predicts 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 pre-

dicted 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,
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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 (see Fuhrnamm

1998 and Gratton et al. 2000).

• Our results can be compared with the work of Robertson et al. (2005),

in which the authors studied the chemical enrichment of the stellar halo

of the Milky Way, using the prescriptions of the hierarchical scenario.

They supposed that most of the mass in the MW halo was acquired

via mergers with massive dIrr-type DM halos, occurring at a look-back

time of ∼ 10 Gyr. They used three examples of mass accretion history,

assuming that the cumulative mass accretion in individual DM halos

can be well described by an analytical function obtained by Wechsler

et al (2002).

Moreover, they assumed that the cold gas infall rate tracks the DM

accretion rate and that the fraction of cold gas is equal to 2%.

In order to build the stellar halo of the Milky Way they used a dIrr-

type dark matter halo with a virial mass M0 = 6 x 1010M⊙, accreted 9

Gyr ago, following their assumed accretion law. In this case the time

available for the star formation and the consequent chemical enrichment

is only ∼ 2.6 Gyr and therefore the chemical enrichment due to SNIa

was limited. We did not use the accretion of a dIrr galaxy to build

the stellar halo of the MW. We obtained the mass accretion history of

the DM halo directly from the cosmological simulation, done with the

public tree-code GADGET2 (Springel 2005). For this reason we accrete

only DM and cold gas and not already formed dwarf galaxies, with their

own stars and gas. Moreover we study the chemical enrichment of halo

and disk and not only of the stellar halo.

• The fact that all our four suitable DM halos show an accretion law

that resembles that used in the two-infall model could be linked to the

way in which such halos assemble. Indeed, they have their last major
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merger at high redshift, larger than z = 2.5, by selection and they

reach a mass larger than 50% of their final one at lower redshift. As a

consequence of our requirement not to have late major mergers, such

late assembly happens via accretion of material from the field, namely

filaments, or via minor mergers. These two epochs of important accre-

tion qualitatively correspond to the two peaks used in the two-infall

model and give it a cosmological motivation. Obviously the details of

the late accretion episode will depend on the dynamical history of the

single DM halo, and will generate differences in the chemical patterns

of individual late-type galaxies without destroying their overall proper-

ties. On the other hand, halos should acquire their angular momentum

thanks to the cosmological torques acting at high redshifts on the mate-

rial (both baryons and dark matter) which will coalesce to form them.

Such torques will also influence their mass accretion histories. Thus,

selecting DM halos with high spin values could also result in selecting

halos with similar dynamical histories. Astrophysical processes acting

on baryons, e.g. feedback, should not be able to dramatically alter this

scenario. Finally we note that, while in the two-infall model the tim-

ing of the two episodes is a free parameter, in the cosmological infall

scenario the timing is directly given by the gravitational evolution of

the halos. In this sense, the agreement between such models is not

a-priori guaranteed and could be interpreted as an interesting link be-

tween the morphological properties of the late-type galaxies (used to

fix our requirement) and their chemical properties, via the hierarchical

model.

• We found that it is impossible to fit all the disk constraints at the

same time without assuming an inside-out formation for the Galactic

disk together with a threshold in the gas density for the star formation

rate. In particular, the inside-out formation is important to reproduce

the right slope of the abundance gradients in the inner disk, whereas

the threshold gas density is important to reproduce the slope of the

gradients in the outer disk. Models with a constant timescale for the

disk formation (no inside-out) cannot reproduce the slope in the inner

disk. On the other hand, models with no inside-out mechanism can
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well reproduce the distributions of the star formation rate and the

gas density along the disk. A good way of testing the inside-out disk

formation is to see whether there is a size and luminosity evolution of

disks at high redshift. Roche et al. (1998), by studying galaxies in the

reshift range 2.5-3.0, concluded that the larger increase of the surface

brightness relative to the luminosity at high redshift is an indication

of an inside-out disk formation. They tested their results by means

of the C97 model. Another important issue concerns the existence of

a threshold gas density for star formation. Recently, Boissier et al.

(2006), by means of Galex data, suggested that the threshold might

not exist or be much lower that thought before. Note, however, that

the low level of star formation observed with GALEX at the outer

edges of disks does not produce OB associations, hence no massive

stars which are the main responsible for enriching the ISM. Therefore,

the abundance gradients really measure the threshold for massive star

formation. It is important to underline that models such as those of

Prantzos (without threshold) and Tosi (constant infall)were able to fit

the abundance gradients. According to us, however, the reason is that

these two groups used only a disk model, without a contribution from

the halo/thick disk phase.

• In the framework of models with no inside-out mechanism such as the

model proposed by C08 we tested the effect of the efficiency of star

formation varying with the galactocentric radius, being higher in the

innermost than in the outermost regions of the Galactic disk. This

assumption, even without the threshold in the surface gas density, can

produce gradients with the right slope both in the inner and outer

regions of the Galactic disk but it fails in reproducing the gas density

distribution along the disk.

• A cosmological model without threshold, with a star formation effi-

ciency changing with radius and with a very simple inside-out pre-

scription, can well reproduce the SFR along the disk as well as the

behavior of the surface gas density. Moreover, it can well reproduce

the outer abundances gradients. However, in the inner part of the disk
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it produces too flat gradients, even if the slope is more pronunced then

that of Model C08.

Therefore, we conclude that to reproduce at the same time the abun-

dance, star formation rate and surface gas density gradients along the

Galactic disk it is necessary to assume an inside-out formation for

the disk. The threshold in the gas density is not necessary and the

same effect could be obtained by assuming a variable efficiency of star

formation. The inclusion of radial flows without an inside-out forma-

tion of the disk would have the same effect as the threshold gas density

without inside-out effect (Portinari & Chiosi, 2000).

• It is clear from our numerical simulations that while the process of

formation of the Galactic disk has a major impact on the formation of

abundance gradients, the specific adopted SF law has a major effect on

the gas distribution along the disk. This effect could be used to infer

the SF law from the gas distributions along disks of spirals.

• We conclude that our cosmological simulation has not a sufficient res-

olution to be able to capture the real inside-out formation of a galaxy-

sized DM halo. High resolution cosmological simulations and/or resim-

ulation of a single DM halo should be performed in order to understand

if a suitable baryon accretion law can be inferred from collisionless

simulations, or if the full gas physics and sub-grid treatment of astro-

physical processes as star formation and energy feedback from SNe is

unavoidably needed to get a realistic description of the formation of a

galaxy.

In computing the model with a cosmologically derived infall law for the

formation of an elliptical galaxy we found that:

• Models without galactic wind, in which the star formation never stops,

predict a too large current SNIa rate. In particular, the cosmological

model produces a current SNIa rate which is about ten times higher

than the observed values given by Mannucci et al. (2008) for ellipticals.

In order to reproduce the observed SNIa rate with the cosmological
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model, one should adopt, in the calculation of the SN Ia rate, a value of

the constant A (see eq. 2) ten times lower, an unrealistically low value

which would predict a too low type Ia SN rate in the solar vicinity.

• Models without wind predict also a large current SNII rate. In partic-

ular, the cosmological model gives a current SNII rate which is higher

than the SNIa rate, whereas from observations given by Mannucci et

al. (2008) it is known that the SNIa rate is at least three time higher

than the SNII rate in ellipticals. On the other hand, models based on

the monolithic scenario predict almost no current star formation rate

and therefore a negligible number of current type II SNe, at variance

with some GALEX data, indicating recent star formation, although in

a very small fraction of ellipticals.

• The mean value for the [Mg/Fe] ratio in the dominant stellar popula-

tion, as predicted by our cosmological model, which is an important

indicator for the robustness of a model, is too low, as expected. We

predict [Mg/Fe]∼ −0.3 dex. For an elliptical galaxy of the same mass

Thomas et al. (2005) give a value of ∼ +0.2 dex, corresponding to a

gap of about 0.5 dex. This is, according to us, the most important,

although negative, result of our cosmological model.

• In conclusion, it is important to underline some shortcomings of our

approach and in particular the fact that ellipticals are tipically found

in clusters of galaxies, whereas in our simulation we model an isolated

elliptical galaxy. In a galaxy cluster there are some important physi-

cal processes (i.e. ram-pressure stripping, tidal stripping, harassment

among others) that we do not consider in our DM-only simulation and

that can influence the properties and the amount of the gas. Another

important process that we do not consider is that ellipticals are likely to

accrete not only gas during the mergers but also already formed stars.

In this case, details on baryons properties become important and they

cannot be ignored.

What we can say here is that using a very simple cosmologically derived

infall law for an elliptical galaxy it is not possible to reproduce the most
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important chemical constraints given by observations. In our opinion,

the problem resides in the too long and poorly efficient star formation

rate predicted for typical and large ellipticals in the hierarchical galaxy

formation scenario.
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