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Summary 

The present work is aimed at the study of the evolution of "cosmic quantities", such as 

the luminosity density, star formation rate density, supernova rate and metal production rate 

density. In some cases, these quantities are calculated per unitary comoving volume, hence 

they are called "densities". All these quantities are investigated in detail by means of chemical 

and spectrophotometric models for galaxies of different morphological types, namely ellipti-

cals, spirals and irregulars. The chemical evolution models allow one to calculate the time 

evolution of the production rate of any chemical element, along with the element abundances 

in the interstellar gas and in the stars. Starting from the matter reprocessed by the stars 

and restored into the ISM through stellar winds and supernova explosions, it is possible to 

model the chemical enrichment of the universe in all of its components, namely the interstel-

lar medium (ISM), the stars and the intergalactic medium (IGM). It is possible to calculate 

the time evolution of the abundances of several chemical species, such as C, O, N, Fe and Zn. 

In this thesis, the predicted abundances are compared to the observed ones: such task can 

provide precious hints on galactic evolution and element production both in the local and in 

the distant universe. 

The light emitted by stars in galaxies is studied by means of population synthesis models, 

which allow one to calculate the galaxy spectra, magnitudes and colors. The cosmic evolu-

tion of the luminosity density in various optical bands has been calculated starting from the 

luminosity function observed in the local universe, which allows us to determine the number 

of galaxies per comoving volume. We have assumed that the galaxy densities remain constant 



throughout the whole cosmic epoch and that the galaxies evolve as isolated systems only in 

luminosity. This scenario represents a pure-luminosity evolution (PLE) one and it is equiva-

lent to assume that merging has had no dominant effect on galaxy evolution throughout the 

Hubble time. Hence, we have developed a galaxy evolution picture which is opposed to the 

galaxy formation models based on the current "concordance" cosmological paradigm, which 

assume a cold dark matter universe whose energy is dominateci by the cosmological constant. 

Such models indicate that the formation of large scale structures occurs in a hierarchical fash-

ion: the first objects to form are the smallest ones, which then merge and build larger and 

larger objects. The baryonic matter, which builds up the galaxies, has the same behaviour of 

the dark matter, so that the first galaxies to formare the dwarf ones, which then by means of 

several merging processes give place to the giant galaxies. Thus, in contrast to our scenario, 

these models predict a strong galaxy number evolution. The strength of the PLE scenario 

described in this thesis is that, at variance with other approaches such as semi-analytical 

galaxy formation modeling or hydrodynamical/SPH cosmological simulations, it allows to 

study the evolution of the galaxy morphological types and the contributions brought by each 

type to cosmic star formation and element production in the universe. This point represents 

the first main novelty of my thesis. The PLE picture has also been used to predict the evo-

lution of the cosmic Supernova rate which, thanks to the next generation space telescopes, 

will be soon measurable up to the highest redshifts, providing other fundamental hints to 

constrain galaxy formation and evolution. Furthermore, the comparison between the predic-

tions obtained by the PLE scenario described in this thesis and the hierarchical represents 

an important benchmark to study galaxy evolution. When compared to the observations, it 

is possible to infer which picture is better to describe galaxy evolution. This is another aim 

of the present thesis, along with the suggestion of new observational strategies to disentangle 

between the hierarchical and the PLE picture if the current data do not allow us to perform 

such task. 

The predictions on the cosmic element production rates are then used to calculate the metal 

and baryonic budget in the local universe. Part of the elements synthesized so far remains 

locked up in long living stars and remnants, part is restored into the galactic ISM through 

supernova (SN) explosions and stellar winds while another fraction is expelled into the IGM 

through galactic winds and outfiows. The formalism described in this thesis allows us a de-

tailed computation of the element fractions present in each of the three main components of 



the Iocai universe. The investigation of the amounts of different eiements Iocked up in various 

phases (stars, IGM, ISM) and in different gaiaxies represents the second main novelty of this 

thesis. 

Finally, the chemicai evoiution modeis for gaiaxies of different morphoiogicai types allow us 

to perform an anaiysis of the chemicai abundances measured in high-redshift objects. Of 

particuiar importance are the Damped-Lyman Aipha (DLA) systems, often referred to as the 

most Iikeiy progenitors of the Iocai spirai and irreguiar gaiaxies. With the present work, it 

has been possibie to study first the chemicai evoiution of the DLA popuiation as a whoie, in 

arder to infer which morphoiogicai gaiactic types can be associated to DLAs and which are 

to be ruied out. Secondiy, by focusing on individuai systems and by reproducing at the same 

time as many observed abundances as possibie, it has been possibie to infer the star formation 

history of some singie DLA systems and to have important hints on their ages. This kind of 

anaiysis, never performed so far, represents the third major noveity of this thesis. 

The present thesis is organized as follows: in chapter l a generai overview on gaiaxy evoiution 

is performed. The observationai properties of the different gaiactic types are described, aiong 

with their interpretation and current theoreticai approaches to gaiaxy formation and evoiu-

tion. Particuiar emphasis is put on the most intriguing debate in gaiaxy evoiution, nameiy: 

how and when did the formation of spheroids occurred in the universe occurred? Chapter 2 

is a description of the chemicai evoiution modeis used in the present work: the main phys-

icai assumptions at the basis of the modeis for ellipticais, spirai and irreguiar gaiaxies and 

some resuits concerning the predictions which these modeis provide. Chapter 3 is a descrip-

tion of the spectro-photometric modeis used to study gaiaxy spectra, magnitudes and coiors, 

with a comparison between resuits coming from different modeis and a description of the 

method used to investigate the dust extinction effects. In chapter 4 the resuits concerning 

the cosmic star formation history, the gaiaxy Iuminosity density and cosmic supernova rate 

are presented, aiong with a comparison between the predictions provided by the PLE modei 

deveioped with this thesis and the hierarchicai modei by Menci et al. (2002). In chapter 5 we 

present our detaiied calcuiations of the metai production rates. We perform a budget of the 

metais in the Iocai universe and investigate the metai abundances in stars, ISM and IGM. 

In chapter 6 we appiy our chemicai evoiution modeis to the study of damped Lyman aipha 

systems. Finally, in chapter 7 some conclusions are drawn. 
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Chapter l 

A generai overview on Galaxy 

Evolution 

The study of Galaxy evolution is of major importance in modern astronomy and cosmology. 

Recently, this subject has experienced a great progress, mainly because of the development 

of many observational facilities which enabled us to discover the universe in its depths with 

unprecedented detail. The first searches for primeval galaxies date back to the late 1970's 

and early 1980's. Faint galaxy surveys have been made possible thanks to multi-object 

spectrographs in the late 1980's and early 1990's. In the same decade, the launch of the 

Hubble Space Telescope has allowed to perform the first galaxy resolved images up to redshift 

f'V l. The lately big earth telescopes, such as the Keck at the Hawaii islands and the Very 

Large Telescope in Chile, along with high resolution spectroscopic technologies such as UVES, 

have allowed the discovery of the high-redshift progenitors of the the present-day galaxies. 

The route that has led the galaxies from their birth to the current state is very complex, and 

though its study has had a great improvement thanks to the plethora of new data obtained 

with all these facilities, it is in continuous evolution and it stili presents a huge number of 

unresolved questions. In this first Chapter, I will describe the basic properties of galaxies, 

from their present status to their origins. I will review their main observational features 

and the theories on galaxy formation and evolution which have been developed on the basis 

of such data. I will try to stress the best matches between theory and observations, but I 

will not neglect to underscore the numerous weak points of our understanding of galaxies, 

which provide us matter for further work and progress. For very exhaustive references on 

l 
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Figure 1.1. The Hubble "tuning fork" diagram. 

the generai subject of galaxy evolution, I defer the reader to the reviews by Tinsley (1980), 

Matteucci (1996), Eliis (1997, 2003), along with books such as those by Binney & Merrifield 

(1998) and Matteucci (2001a). 

1.1 The morphological classification 

Galaxies represent the main constituents of the visible universe. At the present time, the 

majority of the mass building up galaxies is in the form of stars, but a non-negligible amount of 

matter is stili gaseous. This amount depends in generai on the morphological type of galaxies. 

Although galaxies are very complex systems and their shapes and physical features are in 

generai heterogeneous, several morphological classifications have been attempted, in generai 

successful in providing very definite sketches of the main differences among the various types. 

Figure l shows the most popular classification scheme, introduced by Edwin Hubble (1936). 

Although such classification has been created a relatively long time ago, it is stili widely used 

in ali astronomica! studies. To explain this sequence is the fundamental aim of any theory 

of galaxy formation. This figure has been adapted from Zombeck (1990), and it depicts the 

so calied "Hubble tuning-fork" diagram. Beside being defined by the shapes of galaxies, the 

Hubble sequence is to be read also as a sequence of steliar populations: the "earliest" types 

(EO--+ E7) are characterized by very old, red steliar populations. The increasing prevalence of 

blue, young stars reaches its maximum at the apposite end of the fork, where late-type spirals 

and irregulars lie. However, nearly ali galaxies have some very old stars, and the different 

proportions of red and blue stars arise from the different star formation histories. 

The types going from EO to E7 are the Elliptical galaxies. These galaxies show generaliy 

no signs of hot young stars and have little gas or dust. Their origin is very debated and 
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is the centrai topic of all theoretical studies on galaxy formation and evolution (see next 

paragraph). Elliptical galaxies generally vary in shape from round to highly elongated. The 

different types of ellipticals are labeled En, where n describes the axial ratio (b/a) between 

the major and minor axis a and b, respectively, according to the formula n= 10[1 - (b/a)]. 

Thus, a galaxy appearing round is designateci EO, whereas an E7 galaxy has its major axis 

10/3 times as long as its minor axis. After the Ellipticals, in the middle of Hubble's fork and 

before the two junctions with the spirals, we can find the so-called lenticular galaxies (SO). 

The SO galaxies are characterized by smooth centrai brightness, represented by the bulge, i.e. 

their centrai spheroidal component. The bulge is very similar to an elliptical galaxy, and is 

surrounded by a region of gradually declining brightness, in generai characterized by a flat 

shape. The bulges of some SO galaxies are surrounded by a further smooth structure whose 

shape is similar t o a lens (hence the name of these galactic types). 

After the lenticulars, the Hubble diagram bifurcates into two branches: the "normal" and 

the "barred" spirai galaxies. Of course, such division into "normal" and "barred" is far from 

being unambiguous. A normal spirai has a centrai brightness condensation, which resembles 

an elliptical, surrounded by a thin disc. From the center of spirai galaxies, spirai arms open 

up towards the outskirts: these structures have generally an enhanced luminosity and are 

the regions of the disc of strongest condensation of stars and gas. Barred spirals have a bar 

surrounding their bulge, often containing dark lanes produced by absorption of light by dust. 

The division of both normal and barred spirals into further subclasses is determined mainly 

by three parameters: the prominence of the centrai bulge and the ratio between the amount 

of light produced by the bulge and by the disc, the tightness of the spirai arms and the 

degree to which spirai arms are resolved into stars and individuai emission nebulae. Early 

type spirals (i. e., Sa and SBa) ha ve the most prominent bulges and tight arms, whereas late 

spirals (Se, and SBc) have small condensations of light in their bulges and their arms are 

loosely wound. Sb and SBb have intermediate features between the early- and the late-types. 

In Hubble's scheme, our Galaxy is classified as a spirai Sb type. 

A t the right-end of the sequence li e the Irregular (Irr) galaxies, i.e. the galaxies having 

the most irregular shapes and which do not resemble to any other galaxy type of the Hub-

ble tuning fork. Nearby examples of irregular galaxies are the Large and Small Magellanic 

clouds(LMC, SMC), composing with our own Galaxy and with other systems the so-called 

Local Group. The LMC and SMC are "dwarf" galaxies, i.e. much smaller in size than the 
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Milky Way (MW). They ha ve very blue colors, being dominated by young, hot stars, al-

though the presence of an old stellar population is recognizable in their spectra. Irregular 

galaxies have sometimes very warped structures: in this case, they are often dubbed "pecu-

liars". Many peculiars are interacting galaxies, distorted by tidal effects. Sometimes peculiar 

systems have very blue colors and the underlying old population of stars results completely 

outshone by new forming stars, whereas other systems can be very red and most of the star 

formation activity is hidden by dust clouds. At the present time, the sketch provided by 

Hubble is considered quite satisfactory in the classification of all the galaxy types. However, 

more recently some finer diagrams ha ve been provided by other authors (de Vaucouleurs 

1959, Kormendy 1979) emphasizing the existence of possible various types of irregulars and 

particular internai structures of disc galaxies, such as rings and lenses. 

Galaxies are sometimes gathered in clusters, but the majority of the galactic systems in the 

visible Universe is isolated or composes small groups in the field, such as the Local Group. 

It is important to note that the environment surrounding a galaxy is often important in 

determining its shape. In fact, clusters of galaxies tend to contain higher fractions of early-

type galaxies ( ellipticals and SO) t han the field, with considerable differences from cluster to 

cluster. 

1.2 Elliptical galaxies: main observational properties 

The observed radiai surface brightness profiles of elliptical galaxies can be described by means 

of a relatively simple analytic expression, the de Vaucouleurs (1948) law, conventionally writ-

ten as: 

(1.1) 

where Re is the effective radius and le is the mean effective surface brightness. These two 

quantities, together with the velocity dispersion a*, constitute the three main observables 

involved in the study of elliptical galaxies. Nearby ellipticals populate the three-dimensional 

space determined by these parameters in a particular way, being confined to a narrow plane 

called the fundamental plane (FP, Djorgovski & Davis 1987, Renzini & Ciotti 1993). A hint 

on the possible correlation between the velocity dispersion of ellipticals with their luminosity 

carne some years before, with the discovery of the relation binding these two parameters 
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by Faber & Jackson (1976). The FP for cluster ellipticals is remarkably thin, with a l a 

dispersion alog(Ie) ~ 0.05. Furthermore, this thickness is constant along the FP, which is 

not fiat, rather it is tilted of fltog(Ie) ~ 0.3, corresponding to the surface brightness increase 

from faint to bright galaxies. Since log M/L ex log(Ie), the narrowness and tilt of the FP 

imply a very small galaxy-to-galaxy variation of the mass-to-light ratio M/L. If one considers 

the blue mass-to-light ratio M/ L n instead of the total M/L, part of the tilt of the FP is 

certainly due to a metallicity effect, since bright galaxies are in generai more metal rich than 

faint galaxies and thus redder, hence they have lower blue luminosities and higher M/LB. 

However, as models of stellar populations indicate (e.g. Buzzoni 1989), the metallicity alone 

cannot produce the tilt of the FP, which is more likely to be produced by systematic changes 

in the initial mass function (IMF) or by trends in the distribution of dark matter (DM) or 

by a combination of both effects (Renzini & Ciotti 1993). Since the M/L ratio is a function 

of the age of the stellar populations, the small scatter of the FP implies a small dispersion in 

the age of the bulk of the stellar content of cluster ellipticals, with an upper limit on the age 

dispersion of 1.5 Gyr if galaxies are older than 10 Gyr (Renzini & Ciotti 1993). Such small 

age dispersion is confirmed by the similarly tight limit independently set by the tightness of 

the color-a* and color-magnitude (CM) relation for ellipticals in nearby and distant clusters 

(Bower, Lucey & Ellis 1992, Ellis et al. 1997). The FP and color-a* indicate that cluster 

elliptical are very old, with the bulk of their stars formed at high (z > 2) redshift and evolving 

passively, i.e. without important recent star formation episodes, up to the present time. This 

fact puts strong constraints on galaxy formation models, as we will see in sections 5 and 6. 

There is strong evidence that most (if not all) ellipticals host in their centers a massive black 

hole (BH), which modifies the centrai density profile. These massive BHs are likely to form 

contemporaneously with the stellar spheroid, as the observed correlation between the BH 

mass and the centrai velocity dispersion seems to indicate (Ciotti & Van Albada 2001 and 

references therein). 

Important constraints for the age of ellipticals come also from the chemical abundances 

measured in their stars. Such measures are usually performed by means of the integrated 

spectra of the stellar populations, and are complicateci by the age-metallicity degeneracy, 

which makes the spectra of an old, metal poor stellar population indistinguishable from the 

one generateci by a younger population richer in metals (Charlot, Worthey & Bressan 1996, 

Trager 2003). Different lines can be used to measure the abundances: the Balmer, the Mg2 
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an d the Fe line indexes are among the most widely used far these kinds of studi es ( see Trager 

2003 and references therein). The Mg2 and the Fe line indexes are used to infer the [a/Fe] 

ratio in the stars, which in principle ref:l.ects the abundances of the inter-stellar gas aut of 

which the stars formed (see chapter 2 far a detailed discussion on galactic chemical evolution). 

The bulk ofthe a-elements (e.g. O, Si, Mg) is produced by type II Supernova (SN) explosions 

on short timescales, of the arder of the lifetime of the massive stars which can explode as 

type II SNe, i.e. all the stars with m ~ 8m8 , corresponding to lifetimes T :::; 0.03 Gyr. 

On the other hand, Fe and other elements of the Fe group (e.g. Zn) are produced by type 

la SNe explosions on higher timescales, typically of the arder of l Gyr. Elliptical galaxies 

have stellar populations with typical a/ Fe ratios > O, indicating an inter-stellar medium 

(ISM) enrichment dominated by type II SNe, i.e. a formation timescale smaller than l Gyr 

(Matteucci 1994, Thomas, Greggio & Bender 1999). Of particular interest on the different 

star formation timescales in ellipticals of various masses are the information contained in the 

ajFe vs a diagram (Thomas et al. 2002). Such plot indicates an increase of the Mg/Fe 

ratio as the galactic mass increases, implying higher star formation efficiencies (hence smaller 

timescales) in higher mass ellipticals (Matteucci 1994). Thus, the joint information coming 

from galaxy colors and abundances indicate that the stars in ellipticals are old and that the 

bulk on them formed on very short timescales: this has given birth to the idea that ellipticals 

form as the rapid collapse of a gas cloud occurring at high redshift and without further SF 

episodes after such "monolithic collapse", as discussed in section 5. 

All of these pieces of evidence point towards an old age as regards ellipticals in clusters, but 

far ellipticals in the field the situation is more complicated. Field ellipticals and SO galaxies 

apparently follow the same CM relation, but the scatter could be higher (L arso n et al. 1980), 

maybe implying a larger scatter in age. A larger scatter even in the FP has been observed 

by some authors (de Carvalho & Djorgovski 1992), but it could be simply due to higher 

uncertainties in determining the distances, which would of course affect also the FP relations 

(Bernardi et al. 1998). More recently, Kodama et al. (1999) constructed the CM far galaxies 

in the Hubble Deep Field and found that at least 1/2 of their sample, mainly the high mass 

galaxies, shows a dominant component of stars as old as the ones in cluster ellipticals. On the 

other hand, the low-mass galaxies appear bluer with more recent formation. This would mean 

that, in generai, massive ellipticals are old, in the sense that they formed the bulk of their 

stars at high redshift, whereas low mass spheroids can have also younger stellar populations, 
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a trend very similar to the one observed also for disc galaxies (see section 4 of this Chapter). 

From the comparison of the Mg2-a* relation for 931 early type galaxies in the field, in groups 

and in clusters, Bernardi et al. (1998) found an upper limit on the average age difference 

between field and cluster E/SO galaxies of 1'.1 lGyr, thus indicating a very old age also for 

field spheroids. Furthermore, from the FP and M/L evolution rate of field galaxies, other 

groups derive similar constraints on the stellar ages as found for cluster galaxies (Kochanek 

et al. 2000, van Dokkum et al. 2001, Rusin et al. 2003, van Dokkum & Ellis 2003). The 

global picture indicates that the only difference between field and cluster ellipticals concerns 

recent weak episodes of star formation in some of the field galaxies and the complete lack 

of young stars in the cluster population. However, i t seems t ha t the recent star formation 

episodes of field ellipticals hardly originated more than a few percent of their total stellar 

mass (Schade et al. 1999, Im et al. 2002, Peebles 2003). From this collection of observations, 

what is clearly apparent is that the very majority of the stellar population is old for both 

environments, i.e. rich clusters and the field. 

Of major importance in constraining galaxy formation models and the age of ellipticals is also 

the redshift evolution of early-type galaxies. Current surveys do not indicate many differences 

between high-redshift and nearby ellipticals. Im et al. (1996) find small signs of evolution in 

the number density of field ellipticals at redshift :::; l. The sample collected by Im et al. (1996) 

is very large, and their finding represents a strong piece of evidence that the space density 

of large ellipticals has changed little since z = l. This result has been confirmed by the 

most recent work by Schade et al. (1999), which however finds that on average high-redshift 

ellipticals have slightly bluer colors than present-day ones, indicating a very small, residual 

star formation activity. However, in some cases these results are contested by other authors. 

For instance, Kauffmann, Charlot & White (1996) claim evidence for strong evolution in the 

population of early types between 0.2 :::; z :::; l from an analysis of the Canada-France Redshift 

Survey. In that work, galaxies were sampled on the basis of their optical colors; a lack of 

red early-type galaxies is found at z 1'.1 l, providing evidence for a strong number evolution 

since that epoch. Barger et al. (1999) use infrared observations to estimate that 1'.1 50% of 

the present-day number of massi ve ellipticals was in place a t z > l. However, these results 

should not be interpreted as firm evidence that E/SO galaxies are not in place at high redshift. 

In fact, these galaxies could be already present at z > l, but they could be bluer than the 

threshold color characterizing those experiments, being consequently missed. Furthermore, 
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the theoretical colors for passively evolving stellar populations are calculated with synthetic 

stellar populations, which suffer some uncertainties and can vary among different authors 

(Schade et al. 1999, Jimenez et al. 1999). 

There are more recent indications, coming from different studies, that significant density 

evolution is to be ruled out up to z r-.~ l or more. Very recently, Cimatti et al. (2002) 

and Pozzetti et al. (2003) have found both a redshift distribution and luminosity function 

evolution of field ellipticals that can be accounted for very well by assuming a pure luminosity 

evolution (PLE) of the galaxy population, and demonstrating the inadequacy of a model 

assuming a consistent number evolution in reproducing the observed features of massive 

galaxies. These results come from the K20 survey, which represents a significant improvement 

with respect to previous K band surveys, thanks to its very large sample and the covering 

of two independent fields, thus reducing cosmic variance effects, to which virtually all of the 

previous surveys were prone, as discussed by Cimatti (2003). 

1.3 Spirai galaxies: main observational properties 

Spirai galaxies have in generai a spheroidal component, the bulge, surrounded by a disc com-

posed by stars and hot and cold gas. These two structures have rather different features, as 

far as the average ages of the stars, the colors and the chemical abundances are concerned. 

Bulges appear very similar to elliptical galaxies since they respect the same FP and Mg2-0" 

relation (Jablonka, Martin & Arimoto 1996, Renzini 1999). Futhermore, in the best stud-

ied bulge, i.e. the one of the MW, no stars younger than the ones present in halo globular 

clusters are found (Renzini 1994, Zoccali et al. 2003). The similarity ofthe chemical and pho-

tometric properties of bulges and ellipticals argues for a common star formation history and 

chemical enrichment and generally a common mean age of their stellar populations (Renzini 

1999). Therefore, it appears legitimate to refer to spheroids as the class of objects includ-

ing ellipticals and the halo and bulge components of spirals (Renzini 1999). Recently, some 

bulges showing properties different than the ones of ellipticals have been observed (Carollo 

2003, Kormendy, Bender & Bower 2002), presenting features more similar to disclike systems 

(hence dubbed "pseudo-bulges"). However, the deviation of the similarity between bulges 

and ellipticals is likely to be ascribed to the difficulties in disentangling the disc and bulge 

profiles since, especially o n small galactic scales, the two components tend to overlap ( Carollo 
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2003). 

Local spirals are characterized by a well established correlation between the their observed 

intrinsic luminosity and their maximum rotation velocity (the so-called Tully-Fisher (TF) 

relation, Tully & Fisher 1977), establishing a link between star formation history and dy-

namical evolution of disc galaxies. The radiai surface brightness profile of spirai galaxies is 

generally well fitted by an exponentiallaw of the type: 

(1.2) 

The parameter Rd is called the disc scale length. The shape of the light profile characterizes 

strongly the spirai discs and distinguishes them sharply from the spheroids, showing very 

different light distributions (see section 3 of the present Chapter). The best studied spirai 

galaxy is the MW, of which a wealth of observed abundances is available (Matteucci 1996, 

2001a), providing fundamental constraints for the modelling of our galaxy and of discs in 

generai. Concerning the local disc, a crucial constraint is provided by the G-dwarf metallicity 

distribution, namely the plot describing how the long-lived dwarf stars are distributed in the 

metallicity (represented by the [Fe/H] ratio) space. The G-dwarf metallicity distribution has 

represented a conundrum for many years, since it was impossible to reproduce it with the 

simplest chemical evolution model, namely assuming that the solar neighborhood (SoN) is 

a closed system. This assumption led to overestimate the number of observed dwarf stars, 

which were far fewer than predicted by this simple model. Lynden-Bell (1975) has shown 

that the problem could be eliminateci by rejecting the "closed-box" approximation for the 

SoN, and by assuming that the disc formed by infall of primordial gas. Other possibilities 

to solve the discrepancy are represented by the preenrichment of the intergalactic gas by an 

earlier stellar population, or the assumption of a time-dependent IMF, more heavily skewed 

towards high-mass stars at earlier times (Pagel & Patchett 1975, Tinsley 1980). Fundamental 

tools to study the origin of the MW are the globular clusters (GC), which contain the most 

metal poor and ancient stars of our Galaxy. Their metallicity distribution appears bimodal, 

with peaks at [Fe/H] rv -1.5 dex and rv -0.6 dex (Wyse 2002 and references therein) and 

with most of the clusters belonging to the metal-poor population. The clusters in the two 

peaks are distinguished by kinematics and spatial distribution, with the metal poor GCs 

belonging to the halo, whereas the metal-rich ones are very similar to those of the thick disc. 

Other important constraints come for the observations of the relative abundance ratios as 
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functions of the relative metallicity [X/Fe] vs [Fe/H] 1 . Such diagrams are due to the time-

delay between type la and II supernovae (SNe). From these abundance patterns it is possible 

to have valuable constraints concerning the stellar IMF and to infer the timescale for the 

halo-thick disc formation (Matteucci 2001b). 

For the stars of the SoN, a clear relation between age and metallicity is observed (Edvardsson 

et al. 1993). However, this relation represents a much looser constraint than the G-dwarf 

distribution, since it can be reproduced by a variety of model assumptions (Matteucci 2000). 

Part of this spread can be due to the fact that in the local disc we observe also stars horn in 

other regions, and later migrated into the salar vicinity because of orbital diffusion. 

The presence of abundance gradients along the Galactic disc is now well established. Data 

from various sources (HII regions, planetary nebulae, B stars) suggest a standard value for 

the gradient of oxygen, "'0.07 dexjkpc in the galactocentric distance range 4-14 kpc (Maciel 

and Quireza 1999). A problem is represented by the slope of this gradient, since it is not 

clear whether it is unique or bimodal. 

The Hl distribution observed along the Galactic disc is roughly constant aver a range of 4-10 

kpc, increasing towards the center with a peak at 4-6 kpc (Dame 1993). From various tracers, 

such as Lyman continuum photons (Giisten & Mezger 1982), supernova remnants (Guibert, 

Lequeux, & Viallefond 1978), pulsars (Lyne, Manchester, & Taylor 1985), and molecular 

clouds (Rana 1991) the SFR distribution along the disc is observed to increase towards the 

inner disc regions, with a peak at 4-6 kpc similar to that of the gas. 

Other useful information comes from the angular momentum distributions observed for the 

various stellar components of the MW. The spheroidal components (i.e. the bulge and the 

halo) share common angular momentum distributions for the stars, rather different from the 

ones observed for the thick and thin discs (Ibata & Gilmore 1995). The similarity between 

the angular momentum curves for the bulge and the halo can be explained by a model in 

which the proto-bulge gas is ejected from star-forming regions in the early halo, whereas the 

analogy between the curves for the thin and thick disc can be explained if the thick disc is 

a remnant of the early stages of disc formation. Furthermore, from this evidence it seems 

that the ejecta from the halo did not participate in the formation of the disc (Wyse 2002 and 

1For any chemical element X, let us define (X/ H] = log(X/ H) - log(X/ H)0 , where (X/ H)0 is the ratio 

between the abundance by mass of the element X and the hydrogen abundance in the sun. Unless otherwise 

stated, we adopt the solar abundances measured by Anders and Grevesse (1989) 
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references therein). 

Also the amount of observational data coming from other spirai galaxies is considerable. 

After the Milky Way, the best-studied spirals are the ones in the local group, namely M31 

and M33. There are several similarities between the MW and its companion M31, which 

is a giant spirai and under several aspects can be considered a "twin galaxy" of the MW. 

The GCs of M31 also have a bimodal metallicity distribution, with peaks remarkably similar 

to those of the MW (Barmby et al. 2000) and with most clusters again in the metal-poor 

population. Furthermore, these two populations appear to be kinematically and spatially 

distinct, as are the two MW GCs populations. Also the mean metallicity of the dominant 

field stellar populations of M31 and of the MW are rather similar, being of around rv -0.6 

dex (Wyse 2002). Another similarity between the MW and M31 is the presence of an old 

stellar component in the spheroids, as argued by the RR Lyrae stars observed in the bulge 

and halo of M31 (Pritchet & van den Bergh 1994). Furthermore, shallow but distinct color 

gradients could be observed in M31 more carefully than in any other galaxy (Walterbros & 

Kennicutt 1987). The other local disc galaxy, M33, shows chemical features rather different 

from the ones of the MW and M31. The field stars of M33 have a mean metallicity of only 

rv -2 dex (Mould & Kristian 1986). Furthermore, some of the halo clusters have a red 

horizontal branch (Sarajedini et al. 2000), witnessing the presence of stars younger than the 

ones of the Galactic GCs. The intermediate-age GCs of M33 are more similar to the ones 

observed in the Large Magellanic Cloud (LMC) than to the ones in M31 (Elson & Fall1985), 

whereas the inner bulge of M33 shows the presence of a strong AGB component (Davidge 

2000), indicative of a recent burst of star formation. 

Abundance gradients have been observed in nearby galactic discs (Garnett 1998), with the 

result that they seem to be steeper in smaller discs and flatter in galaxies with centrai bars 

(Zaritsky et al. 1994). 

At variance with the nearby ellipticals, spirai galaxies continue to form stars even at the 

present time. The SFRs are measured mainly from Ha emission, and show a correlation 

with the total surface gas density (HI+H2 , Kennicutt 1989, 1998). From a wide sample of 

nearby spirals, Kennicutt (1983) finds SFRs ranging from O to 20M8 yr-1. However, SFR 

and photometric measures in spirals are often contaminated by effects of extinction by dust, 

whose geometrie distribution is difficult to determine and which, in some cases, seriously 

limits the reliability of the measures. From the SFR measures of nearby spirals, Kennicutt 
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(1998) has also suggested the existence of a threshold gas density of few M 8 yr-l, below 

which the formation of stars cannot occur. Concerning the gas distributions observed in 

nearby disc galaxies, there are striking differences between field and cluster spirals, being the 

former much richer in neutral gas, whereas the latter are often gas-free. This indicates that 

also the environment can play an important role on the evolution of spirai galaxies (Skillman 

et al., 1996). 

There is observational evidence of weak color gradients in the discs of other nearby spirai 

galaxies (see Prieto et al. 1992). The causes of these gradients can be ascribed to different 

factors, such as gradients in the degree of internai dust-extinction, gradients in the mean 

stellar ages or metallicity gradients (Binney & Merrifield 1998). 

Recent observations have shown that in local spirals, the ratio between the current SFR and 

the past averaged one is an increasing function of the Hubble type, with early type spirals 

having low values of such ratio, whereas late spirals have current SFRs of the order of the 

past averaged one. This fact translates into the anticorrelation between the SFR per unit 

total mass and the galactic luminosity found by Gavazzi, Pierini & Boselli (1996). Other 

recent works (Boissier et al. 2001, Boselli et al. 2001) indicate that giant spirals are redder 

than smaller ones and have less gas and strengthen the conclusion that big spirals were more 

active in the past in producing stars than low mass ones. 

The analysis of the TF relation at high-redshift can put strong constraints on the evolution 

undergone by disc galaxies and on their formation history. Recently, it has been attempted 

to derive the TF relation for disc galaxies located at redshifts 0.1 - l (Ziegler et al. 2002), 

with the evidence for a lower slope than for local galaxies. These results point towards a 

little evolution of the most massive spirals up to z 1"-.J l, whereas the less massi ve ones seem to 

have undergone a remarkable loss of luminosity during such redshift interval. Other results 

coming for high redshift surveys confirm little evolution up to redshift 1"-.J l, concerning both 

the scale length and number density of typical discs (Lilly et al. 1998), but show a significant 

increase in their average star formation rate in the same redshift interval. 
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1.4.1 The hierarchical paradigm and the traditional "monolithic" approach 

The aim of any galaxy formation model is to explain how and when the galaxy population 

formed, w h ere with the word "formation" usually one means the assembly of the bulk of the 

materia! (say > 50%) of the luminous parts of a galaxy, namely the stars, within a sphere of 

radius 30 kpc (Peebles 2003). Furthermore, a reliable picture of galaxy formation must be 

able to reproduce at the same time all (or as much as possible) of the observational issues 

discussed in sections 3 and 4. Currently, the most intriguing debate concerns how the for-

mation of ellipticals and bulges occurred in the universe. The ~wo main competing scenarios 

of galaxy evolution propose rather different conditions for the formation of spheroids. In the 

first scenario, ellipticals and bulges formed at high redshift ( e.g. z > 2 - 3) as the result 

of a violent burst of star formation following a "monolithic collapse" (MC) of a gas cloud. 

After such a collapse, the formed stellar populations age passively until the present time. 

The basic ideas which gave rise to such scenario were proposed by the pioneering works by 

Larson (1974a), but since then a great deal of work followed, all developing and improving 

the basis cast by the early authors (see, e.g., van Albada 1982, Sandage 1986, Matteucci & 

Tornambé 1987, Arimoto & Yoshii 1987, Matteucci 1994). In the diametrically opposed sce-

nario, massive spheroids are formed from several merging episodes among gas-rich galaxies, 

such as discs, occurring through the whole Hubble time. These mergers produce moderate 

star formation rates (SFRs), with massive galaxies reaching their final masses at more recent 

epochs (z ~ 1.5, White & Rees 1978, Kauffmann, White & Guiderdoni 1993, Baugh et al. 

1998, Cole et al. 2000, Menci et al. 2002). The latter picture, often referred to as the "hier-

archical clustering" (HC) scenario, is developed on the basis of the widely accepted structure 

formation theory characterized by a A Cold dark Matter (ACDM) universe. Such paradigm 

assumes that the mass of the universe is dominateci by cold dark matter and the expansion 

of the universe occurs under the effect of a "dark energy", represented by the cosmologica! 

constant A. One of the main outcomings of this theory is that small structures, intended 

as dark matter haloes, form first. These small halos then interact and merge to form larger 

halos which can host large galaxies. The baryonic matter is confined within the dark mat-

ter halos, in whose cores collapses and cools. The cool gas transforms into stars; the star 

formation is self-regulated by feedback, i.e. the energy which the stars restare into the ISM 
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through stellar winds and SNe. The most uncertain assumption in this scenario is that the 

predicted behaviour of the baryonic matter follows the one of the DM halos, in the sense that, 

as small halos, small galaxies form first and then, consequently to the merging of the halos, 

merge to yield giant galaxies. Such theory has experienced a recent noticeable success in 

the interpretation of the temperature anisotropy of the 3K cosmic background radiation (see 

Peebles 2003 and references therein) and in reproducing the observed large-scale structure 

and galaxy clustering (Peacock 2003). 

However, as emphasized by several authors (e.g., Peebles 2003, de Freitas Pacheco, Michard, 

Mohayaee 2003), the distinction between the two galaxy formation scenarios is more of his-

torical than of physical relevance, since one can imagine that giant galaxies form through 

hierarchical growth of structure either at high redshift or low. In fact, a hierarchical picture 

in which galaxies merge at high redshift is virtually identica! to a monolithic scenario. The 

centrai problem is to find out whether the bulk of the present day galaxies formed through 

subsequent merging events, or if only a minority has always been involved in interactions as 

appears from the current data, while the majority formed in isolation. Of course, no one 

will ever observe the merging between two galaxies and its final product, since such an event 

would last, according to what numerica! experiments indicate, a period of some Gyrs, much 

longer even than the timescale of existence of a living species on planet Earth. 

Beside the many successes of the ACDM paradigm in reproducing the constraints provided 

by the CMB, the hierarchical scenario is also motivated by some observational issues con-

cerning visible matter and galaxies (see Schade et al. 1999 and Conselice 2003 for reviews 

on this subject). One fact concerns the measured merging rate, rising steeply with redshift 

(Patton et al. 1997, Le Févre et al. 2000), along with the fact that some surveys present 

an apparent deficit of red, big massive galaxies at z rv l and that the number density of 

such objects seem to vary much, also by a factor of two or three, between z rv l and z =O 

(Kauffmann et al. 1996, Zepf 1997). As pointed out by some observers (e.g., Schade et 

al. 1999), much of the evidence that very red (i.e. old and passively evolving) galaxies are 

deficient in space density at high redshift are based on small samples, so that the statistica! 

uncertainty is large. Furthermore, some possible visible signs of merging activity could be 

the so-called shells and ripples found around 10 % of all massive galaxies (Conselice 2003 

and references therein), and the fact that centrai cluster galaxies sometimes show multiple 

nuclei and tidal features (Conselice, Gallager & Wyse 2001). Another evidence in favor of 
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merging is provided by the cores observed in some eliipticals, kinematicaliy decoupled from 

the main body of the galaxy (Bender & Surma 1992, de Zeeuw et al. 2002), which could 

find no explanation in the monolithical scenario and which could be naturaliy accounted for 

through merging of subclumps. Even this point does not aliow one to find out whether a 

major merger, involving the majority of the mass, or smali minor mergers, involving neg-

ligible mass fractions, have been responsible for these phenomena. Beside this, it is worth 

to note that in generai, hierarchical models of galaxy evolution have several difficulties in 

reproducing the whole class of observed features concerning ellipticals and bulges described 

above, such as the FP and the color-magnitude relation. The disagreement is mainly due to 

the fact that the HC scenario predicts that big spheroids have formed later than smali ones, 

hence the steliar populations of the big ones should have bluer colors, at variance with what 

ali that series of observational data indicates, and which on the other hand can be naturaliy 

accounted for within the traditional monolithic scheme. Also the M g / Fe vs a relation and 

ali the indications from steliar chemical abundances represent serious chalienges to the hier-

archical paradigm, which in generai is unsuccessful in reproducing such constraints (Thomas 

1999, Thomas et al. 2002). 

The issue concerning the formation of disc galaxies is much less debated, because for many 

aspects the monolithic and hierarchical paradigms provide similar results and in some cases 

the two approaches show a generai agreement. However, again the MC and HC approaches 

present some considerable differences. In the hierarchical scenario, disc galaxies form before 

eliipticals, which origin later on from several merging episodes of discs. In this case, the 

difference between the HC and MC resides in the fact that in the MC picture bulges of spi-

rals form first, then discs are accumulateci around some bulges through progressive infall of 

primordial gas, whereas in the HC picture discs form without a pre-existing bulge. Further-

more, the HC paradigm predicts that smali discs form weli before giant discs, since ali the 

big structures in the universe, including giant spirals like the MW, have assembled recently. 

For this reason, if the HC paradigm were correct, the steliar populations of small galaxies 

should be older than the ones of big galaxies. On the other hand, the observations seem 

to show exactly the contrary, with larger discs redder than small ones and apparently more 

active in the past in producing stars than low mass discs. In other words, there seems to 

be an "inverted hierarchy" foliowed by disc galaxies with respect to the predicted behaviour 

of dark matter (Prantzos 2002). Another unresolved issue of the theory of disc formation 



16 CHAPTER l. A GENERAL OVERVIEW ON GALAXY EVOLUTION 

within the ACMD paradigm is the so-called Angular Momentum problem. The discs form in 

the potential wells of DM halos as the baryons cool and collapse dissipatively; so far, several 

numerica! simulations have indicated that, if i t is assumed that the gas cools only radiatively, 

the resulting discs are much smaller than what required by the observations (Sommer-Larsen 

et al. 2002). Problems affect also the capability of reproducing the TF relation observed for 

local discs: both the slope (van den Bosch 2002) and the zero point of the TF relation are 

hardly accounted for by some HC models (see the discussion in Cole et al. 2000). A similarity 

between the HC and MC approach to disc models is the so called "inside-out" scenario for 

disc formation: both predict that the inner parts of a disc are the first to form, followed by 

a phase of graduai increase of the side of the disc lasting for a Hubble time (Matteucci & 

François 1989, Sommer-Larsen et al. 2002). 

1.4.2 Cosmic chemical evolution models 

A different approach to study galaxy evolution is represented by cosmic chemical evolution 

models. These models calculate the chemical evolution in comoving volumes large enough to 

be representative of the universe as a whole. The chemical evolution equations are usually 

resolved analytically, and the free parameters are tuned in order to reproduce the constraints 

provided by the Hl content and the metallicities observed in Damped-Lyman a systems 

at high-redshift (Lanzetta, Wolfe & Turnshek 1995, Pei & Fall 1995, Edmunds & Phillips 

1997, Pei, Fall & Hauser 1999, Sadat, Guiderdoni & Silk 2001). The analytical resolution 

of the chemical evolution equations is made possible by means of instantaneous recycling 

approximation (IRA), which assumes that all the stars with masses m lelm0 live forever and 

all the stars with higher masses die instantaneously, enriching the ISM (see Chapter 2 for a 

more detailed discussion of the ISM chemical enrichment). Un der the IRA, i t is possible to 

study the evolution of the global metallicity Z of the gas or of the stars, mainly dominateci 

by O, an element produced by massive stars on small timescales (t ~ 0.01 Gyr). However, 

the behaviour of elements such as Fe and Zn, frequently measured in DLAs and produced 

by stars o n long (t rv 0.1 - l Gyr) timescales, cannot be predicted by such models. The 

only exception is represented by the paper by Malaney & Chaboyer (1996), where the stellar 

lifetimes are properly taken into account, and which interestingly emphasize the differences 

between their results and the ones obtained in IRA conditions. A significant effort in cosmic 

chemical evolution models is performed by Mathlin et al. (2001) w ho, by treating the t ime 
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delay between a and Fe as a parameter, with their models can construct a a/ Fe vs Fe/ H plot 

which, as explained in Chapter 2, can provide invaluable information on the star formation 

history of high-redshift protogalaxies. 

Another common weak point of cosmo-chemical models concerns the provided information 

on the single galaxy morphological types. In fact, by considering great comoving volumes, 

in generai the cosmic chemical evolution models are very fruitful in tracing the average 

properties of the universe but do not allow us to study in detail the different contributions 

to the chemical enrichment of the universe brought by the different galactic types. Such 

difficulties are not overcome by large-scale numerica! simulations (Cen & Ostriker 2001), 

whose resolution is currently unsuited to study evolutionary phenomena on galactic and 

subgalactic scales, although they are useful to study the average metallicity as a function of 

the overdensity and are powerful tools to study the chemical enrichment in the intergalactic 

medium (IGM) (see Aguirre et al. 2001). 

1.4.3 Summary of observational evidences in favor of the Monolithic Col-

lapse and Hierarchical Clustering scenarios 

In summary, the observational issues in favor of the Monolithic Collapse scenario (i.e. that 

giant spheroids form a t high redshift (z > 2) o n short timescales and that discs form by infall 

of pristine gas on a much longer timescale, with a SF efficiency in anticorrelation with the 

mass), are: 

l) The thinness of the Fundamental Piane observed for cluster (and field) spheroids (Djor-

govski & Davis 1987, Renzini & Ciotti 1993, Bernardi et al. 1998, Kochanek et al. 2000, van 

Dokkum et al. 2001, Rusin et al. 2003, van Dokkum & Ellis 2003) 

2) The tightness of the color-centrai velocity dispersion and color-magnitude relation observed 

for spheroids located in nearby clusters and in the field (Bower, Lucey & Ellis 1992, Kodama 

et al. 1999) 

3) The tightness of the color-a* and color-magnitude relation for ellipticals in distant clusters 

(Ellis et al. 1997), as well as the Tully-Fisher relation, holding up to high redshift (Ziegler et 

al. 2002) 

4) The red colors of the stellar populations of field (Schade et al. 1999, van der Wel et al. 

2003) and cluster (Ellis et al. 1997) ellipticals 

5) The Lyman-break (Pettini et al. 2002a) and SCUBA galaxies (Ivison et al. 2000) found 
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at high redshift, with typical SFRs from rv 50 to 1000 M 0 yr-1. Furthermore, the existence 

of EROS observed at high redshift and the possible association to spheroids could pro be that 

ellipticals and bulges were well in place already several Gyrs ago (Daddi et al. 2000) 

6) The correlation between the black hole mass and the velocity dispersion observed in 

present-day spheroids (Ciotti & Van Albada 2001) 

7) The chemical patterns observed in spheroids, such as the [a/ Fe] ratio, increasing with the 

galactic mass (Thomas et al. 2003), and the fact that the most metal-rich ellipticals are far 

more metal-rich than typical spirals (Ostriker 1980) 

8) The fact that large discs have redder stellar populations and less gas than smaller ones 

(Boissier et al. 200 l, Boselli et al. 200 l) 

9) The constancy of the number density of both spheroids and large discs observed by most 

of the groups up to z rv l (Im et al. 1996, Lilly et al. 1998, Schade et al. 1999, Im et al. 2002) 

The observational evidences in favor of the Hierarchical Clustering scenario (i.e. that 

giant galaxies for by merging of subclumps at intermediate and low redshift, i.e. z ::; 1.5) 

are: 

l) The paucity of giant galaxies at high redhift (z rv l) claimed by some authors (Barger et 

al. 1999, Kauffmann, Charlot & White 1996, Zepf 1997) 

2) The blue color of some spheroids at low redshift, possibly ascribed to residual star formation 

activity induced by mergers (Franceschini et al. 1998, Menanteau et al. 1999) 

3) The distorted morphology of some local ellipticals and some traces of merging such as 

ripples, decoupled cores and multiple nuclei (Bender & Surma 1992, de Zeeuw et al. 2002, 

Conselice 2003) 

4) The increasing of the measured merging rate with redshift (Patton et al. 1997, Le Févre 

et al. 2000) 

What appears from this summary is that there is much more compelling evidence in favor of 

the MC scenario than for the HC scenario. However, as stressed by various authors (Peebles 

2003, Renzini 1999), the distinction between the two scenarios can be very subtle. As already 

noted, merging can happen either al high redshift or low. Merging of gas-rich discs at high 

(z rv 2) redshift and occurring on short timescales is a perspective virtually identica! to the 

MC scenario. One possibility to reconcile the impressively broad range of observations quoted 

above with the HC paradigm is to tune hierarchical models in order to mimic the monolithic 
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model, namely by pushing most of the merging events back to an earlier cosmological epoch 

(Renzini 1999, Cimatti et al. 2002). 

1.5 Motivation of the present work 

The present work is aimed at the study of "cosmic quantities", such as the galaxy luminosity 

density, the star formation rate density, the cosmic supernova rate and the global evolution 

of metals, within a traditional "backwards" approach, namely starting from the galaxy lumi-

nosity function observed in the local universe and evolving the galaxy population backup to 

early epochs. This is performed by assuming that, once formed, galaxies evolve as isolated 

systems (only in luminosity and not in number), i.e. is equivalent to assume that merging 

has had no dominant effect on galaxy evolution through the Hubble time. In this sense, the 

approach used in this work is built on assumptions fully identifiable with the philosophy of 

the MC scenario for galaxy evolution. The comparison between the model predictions and 

the observations can provide useful hints on how galaxy evolution has occurred. Furthermore, 

on the light of the current debate on the galaxy formation epoch, the present study is aimed 

at inferring whether the two main scenarios, the MC and the HC, can be disentangled on the 

basis of the current observations, and at suggesting possible new strategies if the current data 

will no t allo w us t o perform such task. To do t ha t, we will use very detailed chemical an d 

photometric evolution models for galaxies of different morphological type, namely ellipticals, 

spirals and irregulars. These models will also be used to study cosmic chemical evolution. 

In particular, we will study how the chemical enrichment occurs in all the different galactic 

types: this could be useful either to unveil the nature of high-redshift galaxies or to inves-

tigate how the chemical enrichment of the IGM has occurred, which are the contributions 

brought by the different morphological types, and to probe whether a monolithic scenario 

can account for the global chemical enrichment of the local universe as well as the heavy 

element abundances detected in the high-redshift intergalactic gas. A detailed description 

of the chemical evolution models will be the subject of Chapter 2. The study of the global 

photometric properties of the galaxy population has been performed by means of spectropho-

tometric models, which will be described in Chapter 3. 
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Chapter 2 

Chemical evolution of galaxies 

Starting from the matter reprocessed by the stars and restored into the ISM through stellar 

winds and supernova explosions, the chemical evolution models allow one to calculate the 

time evolution of the production rate of any chemical element, the element abundances in 

the gas and in the stars in galaxies. In this chapter I describe the chemical evolution models 

developed and used in the present work, together with their main ingredients, i.e. basically the 

stellar yields, the initial mass function and the star formation rate. Then, I describe the main 

chemical evolution equations and the many astrophysical information which they contain. I 

describe in detail how chemical evolution is computed for ellipticals, spirals and irregulars, 

and the main differences among the three models. A t the end of this Chapter, I present some 

results coming from various chemical evolution models. Much of the present Chapter is based 

on the very exhaustive review by Matteucci (1996) and the book by Matteucci (2001a). 

2.1 Basic Principles 

The basic physical ingredients of the chemical evolution models are: 

• the initial conditions 

• the stellar yields 

• the stellar IMF 

• the star formation rate (SFR) 

• gas flows 

21 
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The initial conditions 

The main initial conditions of the chemical evolution models concern the amount of gas 

present initially. In some cases, it is assumed that all the gas is present at the time t = O, 

whereas in other cases it is accumulateci progressively through an infall law. The rate of 

accretion can be fast or slow, depending on the object which we are modelling. For instance, 

the inner part of a spirai disc forms very quickly, similarly to a spheroid, hence in this case the 

rate of accretion is high. Other fundamental initial conditions are given by the initial chemical 

composition of the pre-galactic gas. Usually, initial chemical abundances coming from the 

Standard Big Bang Nucleosynthesis are adopted, namely X p = O. 76, Yp = 0.241, Zp = O for 

the primordial mass abundance of H, 4 He and all the heavy elements l, respectively. 

The stellar yields 

The term stellar yield indicates the masses of fresh elements produced and ejected by a star 

of mass m and metallicity Z. The yields used in the present work are separated into three 

groups: yields of low and intermediate mass stars, yields of massive stars and type la SN 

yields. 

Yields from low and intermediate mass stars 

Low and intermediate mass stars (LIMS) are characterized by masses ranging from 0.8m0 

up to 8m8 . These stars contribute through quiescent mass loss and planetary nebula phase 

to theiSM enrichment in 4He, 12C, 14N, 170. The LIMS are affected by some sources ofun-

certainties, mainly related to the physical description of processes occurring in stars, such as 

convection and mass loss during stellar evolution. Particularly uncertain are the predictions 

for the synthesis of N, produced as a secondary element during H-burning in the CNO cycle. 

This means that its production is dependent on the amount of C and O in the stellar enve-

lope, which should have been produced by previous stars. Renzini & Voli (1981, RV) pointed 

out that part of N can have also a primary origin, if C and O involved in the CNO cycle 

have been produced in situ. This can happen during the Asymptotic Giant Branch phase 

of intermediate mass stars, when dredge-up in conjunction with hot bottom burning occur. 

1 In the present work, the expressions "metals" or "heavy elements" refer to all the chemical elements 

heavier than 4 He. The quantity Z, always referred to as global metallicity, represents the sum of all the 

abundances (by mass) of the heavy elements. 



2.1. BASIC PRINCIPLES 23 

The fraction of primary N produced in this way is stili uncertain and depends critically on 

the treatment of convection and in particular on the occurrence of the third dredge-up. Some 

primary production of N could also come from massive stars, as often advocated for several 

astrophysical situations (see Matteucci 1996, 2001) and suggested by the recent calculations 

by Meynet & Maeder (2002), who showed that rotation in massive stars can be responsible 

for the production of primary N. The most important work on the LIMS yields is that of 

Renzini & Voli (1981), which was widely used in galactic chemical evolution in the past years. 

In this work we use more recent LIMS yields by van den Hoek & Groenewegen (1997), whose 

main difference from the ones by RV is that they take into account the initial metallicity 

of the stars. The initial metallicities can have values between Z = 0.001 and Z = 0.04, 

corresponding to Z = 0.05Z8 and Z = 2Z8 , respectively. 

Yields from massive stars 

Massive stars (MS), namely all the stars with masses m > 8m8 , are responsible for the 

creation of the bulk of the heavy elements, with the exception of the Fe-peak ones, such as Fe 

and Ni. In particular, MS build up nearly the totality of 160, which is the dominant element 

in the global metallicity Z and is the most abundant element in the universe after H and 
4 He. MS enrich the ISM through type II SN explosions. Type II SN explosions are supposed 

to originate from core collapse of single massi ve (M > 8M8 ) stars, leaving as remnants a 

neutron star or a black hole. Uncertainties in the yields from MS derive from the physical 

treatment of convection, from the assumption of the mass-cut value and from the uncertain 

nuclear reaction rates. Most of the uncertainties concern the production of Fe: the difference 

between the yields as predicted by Thielemann, Nomoto & Hashimoto (1996) and by Woosley 

& Weaver (1995) is of a factor of""' 3 for stars with masses m> 15m8 . On the other hand, 

there is substantial agreement among the yields for the a elements (160, 24Mg) as predicted 

by various authors (Matteucci 2003). 

In this thesis, the MS yields used in the chemical evolution models are the ones by Nomoto 

et al. (1997a), which present an uptodate and extensive grid of models on the basis of the 

one computed by Thielemann, Nomoto & Hashimoto (1996). 

Yields from type la supernovae 

Type la SN are assumed to originate from exploding white dwarfs in binary systems. The 

most popular model is the C-deflagration of a white dwarf reaching the Chandrasekhar mass 
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(1.44m0) after accretion of material from a young companion in a dose binary system (Whe-

lan & Iben 1973). The explosion destroys the whole star, so that no remnant is left. Type la 

are the responsible for the production of the bulk of the Fe, along with traces of C and Si. 

In this work the SNia yields by Nomoto et al. (1997b) are adopted, (W7 model). 

The stellar initial mass function 

The initial mass function (IMF) is usually assumed to be constant in space and time in all 

the models and it is expressed by the formula: 

cf;(m) = cf;om-(l+x) (2.1) 

where cf;o is a normalization constant. In the present work we test mainly two IMFs, 

i.e. the Salpeter (1955) and the Scalo (1986). The Salpeter IMF is a single-slope power-law 

characterized by a slope x = 1.35. The Scalo IMF is a double-slope IMF (x = 1.35 for 

0.1 ~ m/m0 ~ 2, x= 1.7 for 2 < mjm0 ~ 100). The Scalo-like IMF has been demonstrated 

to be the best in reproducing the observational constraints in the salar neighbourood, whereas 

the Salpeter is preferred for nearby galaxies (e. g. Lanfranchi & Matteucci 2003). In some 

cases, also a third IMF is used, i.e. the one by Arimoto & Yoshii (1987), having a much 

fiatter slope of x= 0.95, hence considerably richer in massive stars than the Salpeter and the 

Scalo ones. In all cases the assumed mass range is 0.1- 100m0 . 

The star formation rate 

Among the various parametrizations of the star formation rate (SFR) proposed in the litera-

ture, here we adopt a SFR proportional to a power k of the total surface density (see sections 

2.2, 2.3 and 2.4). This formulation is similar to Schmidt's (1959) originai suggestion that the 

SFR should vary as a power of the density of the gas. This assumption is performed on the 

basis of the observational results by Kennicutt (1989, 1998b), who found a dependence of 

massive star formation on the surface gas density in local disc galaxies, in particular that in 

dense regions the relation between SFR and gas density can be well represented by a power 

law with exponent k ~ 1.3 - 1.5. 
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Gas flows 

Gas flows include phenomena such as the infall of gas on galactic discs, inferred from the 

existence of high velocity clouds (Tripp et al. 2003, Wakker 2001) observed in the Milky 

Way galaxy, and galactic winds triggered by SN explosions, observed in various galaxies at 

high and low redshift (Veilleux 2003). The infall is parametrized by assuming that it is 

exponentially decreasing in time (see sections 2.2-2.4), whereas the winds are assumed to 

be proportional to the SFR and to develop when the thermal energy of the gas exceeds its 

binding energy owing to SN heating (see sects. 2.2-2.4). 

2.1.1 Basic equations 

In all the models described in this work, the resolution of the chemical evolution equations 

is numerica!. This approach allows us to relax the instantaneous recycling approximation 

(IRA), which assumes that all the stars with mass m 2:: 1m8 have a negligible lifetime and 

all the stars with m < 1m8 live forever. The IRA is the basic assumption of any analytical 

chemical evolution model (Tinsley 1980, Matteucci 1996) and does not allow us to follow the 

evolution of the elements produced by stars on long timescales (i.e. 108 - 109 yr), such as 

Fe ,C, N. If a9 (t) is the gas mass density in a given galaxy at the time t, O"tot(t9 ) is the total 

mass density of the galaxy a t the present t ime t9 and Xi (t) is the ab un dance (by mass) of 

an element i at the time t, let us define: 

(2.2) 

as the mass fraction of gas in the form of an element i at the time t. The most generai 

chemical evolution equation can be written in the following way: 
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(2.3) 

All the variables in the equation above are normalized to atot(t9 ). The first term on the 

right hand side, including the star formation rate (SFR) 'ljJ(t), represents the rate at which 

each element disappears from the ISM owing to star formation. The second term is the 

rate at which each element is restored to the ISM by single stars with masses in the range 

ML - MBm, where ML is the minimum mass contributing, at a given time t, to chemical 

enrichment (the minimum is 0.8m0 ) and MBm is the minimum binary mass allowed for bi-

nary systems giving rise to Type la SN (3m0 , Matteucci & Greggio 1986). The quantities 

Qmi(t- T m) contain all the information about stellar nucleosynthesis for elements either pro-

duced or destroyed inside stars or both (Talbot and Arnett 1971). The third term represents 

the enrichment due to binaries which become type la SN, i.e. all the binary systems with 

total mass between MBm and MBM (16m0 ). For the type la SN progenitor model, the Single 

Degenerate (SD) scenario is assumed, where a C-0 white dwarf star explodes (C-deflagration 

mechanism, Nomoto et al. 1997b) after having reached the Chandrasekhar mass (1.44m0 ) 

owing to progressive mass accretion from a non-degenerate companion (Matteucci & Greggio 

1986). The parameter A represents the unknown fraction of binary stars giving rise to type 

la SN and is fixed by reproducing the observed present time SN la rate. In generai, values 

of A between 0.05 and 0.09 (varying with the IMF) are adopted, in order to reproduce the 

observed la SN rates in the Milky Way and in other galaxies. In this term, both quantities 

'ljJ and Q mi referto the time t- tm2, where tm2 indicates the lifetime of the Secondary star of 

the binary system, which regulates the explosion timescale of the system. Note that, in this 

approach, only those binaries which give rise to a SN la event are treated separately, whereas 
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stars in other binary systems are treated as single stars. f-L = M2/ MB is the ratio between 

the mass of secondary component and the total mass of the binary system, whereas f(M) is 

the distribution function of this ratio. Statistica! studies indicate that mass ratios dose to 

0.5 are preferred, so the formula: 

(2.4) 

is commonly adopted, with 'Y = 2 as a parameter (Greggio & Renzini 1983). f-Lmin is the 

minimum mass fraction contributing to the SNia rate at the time t, and is given by: 

(2.5) 

The fourth term represents the enrichment due to stars in the mass range Mnm- MBM which 

are either single, or, if binaries, do not produce a SN la event. In this mass range, ali the 

stars with masses m> 8m8 wili explode as type II SNe, which in our picture are assumed to 

originate from core coliapse of single massive stars. The fifth term represents the enrichment 

of stars more massi ve than MnM, ali of which explode as type II SNe and for the highest 

masses as type Ib SNe2 . As the upper mass limits contributing to chemical enrichment, we 

assume Mu = 100m8 . The contribution of such massive stars is particularly important at 

very low metaliicity, since these are the first stars to die and to enrich the ISM. 

The sixth term is the rate of accretion of matter with primordial abundances X Ai, whereas 

the last term is the outflow rate for the element i. 

The function Tm(m) describes the steliar lifetimes. Unless otherwise stated, we assumed the 

steliar lifetimes by Padovani & Matteucci (1993), i.e.: 
T m = 101.338-J[1.79-0.2232·(7.764-log m)]/0.1116 _ 9 Gyr (m ~ 6.6m8 ) 

T m= 1.2 · m-l.BS + 0.003 Gyr (m> 6.6m8 ) 

2.1.2 Chemical Evolution of spirai galaxies: the Milky Way model 

Chemical evolution of spirals is studied by means of the two-infali model (Chiappini et al. 

1997, Chiappini et al. 2001), developed to reproduce the observational constraints of the 
2 Type Ib SNe are probably originating from the explosion of Wolf-Rayet stars. 
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Milky Way (MW). This models assumes t ha t the MW forms as the result of two main infall 

episodes. During the first episode the halo forms and the gas shed by the halo rapidly gathers 

in the center leading to the formation of the bulge. During the second episode, a slower infall 

of external gas gives rise to the disc with the gas accumulating faster in the inner than in 

the outer region, according t o the "inside-out" scenario as proposed by Matteucci & François 

(1989). The process of disc formation is much longer than the halo and bulge formation, with 

typical time scales varying from rv 2 Gyr in the inner disc, rv 7 Gyr in the solar region, and 

up to 15- 20 Gyr in the outer disc. 

The spirai disc is approximated by several independent rings, 2 kpc wide, without exchange 

of matter between them. The basic equation for the spirai model is identica! to eq. 2.2, with 

the exception of the omission of the outflow term W(t). 

The infall rate is defined as: 

Ai(t) = dGi(r, t) = A(r)(XA)ie-t/TH + B(r)(XA)ie-(t-tmax)/Tv(r) (2.6) 
dt CJtot(r, ta) CJtot(r, ta) 

(B(r) =O for t< tmax) where TH is the timescale for the inner halo formation (0.5-1 Gyr) and 

TD(r) is the thin disc timescale varying with galactocentric distance (inside-out formation): 

TD(r) = 1.033 x (r/kpc)- 1.267Gyr (2.7) 

tmax is the time of maximum gas accretion onto the disc, coincident with the end of the 

halo/thick disc phase and set equal to l Gyr. The quantities A(R) and B(R) are derived in 

order to reproduce the current total mass surface density distribution in the halo and along 

the disc. 

The SFR is given by: 
'ljJ(t) = z; CJtot(r, t)k1 CJgas(t)k2 

a tot ( r, tG) 
(2.8) 

where v is the SF effi.ciency (set to l Gyr- 1 ), whereas CJtot(r, t) and a 9a8 (t) represent 

the total mass surface density at the radius r and the gas surface density at the time t, 

respectively. The SFR expression is an extended Schmidt (1963) law. The exponent k2 

is assumed to be 1.5, in agreement with observational data by Kennicutt (1998b) relative 

to the correlation between Ha emission and H1 density in nearby spirals. The exponent 

k1 = k2 -1 = 0.5 derives from the originai formulation of Talbot & Arnett (1975) adopted by 

Chiosi (1980). In some cases, we adopt a threshold density for the star formation in the disc 
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Table 2.1. Model parameters for a typical spirai galaxy. MD is the baryonic mass of the disc, TH 

is the infall timescale for the halo, TsoN is the infall timescale for the salar neighbourhood, v is the 

star-formation efficiency. 

Spirai l Mn(MG) TH(Gyr) TsoN(Gyr) v(Gyr-1) 

5 x 1010 0.8 7 1.0 

ath rv 7m0 pc-2 as suggested by Chiappini et al. (1997). Also this choice is performed on the 

basis of observational results by Kennicutt (1998a,b) of nearby discs. Table 2.1 summarizes 

the adopted parameters far the spirai galaxy model used in this work. 

2.1.3 Chemical evolution of elliptical galaxies: the "Classic Wind" model 

Our model far elliptical galaxies is developed in the spirit of the "monoiithic" scenario de-

scribed in Chapter l. However, in our case the burst of star formation originating all the 

stars is not instantaneous as in the classica! "monolithic" scheme, rather it happens on a 

finite timescale (rv 0.3 Gyr). 

The main equation far the elliptical galaxy model is identica! to eq. 2.2, with the exception of 

the suppression of the infall term A( t). This means to assume that ellipticals originate from 

the collapse of a gas cloud of primordial composition, which is already entirely assembled at 

the beginning of the SF. In our picture, ellipticals suffer a strong SF and quickly produce 

a galactic winds (GW). The GW develops as soon as the energy injected into the ISM by 

SN and stellar wind exceeds the potential energy of the gas (Matteucci and Tornambé 1987, 

Matteucci 1994). Then, SF is assumed t o halt after the development of a G W. In this frame-

work, the evolution of ellipticals crucially depends on the time at which a GW occurs, taw. 

The condition far the onset of a wind can be written as: 

(2.9) 

where (EthhsM and EBgas are the thermal and binding energy of the interstellar gas. 

The thermal energy of gas due to SN and stellar wind heating is: 

(Eth)ISM = EthsN + Ethw (2.10) 
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with 

(2.11) 

an d 

1t 1100 
Ethw = cp(m)'lj;(t')Ewdmdt' 

o 12 
(2.12) 

for the contribution from SN and stellar winds, respectively. The quantity RsN represents 

the SN rate (II and la). The quantities EsN = 'fJSNEo with E0 = 1051 erg where E0 is the typical 

SN blast wave energy , and Ew = rJwEw with Ew = 1049erg (typical energy injected by a 

20m8 star taken as representative), are the efficiencies for the energy transfer from SN II 

and la into the lSM. These efficiencies, rJw and rJsN, can be assumed as free parameters or 

be calculated from the results of the evolution of a SN remnant in the lSM and the evolution 

of stellar winds (see Pipino et al. 2002 for further details). 

The total mass ofthe galaxy is expressed as Mtot(t) = M*(t) +Mgas(t) +Mdark(t), where 

M*(t), Mgas(t) and Mdark(t) represent the stellar, the gaseous and the dark matter mass, 

respectively. The total baryonic mass is ML(t) = M*(t) + Mgas(t) and the binding energy of 

gas is (Bertin et al. 1992): 

(2.13) 

an d: 

(2.14) 

represents the potential well due to the luminous matter, whereas: 

W (t) G Mgas(t)Mdark LD =- WLD 
rL 

(2.15) 

is the potential well due to the interaction between dark and luminous matter, where WLD rv 

2~8(1 + 1.378) with 8 = rL/rn being the ratio between the effective radius and the radius 

of the dark matter core. 

The SFR is usually assumed to be: 

8FR = vM9as (2.16) 
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Table 2.2. Model parameters for a typical elliptical galaxy. Mtot is the baryonic mass of the galaxy, 

Re is the effective radius, v is the star-formation efficiency. 

Elliptical l Mtot(M8) Re(kpc) v(Gyr-1) 

1011 3 11.2 

where v ex: MZ' ("Y =-0.11, Arimoto & Yoshii 1987), owing to the fact that the SF efficiency 

is just the inverse of the timescale for SF: 

and that: 

-1 
V= 7 SF 

TSF CX: Tcoll CX: T f f 

(2.17) 

(2.18) 

with Tcoll and TJJ being the collapse and the free-fall timescale, respectively. Since dynamical 

timescales are longer for more massive galaxies, the efficiency of SF should decrease with 

galactic mass. The efficiency v coupled with the increase of the potential well as ML increases 

leads to the fact that more massive galaxies form stars for a longer period before suffering a 

GW. This fact has been invoked for explaining the observed mass-metallicity relation (Larson 

1974b). Owing to this assumption, the model described above is often referred to as the 

"classic wind" model. However, an efficiency of star formation increasing with luminous 

mass seems to be required t o explain the [M g / F e] vs velo city dispersion inferred for the 

nuclei of bright ellipticals (Matteucci 1994). Here we do not make the distinction between 

classic and inverse wind models since we are going to consider only one typical mass for 

ellipticals and we are not interested in studying the properties of ellipticals as a function of 

the mass. 

Table 2.2 summarizes the adopted parameters for the elliptical galaxy model used in this 

work. 

2.1.4 Chemical evolution of irregular galaxies 

The basic equation of the model for irregular galaxies (i. e. blue compact and dwarf irregulars) 

is represented by eq. 2.2. The main difference between the irregular model and the spirai 

and elliptical ones is that in the former both terms of infall and outflow are included. In fact, 

irregular galaxies are assumed to assemble all their gas by means of a continuous infall of 
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pristine gas. Furthermore, these galaxies are also allowed to develop a GW (Bradamante et 

al. 1998, Recchi et al. 2002). The accretion term is given by: 

(X·). Je-(t/T) Ai = C __ z _zn--"----
ML 

(2.19) 

where (Xi)inf is the abundance of the element i in the infalling gas, assumed to be primordial, 

T is the time scale of mass accretion and C is a constant obtained by imposing to reproduce 

ML at the present time ta. The parameter T has been assumed to be the same for all dwarf 

irregulars and short enough to avoid unlikely high infall rates at the present t ime (T = 0.5 ·109 

years). The SFR proceeds either in bursts separated by long quiescent periods (blue compact 

galaxies, BCG) or a t a low regime but continuously (Magellanic irregulars). As in the case 

for elliptical galaxies, the SFR expression is given by: 

'lj;(t) = vMgas(t) (2.20) 

where v is the SF efficiency (in Gyr-1) and Mgas(t) represents the gas mass at the time 

t. These star bursts, if strong enough, can also trigger GWs, in principle easy to develop in 

irregular galaxies owing to their shallow gravitational potential wells. The conditions for the 

onset of the GW are identica! to the ones described in section 2.1.3 for elliptical galaxies. 

The rate of gas loss via GW for the element i is: 

(2.21) 

where Wi is a free parameter which describes the efficiency of the GW. The value of Wi 

has been in generai assumed to be the same for different elements, although Marconi et al. 

(1994) suggested that different Wi for different elements best reproduce the properties of 

BCG. In particular, the assumption has been made that only the elements produced by type 

II SN (mostly a-elements and one third of the iron) can escape the star forming region. We 

have made this choice following the conclusions of Marconi et al. (1994) and on the basis of 

recent results from chemo-dynamical simulations by Recchi (2002). This assumption is also 

motivated by recent observational results by Martin, Kobulnicky & Heckman (2002), who 

find that in the starburst galaxy NGC1569 the outgoing gas has an [alpha/Fe] ratio between 

2 and 4 of the solar one, implying a substantial enrichment from II SNe. 

Table 2.3 summarizes the adopted parameters for one of the irregular galaxy models used in 

this work. 
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Table 2.3. Model parameters for an Irregular galaxy. Mtot is the baryonic mass of the galaxy, Wind 

is the wind parameter, v is the star-formation efficiency. 

Irreguiar l Mtot(MG) 

l. t".j 0.01 

2.2 Results for galaxies of different morphological types 

2.2.1 SFRs of ellipticals, spirals and irregulars 

Figure 2.1 shows SFRs as predicted for three different chemicai evoiution modeis: an ellipticai 

gaiaxy, a spirai gaiaxy and an irreguiar gaiaxy. The ellipticai gaiaxy experiences a high star 

burst Iasting 0.3 Gyr, with maximum vaiues of the SFR of 1000m8 jyr. After such period, 

the SF ceases abruptiy owing to the onset of the GW, without having further SF episodes for 

all the rest of its history. The spirai gaiaxy is characterized by a continuous SFR, peaking at 

t".j 2 Gyr and reaching the maximum vaiue of t".j 10m8 jyr, then decreasing reguiarly to reach 

the vaiue of t".j 1.6m8 jyr at the present time (14 Gyr). The irreguiar gaiaxy forms stars at a 

rate much smaller than the previous morphoiogicai types, reaching its maximum SFR vaiue 

of approximateiy 0.05m8 jyr, which is aiso its present-time vaiue. 

2.2.2 SN rates of ellipticals, spirals and irregulars 

Figure 2.2 shows the predicted type la SN rates (SNR) for all the different gaiactic mor-

phoiogicai types, having assumed a Saipeter IMF for all gaiaxies. We note that, as was in 

the case of the SFR evoiution for the different types, the shapes of all the curves are rather 

different among each other and that the predicted type la SNRs depend strongiy on the star 

formation history of all the various gaiaxies. In the ellipticai gaiaxy the SNia peak is at 

t t".j 0.3 Gyr with a SNR of 40 - 50century-1, higher than the vaiues observed today in any 

gaiaxy type. After such a peak, the la SNR declines continuousiy to reach the present-day 

vaiue of 0.45century-1 . This rate is in agreement with the rates commoniy observed in Iocai 

ellipticais (see Matteucci et al. 2003 and references therein). This curve shows that the 

timescaie of l Gyr often quoted in literature as typicai for la SN expiosion is not correct 

in the case of gaiaxies experiencing a very intense and rapid starburst, since a considerabiy 

high number of la SN expiode aiready a few hundred million years after the beginning of 
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Figure 2.1. Star formation rates as functions of time for a spirai, elliptical and an irregular galaxy. 

star formation. The spirai galaxy has a more shallow behaviour than the elliptical, with a 

first la SNR peak at f"'o.J l Gyr and a second one at f"'o.J 3 Gyr with a maximum value of l 

SN/century, then decreasing smoothly to 0.2-0.3 SN/century after 14 Gyr. The irregular 

galaxy has a progressively increasing la SNR until f"'o.J 4 Gyr, when it flattens at the value of 

f"'o.J 0.01 SN / century. 

Fig. 2.3 shows the evolution of the type II SNRs for all the different galaxy types, having 

adopted a Salpeter IMF for all models. It is worth noting that the type II SNR reflects the 

SFR much more than the la SNR, being the timescales of type II SN explosion considerably 

shorter than the ones characterizing type la SNe. 

2.2.3 Abundances and abundance ratios of ellipticals, spirals and irregulars 

In this section I present some results concerning absolute abundances and abundance ratios 

for all the galactic morphological types. The abundance ratios are calculated for the ISM 

of each galaxy by resolving the integro-differential equation 2.3. Figures 2.4 and 2.5 show 

the time evolution of [O /H] and [Fe/H] for all the different galactic types. The production 
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Figure 2.2. la SN rates rates as functions of time fora spirai, elliptical and an irregular galaxy. Here 

the Salpeter IMF is adopted for all galaxies. 

of O in elliptical galaxies reaches its peak at 0.2-0.3 Gyr, i.e. during the starburst when the 

galactic wind is about to start. At the onset of the wind, the O abundance falls abruptly and 

it continues decreasing for all the period subsequent to the GW. The [0/H] calculated for the 

spirai is characterized by an early peak occurring at l Gyr, followed by a sharp decline cor-

responding to the gap between the thick and thin disc formation, and a subsequent increase. 

The irregular galaxy has a low and continuous SF, hence the [O /H] curve is rather smooth for 

this kind of galaxy, increasing continuously up to the present epoch and reaching a maximum 

value considerably smaller than the elliptical and spirai. The time evolution of the [Fe/H] has 

a different behaviour than the [0/H], especially for elliptical galaxies, as is visible in figure 

2.5. For such galaxies, the drop of the [Fe/H] ratio after the GW is less pronounced than for 

the [O /H] ratio. This difference is mainly due to the fact that, as soon as the wind devel-

ops, the star formation (and the O production) stops, whereas the Fe production continues 

through type la SN explosions. After the GW, the Fe produced by the continuously exploding 

la SNe is accumulated into the lSM, thus the [Fe/H] ratio slightly rises up again, reaching 
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Figure 2.3. Type II SN rates rates as functions of time for a spirai, an elliptical and an irregular 

galaxy. Here the Salpeter IMF is adopted for ali galaxies. 

another peak at t I"J 2Gyr. After this time, the la SN rate starts to decline considerably (see 

fig. 2.2). From this moment, the Fe abundance drops down until the present epoch. The 

curves for the spirai and the irregular galaxies have behaviours similar to the ones in figure 2.4. 

Of particular importance in chemical evolution studies is the analysis of the abundance 

ratios. In fact, in chemical evolution models absolute abundances usually depend on all the 

model assumptions, whereas the abundance ratios depend mainly on nucleosynthesis, stellar 

lifetimes and IMF. Abundance ratios can therefore be used as cosmic clocks if they involve 

two elements formed on quite different timescales, typical examples being [a/Fe] and [N/a] 

ratios. Figure 2.6 shows the time evolution of the [0/Fe] ratio for all the different morpho-

logical types. In the case of the elliptical galaxy, the curve shows an initial phase, lasting 

0.3 Gyr, with a supersolar [0/Fe] ratio. Once again, as soon as the GW occurs the [0/Fe] 

drops abruptly to undersolar values, decreasing continuously until t I"J2 Gyr. At this moment 

the [O /Fe] starts to increase, owing to the matter restored by low mass stars. These stars 
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enrich the ISM through steliar winds and during the planetary nebula phase. At late times 

these stars restore the unprocessed material, which reflects the composition of the gas at 

the moment when they formed. Since they formed before the GW, when the [a/Fe] was 

oversolar, the material they restore after 2 Gyr is more enriched in a elements than in Fe. In 

the cases of the spirai and irregular model, the [O /Fe] decreases continuously, owing to the 

fact that the progressive decrease of the SFR is steeper than the one of the la SN rate. The 

same considerations valid for the evolution of the [O /Fe] ratio stili hold for the evolution of 

the [Si/Fe] ratio (fig. 2. 7), with the only difference that Si is not to be considered a pure a 

element, since a certain amount of Si is also produced by type la SN during C-deflagration. 

This translates into a less pronounced Si enhancement a and gentler decrease of the [Si/Fe] 

ratio than the [O /Fe] ratio for ali the different galaxy types. 

Another chemical element of interest is 14N, whose nucleosynthetic origin is particularly com-

plex and uncertain. This element is mainly produced by low and intermediate mass stars 

(0.8 ~ m/m8 ~ 8) with a smali fraction arising from massive stars. Nitrogen is mainly a 

secondary element, in the sense that is produced in proportion to the carbon and oxygen 

originaliy present in the star. This characteristic enhances the delay of production of nitro-

gen owing to the delay resulting from its steliar progenitors. However, part of N can have a 

primary origin, in the sense that it can be produced starting from CandO manufactured by 

the star "in situ". This can happen during the Asymptotic Giant Branch (AGB) phase when 

hot bottom burning acts in conjunction with the third dredge-up (Renzini & Voli, 1981). 

This possibility has been recently confirmed also by other authors (Marigo et al. 1996; 1998 

and Van den Hoeck and Groenwegen 1997). Very recently, Maeder and Meynet (2001) have 

suggested that rotation in massive stars can be responsible for the production of some pri-

mary N. Figure 2.8 shows the time evolution of the [N/0] forali the different morphological 

types. Eliiptical galaxies are characterized by a steeply increasing [N/0] during the starburst, 

foliowed by a decrease immediately after the onset of the wind. The increase before the GW 

is mainly due to the fact that, according to our nucleosynthethic prescriptions, N in mas-

sive stars has a secondary origin and therefore is produced in proportion to the metaliicity, 

which is quite high at the onset of the wind. The sharp decrease is due to the cease of SF 

and the consequent stop of the N and O production. After t rv 2 Gyr, the production of N 

restarts owing to low and intermediate mass stars, hence the [N/0] slightly raises up and 

then fluctuates around the value of [N/0] rv 0.5 up to 14 Gyr. The [N/0] ratio in the spirai 
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gaiaxy reaches a first peak a t t /"V 0.8 Gyr, then drops owing t o the gap between the thick 

and thin disc formation, then it increases continuousiy untii the present time, when it reaches 

an approximateiy soiar vaiue. In the irreguiar gaiaxy, the N/ O ratio increases steepiy un t ii 

t /"V l Gyr then it flattens, aithough a siight increase in stili visibie until t = 14 Gyr. Different 

information come from figures 2.9, 2.10 and 2.11, which represent the [0/Fe], [Si/Fe] ratios 

vs [Fe/H] and [N/0] vs [0/H], respectiveiy. When compared with observations, the [a/Fe] vs 

[Fe/H] diagrams can aliow us to clarify the particuiar history of star formation experienced 

by the studied system. In fact, in a regime of high star formation rate we expect to observe 

overabundances of a-eiements (i.e. O, Si) fora Iarge intervai of [Fe/H], whereas the contrary 

is expected for a regime of Iow star formation, owing to the different timescaies of enrichment 

for type la and type II SN. 

We have seen that in the [a/Fe] vs time piots, the eliipticai modei shows a [a/Fe] ratio higher 

than the other gaiaxies over a short time intervai, whereas in the [a/Fe] - [Fe/H] piot such 

situation is reverted. This is due to the fact that in a gaiaxy with high star formation, a 

soiar [Fe/H] is reached very quickiy, at a time when the [a/Fe] ratio is stili very high. On 

the other hand, gaiaxies with Iow star formation reach a soiar [Fe/H] when the [O /Fe] ratio 

has stili decreased to nearly soiar vaiues. In other words, a short time intervai can contain 

a Iarge intervai of [Fe/H] vaiues, especialiy in the case of the eliipticai gaiaxy. In fact, from 

figure 2.5, we have seen that the phase with undersoiar [Fe/H] can have a very different 

duration, according to the star formation history, with the eliipticai reaching a soiar [Fe/H] 

on a timescaie much shorter than the other gaiaxies. 

It is worth to note the particuiar "buttonhoie-like" feature characterizing the curves for the 

spirai model. This behaviour is due to the brief hait of the SFR, during which the [Fe/H] is 

decreasing owing to gas diiution by the H-rich matter ejected by metai-poor stars. As soon 

as the SF starts again, both the [a/Fe] and [Fe/H] restart to increase, with the curve drawing 

a buttonhoie in the piots. 

Forali gaiaxies, the [N/0] vs [0/H] piot (fig. 2.11) shows a behavior compieteiy different from 

the [a/Fe] vs [Fe/H] piots. In the case of the eliipticai modei, the [N /0] ratio is characterized 

by a steep increase untii [0/H]/"V 1.4, the maximum vaiue of the metaliicity before the onset 

of the wind. After the wind, as aiready seen from Figures 2.4 and 2.8, both the [0/H] and 

the [N/0] decrease, and this expiains the trend of the curve for the eliipticai gaiaxy in the 

[N/0] vs [0/H] diagram. The curve of the spirai gaiaxy rises untii [0/H]/"V O, then it draws 
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a buttonhole-like feature more evident than in the cases of the [o:/Fe] vs [Fe/H) plots, whose 

origin has already been explained above. In the case of the irregular galaxy, the [N/0) vs 

[0/H] has a trend similar to the one of the [N/0] vs time plot (see Fig.2.8), with an increase 

until [O/H]"' -2 (corresponding to t ,..., l Gyr, see Fig. 2.4), then flattening but slightly 

increasing up to the maximum metallicity reached by this galactic type, i. e. [O /H]"' -0.6. 

Owing to the strong diversity among all the different morphological types, the abundance 

ratios can be powerful tools to study the abundance patterns observed in particular astrophys-

ical sites. In Chapter 6, such an approach is applied to the study of the chemical abundances 

observed in Damped-Lyman o: (DLA) systems, of particular importance in galactic evolu-

tion and cosmology since they are believed to represent the progenitors of present-day disc 

galaxies. 
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Chapter 3 

Photometric evolution of galaxies 

By means of stellar population synthesis models, it is possible to calculate the evolution of 

the spectra, magnitudes and colors of galaxies, starting from the evolution of the metallicity, 

the stellar IMF and the SFR. In arder to study the spectrophotometric evolution of galaxies, 

two stellar population synthesis models have been matched to the galactic chemical evolution 

models: the spectro-photometric code by Bruzual & Charlot (1999 version, described in 

Bruzual 2001) and the one by Jimenez (1998). In this chapter, the main differences between 

these two models are described, and some results concerning galactic spectra, magnitudes and 

luminosities are presented. Part of this Chapter is based on the review on stellar population 

synthesis by Bruzual (2001). 

3.1 Basic Principles 

The integrated light from galaxies provides us with fundamental information about the stellar 

IMF and the past star formation history, bot h of which are at the basis of any galaxy evolution 

theory. In generai, observable galactic properties such as magnitudes and colors, line strength 

indexes and metal content of gas and stars depend on the epoch at which we observe the 

galaxy in its reference frame. To study such properties, it is important to estimate the amount 

of intrinsic evolution undergone by galaxies from a given cosmic epoch to the present time. It 

is also important to note that the intrinsic evolution of a galaxy, produced by the birth and 

aging of the stellar populations, must be distinguished from its apparent evolution, which is 

produced by the cosmologica! redshift z. Stellar population synthesis allows one to predict the 

amount of evolution, both intrinsic and apparent, expected under different scenarios. Such 

49 



50 CHAPTER 3. PHOTOMETRIC EVOLUTION OF GALAXIES 

a technique consists in the modelling of the spectral energy distribution (SED) emitted by 

specific stellar populations, and represents the best uptodate technique to interpret the light 

radiated by galaxies. Until now, a considerable number of groups have developed different 

"evolutionary" population synthesis (or more simply "photometric") models (Arimoto & 

Yoshii 1987, Buzzoni 1989, Bracato et al. 1990, Bruzual & Charlot 1993, Jimenez et al. 

1998, Bruzual & Charlot 2003) used to reproduce the spectral features of galaxies of all types 

at any epoch. The adjustable parameters of any photometric model are the stellar IMF ifJ(m), 

the SFR 'ljJ(t) and the metallicity of the gas Z(t). The basic astrophysical ingredients used in 

these models are the stellar evolutionary tracks and the spectral libraries, either obtained in 

an empirica! way or based on stellar atmospheric models. The stellar evolution theory allows 

us to calculate the functions TeJJ(m, Z, t) and L( m, Z, t), describing the time evolution of 

the effective temperature Tef f an d luminosity L of a star of mass m and metal abundance Z. 

Fixing the mass of the star and its metallicity, the two quantities L(t) and TeJJ(t) describe 

parametrically in the Hertzsprung-Russel (HR) diagram the evolutionary track covered by 

each single star. In generai, the stellar evolution tracks consist of libraries describing all the 

stellar evolution phases, from the Main Sequence (MS) up t o all post MS phases. 

3.1.1 Main equations 

The basic building blocks of stellar population synthesis models are represented by the simple 

stellar populations (SSP), namely populations of stars horn in an instantaneous burst of star 

formation (Renzini 1981). After their formation, it is assumed that all the stars in the SSP 

evolve passively. The SSP are built starting from the stellar tracks, after having specified the 

metallicity Z and the IMF ifJ(m). Let us call h.(Z, M, t0 - t) the luminosity at the wavelength 

À of a star of mass M, metalli city Z and age t0 - t; in generai, the luminosity a t the wavelength 

À of a SSP characterized by a metallicity Z and an IMF ifJ(m) can be written as: 

{M ma x 

LssP,>.(Z, to- t) = j Mmin ifJ(m)l;..(Z, M, to- t)dM (3.1) 

Mmin and Mmax are the smallest and largest stellar mass in the population, namely the lower 

an d upper limits of the IMF. 

A composite stellar population (CSP) consists of the sum of different SSP formed at different 

times, with a luminosity at an age to and at a particular wavelength À given by: 
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L;..(to) = {to {zf 'lj;(t- t 0 )Lssp,;..(Z, t- to)dZdt 
lo lzi (3.2) 

Where Zi and z1 are the initial and final metallicities and 'lj;(t- to) is the SFR at the time 

(t - to), with to being the age of the SSP. 

Two different spectrophotometric codes have been used in this thesis: the one by Bruzual 

& Charlot (BC, 1999 version, Bruzual 2001), and the one by Jimenez et al. (1998). A brief 

d es cri ption of each code will follo w. 

3.1.2 The Bruzual & Charlot code 

The BC model consists of an extension of the Bruzual & Charlot (1993) evolutionary pop-

ulation synthesis models, performed in arder to provide the evolution in time of the SSP 

spectra for a wide range of metallicities. The stellar evolutionary tracks at the basis of this 

model are the ones computed by Alongi et al. (1993), Bressan et al. (1993), Fagotto et 

al. (1994a, b, c) and Girardi et al. (1996). This library includes tracks for stars of initial 

chemical composition Z = 0.0001, 0.0004, 0.004, 0.008, 0.02, 0.05 and 0.1, with He abundance 

Y = 2.5Z + 0.23. All the published tracks take into account all the stellar evolution phases, 

from the zero-age main sequence to the beginning of the thermally pulsing regime of the 

asymptotic giant branch (AGB, for LIMS only) and core-carbon ignition (for massive stars), 

and include mild overshooting in the convective core of stars more massive than lm0 . The 

BC model uses the library of synthetic stellar spectra compiled by Lejeune et al. (1997, 1998) 

for all the different metallicities listed above. This library consists of Kurucz (1995) spectra 

for the hotter stars (0-K), Bessell et al. (1989, 1991) and Fluks et al. (1994) spectra for M 

giants, and Allard & Hauschildt (1995) spectra for M dwarfs. For Z = Z0 , BC also uses the 

Pickles ( 1998) stellar a t las, assembled from empirica! stellar data. 

3.1.3 The Jimenez code 

The code by Jimenez (1998) uses a new set of stellar tracks computed by Jimenez et al. 

(1998) and the set of stellar photospheric models computed by Kurucz (1992) and Jimenez 

(1998). An important ingredient in these synthetic stellar population models is the novel 

treatment of all post-main evolutionary stages which incorporate a realistic distribution of 



52 CHAPTER 3. PHOTOMETRIC EVOLUTION OF GALAXIES 

mass loss. Thus the horizontal branch is an extended branch and not a red clump like in 

most steliar population models. Also the evolution along the AGB is done in a way such 

that the formation of carbon stars is properly predicted, and therefore the termination of 

the AGB. It is worth noticing that in most synthetic steliar population models a constant 

mass loss law is applied resulting in horizontal branches that are simply red clumps. This 

leads to synthetic populations which are too red by 0.1 to 0.2 in, e.g., B-R (Jimenez et al. 

98). Using the above steliar input we compute synthetic steliar population models that are 

consistent with their chemical evolution. The Jimenez steliar population models have been 

extensively used in previous works (e.g. Dunlop et al. 1996, Spinrad et al. 1997), where a 

detailed comparison with other models in the literature can be found. 

In figure 3.1 we show the spectra of a M = 1011m8 eliiptical galaxy with a Salpeter 

IMF as calculated by the BC and the Jimenez codes at three different ages: 0.1 (higher 

panel), l (middle panel) and 10 Gyr (lower panel). In both cases, a fixed salar metallicity 

(Z = 0.02) has been assumed. In such a way, the differences between the calculated spectra 

are only due to the different steliar evolutionary prescriptions adopted by Jimenez and BC. 

At T= 0.1 Gyr, the starburst in the eliiptical galaxy is stili active; at this time, the spectra 

are dominateci by the light radiated by hot massive stars. We note that the two spectra are 

qui te similar at this time, the only difference being a slightly enhanced flux in the case of the 

BC model at ali wavelengths. Anyway, the differences are realiy smali, indicating that the 

evolutionary prescriptions for the massive stars, at salar metallicity, are quite similar. The 

middle panel shows the spectra at T= l Gyr, namely when the starburst has already ended 

and the stellar populations are evolving passively. A striking difference concerns the UV 

(À ~ 2000À) part of the spectra, with the flux predicted by the Jimenez code being slightly 

higher. Another difference is the fact that, at À = lOOOÀ, the flux predicted by the Jimenez 

model has decreased steeply whereas the flux predicted by the BC code has flattened to the 

value of"' 105 L8 A. In the case of the BC, at this time the UV "branch" is dominateci by 

the Post AGB stars, whereas in the case of the Jimenez code the UV flux after the burst 

is produced by horizontal branch stars. At longer wavelengths, the fluxes are very similar, 

with a slight red excess predicted by BC relative to Jimenez. At T = 10 Gyr ali the stars 

populating the HB have faded, whereas the PAGB is still densely populated: the consequence 

is a UV flux predicted by BC much higher than the one obtained with the Jimenez code. 

At À ~ 2000A the two fluxes are stili very similar. A more thorough comparison between 



3.2. MAGNITUDES, LUMINOSITIES, COLORS 53 

the results provided by the two different codes, taking into account also the evolution of 

metallicity, will be performed in the next section. 

3.2 Magnitudes, Luminosities, Colors 

3.2.1 The Bruzual & Charlot code: metallicity evolution effects 

As it is provided by the authors, the BC code allows one to calculate the SED of a CSP by 

assuming a fixed metallicity. This situation is quite unrealistic if we are modelling the time 

evolution of a galactic spectrum since, as we have seen in Chapter 2, in generai the metallicity 

of a galaxy is a function of time, and different galactic types with different star formation 

histories can have very different metallicities. In arder to take into account galactic chemical 

evolution, I have modified the originai code by Bruzual & Charlot so that, at any instant, 

the totalluminosity of a galaxy is given by the sum of the luminosities of the different SSPs 

formed at different times and with different metallicities, as expressed by equation (3.2). Since 

the Jimenez code takes into account at every single time-step the metallicity evolution of the 

gas out of which the stars form, such an adjustment allows also a more consistent comparison 

between the results obtained by means of both the BC and the Jimenez codes. Figures 3.2-3.4 

show the results obtained with the modified BC code compared to the same code used at fixed 

metallicity. The three figures show the evolution of the luminosity in the B and K bands for 

an elliptical, a spirai and an irregular galaxy model. The luminosities in the B and K bands 

contain very different information about the photometric evolution: in the presence of star 

formation, the B band is generally dominateci by hot, massive young stars, whereas the K 

band is always dominateci by low mass, long living stars which contribute to the bulk of the 

total stellar mass. The thick red lines show the luminosity predicted with the modified BC 

code, which allows the metallicity Z to vary with time, whereas the black thin lines are the 

luminosities obtained by having assumed fixed metallicity values of Z = 0.0001, Z = 0.02 and 

Z = O. l. In the case of the elliptical galaxy (fig. 3.2) we see that at early times (t ~ 2 x 107 

yr) the lowest metalli city curve an d the red curve are overlapped, since the galaxy is forming 

the first stars and the gas has stili to be enriched with metals at a significant level. When 

the metallicity substantially increases, i.e. at T rv 107 yr, the blue luminosity undergoes 

very small variations, whereas the K luminosity decreases sensitively. The behaviour of the 

K luminosity shows how is important to take into account the metallicity evolution, since at 
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Figure 3.1. Spectrum of an elliptical galaxy of M = 1011 m0 at various epochs as predicted by the 

Jimenez ( black solid curves) and Bruzual & Charlot ( red dotted curves) stellar population synthesis 

models. A fixed solar metallicity and a Salpeter IMF are assumed. Upper panel: spectra at T= 0.1 

Gyr; central panel: spectra at T= l Gyr; lower panel: spectra at T= 10 Gyr. 
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fixed low metallicity the risk is to overestimate the luminosity. From both panels of figure 3.2 

it is visible that, as soon as the galaxy enters the passive evolution phase (t > 2 x 108 yr), the 

differences between the luminosities calculated for Z = 0.02 and for the evolving metallicity 

are very small. Also in the case of the spirai galaxy (figure 3.3), the luminosity in the K 

band appears more sensitive to the metallicity evolution than the one in the B band. At low 

metallicities and early times, the luminosity at Z = 0.0001 is lower than the one calculated 

for varying metallicity. After t f"V l f"V 108 , the red curves are practically identica! to the 

ones at Z = Z 8 . In the case of the irregular galaxy (figure 3.4), only two fixed Z have been 

considered since, owing to the low SFRs observed in such galaxies, a supersolar metallicity 

represents an unrealistic situation. For this type of star formation, very low and continuous 

(see figure 2.1), the differences between the luminosities at varying and fixed Z are smaller 

than in the two previous cases, but the K luminosity computed at fixed solar metallicty is 

stili higher than the one at varying metallicity. The results shown in figures 3.2, 3.3 and 3.4 

ha ve important consequences on galactic evolution, pointing out the risk of using photometric 

codes at fixed solar metallicity, rather frequent in the literature. It should be noted that in 

such cases the red luminosity tends to be overestimated if the metallicity is kept fixed at the 

solar value. For instance, this could cause an overestimation of the number of red galaxies 

expected at a given epoch by a given scenario: this fact has already been stressed by Jimenez 

et al. (1999). 

3.2.2 Jimenez vs Bruzual & Charlot: colors and luminosties 

Having quantified the extent of the effects caused by metallicity on the light emitted by com-

posite stellar populations, we can directly compare the predictions of the BC and Jimenez 

codes about galaxy colors and luminosities. Figure 3.5 shows the comparison between the 

luminosities predicted by BC and Jimenez codes in the B band (upper panel) and in the K 

band (lower panel) for an elliptical galaxy. Here we are using the modified BC code, which 

allows the metallicity of the gas Z(t) to vary with time. In the B band, The differences are 

appreciable until t f"V 2 x 108 yr, namely for the whole length of the starburst. During such 

period the B luminosity, as predicted by BC, is higher than the one predicted by Jimenez. 

After t f"V 2 x 108 yr, namely at the beginning of the passive evolution phase, there is a 

noticeable agreement between the predictions of the two codes. In the K band, the BC code 

causes a higher luminosity than the Jimenez code at any epoch, even though the differences 
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galaxy as predicted by the Bruzual & Charlot spectrophotometric code at fixed metallicities of Z = 

0.0001 ( black thin dotted li ne), Z = 0.02 ( black thin solid li ne), Z = 0.1 ( black thin dashed li ne), and 
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Figure 3.4. Luminosity evolution in the B ( upper panel) and K ( lower panel) bands for an irregular 

galaxy as predicted by the Bruzual & Charlot spectrophotometric code at fixed metallicities of Z = 

0.0001 ( black thin dotted li ne), Z = 0.02 ( black thin solid li ne), and taking into account metalli city 

evolution ( red thick dashed li ne). 
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tend to decrease at Ionger times. 

Figure 3.6 shows the comparison between the B and K Iuminosities as predicted by the two 

codes for a spirai gaiaxy. Aiso in this case, at early (i.e. < 2 x 108 yr) times, corresponding 

to the Iowest metallicity phase, the B Iuminosity predicted by BC is higher than the one 

caicuiated with the Jimenez code. At times t > 2 x 108 yr, the B Iuminosity predicted with 

the Jimenez code is siightiy higher than the one predicted with BC. On the other hand, in 

the K band the gaiaxy Iuminosity as predicted by the BC code is higher at all times than the 

one predicted by Jimenez, as it was in the case of the ellipticai gaiaxy. 

Figure 3. 7 shows the anaiogous of figures 3.4 and 3,5 for an irreguiar gaiaxy. Very simiiar 

conclusions to the previous two cases can be drawn. 

Figures 3.8, 3.9 and 3.10 show the evoiution of the B-V and V-K coiors for an ellipticai, 

a spirai and an irreguiar gaiaxy, respectiveiy, as predicted by means of the Jimenez (soiid 

Iines) an d the BC ( doted Iines) photometric codes. In all the figures, i t can be clearly seen 

that, aiso after having taken into account metallicity evoiution, the BC code predicts redder 

coiors than the Jimenez code. The discrepancies are higher in the case of the V-K vs time 

diagrams, with differences in the coiors up to rv 0.5 mag. 

3.2.3 Dust extinction 

The Iuminosity of the stellar popuiations embedded in gaseous regions is affected by obscu-

ration effects due to dust grains. The possibie sites of dust formation are debated: dust 

grains are Iikeiy to form into the atmosphere of evolved stars and then ejected into the ISM 

through stellar winds (Morgans & Edmunds 2003), but the abundance of dust in high redshift 

starbursts requires a production occurring on smaller timescaies, with type II SN being the 

most favored sources (Dunne et al. 2003). 

In generai, dust tends to absorb the UV Iight emitted by young stars and to re-radiate it in 

the IR-submm bands, thus aitering the intrinsic spectra of gaiaxies. This further compiicates 

the study of the stellar popuiations, since an observed red stellar popuiation couid resuit from 

an oid age, from a high metallicity or from the presence of dust coiumns aiong the line of 

sight. In order to tackie this probiem, the effects of dust extinction have been included in the 

photometric codes. We adopt the "screen" geometrie distribution for dust which, according 

to UV and opticai observations of starburst gaiaxies, is to be considered favored over the 
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Figure 3.5. Luminosity evolution in the B ( upper panel) and K ( lower panel) bands for an elliptical 

galaxy as predicted by the Bruzual & Charlot ( dashed li ne) an d Jimenez ( solid li ne) spectrophoto-

metric codes. Both codes take into account the evolution of the gas metallicity Z(t). 
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both taking into account the evolution of the gas metallicity Z(t). 
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Figure 3.10. Evolution of the B-V ( upper panel) and V-K (lower panel) colors for an irregular galaxy 

as predicted by the Bruzual & Charlot ( dotted li ne) and Jimenez (soli d li ne) spectrophotometric codes, 

both taking into account the evolution of the gas metallicity Z(t). 
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"slab" model (Calzetti et al. 1994). The absorbed fiux Ia(À) of a steliar population behind 

a screen of dust is given by: 

(3.3) 

(Calzetti 2001), where II(À) represents the intrinsic, unobscured fiux at the wavelength À, 

whereas T(À) is the optical depth of the dust screen. 

W e assume t ha t the optical depth is proportional to the column density N (g) and to the 

metaliicity Z of the gas, according to: 

(3.4) 

where k(>.) is the extinction curve. This curve describes the spectral behaviour of dust 

absorption, namely how differently the light emitted at various wavelengths is sensitive to 

the dust effects. In figure 3.11 we show the extinction curves used in the present work: for 

eliiptical and irregular galaxies, we adopt the extinction curve derived by Calzetti (1997) 

from observations of local starbursting galaxies (solid line), whereas for spirai galaxies we 

use the formula derived empiricaliy by Seaton (1979) for the Milky Way (dotted line). From 

figure 3.11, it is clearly visible how short wavelengths, say À ::; 0.3J-L, are far more prone to 

dust extinction than longer wavelengths: this means that in the UV band the effects due to 

extinction are at their maximum, whereas at ).. "' 1~-t the extinction is negligible. 

The constant C in equation (3.4) is chosen in arder to reproduce the Milky Way average 

V-band extinction of Av = 0.17 (Schlegel, Finkbeiner & Davis 1998). 

In figure 3.12, we can see the SED of an eliiptical galaxy both unobscured (solid line) and 

obscured by a dust screen ( dotted line) a t various phases of its evolution. At epochs T ::; 0.3 

Gyr the galaxy is stili gas rich and the metaliicity of the gas grows rapidly to oversolar values, 

consequently the obscuration is considerable. After T= 0.3 Gyr, the wind has emptied the 

galaxy out of almost ali the gas, although a smali amount is stili present causing a stili visible 

extinction (see the plots at T= 1.63 and 2.43 Gyr). At T= 3.63 Gyr, the extinction is already 

negligible and the two curves overlap. At the present time (T= 14 Gyr), the eliiptical galaxy 

is practicaliy gas-free, so this implies a negligible amount of dust extinction. This is in 

reasonable agreement with the most recent observations, showing that modest amounts of 

dust, especialiy in circumnuclear regions, are present in nearby eliipticals ( Calzetti 2001 and 

references therein). 

Figure 3.13 shows the evolution of B band luminosity of an eliiptical galaxy, both unob-



3.2. MAGNITUDES, LUMINOSITIES, COLORS 

···· .... 
5 

0.2 

·· .. 

0.4 0.6 
J..(p) 

67 

0.8 1 

Figure 3.11. Extinction curves as derived by Calzetti (1997) (solid line) for starburst galaxies and 

by Seaton (1979) for the Milky Way (dotted line). The bump at 2175 A is a typical feature of the 

Milky Way extinction curve, not visible in the curve by Calzetti. 

scured (solid line) and obscured (dashed line) by a dust screen. We can see how considerable 

are the effects of dust in the B band (centered at À = 0.44p), with a peak luminosity de-

creased by a factor of rv 10. 

The inclusion of dust extinction in galactic photometry has a crucial impact in the study of 

the evolution of cosmic star formation and of the galaxy luminosity density, which will be 

the subject of Chapter 4. 
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Figure 3.12. Spectrum of an elliptical galaxy of M = 1011m8 at various epochs, as predicted by 

the Jimenez photometric code, both unextincted ( solid li n es) and extincted by dust ( dotted li n es). In 

each panel the number represents the time (in yr) at which the spectrum is calculated. 
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Figure 3.13. B band Luminosity evolution of a M = 1011 m0 ellipticals galaxy, both unobscured 

(solid line) and obscured by dust (dashed line), as predicted by the Jimenez photometric code. 
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Chapter 4 

Cosmic star formation history, 

galaxy luminosity density and 

cosmic supernova rate 

The light emitted by stars of various masses at various wavelengths can provide different 

indications concerning how the cosmic star formation history proceeded in the past and con-

cerning the fraction of baryons locked up in stars and gas in the local universe. The short 

wavelength light, i.e. that emitted in the rest-frame U and B bands, is mainly radiated by 

short-lived massive stars, thus it can be a direct tracer of star formation. On the other hand, 

the near-infrared light is primarily emitted by low mass, long living stars which contribute 

to the bulk of the total stellar mass; hence it traces the mass distribution of galaxies. For 

these reasons, the study of the evolution of the opticalluminosity density in various bands, 

say from UV to K, can be very helpful in understanding how galactic structures formed and 

evolved in the universe. This represents also the most direct way to study the evolution of 

the cosmic star formation history. Several attempts to model the cosmic history of star for-

mation and the evolution of the luminosity density have been performed, generally following 

different routes. One way to reconstruct the evolution of galaxies is often referred to as the 

"traditional" scheme, where galaxy densities are normalized according to the optical and IR 

luminosity functions observed at z = O. The adoption of a star formation history and a 

cosmological model allows one to follow the redshift evolution of the luminosity density as 

well as to reconstruct other properties, such as number counts and the color distributions 

71 
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(Totani, Yoshii, Sato 1997; Pozzetti et al. 1998; Tan, Silk & Balland 1999; Jimenez & Kash-

linsky 1999; Totani & Takeuchi 2002). A different approach is followed by Madau, Pozzetti 

& Dickinson (1998), who start from the observed time-dependent star formation rate (SFR) 

per unit comoving volume and an initial mass function (IMF), and then model the luminosity 

density by means of a photometric code. Fall, Charlot & Pei (1996) compute the evolution of 

the total cosmic emissivity and of the background intensity on the basis of quasar absorption-

line studies, i.e. Hl and metallicity data observed in Damped Lyman-alpha (DLA) systems, 

combined with cosmic chemical evolution (Pei & Fall 1995) and stellar population models 

(see also Sadat, Guiderdoni & Silk 2001 and Boselli et al. 2001 for similar approaches). 

Other groups compute the cosmic star formation history using large-scale hydrodynamical 

simulations (Nagamine, Cen, Ostriker 2001, Ascasibar et al. 2002) or semi-analytical models 

of galaxy formation (Baugh et al. 1998, Cole et al. 2000, Somerville, Primack, Faber 2001, 

Menci et al. 2002), both methods based on the cold dark matter paradigm. An interest-

ing alternative is the approach by Rowan-Robinson (2001), where the star formation rate is 

parametrized in arder to investigate the effects that the choice of these parameters has on 

the far-infrared and submm counts and background radiation. 

However, most of the approaches described above cannot predict the roles of the different 

galactic morphological types at various cosmic epochs, and which type of galaxy determines 

the strong evolution observed in the luminosity density between z =O and z = l. 

In this chapter, we calculate the evolution of the galaxy luminosity density and cosmic star 

formation rate by means of detailed chemical evolution models for galaxies of different mor-

phological types, i. e. ellipticals, spirals and irregulars, which successfully reproduce the local 

properties of such galaxies. W e match our chemical evolution models ( described in chapter 

2) to a photometric code (see chapter 3) which allows us to compute the galaxy spectra and 

magnitudes, once the IMF is fixed. We normalize the galaxy fractions according to the local 

B-band luminosity function (LF) as observed by Marzke et al. (1998), and we compute the 

LF in other bands as a function of redshift on the basis of the photometric evolutionary 

corrections and colors predicted by our models. We assume that all galaxies evolve only 

in luminosity an d not in number, hence hereinafter we will refer to our picture for galaxy 

evolution as the pure luminosity evolution (PLE) scenario. Our scenario is slightly different 

from the classi c "monolithic" scenario, discussed in chapter l, mainly for the fact t ha t the 

latter assumes that all spheroids form instantaneously by a sudden collapse of a gas cloud. 
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Also in our picture spheroids form rapidly and at high redshift, but the collapse occurs on a 

finite timescale, usually of the order of "-J 0.2 - 0.3 Gyr. 

We also study the evolution of the stellar mass density in the universe, of particular im-

portance since it allows us to disentangle between different galaxy formation scenarios. Our 

detailed study allows us to provide an answer to several questions concerning the cosmolog-

ica! evolution of the baryons in the universe in the form of stars and metals. In particular, 

we study the missing metal problem. This can indicate how the chemical enrichment of the 

inter-galactic medium (IGM) has occurred and what might be the nature of the objects ob-

served in the high-redshift universe, such as Lyman-break (LB) and hyperluminous infrared 

galaxies. We focus on the cosmic evolution of type la and II supernova (SN) rates, and 

gain further independent pro bes of how galactic structures have evolved in the universe since 

their formation. Finally, we compare the results obtained with our pure luminosity evolution 

model with the ones calculated by means of the semi-analytic model of hierarchical galaxy 

formation by Menci et al. (2002). To pursue this task, in our chemo-photometric models we 

take into account also the effects of dust extinction, which has a great impact in the observed 

evolution of cosmic star formation, in particular at high redshift, where massive spheroid 

formation is taking place. 

4.1 Observations of high-redshift galaxies 

4.1.1 Determining the galaxy luminosity function 

The totalluminosity density (hereinafter LD) in a given band is the integrated light radiated 

per unit volume from the entire galaxy population. The distribution of absolute magnitudes 

for galaxies of any specified Hubble type is represented by the luminosity function (LF, Ef-

stathiou et al. 1988, Binggeli et al. 1988). The luminosity function is often parametrized 

according to the form defined by Schechter (1976): 

iP(L)dL/L* =ii!* (L/L*)-aexp(-L/L*)dL/L* (4.1) 

where ii!* is a normalization constant related to the number of luminous galaxies per unit 

volume, L* is a characteristic luminosity and a is associateci to the slope of the function, 

which accounts for the percentage of faint systems. The LD stems from the integrai over all 
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magnitudes of the observed luminosity function: 

PL = f <I>(L) (L/ L') dL (4.2) 

Different determinations of the local field LF (Loveday et al. 1992, Marzke et al. 1994b, 

Ellis et al. 1996, Marzke et al. 1998, Cross et al. 2001) show several discrepancies (Wright 

2001), in the sense that all the three parameters are not fully constrained by observations 

(Ellis 1997). Recent progress has being made in the determination of the LF as a function of 

morphology (Marzke et al. 1994a, Marzke et al. 1998, Brinchmann et al. 1998, Kochanek et 

al. 2001) and of spectral type (Heyl et al. 1997, Madgwick et al. 2002) or color (Blanton et 

al. 2001), which is important in determining the relative contributions of different galactic 

types to the total luminosity density in the local universe. The contributions of different 

morphological types is a function of the band in which the LF is estimated, with early-type 

galaxies contributing a substantial fraction of the total emissivity a t long wavelengths, namely 

in the I and K bands where old massive galaxies dominate (Kochanek et al. 2001), whereas 

late star-forming spirals are the major contributors in the B and U bands (Marzke et al. 

1998, Fukugita et al. 1998, Brinchmann et al. 2003). Notwithstanding the uncertainties 

in the LF parameters, there is an overall concordance among various observations regarding 

the redshift evolution of the galaxy LD. This overall agreement concerns, in particular, the 

O < z < l redshift range, where the LD is observed to rise sharply, although the precise 

steepness is stili under debate (Cowie et al. 1999, Lilly et al. 2002). On the other hand, 

the high redshift trend is rather uncertain, since surface-brightness dimming effects could be 

significant (Lanzetta et al. 2002) and since the bulk of the available data has been performed 

in the rest-frame UV, which can be seriously affected by dust obscuration effects. Dust 

tends to absorb the UV light emitted by young stars and to re-radiate it in the IR-submm 

bands. Moreover, the extent to which the presence of dust contaminates the data is rather 

uncertain, since galaxies with very different bolometric luminosities can have very similar UV 

luminosities (Adelberger 2001). Some authors (Connolly et al. 1997, Madau et al. 1998a) 

claim a broad peak in the UV LD located a t z > l, followed by a fall a t higher redshifts. 

Other authors observe a rather constant behaviour at z > l (Sawicki et al. 1997, Pascarelle 

et al. 1998), which extends to an uncertain epoch when the first galactic structures formed. 

In particular, according to the recent Hubble Deep Field data, the constancy of the galaxy 
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LD is observed out to z rv 6, as reviewed in Thompson (2003). 

4.1.2 The observed star formation rate density 

The determination of the SFR density is related to the measures of star formation in galaxies, 

which can be performed by means of various emission processes (Madau 1997, Kennicutt 

1998a, Schaerer 1999). All the different measures require the assumption of a universal 

mass function, which allows the calculation of a multiplicative factor connecting the observed 

luminosity to the SFR (for a discussion on the conversion factors used in the literature at 

various wavelengths, see Kennicutt 1998a). The UV luminosity density is dominated by the 

light emitted by young and massive stars, thus it provides an estimate of the cosmic SFR 

density. Relevant observations of galaxies in the UV are typically performed at 1500 A ( 
Madau et al. 1996, Madau et al. 1998a, Steidel et al. 1999, Massarotti et al. 2001), 2000 

A (Treyer et al. 1998) and 2800 A (Lilly et al. 1996, Sawicki et al. 1997, Connolly et al. 

1997, Cowie et al. 1999). Other ways to assess star formation include observations of nebular 

emission lines such as Ha (Gallego et al. 1995, Gronwall 1998, Tresse & Maddox 1998, 

Glazebrok et al. 1999) and Oli (Hammer et al. 1997). In all of these cases the main source 

of uncertainty is stili represented by interstellar extinction, caused either by the interstellar 

medium (ISM) of the observed galaxy or by our Galaxy. Star formation activity is likely to 

take place in highly obscured regions, so reliable extinction corrections are required to have 

accurate estimates of the SFR density based on observations in the UV band. 

However, without applying any extinction correction, the possibility that very intense star 

forming regions are heavily obscured by dust implies that observations at short wavelengths 

can only provide lower limits to the actual SFR density. For this reason, the re-processed 

mid- and FIR- emission from the dust grains, which are heated by the UV and opticallight 

emitted by the young stars, is a more reliable indicator of star formation activity, and it 

can be used to estimate the dust amount and SFR with fewer selection effects (Blain et al. 

1999, Chary & Elbaz 2001). The FIR studies can however be complicated by the multi-

component effects of the dust (warm dust, cirrus, Schaerer 1999) and by the old stars and 

AGN contributions to the heating of the dust. Observations in the FIR and submm bands 

include the results by Rowan-Robinson et al. (1997), Hughes et al. (1998) and Flores et al. 

(1999). More recently, observations in the radio continuum have provided other estimates 

of the SFR at high redshift (Mobasher et al. 1999, Haarsma et al. 2000). Obviously, the 



76 CHAPTER 4. COSMIC STAR FORMATION HISTORY 

discrepancies seen in the observed evolution of the LD are reflected in the measures of the 

SFR density, with a globally accepted increasing trend between z =O and z rv l, and a flat 

behaviour at higher redshifts, though the existence of a peak somewhere at z > l still cannot 

be completely excluded. 

4.2 The galaxy luminosity density 

By means of the chemical evolution models for galaxies of different morphological types, 

namely ellipticals, spirals and irregulars described in chapter 2, along with the spectro-

photometric code by Jimenez et al. (1998), described in chapter 3, we calculate the evolution 

of the galaxy luminosity density in various bands. For the moment, we assume that the 

effects of dust extinction are unimportant. In section 4.7, we will investigate in detail the 

role played by dust obscuration in our study. 

In the B band, at z =O the LDs for the single galaxy types are simply given by the integrai 

of the LFs observed by Marzke et al. (1998, see their equation 2). At redshift other than 

zero we transform the absolute magnitudes applying the evolutionary corrections, calculated 

by means of the spectro-photometric code for every galaxy type: 

I E;..jl+z(z)Rn(>..)d).. 
M n (z) = M n (z = O) + 2.5log( I E;..jl+z (O)Rn (>..)d)..) (4.3) 

where Mn(z =O) and Mn(z) are the absolute blue magnitudes at redshift O and z, respec-

tively, E;..(z) d).. is the energy per unit time radiated at the rest-frame wavelength À by the 

galaxy at redshift z, and Rn(>..) is the response function ofthe rest-frame B band. The second 

term on the right side of equation (11) represents the evolutionary correction (EC), i.e. the 

difference in absolute magnitude measured in the rest frame of the galaxy at the wavelength 

of emission (Poggianti 1997). 

We then calculate the B band LF at redshift z according to: 

<Pn(Mn, z) = <Pn(Mn(z)) (4.4) 

which is equivalent to assuming evolution in luminosity and not in number. This clearly 

coincides to assume that the effects of galaxy mergers and interactions are unimportant at 
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all redshifts. In this sense, our formulation represents a pure-luminosity evolution (PLE) 

approach to cosmic star formation. In bands other than B we assume that the LF shape 

is the same as in the B band and we calculate the LF in the given band (X) transforming 

the absolute magnitudes according to the rest-frame galaxy colors as predicted by the spec-

trophotometric model: 

Mx =MB+ (X- B)rf (4.5) 

Finally, the total luminosity density per unit frequency in a given band P>. is given by the 

sum of the single contributions of the three different galactic morphological types ( ellipticals, 

spirals and irregulars): 

(4.6) 

Figures 4.1 and 4.2 show the predicted evolution ofthe total LD in the U (centered at 3650A), 

B (centered at 4450 A), I (centered at 8060 A) and K (centered at 21900 A) bands and the 

contributions of each morphological type for a Salpeter (1955) and a Scalo (1986) IMF, 

respectively. In all bands, at early times the total LD is dominated by the light produced by 

elliptical galaxies, which experience their strong star-burst during which they are the most 

intense sources in each photometric band. After this phase, which lasts "' 0.3 Gyr, they 

will evolve passively for the rest of their life. On the other hand, the discs of spirai galaxies 

form stars continuously at all epochs: their luminosity increases slowly until 3 Gyr from the 

beginning of the star formation, where it reaches a broad peak, then it starts to decrease 

significantly, owing to the progressive consumption of their gas reservoirs. 

Irregular galaxies are the most slowly evolving systems and their star formation rates never 

reach the values recorded in spirai discs and ellipticals. As a consequence, their LD values 

are the smallest at any time and in any band. 

In the I and K bands the difference between the spirai and ellipticalluminosity densities 

are small after 3 Gyr. A t this epoch the total amo un t of stars is nearly in place in bot h types. 

At the present time (13 Gyr), the contributions of ellipticals and spirals to the totalluminosity 

density in the I and K bands is practically the same, at variance with what happens in the 

B and U bands. The difference between the Salpeter and the Scalo IMF concerns the stars 
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Figure 4.1. Predicted evolution of the luminosity density for galaxies of different types in the U, B, 

I and K bands for a Salpeter IMF. Dotted line: elliptical galaxies; short-dashed line: spirai galaxies; 

long-dashed line: irregular galaxies. 
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Figure 4.2. Predicted evolution of the luminosity density for galaxies of different types in the U, 

B, I and K bands for a Scalo IMF. Dotted line: elliptical galaxies; short-dashed line: spirai galaxies; 

long-dashed line: irregular galaxies. 
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in the high mass regime (M > 8M8 ), which are more numerous in the former case. This 

translates into the amount of UV and B light emitted by ali galaxies, which is sensitively larger 

with the Salpeter than with the Scalo IMF. At longer wavelengths the difference diminishes: 

in the I band, where there is stili a significant contribution brought by intermediate mass 

stars of m""' 7- 8m8 experiencing the asymptotic giant branch (AGB) phase, the difference 

between the eliiptical and spirai luminosity is stronger with the Scalo IMF, whereas the K 

band luminosities have practicaliy the same behaviour in both cases. Figure 4.3 shows the 

predicted and observed evolution of the LD in various bands fora Salpeter (left panels) and 

a Scalo (right panels) IMF and for a galaxy formation redshift of ZJ = 51, having assumed 

an Einstein-De Sitter (EdS) cosmologica! model (no = l, nA = O) and h = 0.5. Figure 4.4 

shows the same as in figure 4.3 but in the case of a Lambda-cold dark matter cosmology 

(ACDM, no = 0.3, n A = O. 7) and h = 0.65. Figures 4.5 and 4.6 show the same as in figures 

4.3 and 4.4, respectively, but with a galaxy formation redshift of z f = 10. The data ha ve 

been converted from the EdS to the ACDM cosmology according to the prescriptions given by 

Somervilie et al. (2001). Given the slight discrepancy between the B-band LF normalization 

by Marzke et al. (1998), adopted for our estimate in the local universe, and the one by Eliis 

et al. (1996), which is shown in the plots, we have re-normalized our value at z = O to the 

one by Eliis et al. (1996) in order to better stress the goodness of our fit. 

In the U band ( upper panels) the data show a considerable spread, with large error bars 

at any redshift. Ali the UV data reported in the figure are not extinction-corrected, with 

the only exception of the three points measured by Massarotti et al. (2001). Our predictions 

indicate a peak in the total UV LD corresponding to the redshift of galaxy formation and a 

monotonicaliy decreasing trend down to z =O, with a particularly strong evolution between 

z = l and z = O. This last feature is in agreement with the data by Pascarelie et al. (1998) 

and with the low redshift value by Theyer et al. (1998). We do not see evidence for the very 

steep drop observed by Liliy et al. (1996). From figures 4.3 and 4.4 we note that, if the 

peak generateci by eliiptical formation were shifted at z""' 3, it would be consistent with the 

extinction-corrected measures by Massarotti et al. ( 200 l), in particular in the case of the Scalo 

IMF. The extinction-corrected data by Massarotti et al. (2001) represent an observational 

evidence fora very high peak in the observed UV LD which could be clearly ascribed to the 

1 W e stress the fact that with the expression galaxy formation redshift we mean the redshift a t which all 

galaxies start to form their first stars. 
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Figure 4.3. Upper Panels: predicted (solid line) and observed luminosity densities in the U band for 

a Salpeter (left panel) and Scalo (right panel) IMF in the case of galaxy formation at ZJ = 5. Lower 

panels: predicted and observed luminosity densities in the B, I, K bands. The adopted cosmology is 

the one of Einstein-De Sitter (Do = l, DA = O) with h = 0.5. Data in the upper panels: Solid hexagons 

from Pascarelle et al. (1999, 1500 A), open hexagons from Steidel et al. 1999, cross from Treyer et al. 

(1998, 2000 A), stars from Massarotti et al. (2001, 1500 A), solid pentagons from Madau et al. (1998a, 

1500 A), solid circles from Lilly et al. (1996, 2800 A), open squares from Connolly et al. (1997, 2800 

A, four-points stars from Cowie et al. 1999. The three-points stars are the extinction-corrected data 

by Massarotti et al. (2001). Data in the lower panels: Open triangles from Ellis et al. (1996, 4400 

A, B), open pentagons from Lilly et al. (1996, 4400 A, B), solid squares from Connolly et al. (1997, 

4400 A, B), open circles from Lilly et al. (1996, l J-L, I), solid triangle from Gardner et al. (1997, 2.2 

J-L, K). 
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Figure 4.4. Upper Panels: predicted (solid line) and observed luminosity densities in the U band for 

a Salpeter (left panel) and Scalo (right panel) IMF in the case of galaxy formation at ZJ = 5. Lower 

panels: predicted and observed luminosity densities in the B, I, K bands. The adopted cosmology is 

the ACDM (Do = 0.3, DA = O. 7) with h = 0.65. Data are as described in figure 4.3 

massive star formation occurring during the formation of spheroids. However, we stress that 

this evidence is not the only one in favor of an increasing UV luminosity density at high 

redshift: for different reasons, mainly related to cosmologica! brightness dimming effects, 

Lanzetta et al. (2002) find an UV luminosity density increasing monotonically up to redshift 

('..J 8. 

In the B-band (lower panels) there is a smaller number of detections t han in the UV but 

a better agreement between the observations and the predictions in the O < z < l redshift 

range. The smallest number of observations is found in the I and K bands. At z = O the 

K-band LD is rather well constrained by several measures (Gardner et al. 1997, Loveday 

2000, Cole et al. 2001, Kochanek et al. 2001), which show a substantial agreement with one 

another. For clarity, in our plots we have chosen one single value, the one by Gardner et 

al. (1997). At redshift larger than zero, in the I band the only observations at our disposal 

are the ones by Lilly et al. (1996) at l p,. We note that our curves reproduce very well the 

observed evolution of the LD in the B, I and K bands. The best agreement between the data 
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Figure 4.5. Upper Panels: predicted (solid line) and observed luminosity densities in the U band for 

a Salpeter (left panel) and Scalo (right panel) IMF in the case of galaxy formation a t z f = 10. Lower 

panels: predicted and observed luminosity densities in the B, I, K bands. The adopted cosmology is 

the one of Einstein-De Sitter (f20 = l, nA = O) with h = 0.5. Data are as described in figure 4.3. 

and the predictions is achieved in the case of the ACDM cosmology, especially in the I and 

K bands. This occurs mainly because, having assumed galaxy formation redshifts of z f = 5 

and ZJ = 10, in the ACDM cosmology a formation redshift of ZJ = 5 (zf = 10) corresponds 

to a lookback time of 13.26 Gyr (14 Gyr), whereas in the EDS ZJ = 5 (zJ = 10) corresponds 

to 12.15 Gyr (12.68 Gyr). This means that in the ACDM galaxies are older than in the 

EDS, consequently they contain redder stellar populations. Both the Salpeter and the Scalo 

IMFs provide satisfactory results. As already mentioned, the Salpeter IMF is richer in high 

mass stars t han the Scalo IMF. The consequence of this is t ha t with the Salpeter IMF all 

galaxies are more luminous at the shortest wavelengths, where these stars emit the bulk of 

their light. Moreover, with the Salpeter IMF galaxies are on aver age redder t han with the 

Scalo o ne. This translates into values of the I and K LDs slightly higher. However, given the 

uncertainties and the small data sample in the I and K bands, it is difficult to conclude which 

choice for the IMF should be preferred. Our main result is that the discs of spiral galaxies 

are mainly responsible far the observed decrease of the total LD in the U and B bands between 
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Figure 4.6. Upper Panels: predicted (solid line) and observed luminosity densities in the U band for 

a Salpeter (left panel) and Scalo (right panel) IMF in the case of galaxy formation at Zf = 10. Lower 

panels: predicted and observed luminosity densities in the B, I, K bands. The adopted cosmology is 

the ACDM (Oo = 0.3, OA = O. 7) with h= 0.65. Data are as described in figure 4.3. 

z "' l an d z "' O, whereas in the I band the decline is due t o contributions from both spirals 

and ellipticals, as can be seen also in figures 4.1 and 4.2. 
Figures 4.5 and 4.6 show the evolution of the comoving LD in various bands assuming 

that galaxies formed at ZJ = 10, having assumed an EdS and ACDM cosmology, respectively, 

and in the cases of a Salpeter (left panels) and a Scalo (right panels) IMF. The predictions 

are stili in fair agreement with the observations, in particular in the O < z < l redshift range. 

The main differences concern the predictions at high redshift: the ZJ = 10 scenarios allow for 

a nearly constant LD throughout a wider redshift range. As far as the z < l behaviour of 

the LD is concerned, little difference can be seen when we assume a global galaxy formation 

at ZJ = 5 or ZJ = 10. This is due to the short cosmic time elapsed between z = 5 and z = 10 

both in the EdS and ACDM cosmologies, namely 0.53 and 0.74 Gyr, respectively. This time 

scale is much shorter than the one corresponding to the O < z < l redshift range, i. e. 8.43 

Gyr in the EdS and 8.31 Gyr in the ACDM, having thus little influence on what happens 

during the latter period. 
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The study of the galaxy LD at high redshift is crucial for understanding the epoch of spheroid 

formation. Unfortunately, the high redshift measures concern only the UV band, which is 

the most seriously affected by dust extinction effects (Adelberger & Steidel 2000). If the 

attenuation by dust is as serious as advocated by Massarotti et al. (2001), the peak generateci 

by the formation of massive spheroids could lie anywhere in the z > l region, but it would 

be hidden if the associateci strong starbursts occurred in sites heavily obscured by dust (see 

section 4. 7) In fact, spheroids are the systems which most rapidly reach oversolar metallicities 

(Pettini et al. 2002a, Matteucci & Pipino 2002), therefore the formation of dust grains could 

be particularly favored if, as is reasonable to assume, the probability of dust formation is 

proportional to the metal content. High redshift observations at higher wavelengths, i. e. in 

bands not affected by biases caused by dust extinction, could provide fundamental hints on 

the epoch of major spheroid formation, as well as high redshift observations in the FIR/ sub-

mm bands, where dust re-emits all the starlight absorbed in the rest-frame B and U bands 

(Hughes et al. 1998, Blain et al. 1999). 

4.3 The star formation rate density 

Figure 4. 7 shows the evolution of the cosmic SFR density as a function of redshift (Madau's 

plot) as predicted by our models and as observed by several authors in the case of a ACDM 

cosmology and galaxy formation at ZJ = 5. The cosmic SFR density is nota directly observed 

quantity: to be evaluated it needs, besides the measure of the LD at certain wavelengths 

(mostly 1500 and 2000.À.), the adoption of a universal IMF to calculate the conversion factor 

between the observed P>.. and p*. For this reason the determination of this quantity is affected 

by two main sources of uncertainty. One is related to the determination of the calibration 

constant, uncertain if the universal IMF is varying throughout cosmic time. The second is 

related to the dust extinction affecting the UV observations. We have computed the cosmic 

SFR density according to: 

p*(z) =L PBi(z) ( ~ )Bi(z) '1/Ji(z) 
i 

(4.7) 

where PBi, (~)Bi and '1/Ji are the B LD, the B mass-to-light ratio and star formation rate for 

the galaxies of the i-th morphological type, respectively. The points in figure 4.7 represent 
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estimates based on observations at short wavelengths, except the solid hexagon obtained by 

means of sub-mm measures by Hughes et al. (1998). However, since the extent of the atten-

uation by dust is highly uncertain (see Steidel et al. 1999, Hopkins et al. 2001, Thompson et 

al. 2001), we have chosen to use the data uncorrected for dust extinction. For this reason, all 

the data based on optical observations should be regarded as lower limits to the true values. 

The thick lines in the curves indicate lower and upper limits on the SFR density calculated 

by Haarsma et al. (2000) from radio observations. As well as the point from sub-mm data, 

these estimates need no corrections for dust obscuration since the radio emission at v> !GHz 

passes freely through d ust. 

In this case, the theoretical predictions and the data based on observations are both calcu-

lated assuming a Salpeter IMF. At z rv O we overpredict the value observed by Gallego et 

al. (1995) by a factor of 4. Interestingly, our estimate is instead in very good agreement 

with a recent determination based on optical Local Group observations by Hopkins, Irwin 

and Connolly (2001), and with the recent estimate by Fukugita & Kawasaki (2003), based 

on supernova relic neutrinos, which both calculate a local SFR density higher than the one 

by Gallego et al. (1995) by a factor of rv 5. This fact implies that, even in the local uni-

verse, dust obscuration could introduce serious biases in the determinations of the global 

SFR density. Since the probability to intercept dusty objects increases in lockstep with the 

line of sight, it is conceivable that this effect could become more and more pronounced at 

increasing redshift. Another source of discrepancy between our local value and the one by 

Gallego et al. (1995) is the normalization of the luminosity density that we have chosen, 

which in this case seems too high. Since the discrepancy between our local value and the 

observed one arises from the combination of both effects, it seems very difficult to quantify 

the uncertainty associateci to the choice of the normalization. If we were to neglect all the 

effects due to dust obscuration, and if we took the value by Gallego et al. (1995) at face 

value, the uncertainty due to the normalization would be of a factor of 4. In figure 4. 7, in 

order to better stress the comparison between our prediction and the observations, our curve 

has been re-normalized to the value by Gallego et al. (1995). Our predictions indicate a 

peak in the SFR density at high redshift due to massive star formation in spheroids. In 

our models, the SFR in ellipticals can reach very high values (up to IOOOM8 jyr), similar to 

the ones observed in some SCUBA (Ivison et al. 2000) and Hyperluminous infrared galaxies 

(Rowan-Robinson et al. 1997, Rowan-Robinson 2000). Such values are motivated by the 
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Figure 4. 7. Predicted an d observed star formation rate density (left scale) an d metal-ejection rate 

density (right scale) for a Salpeter IMF in the case of a ACDM cosmology and galaxy formation at 

ZJ = 5. All the points are taken from Somerville et al. 2001. The thick lines represent lower and 

upper limits based on radio observations (Haarsma et al. 2000). 

fact that, in order to reproduce several observational features such as the observed increase 

of the [Mg/Fe] ratio and the velocity dispersion a, giant elliptical galaxies, i.e. with masses 

of the arder of"' 1011 M 8 , have to form all their stars on very short timescales, i.e. T ~ l 

Gyr (Matteucci 1994). Hence, the possible SFR rates for high mass ellipticals span the range 

"' 100 - lOOOM8 jyr. If we were to assume a galaxy of M "' 1010 M8 as a typical elliptical, 

with a star formation timescale of"' l Gyr, this would lower the peak in the SFR density 

by a factor of 10. As already mentioned in section 4.2, if most of the star formation in the 

universe occurred at very high redshift and in sites highly obscured by dust, there could be 

a peak somewhere at z > l which would remain completely unseen in the observed p*-z plot 

( see also the discussi o n in section 4. 7). 
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Figure 4.8. Predicted and observed comoving stellar mass density n* for a ACDM cosmology, a 

Salpeter IMF and galaxy formati o n occurred a t z 1 = 5. Dotted line: predicted evolution of the 

stellar mass density (living stars plus remnants) in elliptical galaxies; short-dashed line: predicted 

contribution from spirai galaxies; long-dashed line: predicted contribution from irregular galaxies; 

solid line: predicted total evolution of the stellar mass density. The boxes represent the values 

observed by Dickinson et al. (2003), the open circle is the z = O value observed by Cole et al. (2001), 

the open triangles are by Brinchmann & Ellis (2000) and the open square is the value observed by 

Pérez-GonzaJez et al. (2003) in local star-forming galaxies. The solid triangle, solid square and solid 

pentagon are the local estimates by Fukugita et al. (1998) of the stellar mass density in spheroids, 

discs and irregulars, respectively. 
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4.4 The evolution of the stellar mass density 

Figure 4.8 shows the predicted and observed evolution of n*, namely the stellar mass density 

(living stars plus remnants) divided by the criticai density of the universe. The stellar mass 

density is given by: 

(4.8) 

where PBi(z) is the B luminosity density and (~)Bi is the B mass-to-light ratio for the 

galaxy of the i-th morphological type. In figure 4.8 we show two values of the stellar 

mass density measured in the local universe: the one by Cole et al. (2001), valid for the 

whole galaxy population, and the one by Pérez-Gonza.lez et al. (2003), representing the 

contribution brought by local star forming galaxies. The discrepancy between our results 

and the observations (and among the observations) at z = O is likely to be ascribed to 

uncertainties in the normalization chosen for the local LF. W e noti ce t ha t our prediction for 

the total stellar mass density is consistent with the values by Brinchmann & Ellis (2000) and 

with the low redshift value by Dickinson et al. (2003). In our scenario, ellipticals build up the 

totality of their stellar mass at very early times, whereas discs of spirals and irregulars build 

up their stars progressively. Thus, the rise in the 3 ~ z ~ 0.5 redshift range, observed by 

Dickinson et al. (2003), is mainly determined by spirai galaxies, namely by the same galaxies 

contributing to the drop in the cosmic SFR density between z "' l and z = O. 

Finally, it is worth noting that our z = O mass density values are in good agreement with 

the estimates by Fukugita et al. (1998) for spheroids, discs and irregulars. In section 4. 7, the 

comparison between the stellar mass density evolution predicted by our PLE approach and 

by the semianalytic models by Menci et al. (2002) will be discussed in detail. 

4.5 The Missing Metals Problem 

The metals in the high redshift universe are observed in various amounts in different sites. One 

is represented by the DLA systems, which are considered to be the high-redshift counterparts 

of the gas-rich galaxies in the local universe and are usually associateci with slowly-evolving 

galactic or sub-galactic systems (Pettini et al. 1999, Prochaska et al. 1999, Calura et al. 

2003, see also chapter 6 of this thesis). Other sites of significant metal production a t high 

redshift are the Lyman-break galaxies (LBG, Steidel et al. 1996, Steidel et al. 1999) whose 
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high metal abundances, strong luminosities and kinematical features indicate their possible 

association with star-forming spheroids (Matteucci & Pipino 2002, Pettini et al. 2002a). A 

certain amount of the metals produced in proto-galaxies is ejected through SN-driven winds 

into the inter-galactic medium, whose presence is detected as a "forest" of absorption lines 

bluewards of the Lyman-a emission lines of high redshift QSOs (fora review of the argument, 

see Pettini 2000, Bechtold 2003). The inter-galactic gas is highly ionized and is likely to ac-

count for most of the baryons at low and high redshift. In this medium the lowest metallicity 

in the universe can be observed (Songaila 2001), possibly also due to enrichment by pop III 

stars (Ostriker & Gnedin 1996). 

Finally, an uncertain amount of metals is locked up in QSO and active galactic nuclei 

(Hamann 1997), objects with metallicities even higher than the ones observed in LBGs (Mat-

teucci & Padovani 1993). 

W e evaluate the metal ejection rate (MER) density according to Pagel (2001) by assuming 

the proportionality between the comoving density of metals produced by stars in the universe 

and the SFR density to be a factor 1/42 (Madau et al. 1996, Pettini 1999, Pagel 2001). This 

is in principle a rough approximation, since it is equivalent to ignore the contribution of type 

la SNe and consider only the elements produced explosively by massive stars. However, for 

our purposes this assumption is reasonable since the main contributor to the total metallicity 

Z is the oxygen, which is produced on very short timescales exclusively by massive stars. A 

more refined calculation of the production rate in the universe of various elements will be 

the object of a forthcoming paper (Calura & Matteucci, in preparation). If we integrate the 

predicted MER density across the epoch ranging from 13.3 and 11 Gyr, which corresponds, 

for the ACDM cosmology, to the redshift range where the bulk of DLAs and LBG are found, 

we obtain: 

113.3Gyr 
pz(t)dt = 5.2 x 106 M0 Mpc- 3 

llGyr 
(4.9) 

An approximative estimate based on the observed values of p* yields 5 x 106 M0 Mpc- 3 (Pagel 

2001), a value in excellent agreement with our appraisal, though slightly lower. The observed 

contribution from DLAs and LBGs represents "' 10% of the estimate by Pagel and us. We 

find such a high value for the total metal density at high redshift since we assume that all 

ellipticals start to form stars a t the same redshift. If we spread the beginning of star formation 

in ellipticals over a wide redshift range, we would find a lower value both for the SFR density 
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peak and for the metal density. For this reason, the values predicted for such peak and 

for the total amount of missing metals at high redshift should be regarded as upper limits. 

However, this does no t mean t ha t the missing metal crisis could no t be even more serious 

than what the observations indicate if most of the metals were produced in dust-obscured 

starbursts associateci with early spheroid formation. We suggest that, irrespective of the 

amount of metals, the most plausible site of the missing metals could be the warm gas in 

galaxy groups and proto-clusters, in which the metals could have been ejected through strong 

winds following the intense starbursts in ellipticals. In such an environment, the presence 

of diffuse metals could be difficult to detect, likely owing to virial temperatures lower than 

the ones observed in clusters (Renzini 1997, Fukugita et al. 1998). The main sources of 

strong winds could be the LBGs, where recent kinematic studies have indicated the frequent 

presence of strong large-scale outflows (Pettini et al. 2001, 2002a). Another possible source 

is represented by the SCUBA (Blain et al. 1999, 'frentham, Blain & Goldader 1999) and 

hyperluminous infrared galaxies (Rowan-Robinson 2000), very luminous in the infrared band 

but faint in the optical, where the most intense observed starbursts are likely to occur and 

which are natural candidates for massive proto-ellipticals (Ivison et al. 2000, Smail et al. 

2003). 

4.6 The cosmic SN rate 

Another key-issue in the study of galaxy evolution is the determination of the cosmic SN 

rate, which can provide useful constraints on the cosmologica! parameters (Marri, Ferrara & 

Pozzetti 2000), on the possible SN progenitor models and on the evolution of the cosmic star 

formation history. The observed cosmic SN rate is expressed in SNu, i. e. in SN per unit 

time per unit blue luminosity: 

1SNu = 1SN/1010 L0 B/century (4.10) 

The observed SN rate R is expressed as (Hardin et al. 2000): 

R=N/S ( 4.11) 

where N is the number of SN detected and S is a sum over the observed galaxies weighted 
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Figure 4.9. Predicted and observed type la (below) and II (above) SN rate expressed in SNu (SN 

century-1 10-10 L 0B) fora Salpeter IMF, a ACDM cosmology and galaxy formation at ZJ = 5. Dotted 

line: elliptical galaxies; short-dashed line: spirai galaxies; long-dashed line: irregular galaxies; solid 

line: total SN rate. Open squares: Cappellaro et al. 1999; open pentagon: Hardin et al. 2000; solid 

pentagon: Pain et al. 1996; solid square: Pain et al. 2002. 
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Figure 4.10. Predicted and observed type la (below) and Il (above) SN rate expressed in SNu (SN 

century- 1 10-10 L 0 B) fora Scalo IMF, a ACDM cosmology and galaxy formation at ZJ = 5. Curves 

and symbols are as indicated in figure 4.9. 

by their blue luminosities Li: 

S =L; L; L: •;{t, z;)dt 
z 

(4.12) 

where E is the efficiency to detect in the i-th galaxy a SN whose maximum occurs at time t 

in the SN rest frame. For similarity, we calculate the cosmic SN rate at redshift z as: 

(4.13) 

where ri(z) represents the number of SNe per 100 yr exploding in the i-th galaxy type at 

redshift z, whereas LBi is the predicted blue luminosity of the i-th galaxy type at redshift 

z. Figures 4.9 and 4.10 show the results of our computation of the cosmic type la and II 

SN rates, calculated in SNu (1 SNu= l SN per century per 1010 L 0B), having assumed a 
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ACDM world model and galaxy formation occurring at ZJ = 5. In figure 4.9 we adopt a 

universal Salpeter IMF, whereas in figure 4.10 a Scalo IMF. We compare our predictions for 

galaxies of different morphologies with data observed by several authors up to z""' 0.55 (see 

the captions to figures 4.9 and 4.10 for details). According to our calculations, in the local 

universe the bulk of SNe la explode in elliptical and spirai galaxies. At increasing redshift the 

contribution of ellipticals becomes more and more significant. At z""' O, practically all type 

II SNe explode in spirai galaxies, with a small contribution brought by irregular galaxies. 

In ellipticals the type II SNe explode only at high redshift, since these galaxies are assumed 

to evolve passively since the interruption of the star formation at the onset of the galactic 

wind, which occurs at early times. We note that our fit to the observed points is excellent in 

the case of the Salpeter IMF both for type la and II SNe. In the case of the Scalo IMF we 

underestimate the number of SN II in the local universe and we slightly underestimate the 

type la SN rate observed at high redshift (z""' 0.55, Pain et al. 2002). We stress that, unlike 

all our previous predictions, the calculation of the SN rate is independent on the luminosity 

function and is directly comparable to the observations without requiring a normalization at 

z = O. For this reason, the calculation of the SN rate can be considered a very reliable test 

of consistency for our chemo-spectrophotometric model. 

If the cosmic SN rate can be considered as a reliable indicator of how star formation has 

evolved in the universe since the growth of galactic structures, as discussed in Madau, Della 

Valle & Panagia (1998) and Sadat et al. (1998), our result is a further evidence that the 

bulk of the galaxy population can have evolved in luminosity and not in number since early 

times, i. e. that a picture where the bulk of the galaxies as we see them today were already in 

place at early epochs is rather satisfactory in reproducing high-redshift data. Observations 

of the cosmi c SN rate a t very high redshifts, hopefully achievable after the launch of the N ext 

Generation Space Telescope (NGST), will provide further fundamental clues on the galaxy 

formation epoch. 

4. 7 Cosmic star formation history: PLE vs hierarchical sce-
. nar1o 

In this section we compare the cosmic star formation history as predicted by the PLE and 

hierarchical scenario and the high-redshift observational data, and study which constraints 
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this comparison can impose on galaxy formation theory. Our results are compared with 

predictions from the semianalytic (SAM) model of hierarchical galaxy formation developed 

by Menci et al. (2002). 

4.7.1 The Menci et al. SAM model 

In SAMs the galaxy mass distribution is derived from the merging histories of the host DM 

haloes, under the assumption that the galaxies contained in each halo coalesce into a centrai 

dominant galaxy if their dynamical friction timescale is shorter than the halo survival time; 

the surviving galaxies ( commonly referred to as satellite galaxies) retain their identity and 

continue to orbit within the halo. The histories of the DM condensations rely on a well 

established framework (the extended Press & Schechter theory, EPST, see Bower 1991; Bond 

et al. 1991; Lacey & Cole 1993). However, the recipe concerning the galaxy fate inside the 

DM haloes is guided by a posteriori consistency with the outputs of high-resolution N-body 

simulations. The SAM includes the main dynamical processes taking piace inside the host 

DM halos, namely dynamical friction and binary aggregations of satellite galaxies. The evolu-

tion of the galaxy mass distribution is calculated by solving numerically a set of evolutionary 

equations (Poli et al. 1999). 

The link between stellar evolution and the dynamics is a procedure widely used in semiana-

lythic models. The baryonic content (Ob/Om) m of the galaxy is divided into (1) a hot phase 

with mass mh at the virial temperature T= (1/2) /-l m H v 2 /k (m H is the proton mass and J.1. 

is the mean molecular weight), (2) into a cold phase with mass mc able to radiatively cool 

within the galaxy survival time, and the stars (3) (with total mass m*) forming from the cold 

phase on a time scale T*. Initially, ali baryons are assigned to the hot phase. 

The integrated stellar emission S>.(v, t) at the wavelength .À for a galaxy of circular velocity 

v at the time t is computed by convolving with the spectral energy distribution c/J>. obtained 

from population synthesis models: 

SÀ(v, t)= fot dt' rf>.>.(t- t') m.(v, t') . (4.14) 

cfJ>. is taken from Bruzual & Charlot (1999 version, see Bruzual 2001 and chapter 3 of this 

thesis), with a Salpeter IMF. The metallicity is calculated by assuming a constant effective 

yield. This translates into the assumption of the IRA (see chapter 2) which, as discussed also 

in section 4.5, is suited only to predict the evolution of the whole metallicity Z. The average 
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galaxy metallicity varies between Z f"V 0.003 and Z f"V 0.01, in agreement with results of other 

SAMs (e.g., Cole et al. 2000). To calculate galactic spectra, the SSP at fixed metallicity 

Z = 0.004 are used. The use of the SSPs at Z = 0.008 would produce very small variations 

in our results, certainly of negligible amount with respect to the observational errors. 

The dust extinction affecting the above luminosities is computed assuming the dust optical 

depth to be proportional to the metallicity Zcold of the cold phase and to the disc surface 

density, so that for the V- band Tv ex mc Zcold/7r r~. The proportionality constant is taken as 

a free parameter chosen to fit the bright end of the local LF. This fact yields, for the propor-

tionality constant, the value 3.5 M81 pc2 with the stellar yield producing a solar metallicity 

for a v = 220 km/s galaxy. To compute the extinction in the other bands, two different 

extinction laws are considered: the Small Magellanic Cloud (SMC) one and the Calzetti law 

( Calzetti 1997). 

4. 7.2 PLE vs SAM : results 

For the purpose of comparison with the results provided by the SAM, we have recalculated the 

evolution of the galaxy luminosity density and stellar mass density using the same photometric 

code as employed by Menci et al. (2002), namely the one by Bruzual & Charlot (BC) (1993). 

However, we ha ve implemented the BC code by taking into account the evolution of metalli city 

in galaxies (see Chapter 3 of this thesis). Dust extinction is also properly taken into account: 

consistently with the Menci et al. (2002) formalism, we have assumed that the dust optical 

depth is proportional to the gas density and the gas metallicity (see chapter 3). For spirai 

galaxies, we adopt the extinction curve derived by Seaton (1979) for the Milky Way galaxy, 

whereas for ellipticals and irregulars we adopt the Calzetti (1997) curve. By applying the 

Calzetti ( 1997) curve t o spirals, we ha ve verified t ha t the choice of the extinction curve has 

a very small impact on our results. 

PLE vs hierarchical: the galaxy luminosity density 

In figure 4.11, we show the redshift evolution ofthe luminosity density in 4 bands (clockwise: 

UV, B, K and J) as predicted by our PLE approach (solid lines) and by the SAM model by 

Menci et al. (2002, dashed lines), compared to a set of observational data by various authors. 

To compare with observational data, we have recalculated the LD in the J band instead than 

the I band, used previously, since the difference between the LDs in the two bands is very 
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small. 

In this case, all the curves are uncorrected for dust extinction. In the UV band, the two 

curves have a noticeably different behaviour: The PLE scenario predicts a strong peak at 

redshift 5, due to star formation in spheroids which is absent in the curve by Menci et al. 

(2002). On the other hand, the SAM curve shows a broad peak, centered at redshift rv 2.5. 

A striking difference concerns also the predicted evolution at redshift < l, where the curve 

from the SAM is constantly higher than the PLE one. This indicates that the SAM model 

predicts a higher amount of star formation occurring at z < l than the PLE curve. 

The curves calculated in the B band show a behaviour very similar to the UV band, since 

both are dominateci by the same types of stars, i.e. the youngest and the most massi ve ones. 

Both bands are sensitive to dust extinction, but in a different way: a comparison with the 

observations will be discussed only after having corrected the curves for dust obscuration (see 

below). 

The K band, centered at À = 2.2f-L, is dominateci by long-lived, low mass stars. The light 

emitted in this band is unaffected by dust extinction, hence a comparison between the pre-

dictions and observations is feasible in this case. At z > 2, the two curves have dramatically 

different behaviours: the PLE shows the peak due to ellipticals, whereas the SAM curve has 

a broad peak centered at z rv 2. On the other hand, it is compelling how similar the curves 

are at z > 2. At z :::;; l we show the observational data by Pozzetti et al. (2003) and Cohen 

(2002), in substantial agreement with one another. In this redshift range, both curves show 

a good agreement with the observational data. The PLE scenario predicts a slightly higher 

LD at z = O, manly due to the higher number of old stars (hence to redder galaxy colors) 

than the hierarchical picture. From the current set of observational data in the K band, it 

is practically impossible to disentangle between the two apposite galaxy formation scenarios. 

Rest-frame Near Infrared deep galaxy surveys aimed at detecting faint sources, possibly lo-

cated at high redshift, could provide us with fundamental hints to disentangle between the 

PLE and the hierarchical scenario. In fact, if there is an epoch when the bulk of spheroidal 

galaxies is forming, the K-band LD would show a peak centered at the corresponding redshift. 

On the other hand, if massi ve galaxy formation is distributed throughout an extended period, 

no peak in the K band LD should be visible at high redshift. In this case, the evolution of 

the K LD would have a decreasing behaviour at increasing redshift, as it is for the stellar 

mass density (see below). These results indicate that the study of the evolution of the K 
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band luminosity function (and density) at redshift larger than 2 could represent the most 

direct observational strategy to establish the best scenario of galaxy formation. Hopefully, 

fundamental new results in this direction will be achievable soon thanks to the "Gemini Deep 

Deep Survey" (Glazebrook 2003) and to the "Great Observatories Origins Deep Survey" (Gi-

avalisco 2003). 

The J band, centered at À = 111, is dominateci both by relatively old stars experiencing 

the red giant branch phase and by young main-sequence stars and in very similar fractions 

(Bruzual 2001). This band also is insensitive to dust-extinction effects, hence the comparison 

between predictions and observations is allowed. It is compelling how discrepant the PLE 

and SAM predictions are in this band, also a t redshift < l. In particular, a t redshift zero the 

PLE value is higher than the SAM one by a factor of rv 2. It is worth noting the very good 

agreement between the observations and the PLE curve, whereas the curve obtained with the 

SAM is constantly lower than the observed J band luminosity density. This is another clear 

case where the two scenarios produce rather different predictions, indicating distinctly that 

the PLE scenario should be preferred over the hierarchical one. Also in this band, if future 

deep surveys will be able to detect the peak predicted by our models, it will be possible to 

identify the spheroid formation epoch. 

Figure 4.12 shows the evolution of the UV (upper panel) and B (lower panel) luminosity 

density, as predicted by the PLE (solid curves) and SAM models (dashed curves) taking into 

account the extinction by dust. A very important result regarding the UV luminosity density 

predicted by the PLE scenario is that, once dust effects are properly taken into account, the 

peak at z rv 5 due to ellipticals (see figure 4.11) vanishes, and the curve at z rv 3 appears as flat 

as the observational data. This is a fair evidence that what suggested in section 4.3 to explain 

the absence of the high-redshift peak in the Madau plot is correct: if the bulk star formation 

in the high-redshift universe occurred in sites highly obscured by dust, most of it could be 

invisible for rest-frame UV surveys. Of great interest would be the study of the IR/submm 

luminosity density, which would be considerably enhanced by the re-emission by dust of all 

the UV absorbed flux. It is also important to note that at redshift > 4, the dust-corrected 

prediction from the hierarchical model is unable to account for the observed points: at very 

high redshift, the unobscured UV luminosity density (and hence the unobscured amount of 

star formation) is underestimated by CDM SAMs by a factor of 3 or more. Also in this case, 
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Figure 4.11. Luminosity density evolution in the UV, B, J and K bands as predicted by our PLE mod-

els (solid curves) and by hierarchical SAM of galaxy formation by Menci et al. (2002,dashed curves), 

and as observed by Cowie et al. (1999, four-tips stars), Pascarelle et al. (1998, solid hexagons), 

Steidel et al. (1999, open hexagons), Treyer et al. (1998, cross), Massarotti et al. (2001, five-tips 

stars), Madau et al. (1998a, solid pentagons), Lilly et al. (1996, open circles), Connolly et al. (1997, 

open squares), Pozzetti et al. (2003, solid triangles), Ellis et al. (1996, open triangles), Dickinson et 

al. (2003, solid circles), Wolf et al. (2003, open pentagons), Gardner et al. (1997, three-tips stars), 

Cohen (2002, solid squares ). The theoretical curves are uncorrected for dust extinction. 
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Figure 4.12. Luminosity density evolution in the UV, B, J and K bands as predicted by our PLE 

models ( solid curves) and by the hierarchical SAM of galaxy formation by Menci et al. (2002) ( dashed 

curves), an d as observed by various authors ( see caption t o figure 4.11 for details). The theoretical 

curves have been corrected for dust extinction. 
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Figure 4.13. Evolution of the stellar mass density as predicted by by our PLE models (solid line) 

and by the hierarchical SAM of galaxy formation by Menci et al. (2002) (dotted line), and as observed 

by Dickinson et al. (2003, square boxes), Cole et al. (2001, open circle), Cole et al. (2001, open 

circle), Brinchmann & Ellis (2000, open triangles, Cohen (2002, open squares), Fontana et al. (2003, 

solid squares). 
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the PLE and hierarchical scenarios produce very different predictions, and the observations 

clearly allow to discriminate between the two. 

Different indications seem to come from the UV luminosity density at z < l. The prediction 

from the SAM by Menci et al. (2002) can nicely reproduce the data, whereas the PLE 

prediction is lower than the observations: at z = 0.2, where the lowest redshift observations 

have been performed by Treyer et al. (1998) at À = 2000À, the PLE models underestimates 

the data by a factor of 2.5. The explanation of this discrepancy is in part due to the fact 

that we have assumed a Salpeter IMF for all galaxies. The assumption of such an IMF in 

spirals leads to metal abundances higher than what the observations indicate: to reproduce 

such abundances, the Scalo IMF would be better ( see Calura & Matteucci 2003 an d chapter 

5 of this thesis). The present-day average gas metallicity predicted for spirals in the case of a 

Salpeter IMF is higher than the Scalo by a factor of rv 2. This implies an optical depth double 

than the real one (see equation 3.4) and a consequent overestimation of the UV attenuation 

by dust in spirals. Another possible reason is related to the fact that in our morphological 

classification we do not keep into account starburst galaxies, which contribute to the rv 20% 

of the global star formation in the local universe (Brinchmann et al. 2003). Finally, the 

most relevant cause of the discrepancy is certainly the SSP used to calculate the luminosity 

densities, which in this case are the ones by Bruzual & Charlot. In figure 4.6 we showed the 

intrinsic (i. e. uncorrected for dust) UV luminosity density calculated with the Jimenez SSPs, 

and the local value was considerably higher than what shown in figure 4.11. As demonstrated 

in chapter 3, this confirms that the Bruzual & Charlot photometric code tends to produce 

redder colors than the one by Jimenez (see figures 3.8-3.10). 

The lower panel of figure 4.12 shows the observed evolution of the B band luminosity density 

compared with the predictions corrected for dust-extinction. At z < 2 the PLE and SAM 

curves are overlapping and both are in excellent agreement with the observations. At z > 
2, the only available measures are the ones by Dickinson et al. (2003), which cannot be 

reproduced by anyone of these scenarios. Since the two scenarios represent two apposite and 

extreme galaxy formation pictures, observational values between the two curves could be 

expected. The fact that even the SAM prediction overestimates the points by Dickinson et 

al. (2003) indicates that small field and cosmic variance effects are a non-negligible source of 

uncertainty in these data. The same effects cause also an underabundance of massi ve galaxies 

obtained by Dickinson et al. (2003) and a consequent underestimation of the stellar mass 
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density with respect to estimates by other authors (Fontana et al. 2003, see also this section). 

Also in the B band, absorption by dust significantly reduces the peak at z f'J 4- 5 due to 

ellipticals, although to a minor extent than in the case of the UV band. A peak is predicted 

by the PLE curve at z f'J 3.5. This could be also potentially visible by next generation deep 

galaxy surveys. 

PLE vs hierarchical: the stellar mass density evolution 

Figure 4.13 shows a comparison between the stellar mass density observed by various authors 

and predicted by our PLE models and by the SAM of Menci et al. (2002). We can note 

the very different behaviour of the two curves: according to the PLE model, half of the stars 

observable today are already formed at z f'J 4, with a small increase from z = 4 to z = O 

due to spirals (see figure 4.8). On the other hand, according to the hierarchical SAM, the 

buildup of the stellar mass occurs progressively, with the half of the total stellar mass built 

at z f'J 1.2. Owing to the extreme differences between the two predictions, the observation of 

the stellar mass density constitutes another very helpful strategy to distinguish between the 

PLE and the hierarchical scenario. 

A t redshift ~ l, t h ere is a good agreement between the theoretical predictions and the data: 

both curves are within the observational errors. At z > l, the curve calculated by Menci et al. 

(2002) provide a better fit to the observations than the one obtained with the PLE models. 

However, we should remind t ha t the high redshift data suffer a high number of uncertainties, 

such as errors due to dust extinction and small field, as concerns in particular the estimates 

by Dickinson et al. (2003). The data by Fontana et al. (2003) are taken from a larger volume 

andare corrected for dust extinction. However, as emphasized by the authors, they may stili 

suffer for incompleteness on the bright end of the mass function: in this case, the observed 

values should be regarded as lower limits to the real ones. 

As far as these observations indicate, the hierarchical SAM can reproduce the observed evo-

lution of the stellar mass density much better than the PLE model. Hopefully, more accurate 

data coming from next galaxy surveys will confirm this result. 
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In this chapter we have used detailed chemo-spectrophotometric models for galaxies of dif-

ferent morphological types, namely eliipticals, spirals and irregulars, in order to study the 

evolution of the galaxy luminosity density in various bands, the cosmic SFR density and the 

cosmic SN rate. We have studied the evolution of the baryonic matter in the universe in the 

form of stars and metals, having assumed that the whole galaxy population started forming 

stars at high redshift. In our scenario of pure-luminosity evolution, only galaxy luminosities 

evolve, whereas the number densities are assumed constant and equal to the values indi-

cated by the local B-band luminosity function, as observed by Marzke et al. (1998). This is 

equivalent to assume that galaxy merging and interactions have no dominant role in galaxy 

evolution. W e ha ve considered two different forms for the uni versai IMF, namely the Salpeter 

{1955) and the Scalo (1986) ones, and we have computed our models for different cosmolo-

gies, i. e. the Einstein-De Sitter and the ACDM. We have compared our predictions with 

an updated large set of high-redshift observations and we found an overali good agreement 

between our predictions and ali the observational evidence considered in the present work. 

We have calculated galaxy luminosities and colors by means of two different photometric 

codes, the one by Jimenez (1998) and the one by Bruzual & Charlot (1993, 1999 version). 

We have also compared the predictions by our PLE models with the ones obtained by the 

semianalytic model of hierarchical galaxy formation by Menci et al. (2002). The main results 

of our study are: 

l) with our PLE approach, we can reproduce the evolution of the galaxy luminosity density 

in the B, I and K bands considering that ali galaxy types evolve in luminosity and not in 

number since the epoch of their formation. Generaliy, with the Jimenez code we overestimate 

the luminosity density observed in the UV, in particular at high redshift. In our scheme, el-

liptical galaxies suffer high-redshift starbursts after which they evolve as passive systems, i. 

e. without star formation, whereas spirai discs and irregular galaxies form stars continuously 

down to the present epoch. At high redshift (z > 2), eliipticals dominate the total emissivity 

in any optical band. We predict a high redshift peak generated by the intense starburst in 

eliipticals which is not visible in the available observations at short wavelengths not corrected 

by extinction. The cause could be a heavy attenuation by intersteliar dust which could hide 

the most intense star-forming sites. High-redshift observations in bands less sensitive to dust 

attenuation, currently absent, would be fundamental in probing the existence of such a peak. 
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At z < 2, in the U and B bands the discs of spirai galaxies emit the bulk of the light and 

are the main contributors to the decline in the galaxy luminosity density observed between 

z rv l and z =O, whereas in the the I and K bands the light emitted by stars in ellipticals is 

comparable to that emitted by the spirals. Irregular galaxies bring a negligible contribution 

to the total luminosity density at any epoch and in any band. Both the Salpeter and Scalo 

IMFs provide very satisfactory results, especially assuming a ACDM cosmologica! model. 

2) We predict that spirai discs are the most active star forming sites in the universe through-

out the redshift interval O < z < l which, for a standard ACDM cosmology and h = 0.65, 

correspond t o the 57% of the cosmi c t ime. Furthermore, if the SFRs record ed in SCUBA and 

hyperluminous infrared galaxies can be considered typical for starbursting protoellipticals, 

we predict a very high peak (up to rv 1000 times the value observed in the local universe) in 

the cosmic SFR density occurring at the epoch when the bulk of the spheroids formed. 

3) According to our calculations, the missing metal crisis could be even more serious than 

what has been proposed by previous authors (Pettini 1999, Pagel 2001) if the bulk of the 

metals were produced in dust-obscured starbursts associateci with an early spheroid forma-

tion. We suggest that, regardless of the amount of metals, the most plausible site for the 

missing metals could be the warm gas in galaxy groups and proto-clusters, in which the met-

als could have been ejected through strong winds following intense starbursts. In such an 

environment, the presence of the metals would be difficult to detect owing to the low virial 

temperatures. In principle, it could be possible to detect these metals by identifying the most 

recently assembled clusters of galaxies, provided that they have formed out of groups where 

the missing metals lie. The main sources of such strong winds could be both Lyman-break 

galaxies (Pettini et al. 2002a), SCUBA (Trentham et al. 1999) and hyperluminous infrared 

galaxies (Rowan-Robinson 2000), which are the best candidates for the high-redshift coun-

terparts of the nearby massive elliptical galaxies. 

4) The study of the cosmi c SN rate is a fundamental test of consistency for our models since 

it is completely independent of the normalization of the galaxy population at z = O, which 

was required by all our previous calculations. We reproduce very well the observed cosmic 

SN rate assuming a universal Salpeter-like IMF. The assumption of a Scalo IMF causes an 

underestimate of the local type II SN rate and of the la SN rate observed at intermediate 

( rv 0.5) redshift. We predict that most of the SN la explode in ellipticals at all ages, whereas 

all the SN II explode in spirai discs and irregulars after the halt of star formation in elliptical 
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galaxies occurred at high redshift. This is in fair agreement with all our previous results, 

which indicate that spirai galaxies are the most active star forming objects since at least 

z "-J l. Also the observed cosmic SN rate can be explained by assuming a scenario of coeval 

galaxies whose number is conserved and which evolve purely in luminosity. The determi-

nation of the cosmic SN rate at redshifts > 0.55 (i.e. the highest explored by current SN 

surveys, Pain et al. 2002), hopefully achievable after the launch ofthe Next Generation Space 

Telescope, will provide further constraints on galaxy evolution models. 

5) Once dust-extinction effects are taken into account, the peak in the UV luminosity density 

generateci by ellipticals appears reduced to values in fair agreement with the ones observed 

by current surveys. On the other hand, the SAM models by Menci et al. (2002) tend to 

underestimate the UV luminosity density (hence the amount of star formation) observed at 

high redshift. In generai, the luminosity density observed in the B, J and K bands at z < l 
can be satisfactorily reproduced by both PLE and hierarchical predictions. Observations at 

z > l in the J and K bands, currently missing, would be very helpful in disentangling between 

the two scenarios and in identifying the major spheroid formation epoch. 

6) The evolution of the stellar mass density at z > l can be better reproduced by the predic-

tion from the hierarchical SAM, although all the data at z > l stili suffer for several sources 

of uncertainty, such as dust extinction and small field effects. Future data coming from next 

generation galaxy surveys, hopefully more precise and accurate than the present ones, will be 

fundamental in constraining when the bulk of the stellar mass density has been assembled. 
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Chapter 5 

Cosmic metal production and the 

average metallicity of the universe 

In the history of the universe, there have been two fundamental steps in the production of 

the chemical elements. The first has been the epoch of primordial nucleosynthesis, occurred 

immediately after the Big Bang, which has led to the production of Deuterium, 3He, 4He 

and smali traces of 7Li. During the second epoch, practicaliy ali the metals have been syn-

thesized by stars within galaxies, starting soon after the recombination era up to the present 

time. The metals can have very different histories, strictly linked to the processes governing 

the steliar nucleosynthesis and the star formation history, fundamental in the study of how 

galactic structures have evolved once assembled. Part of the metals remains locked up in 

long living stars and remnants, part is restored into the galactic inter-steliar medium (ISM) 

through supernova (SN) explosions and steliar winds while another fraction is expelied in 

the inter-galactic medium (IGM) through galactic winds and outflows (for a comprehensive 

review of element production through the cosmic ages, see Pettini 2002). 

The observational study of metal abundances in various components of the universe has ex-

perienced a considerable development in the last few decades. Thanks to the construction of 

high-performance telescopes, it has been possible to measure the abundances of a wide range 

of chemical elements, both in the local and in the high-redshift universe. Ali these studies 

indicate a strong chemical evolution. The theoretical investigation of these aspects is per-

formed by means of cosmic chemical evolution models (Pei & Fali1995, Philiips & Edmunds 

1996, Edmunds & Philiips 1997, Malaney & Chaboyer 1996, Pei, Fali & Hauser 1999, Cen & 
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Ostriker 1999, Sadat Guiderdoni & Siik 2001, Mathlin et al. 2001), very fruitfui in tracing the 

average properties of the universe but unsuited to study in detaii the different contributions 

to the overall metai content of the universe from various gaiactic types, namely spheroids, 

spirai discs and irreguiars. Furthermore, with the exception of Malaney & Chaboyer (1996), 

all of these models are generally deveioped to account for the total metallicity Z, which can 

be studied by means of simpiifying assumptions on the stellar lifetimes such as the instan-

taneous recycling approximation (IRA, Tinsley 1980, Matteucci 2001a), but do not allow 

to predict the evoiution of the abundances of single eiements, generally produced on very 

different timescales. 

Calura & Matteucci (2003, hereinafter CM03) have deveioped a series of chemicai and spectro-

photometric modeis for ellipticai, spirai and irregular gaiaxies (see chapter 4 of this thesis). 

These modeis have been primarily used to study the evoiution of the luminous matter in 

the universe and the contributions that spheroids, spirai discs and irreguiars bring to the 

overall cosmic star formation. Beside this, such models were used to predict the early phases 

of the evoiution of the totai metal content in the universe, in particular to investigate the 

issue of the missing metais, but no detaiied prediction about the singie chemical eiements 

were presented. In this chapter, by means of the chemicai evolution models developed by 

CM03, we aim at reconstructing the cosmic evolution of singie elements in the total stellar 

and gaseous components in galaxies of different morphoiogicai types. In particuiar, we study 

the evoiution in time of severai chemical elements commonly detected in local stars and HII 

regions as well as in high redshift gaiaxies, such as O, Mg, N, Si, Fe, Zn. W e then calculate 

the mean abundances of the above mentioned eiements in spheroids, spirai discs and irreg-

ulars, aiong with the average metallicity of gaiactic matter in the universe. We attempt an 

indirect estimate of the average metallicity of the IGM (measured by the Fe abundance) and 

we perform a seif-consistent census of the baryons and metais in the universe at the present 

time. Our results are compared with both observationai and theoreticai appraisais by various 

authors. 

Throughout this chapter, t o facilitate comparison with other pubiished results we assume an 

Einstein-De Sitter cosmology (nm =l, nA =O) and Ho= 50Km/sMpc. 
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5.1 Evolution of the metal production rates 

We calculate the production rate for the i-th element Pi according to: 

Pi(M0yr- 1 Mpc- 3 ) = LPn,k(z)(M/L)n,k(z)rik(z) (5.1) 
k 

PB,k is the B band luminosity density for the k-th morphological type and is the result of 

the the integrai over allluminosities of the B-band luminosity function (LF) iP(LB): 

p B = l q, (L B)( L B l L B) d L B (5.2) 

In the present work, we have adopted the LF observed by Marzke et al. (1998) for all the 

different morphological types. At redshift other than zero, we have calculated the LFs by 

applying the evolutionary corrections calculated by means of the spectrophotometric model 

(this procedure is described in detail in Calura & Matteucci 2003 and in chapter 4). (M/ L)B,k 

are the B mass-to-light ratios for galaxies of the k- th morphological type. For each galactic 

type, the evolution of the stellar, gaseous and total mass is a prediction of the chemical evo-

lution models, whereas the evolution of the B luminosity Ln is calculated by means of the 

spectro-photometric code. ri k represents the rate of production of the i-th element for the 

galaxy of k-th morphological type, and at a given time t and is: 

1M ma x 

rik(t) = 'lfJk(t- Tm) Rmi(t- Tm) cp(m)dm 
m( t) 

(5.3) 

m(t) is the minimum mass of the stars dying at the time t, Mmax = 100M8 is the upper 

mass limi t considered in the IMF. T m is the lifetime of the stars of mass m, 'lfJk is the SFR and 

Rmi is the fraction of the mass of a star of mass m which is ejected back into the ISM in the 

form of species i. In order to compute Rmi we adopt the Talbot & Arnett (1971) production 

matrix (see Matteucci 2001a for details). Finally, the conversion between the cosmic time t 

into redshift is performed on the basis of the adopted cosmologica! model. Figure 5.1 shows 

the calculated total production rates for all the elements considered in the present work, 

along with the single contributions from spheroids, spirai discs and irregulars in the case of 

a Salpeter IMF and having assumed that all galaxies started forming stars a t z f = 5. For 

all the elements, our predictions indicate a strong peak in the production rate at early times 

due to spheroids, consequent to the intense star-burst which they experience soon after their 

formation. Later on, the production rate in spheroids diminishes and at redshift "' 2 the 
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main sites of element production become the spirai discs. The lowest star formation rates 

characterize the irregular systems, whose contribution to the total element production is in 

generai negligible. Note that at z rv O the spheroid production rates for all the elements 

falls at a level comparable or lower than the one of irregulars. On the other hand, from 

the beginning down to z rv 2 the spheroids continue to be intense producers ( comparable 

to discs) of elements synthesized on long timescales (~ 1Gyr) by intermediate mass stars 

such as Fe and Zn, restored into the ISM via type la SNe. In figure 5.2 we show the total 

production rates and the single contributions by spheroids, discs and irregulars in the case of 

a Scalo IMF. The curves ha ve the same behaviours as in the Salpeter case, with the element 

production dominated by spheroids at early times and by discs successively. In figure 5.3 we 

show a comparison among the total element production rates calculated with the Salpeter, 

the Scalo and the Arimoto-Yoshii (1987, AY) IMFs, this latter characterized by a slope of 

x= 0.95, hence much richer in high mass stars. As expected, the highest amounts of metals 

are produced with an AY IMF, whereas the lowest amount is produced with the Scalo IMF. 

In the next section we discuss the most appropriate IMF for the whole galaxy population by 

comparing the integrated production rates calculated for various galaxies. 

5.1.1 Element comoving densities 

At the present time, the total comoving mass density in the form of a given element (labelled 

i) produced in the k-th galaxy type Pi,k,Tot(M8 Mpc- 3 ) is given by the integrai of the pro-

duction rate Pk,i calculated over a Hubble time TH: 

Pi,k,Tot = IoTH Pi,k(t)dt (5.4) 

In this case we assume TH = 12 Gyr, i.e. the age of all galaxies having assumed a redshift of 

galaxy formation ZJ = 5 for the cosmology adopted here. We divide the metal content of the 

universe into three phases: the metals locked up in stars, in ISM gas and in the IGM. At each 

instant, we can predict the comoving density of metals contained in each phase. To calculate 

the comoving mass density for the element i in stars, ISM gas and IGM, first we need to 

calculate the average stellar and ISM abundances. These quantities are direct outputs of 

our chemical evolution models and will be discussed in section 5.2, where an estimate of the 

average metallicity in galaxies will be provided. 

Let us define <Xi >*,k and <Xi >g,k the average abundances by mass in stars and ISM 
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Figure 5.1. Predicted production rates vs redshift far O, C, Si, Fe, Zn, N, and Mg assuming 

a Salpeter IMF. Short-dashed lines: contribution by spirai galaxies; dotted lines: contribution by 

spheroids; long-dashed lines: contribution by irregulars. Solid lines: total production rate densities. 
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Figure 5.2. Predicted production rates vs redshift forO, C, Si, Fe, Zn, N, and Mg assuming a Scalo 

IMF. Curves as in figure 5.1. 
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Figure 5.3. Predicted total production rates vs redshift for O, C, Si, Fe, Zn, N, and Mg for different 

choices of the IMF. Solid lines: Salpeter IMF; dotted lines: Scalo IMF; long-dashed lines: AY IMF. 
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gas, respectively, for the element i and the k galaxy type. The stellar comoving density of 

the element i in the k- th galaxy is given by: 

(5.5) 

whereas the comoving density of the elementi in ISM gas in the k- th galaxy is given by: 

Pi,k,IsM =<xi >9 ,k ·p9 ,k (5.6) 

P*,k and Pg,k are the mass densities of stars and ISM gas, respectively, and are calculated as: 

(5.7) 

an d 

Pg,k = PB,k · (M9 / L)B,k, (5.8) 

where PB,k is the predicted B luminosity density, whereas (M*/L)B,k and (M9 /L)B,k rep-

resent the predicted steliar and gas mass to light ratios, respectively, for the k-th galactic 

morphological type. 

Here, we assume that only elliptical galaxies contribute to the chemical enrichment of the 

IGM through enriched galactic winds. The comoving density of a given element i expelled 

by ellipticals (labelled E) into the IGM is given by: 

Pi,E,IGM = Pi,E,Tot - Pi,E,* - Pi,E,ISM (5.9) 

In Table 5.1 we show ali the calculated comoving densities for various elements as produced 

by elliptical galaxies, in the case of a a Salpeter IMF. In the first column we show the symbols 

of the chemical elements, in columns 2-5 we report the present comoving mass density for the 

i-th element locked in stars, ISM gas, IGM and total. In Tables 5.2 and 5.3 we present the 

calculated comoving densities for various elements produced in spirai and irregular galaxies, 

respectively. In both tables, in the first column the symbols of the elements are shown, in 

the second and third columns we report the comoving densities of elements locked in stars 

and ISM gas, respectively, whereas in the fourth column the total comoving densities are 

shown. Tables 5.4, 5.5 and 5.6 show the same as Tables 5.1, 5.2, 5.3, respectively, but having 

assumed for ali galaxies a Scalo IMF. 
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Table 5.1. Calculated comoving densities, expressed in M0 f Mpc3 , for various elements for ellipticals, 

in the case of a Salpeter IMF. The elements produced by elliptical galaxies are locked into three phases: 

stars, ISM gas and IGM. Column 1: symbol of the chemical element; columns 2-5: mass densities in 

of the i-th chemical element in stars, ISM gas, IGM and total. 

element l Pi,E,* l Pi,E,ISM l Pi,E,IGM l Pi,E,Tot 

c 9.23. 104 27 5.47. 105 6.39. 105 

o 1.21 . 106 169 1.87. 106 3.08. 106 

N 7.91. 104 17 2.11 . 105 2.90. 105 

Fe 6.22. 104 50 3.35. 105 3.97. 105 

Si 6.60. 104 24 1.52. 105 2.18 . 105 

Mg 5.27. 104 12 8.6. 104 1.39. 105 

Zn 145 0.07 479 625 

z 1.87. 106 402 3.61 . 106 5.48 . 106 

Table 5.2. Calculated comoving densities, expressed in M0 f Mpc3 , for various elements for spirals, in 

the case of a Salpeter IMF. The elements produced by spirai galaxies are locked into two phases: stars 

and ISM gas. It is assumed that spirals do not expel any fraction of their mass into the IGM. Column 

1: symbol of the chemical element; columns 2-4: mass densities in of the i-th chemical element in 

stars, ISM gas and total. 

element l Pi,S,* l Pi,S,ISM l Pi,S,Tot 

c 2.59. 105 8.16 . 104 3.41 . 105 

o 1.93. 106 3.70. 105 2.30. 106 

N 1.41 . 105 3.64. 104 1.77. 105 

Fe 1.93. 105 4.66. 104 2.40 . 105 

Si 1.30. 105 2.70. 104 1.57. 105 

Mg 8.96. 104 1.75. 104 1.07. 105 

Zn 424 138 562 

z 3.07. 106 6.56. 105 3.73·106 



116 CHAPTER 5. COSMIC METAL PRODUCTION 

Table 5.3. Calculated comoving densities, expressed in M0 / Mpc3 , for various elements for irregulars, 

in the case of a Salpeter IMF. The elements produced by irregular galaxies are locked into two phases: 

stars and ISM gas. It is assumed that irregulars do not expel any fraction of their mass into the 

IGM. Column 1: symbol of the chemical element; columns 2-4: mass densities in of the i-th chemical 

element in stars, ISM gas and total. 

element l Pi,I,* l Pi,I,ISM l Pi,I, Tot 

c 971 1.60. 104 1.70. 104 

o 6.12. 103 9.74. 104 1.03. 105 

N 388 7.03. 103 7.42 . 103 

Fe 631 1.08 . 104 1.14 . 104 

Si 389 5.95. 103 6.34. 103 

Mg 243 4.33. 103 4.57. 103 

Zn 0.78 13.52 14.3 

z 9.71. 103 1.62. 105 1.72. 105 

Table 5.4. Calculated comoving densities, expressed in M0 / Mpc3 , for various elements for ellipticals, 

in the case of a Scalo IMF. The elements produced by elliptical galaxies are locked into three phases: 

stars, ISM gas and IGM. Column 1: symbol of the chemical element; columns 2-5: mass densities in 

of the i-th chemical element in stars, ISM gas, IGM and total. 

element l Pi, E,* l Pi,E,ISM l Pi,E,IGM l Pi,E,Tot 

c 2.93. 104 12 3.2. 105 3.50. 105 

o 3.38. 105 80 4.58. 105 7.96. 105 

N 3.83. 104 9 8.27. 104 1.21 . 105 

Fe 2.16 . 104 35 1.69. 105 1.91 . 105 

Si 2.08. 104 10 5.20. 104 7.28. 104 

Mg 1.51 . 104 4 2.03. 104 3.54. 104 

Zn 44 0.03 1.77. 102 2.21 . 102 

z 5.23. 105 169 1.18 . 106 1.7. 106 
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Table 5.5. Calculated comoving densities, expressed in M 0 / Mpc3 , for various elements for spirals, 

in the case of a Scalo IMF. The elements produced by spirai galaxies are locked into two phases: stars 

and ISM gas. It is assumed that spirals do not expel any fraction of their mass into the IGM. Column 

1: symbol of the chemical element; columns 2-4: mass densities in of the i-th chemical element in 

stars, ISM gas and total. 

element l Pi,S,* l Pi,S,ISM l Pi,S, Tot 

c 1.86 . 105 6.57. 104 2.52. 105 

o 7.03. 105 1.34. 105 8.37. 105 

N 8.25. 104 1.91 . 104 1.02. 105 

Fe 1.15 . 105 2.89. 104 1.44. 105 

Si 5.70. 104 1.19 . 104 6.89. 104 

Mg 3.29. 104 6.11 . 103 3.90. 104 

Zn 198 61 259 

z 1.24. 106 2.95. 105 1.54. 106 

Table 5.6. Calculated comoving densities, expressed in M0 / Mpc3 , for various elements for irregulars, 

in the case of a Scalo IMF. The elements produced by irregular galaxies are locked into two phases: 

stars and ISM gas. It is assumed that irregulars do not expel any fraction of their mass into the 

IGM. Column 1: symbol of the chemical element; columns 2-4: mass densities in of the i-th chemical 

element in stars, ISM gas and total. 

element l Pi,I, * l Pi,I,ISM l Pi,I, Tot 

c 826 1.43. 104 1.51 . 104 

o 2.51 . 103 4.08. 104 4.33. 104 

N 342 5.56. 103 5.90. 103 

Fe 461 8.04. 103 8.50. 103 

Si 203 3.38. 103 3.58. 103 

Mg 109 1.77. 103 1.87. 103 

Zn 0.5 8.7 9.2 

z 4.85. 103 8.03. 104 8.52. 104 
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Table 5.7. Predicted value of flz (i.e. the total mass density of all the metals divided by the 

criticai density of the universe) at z =O fora Salpeter and a Scalo IMF and compared with previous 

determinations by various authors. 

Author 

Madau et al. 1996 

Zepf & Silk 1996 

M ushotzky & Loewenstein 1997 

Dunne et al. 2003b 

Pagel 2002 

Finoguenov et al. 2003 

present work (Salpeter IMF) 

present work (Scalo IMF) 

l nz 

7.8. 10-5 

s.s. 10-4 

2 .. 10-4 

9.6 . 10-5 - 1.9 . 10-4 

2.5. 10-4 

9.9 . 10-5 - 2.oo . 10-4 

1.35. 10-4 

4.8. 10-5 

l pz(M0/Mpc3
) 

5.4. 106 

4 .. 107 

1.4. 107 

6.7- 13.3. 106 

1.7. 107 

6.9- 13.8. 106 

9.37. 106 

3.32. 106 

5.1.2 Heavy elements in spheroids, discs and irregulars 

After a first look at Tables 5.1-5.6, we note that the assumption of a universal Salpeter IMF 

produces a total metal mass density pz = 9.37 ·106 M0 /Mpc3 , whereas with a Scalo IMF we 

obtain pz = 3.32 · 106 M0 / Mpc3 , i.e. roughly 1/3 of the value obtained with the Salpeter 

IMF. Our results indicate that the principal metal producers in the universe are the spheroids 

where, for a Salpeter IMF, 58% of the total cosmic amount of metals is built. Spirai galaxies 

also represent important metal producers, contributing to the 40% of the total metal budget, 

whereas irregulars represent negligible contributors, only with the 2%. Of the total comoving 

density of metals, 60% is represented by oxygen, which is the most abundant element in the 

universe after hydrogen and 4 He. Fe is often considered a reliable metallicity tracer and is 

widely measured in clusters of galaxies (Renzini et al. 1993, Renzini 2003) and in Damped 

Lyman-a (DLA) systems (Lu et al. 1996, Prochaska & Wolfe 2002), though suffering sub-

stantial depletion into dust grains (Vladilo 1998). According to our results, it contributes to 

only the 7% of the total metal comoving density. Another element often used as metallicity 

tracer in DLAs is zinc (Pettini et al. 1997a, Pettini et al. 1999, Vladilo et al. 2000). Our 

calculation indicate that its contribution is very small, namely the 0.1% of the total. In Table 

5.7 we show our predicted values of nz, namely the total metal comoving density calculated 
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a t the present time divided by the criticai density of the universe (Pc = 6.94 · 1010 M0/ M pc3 

for the value of h = 0.5 adopted here), along with other estimates performed previously by 

various authors. In the case of a Salpeter IMF, we predict a total metal comoving density of 

pz = 9.37 · 106 M0 jMpc3 , higher than the value of 5.4 · 106 M0 jMpc3 computed by Madau 

et al. (1996). A possible reason for this discrepancy could be the fact that, as argued by 

Mushotzky & Loewenstein (1997), the galaxy sample collected by Madau et al. is biased 

towards blue star forming disc galaxies in the field and excludes the protospheroids forming 

stars in obscuring environments, with a consequent underestimation of the total SFR and 

me tal pro d uction. 

However, our value is smaller than pz = 1.4·107 M0 jMpc3 inferred by Mushotzky & Loewen-

stein (1997) on the basis of observations of clusters of galaxies and than pz = 4·107 M0 j Mpc3 

calculated by Zepf & Silk (1996) for cluster ellipticals. This discrepancy is not due to the 

luminosity function parameters chosen for the normalization of the galaxy population, being 

the ones by Loveday et al. (1992), adopted both by Mushotzky & Loewenstein (1997) and 

Zepf & Silk (1996), quite similar to the one adopted here, i.e. that of Marzke et al. (1998). 

In our opinion, the difference is more due to the fact that clusters represent biased (and not 

average) sites of metal production in the universe, for several reasons. Firstly, they are known 

to grow in zones of strong overdensity, generally characterized by an enhancement of star for-

mation and metal production with respect to the field (Cen & Ostriker 1999). Secondly, the 

galaxy proportions in clusters are unrepresentative of the average galaxy population, since in 

clusters a very high percentage of galaxies is represented by spheroids ( up t o 80%, Renzini 

et al. 1993), whereas studies based on the optical luminosity function indicate that ""' 50% 

of the field galaxy population have discs (FHP98). 

Furthermore, from a detailed analysis of the budget of baryons at z ,..., O, we know that only 

12.5% of the galaxies are in clusters, whereas the vast majority is in the field (FHP98). For 

all these reasons, cluster galaxies cannot be considered as representative of the whole galaxy 

population, rather they represent fair samples of the universe only by the chemical evolution 

point of view, since they have retained the totality of the baryons out of which they formed, 

hence they are the best sites where the closed-box approximation can hold (Renzini 1997). 

Another reason for the discrepancy between our value and the one calculated by Mushotzky 

& Loewenstein could be due to the choice of the IMF: this aspect and the effects of the 

adoption of a flatter IMF are described in section 1.3. 
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The reason for the stronger discrepancy between our value and the one by Zepf & Silk (1996) 

resides instead both in the shape of the IMF and in the adopted stellar yields: those authors 

have adopted a Salpeter IMF with a mass cut at m = 3M0 and the yields by Woosley & 

Weaver (1995) for massive stars, and Renzini & Voli (1981) for low and intermediate mass 

stars. According to their results, a total mass in metals of 0.42 per solar mass of remnant is 

produced, whereas in our case the "overall true yield", defined as the mass of newly synthe-

sized and ejected metals divided by the mass in long-living stars and remnants (Pagel 2001) 

is "' 0.036. Moreover, Pagel (2002) considered metal production in clusters and calculated 

an overall true yield of 2.6Z0 = 0.05. 

Our nz value calculated with the Salpeter IMF is instead in good agreement with the ones 

provided by Dunne et al. (2003b) and Finoguenov et al. (2003). 

With the assumption of a universal Scalo-like IMF, the total amounts of metals in the local 

universe is pz = 3.32·106 M0 jMpc3, a value which is in disagreement with any other estimate. 

On the other hand, if we adopt an IMF varying among the different morphological types, 

namely a combination of the Scalo IMF for galactic discs and a Salpeter one for spheroids 

and irregulars, we obtain a total present amount of metals of 7.2 · 106 M0 fMpc3, dose to 

the lower limits derived by Dunne et al. (2003b) and Finoguenov et al. (2003). Our results 

therefore suggest that, if the IMF were universal, the Salpeter one allows us to reproduce the 

constraints on the total metal budget of the local universe, better than the Scalo one. 

5.1.3 Effects of a flat IMF in spheroids 

Spheroids contain the oldest stellar populations in the universe, with ages up to "' 12 - 13 

Gyr for Galactic globular clusters and Bulge stars (Renzini 1994). The initial mass function 

governing the formation of such stars is currently a matter of debate. 

A higher aver age temperature, an d consequently a larger Jeans mass require t ha t in the past 

the stars could have formed according to a mass distribution function different from the the 

present one, i.e. characterized by a flatter slope (x < 1.35). The effect is an overproduction 

of massive stars and a underproduction of solar-like mass stars, which represent the bulk 

of the stellar population in present-day spheroids. Some observational facts seem to point 

towards this evidence: for instance, to explain the Fe mass-to-light ratio observed in clusters of 

galaxies, Arnaud et al. (1992) suggested the existence of a bimodal IMF in cluster ellipticals, 

i.e. Salpeter-like for quiescent star formation and flatter for bursts, with the production 
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Table 5.8. Calculated total mass densities for all galaxies (E+S+I) and for spheroids (E) for various 

elements in the case of a Salpeter IMF for spirals and irregular galaxies and an Arimoto-Yoshii IMF 

for spheroids. 

element l Pi,E,Tot l Pi,E+S+l,Tot 

c 2.38. 106 2.76. 106 

o 2.32. 107 2.57. 107 

N 2.69. 106 2.89. 106 

Fe 1.44. 106 1.72. 106 

Si 1.40 . 106 1.57. 106 

Mg 1.11 . 106 1.23. 106 

Zn 6450.88 7066.33 

z 3.70. 107 4.12. 107 

of only massive stars. Gibson (1996) has demonstrated that such an IMF is disfavored by 

chemical and photometric arguments, such as the existence of subsolar metallicity components 

in nearby ellipticals, and by the fact that it cannot account for the color-magnitude diagram 

observed in cluster ellipticals. 

The IMF proposed by Arimoto & Yoshii (AY) (1987), characterized by a power-law with a 

x = 0.95 slope, can account for some photometric features of cluster ellipticals, such as the 

U-B and V-R colors of giant ellipticals. We have recalculated the metal production rates 

for spheroids with such an IMF, and in Table 5.8 we show our results for the comoving 

densities of various elements in spheroids and total. Such a fiat IMF leads to an excessively 

high metal content in spheroids at the present time, and to an overestimation of the metal 

comoving density, in excess of the value of Mushotzky & Loewenstein by a factor of 2.9. Other 

recent arguments suggest that such a fiat IMF is inadequate for ellipticals in clusters, since it 

overproduces the abundance of Fe and the [O/ Fe] ratio observed in the Intra-cluster medium 

(Pipino et al. 2002). We conclude that a x = 0.95 slope for the stellar IMF of spheroids 

represents an unlikely scenario, although an intermediate slope between the Salpeter and the 

AY cannot be excluded. 
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Table 5.9. Mean C, O, N, Fe, Si, Mg, Zn abundances (by mass) and total metallicity Z for various 

galactic types in stars and ISM for a Salpeter IMF. First, second and third columns: average stellar 

abundances in ellipticals, spirals and irregulars, respectively. Fourth, fifth and sixth columns: average 

ISM abundances in ellipticals, spirals and irregulars, respectively. 

<Xc >*,E l <Xc >*,s <Xc >.,~ Il <Xc >g,E l <Xc >g,S <Xc >g,I 

0.0007 l 0.0022 0.0002 11 o.oo13 l 0.0056 0.00029 

< Xo >*,E l < Xo >*,s l < Xo >*,I Il < Xo > 9,E l < Xo >g,S l < Xo >g,I 

0.0092 l 0.0164 l 0.00126 l 0.0254 l 0.0018 

< XN >*,E < XN >.,s < XN >*,I < XN >g,E < XN >g,S < XN >g,I 

0.0006 l 0.0012 0.00008 Il 0.0008 l 0.0025 0.00013 

< XFe >*,E l < XFe >.,s < XFe >*,I Il < XFe >g,E l < XFe >g,S l < XFe >g,I 

0.000472 l 0.00164 l 0.00013 0.0032 l 0.0002 

< Xsi >*,E < Xsi >*,s < Xsi >.,1 < Xsi > 9,E < Xsi > 9,s < Xsi > 9,I 

0.0005 l 0.0011 0.00008 0.00185 l 0.00011 

< XMg >*,E < XMg >*,S < XMg >*,I < XMg >g,E < XMg >g,S < XMg >g,I 

0.0004 l 0.00076 0.00005 0.0006 0.0012 0.00008 

< Xzn >.,E < Xzn >.,s < Xzn >*,I < Xzn > 9,E < Xzn >g,S < Xzn > 9,I 

1.1 . 10-6 3.6. 10-6 1.6 . 10-7 Il 3.2. 10-6 9.5. 10-6 2.5. 10-7 

< z >.,E < z >*,s < z >*,I Il < z >g,E < z >g,S < Z >g,I 

0.014 l 0.026 0.002 Il 0.02 0.045 0.003 
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Table 5.10. Mean C, O, N, Fe, Si, Mg, Zn abundances (by mass) and total metallicity Z for various 

galactic types in stars and ISM for a Scalo IMF. First, second and third columns: aver age stellar 

abundances in ellipticals, spirals and irregulars, respectively. Fourth, fifth and sixth columns: average 

ISM abundances in ellipticals, spirals and irregulars, respectively. 

<Xc >*,E <Xc >*,s <Xc >*,I Il <Xc > 9,E <Xc >g,S <Xc >g,I 

0.0003 0.0015 0.00015 Il 0.0008 0.0049 0.00025 

< Xo >,.,E < Xo >*,s < Xo >•,I Il < Xo > 9,E < Xo >g,S < Xo > 9,I 

0.0034 l 0.0057 0.00044 l 0.01 0.00071 

< XN >•,E < XN >.,s < XN >•,I < XN >g,E < XN >g,S < XN >g,I 

0.0004 0.00067 l 0.000061 0.0014 0.000097 

< Xpe >•,E < XFe >.,s l < Xpe >.,I < XFe >g,E < Xpe >g,S < Xpe >g,I 

0.00022 0.0093 0.00081 0.00241 0.00216 0.00014 

< Xs; >.,E < Xs; >.,s < Xs; >*,I < Xs; > 9,E < Xs; >g,S < Xs; > 9,I 

0.00021 0.00046 0.000036 0.00071 l 0.00089 l 0.000059 

< XMg >*,E < XMg >.,s < XMg >•,I < XMg >g,E < XMg >g,S < XMg >g,I 

0.00015 l 0.000265 l 0.000019 0.00046 0.000031 

< Xzn >*,E < Xzn >.,s < Xzn >.,I < Xzn > 9,E < Xzn >g,S < Xzn >g,I 

4.5. 10-7 1.6. 10-6 8.9. 10-8 2.3. 10-6 14.5. 10-6 1.5. 10-7 

< z >*,E < z >.,s < z >*,I < z >g,E l < z >g,S < z >g,I 

0.0053 0.01 l 0.00086 Il 0.012 l 0.022 l 0.0014 
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5.2 The mean metallicity of the Universe 

In Table 5.9 we show the mean metal abundances (by mass) in stars and in the ISM calculated 

for each galaxy type at the present time assuming a Salpeter IMF. In Table 5.10, we show the 

same quantities as in Table 5.9, but having assumed a Scalo IMF for all galaxies. The solar 

abundances adopted for reference are taken from Anders & Grevesse (1989). In spheroids, for 

a Salpeter IMF the average stellar O abundance is practically solar, < Xo >*,E= 0.96Xo,8 , 

the total average metallicity is < Z >*,E= 0.74Z8 , whereas the average Fe abundance is 

< XFe >*,E= 0.37 XFe,8 , in agreement with recent observations in nearby ellipticals by 

Kobayashi & Arimoto (1999). These observations suggest values spanning from rv 0.16 to 

rv 2 times solar with an average value of rv 0.5 solar. The predicted mean (0/Fe) ratio for 

stars in spheroids is rv 19.6, namely [O/ Fe] rv 0.4 dex, in very good agreement with the 

[a/ Fe] values commonly derived for the dominant stellar populations of ellipticals (e. g., 

Thomas, Maraston & Bender, 2002). On the other hand, our predicted (0/Fe) ratio in the 

gas of ellipticals is 3.47, corresponding to [O/ Fe] rv -0.33 dex, consistent with recent Chan-

dra and XMM-Newton data (e.g. Mushotsky 2002, Gastaldello & Molendi 2002). 

The average [O/ Fe] ratio in spirals and irregulars is rv 0.1 dex for the stellar component and 

almost solar ( rv 0.01 dex) for the gas component. 

We note that our calculated mean abundances for spirals are higher than the ones inferred by 

Edmunds & Phillips (1997), who find approximately solar values for both stars and gas. For 

the stellar abundances, we believe that this is partly due to the fact that their estimates are 

based on the assumption of an empiricallaw between metallicity and luminosity, i. e. Z ex ~;, 

where ~* is the surface-mass density of stars. Our metallicities represent mass-weighted (and 

not luminosity weighted ) averages, and chemical evolution models (Arimoto & Yoshii 1987, 

Yoshii & Arimoto 1987, Matteucci & Tornambé 1987) have shown that luminosity weighted 

metallicities are in generai lower than mass weighted ones, since metal poor giants tend to 

predominate in the visualluminosity, especially in low-mass spheroids. 

On the other hand, for high-mass spheroids the two averages are coincident (Matteucci et al. 

1998). Concerning the gas abundances in spirals, by means of our multi-zone model we have 

calculated mass-weighted averages on the whole disc, according to: 

(5.10) 
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where the Oj are the total mass surface densities in the various regions of the disc and the Zj 

are the metallicities. Given our inside-out scenario for disc formation, the innermost regions 

are the ones experiencing the highest levels of metal enrichment and having the highest mass 

densities, hence the highest weights in the calculated average. Finally, we note that irregular 

systems have always undersolar abundances, both in the gas and in the stars. 

As we can see from Table 5.10, the stellar and ISM abundances predicted for all galaxies 

having assumed a Scalo IMF are all smaller t han in the case of the Salpeter IMF. In generai, 

abundances for elliptical galaxies appear too small with respect to observations. For spirals, 

abundances calculated with the Scalo IMF are probably more consistent to observational 

results (e.g., Vila-Costas & Edmunds 1992) than in the case of the Salpeter IMF. 

We can now calculate the mass-weighted mean metallicity of galaxies which, for a Salpeter 

IMF, is: 

< Zc >= Pg,C Zg,C + P*,c z*,c = 0.0175 
Pg,C + P*,c 

(5.11) 

W e ha ve then reached the result that the mean metallicity of galactic matter (i. e. stars and 

interstellar gas} in the universe is 0.0175, very dose to the salar value. Therefore, in spite of 

the slight discrepancies due to the mass/luminosity averages, we confirm the result found by 

Edmunds & Phillips (1997). 

5.2.1 Baryons and metals in the inter-galactic and intra-cluster medium 

In our evaluation of the global metallicity of the universe, we did not take into account the 

uncertain amount of primordial gas which constitutes the IGM and the intra-cluster medium 

(ICM) 1. In generai, intracluster plasma masses are well determined from X-ray observations 

(see FHP98 and references therein): within clusters of galaxies, the hot gas can represent 

a very high fraction of the total baryonic mass, in some cases up to rv 90% (Matteucci & 

Vettolani 1988, Matteucci & Gibson 1995). The most popular metallicity tracer for the ICM 

is Fe: its X-ray lines are present in all clusters and groups, either warm or hot (Renzini 2003). 

Usually, the Fe abundances observed in the hot gas in clusters can span a relatively large 

interval: observations by various groups indicate a broad range of values from rv 0.2 to rv l 
1 With the term In tra-cluster Medium we indicate the hot, ionized gas contained in clusters of galaxies, 

whereas with the designation inter-galactic medium, we mean the total amount of diffuse gas in the field. 
This latter is likely to represent a much higher fraction of the baryonic matter outside galaxies than the one 
represented by the intra-cluster gas. 
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Table 5.11. Baryon and Metal Budget in the local universe, as predicted by our models and as 
suggested by the observations. 

Component nb 
Observed 

stars in spheroids ao 0036+0.00242 . -0.0017 
stars in discs ao 0012+0.0006 . -0.00048 
stars in irregulars aao 000096+0.000066 . -0.000052 
Total stars ao.0049 
neutral gas in spheroids 
neutral gas in discs J (2.5 ± o.8) . 10-4 
neutral gas in irregulars 
Total neutral Gas ao.0009 ± 0.00012 
IGM ao 0239+0.0181 . -0.01382 
Total ao 02972+0.02867 . -0.01393 

Predicted 

0.0019 
0.0017 

0.00007 
0.0037 

2.9. 1o-7 

2.1. 10-4 
7.8. 10-4 

0.001 
0.0126 
0.0173 

nz 
O bserved Predicted 

2.7. 10-5 

4.4. 10-5 
1.4. 10-7 

b,a,e3.2 - 6.4 · 10-5 7.1 · 10 5 

5.8. 10-9 

9.45. 10-6 
2.3. 10-6 

1.2. 10-5 
cl.83 - 7.98 . 10-5 5.2 . 10-5 

c 1.15 - 2.02 . 10-4 1.35 . 10-4 

References: a Fukugita, Hogan & Peebles (1998), b Finoguenov et al. (2003), c Dunne et al. 
(2003b), d Balogh et al. (2001), e Huang et al. (2003), f Salucci & Persic (1999) 

Table 5.12. Predicted IGM comoving densities (in units of the closure density of the universe) Oi,IGM 

and IGM average abundances by mass Xi,IGM (in units of the solar abundances) for C, O, N, Fe, Si, 
Mg, Zn and for the global metallicity Z in the case of a Salpeter IMF. We assume the solar abundances 
by Anders & Grevesse (1989), i.e. (by mass) Xc,0 = 3.0 · 10-3 , Xo,0 = 9.6 ·10-3 , XN,0 = 1.1·10-3 , 

XFe,0 = 1.3 ·10-3 , Xsi,0 = 7.1·10-4, XMg,G = 5.1·10-4 , Xzn,0 = 2.1·10-6 , Z = 0.019. 

Element ni,IGM Xi,IGM 
c 7.9. 10-6 0.035 
o 2.7. 10-5 0.04 
N 3.0. 10-6 0.04 
Fe 4.8. 10-6 0.05 
Si 2.2. 10-6 0.04 
Mg 1.2. 10-6 0.03 
Zn 6.9. 10-9 0.04 
z 5.2. 10-5 0.04 
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salar (Arnaud et al. 1992, Renzini 1997, Fukazawa et al. 1998, Finoguenov et al. 2001), 

with smali or no-evolution up to z rv 0.5 or more (Mushotzky & Loewenstein 1997, Tozzi 

et al. 2003). On the other hand, the detected X-ray emission from inter-galactic plasma in 

galaxy groups and in the field is softer than in clusters, probably because of a lower virial 

temperature. This fact renders the observations of metals stili more difficult than for the 

ICM. The field inter-galactic gas (IGM) dilutes the metals ejected by galaxies via winds and 

outfiows, and is probably the astrophysical site presenting the lowest metal abundances ever 

observed, for example a Si abundance of 3.5 x 10-4 of the salar value at z rv 5 (Songaila 

2001). 

The mean Fe abundance of the IGM can be defined as: 

< X >- f2Fe,IGM Fe,IGM - n 
Hb,IGM 

(5.12) 

Therefore, by means of the computation of the Fe mass density expelied by galaxies and 

adopting a fiducial value for the mean Fe abundance of the IGM on the basis of current 

observations, in principle it is possible to provide an estimate of the baryonic density of the 

warm inter-galactic gas. We assume that ali the Fe in the IGM has been ejected by spheroids 

through galactic winds (the contribution from winds in irregular galaxies is assumed to be 

negligible), and we evaluate the Fe density of the IGM by subtracting the Fe density in stars 

and in the ISM from the total amount of Fe produced up to now (see eq. 5.9). In such a 

way, we obtain the value OFe,IGM = 4.8 x 10-6 . Being the total amount of Fe produced by 

spheroids OFe,E = 5.72 x 10-6 , this means that the 84% of ali the Fe produced by spheroids 

(and half of the total amount produced by ali galaxies) is expelied into the IGM. This is 

due to the fact that in the galactic wind scenario, eliipticals develop an early wind (in our 

case on a timescale of rv 0.3 Gyr since their formation) emptying the galaxy out of ali the 

residual gas. At the occurrence of the wind, the bulk of the a elements has already been 

produced and is locked up in stars. On the other hand, the production of the bulk of Fe 

has stili to take place, since it occurs on longer timescales (> 1Gyr) by means of type la SN 

explosions, so that ali the Fe is restored into the ISM. Such explosions heat the inter-steliar 

gas so that is likely that minor galactic winds are triggered, with the consequent ejection 

of ali the produced Fe into the IGM. For the mean Fe abundance of the IGM, we assume 

a fiducial value of 0.3XFe,G· Such value has been inferred by Renzini (1997) assuming that 

the metal productivity of the steliar population is the same in the field as it is in galaxy 
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clusters. This is equivalent to assume that the average ICM Fe abundance is representative 

of the whole IGM. This leads us to obtain a value of: 

n 4.8 x 10-6 

b,IGM ~ 0.00038 = 0.0126 (5.13) 

for the baryon density in the IGM. We stress that our calculated Ob,IGM depends also on the 

luminosity function (LF) parameters and on the mean metallicity of the IGM, both factors 

suffering a certain degree of uncertainty. The uncertainty of the LF normalization, the most 

important parameter in our estimate, is about a factor of two (Cross et al. 2001), whereas 

the mean IGM Fe abundance is far more unconstrained. The possible overestimation of 

< XFe,IGM > could lead us to severely underestimate the baryonic density in the IGM. Since 

the hot gas in the IGM represents the main contributor to the total baryon density, this 

has interesting consequences on the determination of nb, which will be discussed in the next 

section. 

5.3 Baryon and metal budget in the local universe 

At this point, after having evaluated the mean metallicity of the universe in all its components, 

our aim is to assess the total amount of baryons in the local universe, along with the amounts 

of metals inside and outside galaxies. In Table 5.11, we present our results and we compare 

them with observations and other estimates by various authors. Some items (metal densities 

in stars in each galactic morphological type, neutral gas in spheroids and irregulars, metal 

densities in the ISM of spheroids, discs and irregulars) do not have observational values: 

for these components, the fields in Table 5.11 are left blank. First of all, we note that the 

agreement between our predictions and the observations for all the densities of the baryonic 

components is very good. We confirm the result that the vast majority of the baryons lies 

outside galaxies, yet at too low virial temperatures to be easily detected by current X-ray 

telescopes. Within galaxies, the majority of the baryons is in the form of stars. Our values 

for the stellar baryonic densities are in agreement within la with the values by FHP98, which 

indicate that the majority ( rv 73%) of the stars a t z = O is in spheroids. However, our results 

suggest that the amount of stars in spheroids and disc galaxies is comparable, as several 

more recent estimates seem to indicate (Kochanek et al. 2001, Benson, Frenk and Sharples 

2002). For the total baryon density, we obtain a value of nb = 0.0174, again in agreement 

within la with the estimate by FHP98. However, measures of the abundance of D /H ratio 
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in QSO absorbers provide a value of nb = 0.08 (for h = 0.5, O'Meara et al. 2001), and 

values from Cosmic Microwave Background data span from 0.036 (Padin et al. 2001) up to 

the very high BOOMERANG value of 0.12 (Lange et al. 2001). The recent WMAP results 

provide a value of nb = 0.0896 ± 0.0009 (Spergel et al. 2003). In Table 5.11 we report the 

value by FHP98 which is, as ours, largely based on the B luminosity function parameters (see 

also Persic & Salucci 1992). The most important parameter in such a determination, namely 

the normalization, is uncertain by a factor of two or more (Cross et al. 2001). We believe 

that such an uncertainty can account for the discrepancy between our value and the ones 

present in the literature, along with the uncertainty in the IGM metallicity discussed above. 

Assuming nb = 0.08 as the fiducial value for the total baryonic density, and subtracting 

the total amount of baryons contained in galaxies, we obtain an IGM baryon density of 

OIGM = 0.0753, and consequently a mean Fe abundance in the IGM of 0.05 solar. 

Our results indicate that a value of 0.3 solar, i.e. dose to the values commonly observed in 

the ICM, for the mean Fe abundance of the IGM is too high to represent the true cosmic 

average, i.e. that the average Fe abundance of the inter-galactic gas in the field should be 

lower than 0.3 solar. 

The average Fe IGM abundance is shown in Table 5.12, along with other predicted IGM 

metal abundances. All the metals studies here have similar abundances with respect to the 

solar ones, ranging from 0.03 (for Mg) to 0.05 (Fe) of the solar values. The predicted total 

IGM metallicity is ZIGM = 0.04Z0 , whereas the average [0/ Fe]IcM is r-.J -0.1 dex. 

Most of the baryons lie outside galaxies, but this is not true for the majority of the metals: 

according to our predictions (and to uptodate evaluations, see Finoguenov et al. 2003, Dunne 

et al. 2003b), the majority (the r-.J 52% in our case) is locked up in stars (the r-.J 51.9% in 

spheroids and spirai discs, the remaining 0.1% in small irregulars), whereas the r-.J 9% is 

in the ISM in galaxies. This means that r-.J 39% of metals has been ejected by galaxies 

into the IGM and ICM. We stress that this is valid for the bulk of the metals (mainly O 

and a-elements), whereas Fe has a rather particular behaviour since it is produced on long 

timescales and r-.J 50% of the total amount of Fe is expelled by spheroids into the IGM/ICM. 

It is worth noting that our value of Oz,IGM does not include the metals ejected into the IGM 

by dwarf galaxies, since in the present work we have assumed that all the metals present in 

the IGM have been expelled by large spheroids. In fact, Gibson & Matteucci (1997) have 

demonstrated that dwarf galaxies cannot expel an amount of gas higher than the 15 % of 
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the total intra-cluster gas, whereas giant ellipticals are responsible for rv 20%. This, together 

with the fact that dwarf galaxies produce (and expel) a negligible amount of metals (section 

5.2 and Gibson & Matteucci 1997) renders the former insufficient contributors to the bulk of 

the IGM enrichment. 

5.4 Summary 

By means of chemo-spectrophotometric models of galaxies of different morphological type we 

have carried out a detailed study of the history of element production in the universe. We 

divide the galaxy population into three categories: spheroids, discs and irregular systems. 

We normalize the galaxy fractions and densities according to the opticalluminosity function 

in the local universe (Marzke et al. 1998), assuming that galaxies evolve in luminosity and 

not in number. Such a scenario is able to account for a large set of observables, such as 

the observed evolution of cosmic star formation and the galaxy luminosity density in various 

bands, along with the evolution of the cosmic supernova rate (CM03). 

Our main results can be summarized as follows. 

i) The assumption of a universal Scalo IMF implies a total metal mass density smaller ( rv 1/3) 

than the one obtained with a Salpeter IMF. O n the other hand, the total comoving metal 

density estimateci assuming a Salpeter IMF in all galactic types is in good agreement with 

other estimates of the total amount of metals in the local universe, and suggests that the 

Salpeter IMF should be preferred over the Scalo one as a candidate for a possible universal 

IMF. However, a Scalo-like IMF in discs, as indicated by observations in the Milky Way, 

and a Salpeter-like IMF in spheroids and irregulars, are stili consistent with observational 

constraints. Our results indicate that the principal metal producers in the universe are the 

spheroids where, for a Salpeter IMF, 58% of the total cosmic amount of metals (all the el-

ements heavier than He) is built. Spirai galaxies also represent important metal producers, 

contributing up to the 40% of the total metal budget, whereas irregulars represent negligible 

contributors, only with the 2%. Of the total comoving density of metals, rv 60% is repre-

sented by oxygen, which is the most abundant element after hydrogen and 4He. 

ii) In the case of a Salpeter IMF, we predict a total metal comoving density pz = 9.37 · 

106 M 8 Mpc- 3 , smaller than the value inferred from cluster galaxies by Mushotzky & Loewen-

stein (1997) of pz = 1.4 · 107 M 8 M pc-3 . This difference is due to the fact that clusters rep-

resent biased (and not average) sites of metal production in the universe, for several reasons. 
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First, they have formed in zones of high overdensity with respect to the field, thus experi-

encing an enhanced star formation and consequent metal production. Second, the galaxy 

proportions in clusters are not representative of the average galaxy population, since in clus-

ters a very high percentage is represented by spheroids (up to the 80%, Renzini et al. 1993), 

whereas studies based on the optical luminosity function indicate that "' 50% of the field 

galaxy population have discs (FHP98). For all these reasons, we think that metal production 

in clusters is not representative of the cosmic average. 

iii) We have calculated the mean metal abundance in galaxies at the present time. Our results 

have provided an approximately salar value of < Z >gal= 0.0175, confirming previous results 

by other authors based on different approaches (Edmunds & Phillips 1997). 

iv) We find that the average [O/ Fe]*,E ratio in stars in spheroids should be +0.4 dex, in 

very good agreement with the [a/ Fe] values commonly measured in the dominant stellar 

populations of ellipticals (e. g., Thomas, Maraston & Bender, 2002). On the other hand, our 

calculated abundance ratios of a to Fe elements in the gas of ellipticals are subsolar, with an 

average [O/ Fe] 9,E "' -0.33. This is consistent with recent XMM observations of the X-ray 

emitting gas in nearby ellipticals (Mushotzky 2002 and references therein). The same ratios 

for spirals are "' +0.1 dex for the stellar component and almost salar ("' +0.01 dex) for the 

gas component. 

v) W e ha ve performed a self consistent census of all the baryons and metals in the local 

universe, and compared it to different appraisals by other authors. We have found that the 

vast majority of the baryons lies outside galaxies in a diffuse warm IGM, but this is not true 

for the metals. The majority of metals (the"' 52% in our case) is locked up in stars, whereas 

the "' 9% is in the ISM in galaxies, with the remaining 39% ejected by spheroidal galaxies 

into the IGM. This is valid for O and all the a-elements, representing the bulk of the metals 

in the universe. A special case is represented by iron: we find that the 84% of all the Fe 

produced by spheroids (and exactly half of the total amount produced by all galaxies) is 

expelled into the IGM. This is a natural consequence of the galactic wind scenario, according 

to which ellipticals develop an early wind (in our case after a time between 0.3 and l Gyr 

since their formation) emptying the galaxy out of all the residual gas. At the occurrence of 

the wind, the bulk of the a elements has already been produced and is locked up in stars. 

On the other hand, the production of the bulk of Fe has stili to take place, since it occurs on 

longer timescales by means of type la SNe explosions. 
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vi) X-ray observations of the intra-cluster hot gas yield, for the Fe abundance of the ICM, 

values between 0.1 and"' l solar. If we divide our predicted Fe density in the IGM by the av-

erage Fe abundance XFe,ICM = 0.3XFe,8 inferred for the intra-cluster gas by Renzini (1997), 

we obtain an estimate of the IGM baryon density of nb,IGM ~ 0.0126, which implies a a 

resulting total baryon density nb = 0.017, i.e. lower than what current observations of CMB 

and of the deuterium abundance in QSO absorbers indicate (for h= 0.5, flb = 0.036- 0.09). 

This leads us to conclude that XFe,ICM = 0.3XFe,8 represents an overestimation of the av-

erage Fe abundance of the IGM. In fact, by assuming nb = 0.08 as the fiducial value for the 

total Baryonic density, our results imply a value of fl 1aM = 0.0753 and an average IGM Fe 

abundance of 0.05 solar. The main parameter in such a determination is the normalization 

of the local field luminosity function, uncertain by a factor of 2. 

Finally, it is worth recalling that all of our results are weakly dependent on the assumed 

redshift of formation for the whole galaxy population. This implies that from the present 

study it is impossible to derive information about the epoch of major galaxy formation. Of 

great interest in this direction is the study would be the cosmic evolution of the mean metal 

abundance of the universe, along with the evolution of the total baryonic/metal budget. For 

instance, from the amount of metals observed in Lyman Break galaxies at z "' 2.5 and as-

suming that they are protospheroids, in principle it would be possible to infer the main epoch 

of spheroid formation. 



Chapter 6 

Identification of high-redshift 
objects 

The observations of QSO spectra has led to the discovery of a class of objects, found almost 

along any line of sight, whose study has induced a huge progress in the field of galactic evo-

lution research. Among these objects, DLA systems allow us to have the most direct insight 

into the universe as it was soon after the growth of galactic structures. These objects possess 

a high neutral gas content ( they are characterized by the high est column density of neutral 

hydrogen, N(HI) ~ 2 · 1020cm-2 ) and metal abundances, which can span from f"V 1/100 

up to f"V 1/3 of the salar value. The high accuracy achievable in the hydrogen column den-

sity determinations, owing to their occupation of the damped part of the curve of growth 

(Bechtold 2003), allows us to assess precise chemical abundances for many low ionization 

species, such as Siii, Feii, Znii. Notwithstanding this, the real nature of DLAs is far from 

being clear. Initially, on the basis of kinematical considerations, DLAs were associated with 

rotating proto-discs observed at epochs before substantial gas consumption has taken place 

(see Prochaska & Wolfe 1997) . At the same time, the intermediate redshift imaging has 

evidenced a variety of morphological types belonging to the DLA population, such as low 

surface brightness (LSB) galaxies, dwarf galaxies and spirals (Le Brun et al. 1997). 

In chemical evolution models absolute abundances usually depend on all the model assump-

tions, whereas the abundance ratios depend only on nucleosynthesis, stellar lifetimes and 

IMF. Abundance ratios can therefore be used as cosmic clocks if they involve two elements 

formed on quite different timescales, typical examples being [a/Fe] and [N/a] ratios. These 

ratios, when examined together with [Fe/H], or any other metallicity tracer such as [Zn/H], 

allow us to clarify the particular history of star formation involved, as shown by Matteucci 
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(1991, 2001a). In fact, in a regime of high star formation rate we expect to observe over-

abundances of a-elements fora large interval of [Fe/H] (see chapter 2 of this thesis), whereas 

the contrary is expected for a regime of low star formation. This is due to the different roles 

played by the supernovae (SNe) of type II relative to the SNe of type la. These latter in 

fact, are believed to be responsible for the bulk of Fe and Fe-peak element production and 

occur on much longer timescales than SNe II, which are responsible for the production of the 

a-elements (i.e. O, Ne, Mg, Si, Ca). For this reason, the analysis of the relative abundances, 

can enable us to have important hints on the nature and age of the (proto-)galaxies which 

give rise to DLA systems. 

In the present chapter we compare model predictions for chemical abundances in galaxies of 

different morphological type with DLA observed abundances. Therefore, our concern is to 

distinguish between abundance patterns dominateci by type la and type II SNe, which are 

usually recognizable through the lack or the presence, respectively, of enhancement of a-

elements relative to iron-peak elements. Another chemical element of interest is 14N, whose 

nucleosynthetic origin is particularly complex and uncertain. This element is mainly pro-

duced by low and intermediate mass stars (0.8 ~ M/ M8 ~ 8) with a small fraction arising 

from massive stars. Nitrogen is mainly a secondary element, in the sense that is produced 

in proportion to the carbon and oxygen originally present in the star. This characteristic 

enhances the delay of production of nitrogen owing to the delay resulting from its stellar pro-

genitors. However, part of N can have a primary origin, in the sense that it can be produced 

starting from C and O manufactured by the star "in situ". This can happen during the 

Asymptotic Giant Branch (AGB) phase when hot bottom burning acts in conjunction with 

the third dredge-up (Renzini & Voli, 1981). This possibility has been recently confirmed also 

by other authors (Marigo et al. 1996;1998 and Van den Hoeck and Groenwegen 1997). Very 

recently, Maeder and Meynet (2001) have suggested that rotation in massive stars can be 

responsible for the production of some primary N. Thus the [N/0] and in generai the [N/a] 

ratio represents another important diagnostic tool in chemical evolution, with N restored to 

the interstellar medium (ISM) with a large delay relative to a-elements. 

Previous studies of the nature of DLA systems by means of chemical evolution models (Mat-

teucci et al. 1997; Jimenez et al. 1999; Mo et al. 1998; Prantzos & Boissier 2000) have 

suggested that some of these objects can be discs of spirals in formation, whereas others 

can be low surface brightness objects and even starbursting dwarfs similar to the local very 
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metal poor star-bursting galaxy IZw18. However, the abundance patterns observable in DLA 

systems can be interpreted by means of chemical evolution models only if they are driven 

by pure nucleosynthesis. The presence of dust in DLAs (which is indicated by several clues 

such as the reddening of QSOs in presence of DLAs along the line of sight, see Fall and Pei 

1995) can represent a serious complication in pursuing this task, since its effect is to deplete 

some chemical elements (e. g. Fe, Si) more than others (0, Zn) thus altering the observed 

abundances. For this reason, we have applied dust-corrections to a set of measured data 

according to the dust model discussed in Vladilo (2002a,b), and we have re-interpreted the 

observations, reaching conclusions very different from the ones drawn without considering 

dust contamination. 

Until this point, the DLA galaxy population has been analyzed as a whole. In the second part 

of this chapter, we will focus on a set of observed systems (Dessauges-Zavadsky et al. 2003) 

and study their abundance patterns individually, in order to constrain their star formation 

histories and their ages. This kind of study has been possible thanks to the large number of 

elements detected in the DLA systems by Dessauges-Zavadsky et al. (2003), and is of great 

importance since a similar individuai analysis of the DLA abundance patterns has never been 

performed before. 

Throughout this chapter, we express chemical abundances normalized to the solar abundance 

values measured by Anders and Grevesse (1989) ([X/ H] = log(X/ H) -log(X/ H) 0 ). 

6.1 Observational and theoretical background 

6.1.1 DLA observations 

The strong absorption lines originating in DLA systems can usually be detected with mod-

erate resolution, and the damping profile of the lines permits comfortable and accurate mea-

surements of the neutral gas column density, which is crucial in chemical abundance studies 

(Bechtold 2003). For this reason DLA systems are particularly suitable to chemical evolution 

studies of the high-redshift universe, where they can be found in large number and allow us 

t o o bserve galaxies as they were in the very ear ly phases of their history. So far, chemical 

abundances have been measured in a large (~ 180, Molara 2001) sample of known DLAs (see 

e. g. Pettini et al. 1994, Pettini et al. 1995, Pettini et al. 1997a,b, Lu et al. 1996, Lu et al. 

1998, Prochaska & Wolfe 1999, Centuriém et al. 2000, Prochaska & Wolfe 2002 and references 

therein). The major concerns in abundance determinations are represented by dust-depletion 
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and ionization correction effects. Usually ionization correction effects are neglected because 

the abundances are derived from dominant ionization states of the elements of interest. In 

fact, detailed photoionization computations indicate that ionization corrections are usually 

negligible for the most common elements investigated so far (Howk et al. 1999, Izotov et al. 

2001, Vladilo et al. 2001). In the present work particular attention is paid to dust-depletions 

effects, in particular to the variation of dust-corrections depending on changes in the chemical 

composition of the DLA systems. 

Dust depletions 

Different evidence indicates the presence of dust within DLAs, such as reddening of back-

ground quasars in presence of DLA absorbers (Fall & Pei 1995), or gas-phase abundances of 

trace elements such as Cr, Zn (Pettini et al. 1994). Observations provide hints for selective 

depletions acting in dense clouds within our Galaxy (Jenkins 1987). The dust content in 

the highest-redshift systems seems to be reduced relative to the interstellar clouds in our 

Galaxy (Pettini et al. 1997a,b ), possibly owing to the efficient grain-disruption in interstel-

lar shocks following bursts of star formation (Pettini & Bowen 1997). Several authors have 

developed a formalism aimed at quantifying the effect of dust depletion on DLA abundances 

by assuming that the dust in these objects is similar to the Galactic interstellar dust and 

scaling the amount of depletion by including variations of the dust-to-metal ratios (Kulka-

rni et al. 1997, Vladilo 1998). These methods di d not take into account variations of the 

chemical composition of dust among different systems. Recently, Vladilo (2002a,b) derived 

an analytical expression which takes into account the interstellar depletions according to the 

variations of the physical conditions and chemical abundances of the medium. From this 

scaling law, a new method for estimating dust depletion corrections in DLAs as a function of 

a set interstellar parameters has been presented, together with a preliminary sample of dust 

corrected abundances. In the present work we compare, for the first time, dust corrected 

abundances obtained using this new method with detailed predictions of chemical evolution 

models. 

Are DLAs really a- enhanced? 

The [Si/Fe] ratio can be easily measured in DLA systems. Its interpretation is however dif-

ficult owing to the differential effect that dust has on the abundances of Si and Fe. Several 

authors have pointed out that the [a/Fe] ratios in DLAs are consistent with the abundances 
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measured in metal-poor stars of the Milky Way (Lu et al. 1996, Prochaska et al. 2001b; 

Pettini et al. 2000), i. e. with a chemical evolution pattern dominateci by type II SN. The 

mean observed value gives in fact [Si/ Fe] = +0.39 ± 0.17 (Molaro 2001), which is similar to 

the value observed in Galactic halo stars with metallicities comparable to the values measured 

in DLAs. The observed enhancement, if real and not affected by dust depletion, could be 

associa t ed with the halo phase of a forming disc or to the formation of a spheroid. However, 

in other cases the [Si/Fe] measurements show little sign of a- enhancement (Ellison et al. 

2001, Pettini et al. 1999). Pettini et al. (1999) consider a set of absorbers at low (z < 1.5) 

redshift and find no evidence for an enhancement of a-elements over iron and argue that in 

LSB galaxies or in the outskirts of a disc, where star formation proceeds more slowly, we 

could observe nearly solar [a/Fe] values also at low metallicities. So, in this case, the lack of 

a clear a enhancement would not necessarily exclude a connection between DLA sites and 

galactic discs, provided that we are observing the external regions. As is suggested in Vladilo 

(1999), the fact that the differential cross-section for DLA absorption is dA ~ 21rrdr (for 

a disc seen face-on) implies that galactic regions with larger r have higher probabilities of 

detection. 

The [S/Zn] ratio represents a valid alternative and nevertheless a more reliable diagnostic, 

since both elements are unaffected by dust depletion. However, the major concern in esti-

mating S abundances is represented by the Lya forest, whose contamination can have serious 

effects on the measurements. The available [S/Zn] data do not show the typical enhancement 

observed in Galactic metal-poor stars at metallicity levels comparable to the ones of DLAs 

( Centuri6n et al. 2000). The emerging picture seems to point towards different chemical 

evolution patterns, characterized either by halo-like or solar abundance ratios. This could 

be consistent either with a heterogeneous population of progenitors or with a single type of 

object observed at various phases of their evolution. 

Metallicity evolution of DLAs 

The metallicity in DLA systems is usually traced by Zn or Fe, whose abundances are easily 

measurable in DLAs. Metallicities in solar units span the interval1/100-1/3 solar, with only 

a modest increase of the metallicity with decreasing redshift (Pettini et al. 1997a,b, Vladilo 

et al. 2000, Prochaska & Wolfe 2001). Once the column density weighted metallicity is 

considered and the diagram is interpreted as an evolutionary one, then there is no statistically 
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significant sign of evolution of the [Zn/H] abundance with redshift in the sense that the 

systerns at lower redshift are the rnost evolved ones (Pettini et al. 1999, Vladilo et al. 2000, 

Prochaska et al. 2001a,b). However, it is dangerous to interpret the [Zn/H] vs z diagrarn in 

terrns of an age-rnetallicity relation, since it could rather reflect the specific evolutionary state 

of different objects forrned at different cosmic tirnes, and not necessarily different tirnesteps in 

the evolution of objects forrned at the same tirne. Moreover, in interpreting the behaviour of 

the DLA rnetallicity, one should keep in rnind that the sarnple of D LAs rnay be biased against 

detection of systerns of high meta! colurnn density. A hint in this direction cornes frorn the 

results by Boissé et al. {1998), who traced a [Zn/H] vs log N(HI) diagrarn and noticed an 

apparent anti-correlation between the rnetallicity and the colurnn density which is physically 

difficult to interpret. This could be the result of an observational bias against high metallicity, 

high density systems which would obscure the QSOs behind them. This fact would irnply 

that these objects can be underrepresented in rnagnitude-lirnited sarnples (Pettini et al. 1999, 

Molaro 2001), and could even cause a high incidence of non-spirai rnorphologies in the sarnples 

(Boissé et al. 1998). The absence of high rnetallicity, high N(HI) systerns could alternatively 

be explained by higher rnetallicity regions having significantly consumed their gas reservoirs 

and therefore having lower Hl colurnn densities, as suggested by Prochaska & Wolfe (2001). 

6.1.2 DLA models 

Severa! models of DLAs have been developed so far with various techniques in order to re-

produce their observed properties, usually encountering rnost difficulties in explaining the 

mild evolution in the rnetallicity (Prochaska et al. 2001a). Pei and Fall (1995) treated chem-

ical evolution with a new approach: they considered large cornoving volumes, representative 

of the universe as a whole and containing many DLA systerns, and studied the rnetallicity 

evolution inside these spaces assuming instantaneous recycling approxirnation in the cases of 

closed-box, inflow and outflow rnodels. They incorporated in their rnodels a self-consistent 

correction for the absorbers that are rnissing frorn the existing sarnples, which drop out as a 

result of dust-obscuration of background quasars, assurning a dust-to-gas ratio proportional 

to the mean rnetallicity. Their result reproduced the average properties of the universe in 

the past and at the present epoch, but cannot rnake any prediction on which rnorphological 

types should be included or excluded frorn the DLA current sarnples. 

Matteucci et al. (1997) studied the relative abundances observed in severa! DLA systerns; in 
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particular they studied the a/Fe and N /0 ratios by means of chemical evolution models for 

starburst galaxies and the salar neighbourhood. They suggested that the high (N/0) ratios 

observed in a couple of D LAs (the ones towards QS00000-26 and QS01331 + 1700) indicate a 

different chemical evolution than in the Milky Way and spirals in generai, and demonstrated 

that the most promising models to explain the observed abundances are those applied to 

dwarf irregular galaxies. However, they concluded that the differences in the abundances 

observed among different DLAs could be due to a morphologically heterogeneous population. 

Cen and Ostriker (1999) used numerica! simulations to study the metallicity evolution 

of regions of the universe characterized by different overdensities Op, identifying DLAs with 

zones with O p "' 102 . They found that the median metallicity in these portions of the universe 

increases only slightly from z "" 3 to z "" 0.5, with a large metallicity spread expected at any 

redshift, in agreement with observations. They concluded that DLAs do not represent the 

highest metallicity sites at any time. 

An attempt to identify the morphology of DLAs and their compatibility with galactic discs 

was made by Mo, Mao and White (1998), who studied the population of galactic discs in 

hierarchical clustering models for galaxy formation. They concluded that galaxies selected as 

DLAs should be biased towards low surface densities, pointing to LSB galaxies as the main 

candidates for the high-redshift DLA population. 

Jimenez et al. (1999) coupled a disc formation model to a chemical evolution model to explore 

the metallicities, dust content and gas mass density of LSB and high surface brightness (HSB) 

galaxies; both high-z LSB and low-z HSB can reproduce the observed metallicities, but HSB 

fail in reproducing the gas density evolution, so they suggested that LSB discs could dominate 

the DLA high-z population. 

Prantzos & Boissier (2000) used chemical evolution models for disc evolution and found that 

the mild evolution in the column-density weighted metallicity is consistent with galactic discs 

and showed how observational biases (such as reddening of the background QSOs by the most 

dense and metal rich systems) can be consistent with the no-evolution picture emerging from 

the current observations. 

The global picture emerging from these studies converges to the result that in generai a 

heterogeneous DLA population can explain the observations better than a homogeneous one. 
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6.2 Model description 

To study DLAs, beside the chemical evolution models for spirals, ellipticals and starburst 

galaxies described in chapter 2 we have developed a model which reproduces the chemical 

features of the Large Magellanic Cloud (LMC). To model the LMC galaxy galaxies, we have 

considered a burst-like star formation history (see Bradamante et al. 1998) which is successful 

in reproducing the [O /Fe] vs [Fe/H] data observed in the LMC (Hill et al. 2000) and the final 

LMC gas fraction. Figure 6.1 shows the evolution intime of the adopted star formation rate 

(upper panel) and the comparison between the predictions and the observations for the [0/Fe] 

vs [Fe/H] (lower panel). The star formation is characterized by two bursts, the first occurring 

at "' 2Gyrs and the second at "' 13Gyrs, both of them with a duration of 2Gyr. During 

the period in-between the two bursts, a low and constant star formation is taking place. 

The efficiency of star formation in this case is v = 0.1Gyr- 1 . As can be seen from figure 

6.1, such a star formation history reproduces satisfactorily the observed [0/Fe] vs [Fe/H] 

pattern. The final gas fraction is, according to our model, /gas = 0.17 (/gas = Mgas/ Mtot), in 

agreement with the value measured by Lequeux et al (1979, /gas = 0.15). The possibility of 

a galactic wind is taken into account also for these systems always under the same conditions 

as for ellipticals. In this case, the wind normally develops during the starburst and ceases 

immediately afterwards. The wind rate is assumed to be proportional to the star formation 

rate. The prescriptions for the dark matter halo are similar to that adopted for the ellipticals, 

namely a massive but diffuse dark halo (see Bradamante et al. 1998 for details). 

6.3 Results 

6.3.1 The metallicity evolution 

Figure 6.2 shows the evolution of the [Zn/H] ratio versus redshift for galaxies of different 

morphological types, compared to the values observed in DLAs by various authors. The 

scatter in the observed data is large and in principle can be due to several effects, such as 

different object ages, different lines of sight as well as different galactic morphologies (Vladilo 

et al. 2000). We consider the chemical evolution models for galaxies of different morpholog-

ical types, i.e. spirals, ellipticals and irregulars, as described before, and study the [Zn/H] 

ratio as a function of redshift assuming a given cosmology (the standard ACDM cosmology 

characterized by Om = 0.3, OA = 0.7 and h = 0.65) and for the sake of simplicity the same 
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Figure 6.1. Adopted star formation rate (above) for the irregular model and comparison between 
the predicted [0/Fe] vs [Fe/H] evolution and the values observed in LMC stars (below). Data taken 
from Hill et al. (2000). 
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formation redshift for all galaxies (z1 = 3 and 5). In reality, different galaxies are likely to 

have started to form stars at different cosmic times. In this case, our model predictions would 

not change but just shift along the redshift axis, according to the adopted z-t relation. In par-

ticular, for spirai discs we study the chemical evolution a t several galactic radii ( 4kpc, 8kpc, 

14kpc, 18kpc). The chemical enrichment at different radii is different owing to the variation 

of the SFR and infall rate with galactocentric distance. This is a consequence of the assumed 

"inside-out" picture for the formation of a galactic disc. In Figure 6.2 we show the metallicity 

evolution for all the studied galaxies for galaxy formation redshifts z f = 3 ( upper panel) and 

ZJ = 5 (lower panel). In the first case we have difficulties in reproducing the highest-redshift 

data because of a too late galaxy formation, which leads to very low metallicity systems at 

high z (i. e. z > 2.5), especially in the case of spirals at various radii and irregulars. On the 

other hand, elliptical galaxies produce too high metallicities. In spite of the spread in the 

data and the fact that some high-redshift data are lower limits, all these issues could set a 

solid constraint on the DLA formation epoch if we assume that the most metal poor systems 

represent the least evolved ones. Assuming a global event of galaxy formation at z = 3, all 

the z > 3 data are out of the range spanned by the spirals at all radii. On the other hand, 

ellipticals are unlikely to be the dominating galaxies in the DLA population because of the 

high metal content and high [a/Fe] ratios predicted for these objects at high redshift. If 

we assume instead the formation epoch a t z f = 5, practically all data fall in the range of 

existence of the spirals at various radii (only the 3 highest metallicity systems are excluded) 

and of the irregular galaxies. This leads us to suggest that the formation epoch for the bulk 

of the DLA population could have occurred at redshifts between ZJ = 5 and ZJ = 3. 

6.3.2 The a vs Fe-peak ratio 

Figure 6.3 shows the [Si/Fe] distribution versus redshift (above) and [Fe/H] (below), as pre-

dicted by models of galaxies of different morphological types and compared with uncorrected 

DLA data from various authors (Vladilo 2002b and references therein). In particular, we plot 

predictions relative to a typical spirallike the MW at various galactocentric distances, to a 

typical elliptical, to a galaxy like the LMC and to a star-bursting dwarf which has suffered 

only one burst of star formation. We consider, at the same time, the [a/Fe] ratios versus 

metallicity (usually Fe or Zn) distribution, which is completely independent of cosmologica! 
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Figure 6.2. Redshift evoiution of [Zn/H] for gaiaxies of different morphoiogicai types in the case 
of galaxy formation occurred at z1 = 3 (upper panel) and z1 = 5 (bottom panei). thick dotted line: 
spirai gaiaxy at R=4 kpc; thick long-dashed line : spirai gaiaxy at R=8 kpc; thick short-dashed line: 
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York 1992. 
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parameters. As can be seen from the evolution as a function of redshift, in all cases the pre-

dictions from the models show a short initial phase which is characterized by an overabundant 

[a/Fe] ratio, during which type-II SNe are the main contributors to the chemical enrichment 

of the ISM. This phase ends when type la SNe begin to appear. In fact, after a given time, 

which is a strong function of the SN la progenitor lifetimes and of the star formation history 

characterizing a given galactic morphological type (see Matteucci & Recchi, 2001), type la 

SNe start to explode restoring the bulk of the iron-peak elements, thus causing the decrease 

in the [a/Fe] ratios. The disc-models at different radii experience the initial enhancements at 

various epochs: generally the smaller the radius at which the chemical evolution is computed, 

the earlier and the more pronounced is the peak in the [a/Fe] ratio. This is due to the dif-

ferent star formation histories occurring at different radii: a stronger star formation, owing 

to a higher gas density, is typical of the innermost regions, which mimic an elliptical-like 

star formation. On the other hand, at larger radii the star formation is less intense, and this 

implies a later and weaker peak in the [a/Fe], similar to what happens in irregular galaxies. 

It is also worth noticing that the [a/Fe] vs [Fe/H] plots show a quite different behaviour 

relative to the [a/Fe] versus redshift plots. In particular, while in the former plots the 

ellipticals show a higher [a/Fe] ratio than the other galaxies over the complete [Fe/H] range, 

in the redshift plot the situation is reverted. This is due to the fact that the two kinds of 

plots give us different physical information; the [a/Fe] versus [Fe/H] relation shows that the 

gas in a galaxy with an intense star formation should have an overabundance of a-elements 

for a larger range of [Fe/H] values, owing to the fact that the large number of type II SNe 

produces high [Fe/H] values in a time shorter than the typical timescale of type la SNe. In 

other words, a short redshift interval can contain a large interval of [Fe/H] values. Therefore, 

the plots as functions of redshift (cosmic time) and [Fe/H] behave in the apposite way. 

In the case of the [Si/Fe] ratio we can rely on a large data sample. Usually both Si 

and Fe abundances can easily be assessed in DLA systems, none of the two being affected 

by Lyman-a contamination or severe saturation. The only concern is dust depletion, which 

usually affects both elements, although in different amounts. In figure 6.3 we show two plots: 

[Si/Fe] vs z (upper panel) and [Si/Fe] vs [Fe/H] (lower panel). The data shown in the figures 

are not yet dust corrected. In both plots the majority of observed systems show strong signs 

of Si enhancement. In the [Si/Fe]-redshift evolution no morphological type can satisfactorily 
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reproduce the data. If we consider the [Si/Fe] vs [Fe/H] diagram, all but one of the most 

metal-poor systems (the ones with [Fe/H]<-1.8) are fairly consistent with spiral/irregular 

patterns. For [Fe/H]>-1.8, we have severa! values reproduced by the elliptical model, a small 

fraction of points in-between the elliptical and the spirai/ irregular curves and another fraction 

of data reproduced by spirals and irregulars. However this observed trend would reflect a real 

overabundance of Si with respect to the iron-peak elements only in the complete absence of 

dust. If we consider that the dust content scales with the metallicity, the only systems where 

the influence of dust depletion can be small are the most metal-poor, as noticed by Pettini 

et al. (1995). 

Figures 6.4 and 6.5 show the results of the comparison between the model predictions 

and observations for the [Si/Fe] vs z and [Fe/H], respectively, in the case of dust-corrected 

data. The corrections have been calculated according to the dust model discussed in Vladilo 

(2002a,b), where a scaling law for interstellar depletion has been derived allowing the chemical 

composition of dust to vary according to changes both in the dust-to-metals ratio and/or 

in the abundances in the medium. Here we present four different assumptions about two 

parameters connected to the dust; one parameter is the [Zn/Fe] ratio and the other is E, 

as defined by Vladilo, which indicates the percent variation of the abundance of a given 

element in the dust which occurs in correspondence of a percent variation of the abundance 

of the same element in the medium (see eq. 14 of Vladilo 2002a for the definition of this 

parameter). We refer to the four cases as model SOO, S11, EOO and E11. Letters S and E 

refer to the adopted assumptions for [Zn/Fe] (S--+ [Zn/ Fe] = 0.0, E-+ [Zn/ Fe] = 0.1) The 

first number refers to the adopted E value for the element Zn and the second number is the E 

value for the element Si. In all these cases the a-enhancement is considerably less pronounced 

than previously or even absent. Generally, the dust corrections reduce the [a/Fe] ratios by 

"'0.3- 0.5 dex, which is enough to lower them to the solar value. 

The predicted [Si/Fe] versus redshift and [Fe/H] relations in Figures 6.4 and 6.5 show a 

much better agreement with the data than in Figure 6.3. In particular, most of the data now 

seem to be well reproduced by models of spirals and irregulars. Elliptical galaxies can never 

fit the points. This is because in the very early phases the ellipticals reach too high values of 

the [Si/Fe] ratio. Later on, the release of the Fe-peak elements by type la SN is strong enough 

to lower [Si/Fe] to values strongly undersolar, too small if compared with the other galaxies. 

The subsequent increase of [Si/Fe] at very late times is due to the fact that low mass stars 
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Figure 6.3. Comparisons between theoreticai predictions and observations for [Si/Fe] vs z (above) 
and vs [Fe/H] (beiow) in case of not dust-corrected data. The redshift of gaiaxy formation is z f = 5. 
Thick dashed line: spirai at R=4 kpc; thick dot-dashed line: spirai at R=8 kpc; thick solid line: spirai 
at R=18 kpc; thin dotted line: irreguiar; thin short-dashed line: ellipticai; thin long-dashed line: 
modei for a starburst gaiaxy with a single burst of star formation at age of l Gyr and with duration 
fl.tburst = 0.05 Gyr. Data are taken from various authors (see VIadilo 2002b and references therein). 
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Figure 6.4. Comparisons between theoretical predictions and observations for [Si/Fe] vs z in case of 
dust-corrected data. The redshift of galaxy formation is z1 = 5. Four different assumptions have 
been made on the parameters describing dust. The curves have the same meaning as in Figure 6.3. 
Data taken from various authors ( see Vladilo 2002b and references therein). 
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Figure 6.5. Comparisons between theoretical predictions and observations for [Si/Fe] vs [Fe/H] 
in case of dust-corrected data. Four different assumptions have been made on the parameters 
describing dust. The curves have the same meaning as in Figure 6.3. Data taken from various authors 
( see Vladilo 2002b an d references therein). 
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(,...., 1M8 ) are dying and restoring unprocessed material which contains the [Si/Fe] present in 

the ISM when they formed, and therefore enriched is Si relative to Fe. Spirai galaxies evolve 

with smoother and less intense star formation histories than ellipticals and never reach such 

high enhancements of the [a/Fe] ratios, but they can have high final metallicities, especially 

in the most internai regions, thus they can reproduce the observed trend with noticeable 

accuracy at all metallicities. In principle it is very difficult to distinguish between typical 

low, smooth star formation patterns in irregular galaxies and in spirai discs considering only 

the pure redshift evolution of the abundance ratios such as [Si/Fe] since, as can be seen from 

the two figures, an irregular galaxy with a huge gas content and a very low star formation 

can show an evolution of [Si/Fe] which is essentially identica! to that of the external region 

of a spirai galaxy. Furthermore, the chemical evolution histories of a spirai galaxy computed 

at different radii can be very similar to each others, with the only difference represented by 

the height and the epoch of the initial peak of a-enhancement, which is usually very short 

(as can be seen in figure 6.3, since for z < 2 all the curves of the spirai and of the irregular 

are overlapping). On the other hand, differences in the evolution patterns are more evident 

in the plots as functions of [Fe/H]. This is a clear example of the power of the the [a/Fe]-

[Fe/H] diagrams in distinguishing between the different chemical evolution histories and in 

particular to understand which morphological types best represent the DLA population. 

Fig. 6.6 shows the [S/Zn] distribution versus redshift (above) and versus [Zn/H] (below) for 

different morphological types compared with measurements in DLAs. Notwithstanding the 

large dispersion in the redshift distribution, a generai trend is clearly observable, in which 

most of the points are fitted by spiral/irregular curves. Once again, the evolution of the 

[S/Zn] ratio for elliptical galaxies is too sharp to reproduce the bulk of the data, since it is 

too high in the initial phase and falls to too low values already at z < 4. 

Again, the [S/Zn] vs [Zn/H] plot is a more reliable chemical evolution diagnostic than [S/Zn] 

vs. redshift evolution. W e note t ha t bot h irregulars and spirals (a t inner radii an d in 

a region equivalent to the solar neighbourhood) can reproduce satisfactorily most of the 

observed values. Only one point, corresponding to the most enhanced value, is consistent 

solely with the elliptical evolution, whereas another DLA system has a [S/Zn] value lower 

than the predictions of all the models considered here. We stress the fact that in generai 

the results concerning the [S/Zn] vs z, [Zn/H] distributions tend to confirm what has been 

concluded in the case of dust-corrected [Si/Fe] vs z, [Fe/H], as expected, since both Zn and 
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Figure 6.6. Comparisons between theoretical predictions and observations for [S/Zn] vs z (upper 
panel) and vs [Zn/H] (bottom panel). The reshift of galaxy formation is z1 = 5.The curves have same 
meaning as in Figure 6.3. Compilation of data taken from Centuri6n et al. (2002). 
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S should not be affected by dust depletion. 

6.3.3 The Fe-peak elements 

In this case we study the evolution with redshift and metallicity of [Ni/Fe] and [Zn/Fe] ratios. 

Figures 6.7-6.10 show the results. In spite of the scatter of the points around the salar value, 

the majority of them appears moderately enhanced in both cases, at variance with what can 

be observed in the Galactic ISM. It is worth noting that, when the most recent values of 

Ni oscillator strengths are taken into account, the parameters for dust correction of Ni and 

Fe happen to be almost identica! (Vladilo 2002b) and the Ni/Fe ratios are essentially free of 

dust effects. Therefore, the application of the dust correction method does not change the 

values of the ratios. In Figure 6. 7 we plot the available [Ni/Fe] measurements without dust 

corrections. In Fig. 6.8 we plot the measurements of [Ni/Fe] versus [Fe/H], where only the 

[Fe/H] values have been corrected for dust depletion using the set of parameters E11. Very 

similar results are obtained using the sets of parameters SOO, 811 and EOO. The sample of 

Fig. 6.8 is smaller t han that of Fig. 6. 7 because i t includes only the D LAs for which the 

dust correction procedure can be applied. In the redshift evolution plot of the [Ni/Fe] (Fig. 

6. 7), the lowest values are well reproduced by the irregular-spiral curves, but there are some 

points which are consistent with an elliptical-like evolution; the highest values instead are 

off-scale for any galactic model. However, this behaviour might be due to the uncertainties 

present in the theoretical yields of Fe-peak elements (Matteucci et al. 1993; Timmes et al. 

1995; Umeda & Nomoto, 2002). 

In the [Zn/Fe] case the observed enhancement is even stronger, and most of the data would 

be consistent with the elliptical peak, if it occurred between redshifts 2 and 3, but these 

data are not dust corrected and therefore no firm conclusions can be drawn. The nearly flat 

behaviour of the [Zn/Fe] ratio predicted for the irregular, inner disc, salar neighbourhood 

and elliptical models is essentially due to the fact that, according to the nucleosynthesis pre-

scriptions assumed here, Zn and Fe follow each-other since both are mainly produced in SNe 

la. The outer regions of the disc ha ve a different behaviour because of the assumed threshold 

density for the star formation rate. This effect is more pronounced in the external regions 

than in the inner regions, because of the gas density profile, which is strongly decreasing with 

galactocentric radius and hence closer to the threshold value in the outermost regions of the 

disc. As a consequence of this, the star formation regime is a starburst-like. The existence 
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Figure 6.10. Comparisons between theoretical predictions and observations for [Zn/Fe) vs [Fe/H). 
The meaning of the curves is the same as in Figure 6.3. 
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of uncertainties in the Ni nucleosynthesis prescriptions prevents us from drawing firm con-

clusions about the behaviour of the [Ni/Fe] vs. [Fe/H] and redshift. On the other hand, the 

predictions of our models indicate that, at least to first arder, the productions of Zn and Fe 

can be considered strictly linked together and independent from metallicity. Based on this 

result, the observed spread in the [Zn/Fe] values may be ascribed more to effects of dust 

(such as differential dust depletion of Fe and Zn, differential dust pollution along different 

lines-of-sight, different amounts of dust within DLA systems) than to pure nucleosynthesis. 

6.3.4 The [N/ a] ratio 

N is expected to be restored into the ISM after oxygen, with a time delay depending on the 

lifetimes of its stellar progenitors. In particular, N is mainly produced in low and intermediate 

mass stars which start dying after rv 3 · 107 yr since the beginning of star formation. The 

bulk of N production occurs after rv 250 - 300 Myr (Henry et al. 2000; Chiappini et al. 

2002). For this reason the [N/0] ratio, provided that its evolution is computed correctly, is a 

useful "cosmic dock", in the sense that it can be important in dating galaxies (Matteucci et 

al. 1997 and references therein). Therefore, the N/0 ratio in DLAs is important in arder to 

understand the nature and the age of DLAs. (Pettini et al. 1995, Lu et al. 1998, Centurion 

et al. 1998, Ellison et al. 2001). Matteucci et al. (1997) attempted to explain the N/0 

ratios observed in several DLAs by comparing them with the evolutionary tracks of [N/0] 

computed for galaxies with different histories of star formation. They concluded that some 

of the examined systems, those with the highest N/0, could be dwarf irregulars experiencing 

their first or one of their first bursts of star formation, whereas others could be spirals in the 

earliest phases of their evolution. They also studied the nature of the production of N as 

primary or secondary element, showing the possibility of explaining large N/0 ratios even 

at low O abundances if primary N were produced by massive stars. In the present study we 

assume a set of yields for intermediate mass stars in which N is produced both as primary 

and secondary element (Van den Hoeck and Groenwegen 1997). However, the calculations of 

the yields for N for low and intermediate mass stars present some uncertainties, since they 

depend on several free parameters, as is discussed in Chiappini et al. (2002). Owing to 

these uncertainties, all our models tend to overestimate the N abundances, which should be 

regarded as upper limits. 

The number of nitrogen measurements in DLAs is not very large owing to the difficulty of 
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Figure 6.11. Comparisons between theoreticai predictions and observations for (N/Si] vs redshift in 
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measuring the NI lines inside the Ly-a forest. In arder to ha ve a sample of [N/ a] data 

sufficiently large, we ha ve chosen to study the [N /Si] ratio, since i t is much easier to measure 

Si than O in DLAs. Nitrogen is believed to be unaffected by dust, but silicon experiences 

some depletion, which may affect the [N/Si] and [Si/H] measurements. However, given the 

small amount of Si depletion observed in many systems, we have chosen to plot in Figs. 6.11 

and 6.12 the full sample of D LAs with [N /Si] data not corrected for dust, which includes 17 

systems. For a few of them, the [N /Si] may be overestimated and the [Si/H] underestimated 

owing to dust effects. 

From Figure 6.11, one can see that most of the systems lie at redshifts z < 3 indicating the 

possibility that they have formed at z "' 3 rather than at z = 5 as assumed in the figure. This 

fact reinforces the conclusion that it is problematic to assume that the abundances versus 

redshift can be interpreted as an evolutionary diagram in analogy with the stellar abundances 

in the Galaxy. Moreover, Figure 6.11 suggests that the majority of DLAs correspond either 

t o outer regions of spirals or irregular galaxies. In Figure 6.12 we report the [N /Si] versus 

[Si/H] where it is evident that the inner regions of spirals and the salar neighbourhood re-

gian ha ve very similar and smooth curves, so the study of the N /Si ratio is not suited to 

distinguish between these regions. On the other hand, the model corresponding to the most 

external radius of the spirai galaxy shows a very different behaviour. This is again the effect 

due to the star formation threshold. Again, from Figure 6.12 we can conclude that most of 

the observed DLA systems can be reproduced either by different regions of spirai discs or by 

dwarf irregular starbursting galaxies (see also Chiappini et al. 2002). In fact, in a regime 

of starburst the [N /Si] ratio is decreasing and increasing during the starburst and interburst 

phases, respectively. We are not showing here all the possible cases to avoid complications, 

but we suggest that objects with relatively high [Si/H] and undersolar [N/Si] could also be 

starbursting dwarfs observed during a starburst which follows previous star formation events. 

The predictions for ellipticals are not shown in figure 6.12 because they would lie at too high 

metallicities. This reinforces the conclusion that ellipticals are not likely to be DLA objects. 

6.3.5 The evolution of the Hl density 

The high redshift neutral gas density is traced mainly by DLAs, since these systems represent 

the largest gas reservoirs and are likely to dominate the mass density of neutral gas in the 
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Figure 6.13. Evoiution of the comoving density of neutrai gas with redshift in case of gaiaxy 
formation at ZJ = 5. In the upper panei the modei curves have been normalized to the z = O vaiue 
by Zwaan et al. (1997), whereas in the Iower panei to the vaiue by Rosenberg & Schneider (2002). 
Solid line: spirai gaiaxy at R=8 kpc; dotted line: spirai gaiaxy at R=4 kpc; shori-dashed line: spirai 
gaiaxy at R=14 kpc; long-dashed line: Magellanic irreguiar gaiaxy (LMC). Open circle: vaiue inferred 
from 21 cm emission from Iocai gaiaxies (Zwaan et al. 1997); Open triangle: vaiue by Rosenberg 
& Schneider (2002); solid circles: vaiues by Péroux et al. (2003); open squares: vaiues by Rao and 
Turnshek ( 2000). 
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universe (Storrie-Lombardi et al. 1996). Recent DLA studies at Iow redshift (z < 2, Rao 

& Turnshek 2000) seem to indicate, when compared with data at high redshift, a weak (or 

totally absent) evoiution of nH I (i. e. the comoving Hl density divided by the criticai density 

of the universe), with a nearly constant vaiue. On the other hand, the z = O vaiues inferred 

from the 21 cm emission studies (Zwaan et al. 1997) and opticai surveys (Rao & Briggs 

1993) are noticeabiy Iower than the high redshift estimates, thus indicating some evoiution. 

According to these studies, Iarge spirai gaiaxies have been confirmed to be the major con-

tributors to the totai Hl mass in the Iocai universe (see aiso Zwaan et al. 2002). However, 

the very recent Arecibo Duai-Beam survey (Rosenberg & Schneider 2002) yieids a totai Hl 

mass density substantially higher than the previous estimates, with a non-negiigibie contri-

bution from Iow-mass sources. In summary, the situation is stili unclear and it is difficuit 

to assess from the avaiiabie data whether there is evoiution or not. In Figure 6.13 we piot 

the evoiution of the comoving density of neutrai gas with redshift as predicted for irreguiar 

and spirai gaiaxies at different radii and compared with various observations (Péroux et al. 

2003, Rao & Turnshek 2000, Zwaan et al. 1997, Rosenberg & Schneider 2002). In figures 

6.13 (a) and (b) the predicted curves have been normaiized in order to reproduce the z =O 

vaiue measured by Zwaan et al. (1997) and Rosenberg & Schneider (2002), respectiveiy. In 

the case of the upper panei, where we consider the Iower vaiue for nHI at the present time 

(Zwaan et al. 1997), both the externai disc (R=14 kpc) and the irreguiar gaiaxy seem the 

most promising in reproducing the data, since they represent the siowest evoiving systems 

having at any time (i.e. redshift) the right amount of gas to reproduce each point. 

In the case ofthe Iower panei (figure 6.13b), where the higher vaiue from Rosenberg & Schnei-

der (2002) is adopted for the normaiization at z = O, the irreguiar and externai spirai fail 

in reproducing the high redshift points, which are substantially Iower than the predictions, 

whereas the soiar neighbourhood curve is We conclude that the study of the neutrai H evo-

Iution cannot be considered as a good diagnostic in order to understand which gaiaxies are 

dominant in the high-redshift DLA popuiation, at Ieast until the Iow redshift measures will 

be more homogeneous than they are at the present time. In fact, from the observationai 

point of view, the Iow redshift region (z < 2) is particuiariy uncertain, since at this time 

many systems are supposed to be metai (i. e. dust)-rich causing severe compiications in 

the measurements. A Iarger sampie of DLAs, preferentially based on a radio-seiected QSO 

sampie, is therefore required in order to shed Iight on the reai evoiution of the neutrai gas 



162 CHAPTER 6. IDENTIFICATION OF HIGH-REDSHIFT OBJECTS 

in the redshift range untestable with the earth based optical telescopes. The first results in 

this field come from the CORAL survey (Ellison et al. 2001a), in which a set of 22 DLAs 

has been assembled. Although the authors stress that their results are tentative, given the 

limited size of the data set, they conclude that magnitude limited, z = 2- 3.5 surveys, based 

on optically selected QSOs, underestimate the number of D LAs and the detected neutral gas 

mass by no more than a factor of two. 

6.4 Study of individuai DLA systems 

Until now the DLA galaxy population has been analyzed as a whole. Several chemical 

evolution models were constructed in arder to interpret the abundance patterns observed in 

DLAs as an ensemble, considering them as an evolutionary sequence, i.e. objects caught in 

a different phase of their evolution (Matteucci et al. 1997, Mathlin et al. 2001, Hou et al. 

2001). However, several pieces of evidence - like the low redshift deep imaging revealing 

a variety of morphological types belonging to the DLA population (Le Brun et al. 1997, 

Nestor et al. 2002), the large scatter in the a aver Fe-peak element abundance ratios at 

a given metallicity and the large scatter observed in the metallicities - indicate that the 

DLAs trace galaxies with different star formation histories. Some may have formed stars on 

timescales similar to that of the early Milky Way, while others apparently did so more slowly 

or intermittently, so that the Fe-peak elements could catch up with the a-elements. 

Thanks to the large number of elements detected in the DLA systems and collected by 

Dessauges-Zavadsky et al. (2003), for the first time i t has been possible to analyze these 

high redshift galaxies individually. The different elemental abundances at disposal allow us, 

in particular, to constrain the star forma t io n history (hereafter SFH, and SF for the star 

formation) and the age of the associateci galaxies by means of a direct comparison with a 

grid of chemical evolution models for spirai and dwarf irregular galaxies (see chapter 2 of this 

thesis). W e present below the approach which has been applied. The derived results for the 

DLAs toward Q0100+13, Q1331+17 and Q2231-00 are summarized in Table 6.1. 

6.4.1 Comparing the DLA abundances with the models 

Relative abundances can be used as cosmic clocks if they involve two elements formed on 

different timescales, like it is the case of the a-element aver Fe-peak element ratios and the 
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Table 6.1. Nature of the galaxies associateci with the DLA systems studied 

DLA system Model Star formation characteristics 
v [Gyr-1] / ~t [Gyr] / tb [Gyr] 

ZJ 

163 

Age 
[Gyr] 

Q0100+ 13, Zabs = 2.309 Spirai solar neighborhood: R = 8 kpc "' 2.5 0.25 ± 0.21 
irregular bursting SF: 0.9 / 0.07 / 2.0 (2.35 - 2.47) 0.05 - 0.21 

Q1331 + 17, Zabs = l. 776 Spirai outer regions: R = 16 kpc "'2.8 1.5 ± 0.4 
irregular continuous SF: 0.03 / 13 / ... "' 10 ~ 3.5 

Q2231-00, Zabs = 2.066 irregular bursting SF: 4.2 / 0.10 / 0.5 (2.10 - 2.16) 0.05 - O.t 
z f in brackets = Values obtained under the assumption that the galaxy has undergone a 
single burst of SF 

N over a-element ratios. As a consequence, these abundance ratios when examined together 

with the absolute abundances [Fe/H], or any other metaliicity tracer such as [Zn/H], and 

[a/H], respectively, completely determine the star formation history of a galaxy. On the 

other hand, when these abundance ratios are examined as a function of the redshift, they 

provide constraints on the age of a galaxy, defined as the epoch at which the galaxy has 

started to form stars (Matteucci 2001a). The relative abundances that we have at disposal in 

the DLA systems studied here are [Si/Fe], [S/Zn], [S/Fe], [Mg/Fe], [Ni/Fe], [N/Si] and [N/S]. 

For each DLA individualiy, we considerali ofthem at once to first constrain the SFH andthen 

the age of the associateci galaxy by means of a detailed comparison with a grid of chemical 

evolution models. This gr id includes the "spirai" model computed a t different galactocentric 

radii from R = 2 to 18 kpc and the "dwarf irregular" model computed fora single burst of 

SF with different characteristics defined by varying the three free parameters, namely the 

star formation effi.ciency v, the burst length ~t and the time of occurrence of the burst tb, 

i.e. the time necessary for the infali of pristine gas before the SF starts. 

To determine the best chemical evolution model reproducing the abundance patterns 

observed in each DLA system by taking into account ali the different informations available 

on the system, we use a statistica! test when the best solution cannot be clearly identified by 

eye. This test consists first in determining the minima! distance between the data point and 

the curve of a given chemical model in each abundance diagram at disposal. For this purpose, 

we consider the l a error on the data point (or more precisely the covariance matrix of the 

l a measurement error), and we derive this minima! distance by computing the distances 

di from the data point to the points defining the considered model curve and by looking 
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for the di for which the di/ ai ratio is minimal. Second, once the minimal distances for all 

the abundance diagrams considered in each system and for a given model are derived, we 

compute their weighted mean. Finally, the comparison of the weighted means obtained for 

different chemical models determines the best chemical evolution model which represents the 

data points and thus the DLA galaxy. The upper and lower limits are not taken into account 

in this test. 

Q0100+13, Zabs = 2.309 

To determine the nature of this DLA galaxy, we have five different abundance ratios at dis-

posal. We can thus try to constrain the best chemical evolution model which reproduces 

this DLA galaxy by taking into account the information provided by the following five di-

agrams: [S/Zn] versus [Zn/H], [S/Fe] versus [Fe/H], [Mg/Fe] versus [Fe/H], [Ni/Fe] versus 

[Fe/H] and [N/S] versus [8/H]. For the absolute and relative abundances of refractory ele-

ments we consider the dust-corrected values as derived with the dust correction method of 

Vladilo (2002a,b). For this DLA, however, the dust corrections are small, since the [Zn/Fe] 

ratio is dose to solar ( = +0.25 ± 0.04). 

We considered the "spirai" model at the galactocentric radii R = 6, 8, 12, and 18 kpc. The 

"spirai" model at R = 8 kpc best reproduces the five abundance ratios measured in this high 

redshift galaxy (see the thick dashed-dotted curves in Fig. 6.14). We might be satisfied with 

this solution, since the model curves are in agreement with the data points within less than 

l a in four out of the five diagrams. In the case of the Ni/Fe ratio, the model is in agreement 

only within 2-3 a. But, to have a complete picture and to check the uniqueness ofthe derived 

solution, we investigated whether a "dwarf irregular" model can also correctly reproduce the 

data points. We considered a "dwarf irregular" model with a single burst of SF and explored 

the following values for the three parameters characterizing the burst: v = 0.5, O. 7, 0.9, l 

Gyr-1, tlt = 0.05, 0.07, 0.1, 0.2 Gyr and tb = l, l. l, 1.5, 2 Gyr. The "dwarf irregular" model 

which best reproduces the data points has one burst with a star formation efficiency v= 0.9 

Gyr-1 and a short duration tlt = 0.07 Gyr (see the thin solid curves in Fig. 6.14). The 

burst occurs after tb = 2 Gyr of continuous infall of pristine gas. These "dwarf irregular" 

model characteristics very well match the starburst parameters determined for the BCGs 

(Lanfranchi & Matteucci 2003). In summary, two chemical evolution models yet tracing 

different star formation histories correctly reproduce the abundance ratio versus metallicity 
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distributions observed in the DLA toward QOlOO+ 13. The "spirai" modei at R = 8 kpc has a 

continuous SFH, whereas the "dwarf irreguiar" modei constrained by the observations has a 

bursting SFH. The identification of the best modei among these two is very difficuit, because 

at this intermediate metallicity both modeis yieid very simiiar chemicai abundance patterns. 

The distinction is more pronounced at [Fe/H] < -2 or at [Fe/H] > -1. 

We carried out the investigation of the age of the system, nameiy the most Iikeiy redshift 

of formation, z f, of the system, for the two modeis. For the "spirai" modei a t R = 8 kpc, 

we anaiyzed the [Zn/H], [Ni/Fe], [Mg/Fe], [S/Zn], [S/Fe] and [N/S] versus redshift diagrams. 

The estimateci redshift of formation is between z f = 2.4 - 3 with the best soiution being a t 

z f t'V 2.5 which is in excellent agreement with all the data points (see the thick dashed-dotted 

curves in Fig. 6.15). The DLA system is observed at Zabs = 2.309, hence ZJ t'V 2.5 corresponds 

to an age of the DLA gaiaxy of 0.25 ± 0.20 Gyr. In the case of the "dwarf irreguiar" modei, 

the determination of the age is more compiex, because this modei has severai free parameters. 

The parameter having the Iowest impact is the time of occurrence of the burst, tb, according 

to the adopted definition of the age. In addition, tb is difficuit to determine, whereas the 

star formation efficiency, v, and the burst duration, tl.t, can be robustiy constrained by the 

observations. It is the burst duration which has the Iargest weight in the determination of 

the age of the system. We satisfactoriiy reproduce the data points (within l o-) for tl.t vaiues 

between 0.05 and 0.20 Gyr. Hence, we feei confident in concluding that the possibie age of 

the system is between 0.05 - 0.20 Gyr. Given the assumption that the gaiaxy has undergone 

a singie burst of SF, the corresponding redshift of formation is between 2.35 - 2.4 7. 

Both modeis point to a young age for the DLA gaiaxy, Iower than 250 Myr. This age 

is consistent with the a-eiement over Fe-peak eiement enhancement observed in this DLA 

system, which indicates that the enrichment of this system is dominateci by massive star 

products and requires a minimai contribution from Type la SNe. In addition, the N/S 

ratio in this DLA system is reiativeiy high, very dose to the primary N "piateau", [N /S] 

= -0.83 ± 0.14. Such a high N/S vaiue can be reached within Iess than 250 Myr, oniy if N 

is produced by intermediate-mass stars with masses between 5-8 M8 , which have Iifetimes 

between 30 and 70 Myr, and by massive stars. Chiappini et al. (2003) recentiy showed that 

the same chemicai evoiution modeis as those used in this thesis, but computed with the recent 

pubiished stellar yieids of Meynet & Maeder (2002), which take into account the effects of 

rotation in the stellar evoiution, stili reproduce such high N fS vaiues within a timescaie Iower 
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t han 250 Myr. 

Q1331+17, Zabs = 1.776 

We have collected a lot of information on this DLA system. The observed abundance ratios 

at our disposal are [S/Zn], [S/Fe], [Si/Fe], [Mg/Fe], [Ni/Fe] and the upper limits on [N/S] 

and [N/Si]. This DLA system has a very high [Zn/Fe] = 0.75 ± 0.05 ratio and exhibits one 

of the largest dust depletion level of any DLA. In Fig. 6.16 we can see the high differences 

between the observed and dust-corrected values. 

First, we examined the "spirai" model at the galactocentric radii R = 8, 12, 16 and 18 

kpc. The best model reproducing the data points in the [S/Zn] versus [Zn/H], [S/Fe] versus 

[Fe/H], [Si/Fe] versus [Fe/H], [Mg/Fe] versus [Fe/H] and [Ni/Fe] versus [Fe/H] diagrams is the 

"spirai" model of outer regions of the disc, at R = 16 kpc (see the thick dashed-dotted curves 

in Fig.6.16). The model curves are in excellent agreement with the data points within less 

than l a in the five diagrams. Secondly, we investigated the "dwarf irregular" model to check 

the uniqueness of the solution. We considered the "dwarf irregular" model with a single burst 

of SF and explored a large range of values for the three parameters characterizing the burst. 

We found out that the "dwarf irregular" model with a bursting SFH cannot reproduce the 

observations, which show solar a-element over Fe-peak element ratios, because the bursting 

SFH predicts a-enhanced patterns. On the other hand, the "dwarf irregular" model with a 

continuous SFH characterized by a single burst of SF with a star formation efficiency in the 

range v = 0.02- 0.09 Gyr-1, with the best value being v = 0.03 Gyr- 1 , and a duration over 

the whole Hubble time satisfactorily reproduces the observations (see the thin solid curves in 

Fig. 6.16). 

Again none of these two models yet having a different star formation history - the 

"spirai" model of outer regions of the disc has a bursting SFH, while the "dwarf irregular" 

model constrained by the observations has an inefficient continuous SFH - can be easily 

discarded, because they yield similar chemical abundance patterns due to the fact that they 

bot h are characterized by a weak SF. The Mg/Fe ratio could be used as a discriminant 

between the two models (see Fig. 6.16), but there are substantial uncertainties in the Mg 

yields (Chiappini et al. 1999). 

We investigated the age of the DLA galaxy for the two models. For this purpose, we 

considered the [Zn/H], [S/Zn], [S/Fe], [Si/Fe], [Mg/Fe] and [Ni/Fe] versus redshift diagrams. 
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The range of redshifts of formation determined for the "spirai" model at R = 16 kpc is 

ZJ = 2.3 - 3, with the best solution being at z1 "' 2.8 (see the thick dashed-dotted curves 

in Fig. 6.17). For the "dwarf irregular" model with an inefficient continuous SF rate, the 

estimateci redshift of formation is large, roughly around ZJ "' 10 (see the thin solid curves 

in Fig.6.17). The DLA system is observed at Zabs = 1.776, hence ZJ "' 2.8 and ZJ "' 10 

correspond to an age of the DLA galaxy of 1.5 ± 0.4 Gyr and ~ 3.5 Gyr, respectively. 

According to the recent WMAP results, the reionization seems to have occurred at a redshift 

considerably higher than what was thought previously, namely at Zreion = 20~~0 (Bennett et 

al. 2003). Therefore, if the intergalactic medium has been reionized by the first stars formed 

in very young galaxies, a redshift of the order of 10 could be reasonable for the appearance of 

the first galactic structures in the Universe. The derived solution that the associateci galaxy 

with the DLA system a t Zabs = l. 776 toward Q1331 + 17 may be a dwarf irregular galaxy with 

a continuous SFH formed at z f "' 10 thus is possible. The solution that the associateci galaxy 

is a spirai galaxy with the QSO line of sight crossing the outer regions of its disc at R = 16 kpc 

and an age of 1.5 Gyr is also plausible. Both models point to a large age for this DLA galaxy. 

This reflects the long timescale necessary t o acerete the gas as well as t o reach the o bserved 

solar a-element over Fe-peak element ratios, which require a substantial contribution from 

Type la SNe, releasing the Fe-peak elements only after 108 - 109 yrs. But, both models fail 

in reproducing the measured [N /S] and [N /Si] upper limits, since they predict almost solar 

[N /S,Si] ratios a t [S,Si/H] ~ -1.25. Such high N/ a values a t these low metallicities ha ve 

never been observed in any DLA and H(I I) region. This suggests that the yields of van 

den Hoeck & Groenewegen (1997) may lead to an overestimation of the N production by 

intermediate-mass stars at the lower end of masses and by low-mass stars, which had time 

to release N in this DLA galaxy, given the inferred long age. In the case of the N production 

by massive intermediate-mass stars, the yields of van den Hoeck & Groenewegen (1997) are 

more reliable. 

Q2231-00, Zabs = 2.066 

In this system, the measured abundance ratios at disposal are [S/Zn], [S/Fe], [Si/Fe], [Ni/Fe], 

and the upper limits on [N/Si] and [N/S]. We consider the dust-corrected values, since non-

negligible dust corrections are required in this system with [Zn/Fe] = +0.45 ± 0.07. We first 

investigated the "spirai" model to reproduce the [S/Zn] versus [Zn/H], [S/Fe] versus [Fe/H], 
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Table 6.2. Determination of the star formation rates 

DLA system 

QOlOO+ 13, Zabs = 2.309 
Q1331+17, Zabs = 1.776 
Q2231-00, Zabs = 2.066 

SFR for the best "spirai" model 
[M8 yr-1 kpc-2] 

8.5 x 10-3 

7.5 x 10-3 

SFR for the best "dwarf irregular" model 
[M8 yr-1 kpc-2] 

1.0 x 10-2 

9.2 x Io-5 

4.0 x 10-2 

[Si/Fe] versus [Fe/H] and [Ni/Fe] versus [Fe/H] diagrams. The favored "spirai" model turned 

out to be the one representing the inner regions of the galactic disc, i.e. at galactocentric 

radii R < 8 kpc. In the inner regions of the disc compared to the outer regions, the infall of 

external gas is faster and leads to higher gas densities, and hence to a more efficient SF. The 

a-elements thus are more enhanced relative to the Fe-peak elements at metallicities [Fe/H] 

< -1.5 dex in the inner regions of the disc than in the outer regions. Despite this, the 

"spirai" model of inner regions of the disc does not succeed in reproducing all the measured 

data points (see the thick dashed-dotted curves in Fig. 6.18). It mainly fails in correctly 

reproducing the [S/Zn] versus [Zn/H] and [S/Fe] versus [Fe/H] data points, and the [N/Si] 

versus [Si/H] and [N/S] versus [S/H] upper limits. 

We then considered the "dwarf irregular" model. We assumed a single burst of SF and 

explored the following values for the three free parameters characterizing the burst: v = 

2.8 - 5.0 Gyr-1, b.. t = 0.05, 0.1, 0.15 Gyr and tb = 0.2, 0.5, 0.8 Gyr. The "dwarf irregular" 

model which best reproduces the data points has one burst with a very high star formation 

efficiency v= 4.2 Gyr-1 and a duration b..t = 0.1 Gyr (see the thin solid curves in Fig. 6.18). 

The burst occurs after tb = 0.5 Gyr of continuous infall of pristine gas. This model is the 

favored one in comparison with the "spirai" model of inner regions of the disc. It reproduces 

a t l a all the abundance ratios. Only the [N /S] upper limi t is a t odds. 

We investigated the age of the DLA galaxy assuming the constrained "dwarf irregular" 

model. As in the case of the DLA toward QOlOO+ 13, the parameter having the highest 

impact in the age determination is the duration of the burst. We feel confident in assuming 

an age between 0.05- 0.15 Gyr, corresponding to the range of values explored for b..t. This 

yields a redshift of formation between 2.10- 2.16 given the assumption that the galaxy has 

undergone a single burst of SF. 
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6.4.2 Star formation rates 

The star formation is a key parameter in the formation and evolution of galaxies. Therefore, 

the knowledge of the star formation rate (SFR) of galaxies is very important. Kennicutt 

( 1983) provi d ed the first precise diagnostics for the measure of the SFR, such as emission-line 

fluxes and UV continuum luminosities. Later, Madau et al. (1996) reconstructed the cosmic 

star formation history by measuring the comoving luminosity density of star-forming galaxies 

as a function of redshift. While the originai work of Madau et al. (1996) showed a peak in 

the cosmic star formation at z ~ 1-2, recent results, based on larger samples of galaxies and 

corrections for dust extinction of the emitted starlight, do not show such a peak. The SFR 

per uni t comoving volume increases by a factor of "' lO in the redshift interval z = [0, l], and 

then either remains constant at z > l up to z = 6 (Steidel et al. (1999)) or keeps increasing 

to even higher redshifts (Lanzetta et al. 2002). However, the galaxies from which these 

results are derived are unlikely to be representative of the bulk of the galaxy population in 

the Universe. Indeed, whereas the SFR per unit area for the Milky Way is '1/J "' 4 x 10-3 

M8 yr-1 kpc-2 (Kennicutt 1998a), the comoving SFR at "'3 is inferred from Lyman-break 

galaxies, a highly luminous population of star-forming objects in which 'ljJ ~ l M8 yr-1 kpc-2 

(Pettini et al. 2001). As a result, the existing measurements of the cosmic star formation 

history take into account the contribution of only highly luminous and star-forming galaxies. 

The access to the star formation rates in other types of galaxies thus is crucial. The DLA 

galaxy population is ideai for this purpose. Indeed, these objects sample various types of 

galaxies over a large range of lookback times, since they are detected independently of their 

distance, luminosity and SFH. In addition, because the DLAs are not drawn from a flux 

limited sample of galaxies, we are able to derive the SFR values below those determined from 

radiation emitted by star-forming galaxies. Recently, Wolfe et al. (2003a,b) provided the 

first estimations of SFRs per unit area in DLAs. Their technique to infer the SFRs consists 

in determining the rate at which the neutral gas in DLAs is heated. 

We also have access to the SFRs of DLAs. Indeed, in the case of the "spirai" model the 

SFR per unit area is a direct output of the model, and in the case of the "dwarf irregular" 

model the different physical quantities correspond to the absolute values, thus to derive the 

SFR per unit area we assume a spherical symmetry and a galactic radius of 5 kpc. The 

derived star formation rates per unit area for the DLAs studied are given in Table 6.2, and 

are 7.94 x 10-3 M 8 yr- 1 kpc-2 < '1/J < 3.16 x 10-2 M8 yr- 1 kpc-2. They were obtained for 
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the models constrained in the previous Sections. They correspond in the case of the "spirai" 

model to the SFR that the DLA galaxy has at the time of its observations and in the case of 

the "dwarf irregular" model to the average SFR integrated over the time of the burst of SF, 

i.e. over the period when the SF is active. The errors on the derived SFRs are very difficult to 

estimate. Our SFR measurements are in agreement with the interval of SFR values obtained 

by Wolfe et al. (2003a,b) 1 in DLAs using a completely different technique. We thus confirm 

that the SFRs per unit area in DLAs are moderate and similar to that measured in the Milky 

Way disc. 

6.5 Summary 

W e ha ve investigated the chemical properties of D LA systems by means of detailed chemical 

evolution models for galaxies of different morphological types, i. e. ellipticals, irregulars 

and spirals. In the case of spirai galaxies, we run a multizone code in order to disentangle 

the different chemical evolution histories at various galactocentric radii, which can differ 

substantially from each other, giving rise to very different abundance patterns. We compared 

our predictions for [Si/Fe], [Ni/Fe], [Zn/Fe] and [N/Si] with observational data either as 

functions of [Fe/H] or redshift. The simultaneous comparison of the abundance ratios as 

functions of metallicity ( e.g. [Fe /H] and/ or [Zn/H]) an d redshift provi d es stronger constraints 

on the nature of DLA systems, and this is the first time that this possibility was taken into 

account. Our main goal was to infer the nature and possibly the age of the DLA population, 

by means of the [a/Fe] and the [N/ a] ratios. We have assumed that all galaxies formed either 

a t redshift z f = 3 or z f = 5, but this assumption, which might be unrealistic, influences only 

the diagrams as functions of redshift, not those as functions of metallicity. In several cases, 

we have compared our model predictions with abundance measurements not dust-corrected 

with the exception of the [Si/Fe] and [Ni/Fe] ratios versus [Fe/H] which have been compared 

also with a set of data dust-corrected according to the prescriptions of Vladilo (2002a,b). 

We have also studied the redshift evolution of the neutral gas density, which can be useful 

to gain information on the formation epoch and global evolution of the DLA population 

and on the average evolution of the neutral gas in the universe, provided that DLAs really 

represent the largest gas reservoirs, i. e. t ha t biases do no t affect the o bservations, thus 

1The SFR.s obtained by Wolfe (2003a,b) correspond to the SFR values that the DLAs have at the time of 
their observations. 
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excluding some systems from the samples. After having studied the chemical evolution of the 

DLA population as a whole, we have focused on three individuai systems and used our set of 

chemical evolution models in order to study the abundance pattern of each single DLA. We 

carried on this study in order to infer the star formation histories and the ages of each DLA 

studied singularly. The abundance ratios versus metallicity diagrams enable us to constrain 

the SFH, whereas the abundance ratio vs redshift diagrams give us constraints on their ages. 

Our main results can be summarized as follows: 

l) Under the assumption that galaxy formation occurred at ZJ = 5 for all the objects, we 

can reproduce the observed dispersion in DLA metallicity in the plot [Zn/H] versus redshift, 

by considering evolutionary models for disc galaxies computed at different distances from the 

galactic center. On the other hand, we cannot exclude that the same DLAs have started 

forming stars at different cosmic epochs. Therefore, DLA systems cannot be treated as the 

stars in the Milky Way which trace, with their metallicity, the evolutionary history of the gas 

in the Galaxy. Our results, together with observational evidence concerning DLA systems, 

namely: i) at z ""' 2 the typical metallicity of the DLA galaxies is approximately 1/10 of 

solar, ii) the paucity or absence of low ( < 100 solar) metallicity objects and iii) a relevant 

metal enrichment observed in many systems at z ""'3, leads us to suggest that a substantial 

fraction of the D LA systems was already in place a t z > 3 an d t ha t is likely t ha t they started 

forming stars between z=5 and z=3. 

2) The a-enhancements relative to refractory elements (e.g. Si and Fe) observed in many 

systems vanishes once dust-corrections are considered. The resulting almost solar values 

for these ratios are found to be consistent with the evolution of both irregular (including 

star-bursting dwarfs) galaxies or spirai discs seen at various galactocentric distances. For 

the DLAs with the lowest metallicities the irregulars and the outer regions of spirai discs 

best reproduce the data. In fact, the external regions of spirai discs, where the low density 

causes frequent oscillations in the star formation above and below the threshold level, show 

a behaviour similar to starburst galaxies. Such a weak and gasping star formation history 

seems to be the most promising in reproducing the majority of the observations ([a/Fe], 

[N/a], [Zn/H], [Ni/Fe]). This regime of star formation is also typical of dwarf irregulars and 

low surface brightness galaxies and therefore we cannot exclude that DLAs could also be 

such systems. However, bot h irregulars and outer discs cannot cover all the metalli city range 

spanned by the observations. At higher metallicities the observations are better reproduced 
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by considering an inner disc/soiar neighbourhood-Iike evoiution. This resuit is confirmed 

by the comparison between modei predictions and observations of the [S/Zn] ratios, both of 

which are unaffected by dust depietion, so their pattern reflects pure nucleosynthesis. 

By means of a photometric code (Jimenez et al. 1998) matched to our chemicai evoiution 

modeis, we have performed a prediction regarding the Iuminosity of a DLA system either 

if the absorption occurred in a spirai or an irreguiar gaiaxy. Assuming gaiaxy formation at 

ZJ = 5, at z rv 4 the magnitude of a typicai spirai in the I band is mi = -20.346, which 

corresponds to a Iuminosity L/ LLBG rv 0.09, where LLBG is the characteristic Iuminosity of 

the Lyman Break Gaiaxies at z rv 4 (Steidei et al. 1999). In the case of an irreguiar gaiaxy, 

mi = -16.48, corresponding to a Iuminosity L/ LLBG rv 0.003. Both vaiues are consistent 

with the limits of L/ LLBG < 0.11 derived by Prochaska et al. (2002a) for DLA systems 

3) The predictions of our modeis indicate that, at Ieast to first order, the evoiutions of Fe 

and Zn can be considered strictiy Iinked and independent of metallicity. Based on this resuit, 

the observed spread in the [Zn/Fe] vs [Fe/H] diagrams shouid be due more to the dust (Iike 

differentiai dust depietion of Fe and Zn, differentiai dust pollution aiong different lines-of-

sight, different amounts of dust within DLA systems) than to pure nucleosynthesis. We do 

not feei safe in drawing conclusions about the behaviour of the [Ni/Fe] ratios because of the 

uncertainties stili present in the nucleosynthesis of nickel. 

4) Given the uncertainties in Iow redshift measures, at the present time the study of the 

neutrai H evoiution cannot be considered as a good diagnostic in order to understand which 

gaiaxies are dominant in the high-redshift DLA popuiation. A Iarger sampie of DLAs, pref-

erentially based on a radio-seiected QSO sampie, is required in order to shed light on the 

reai evoiution of the neutrai gas in the redshift range untestabie with the earth based optical 

teiescopes. 

5) From the chemicai evoiution point of view, ellipticai gaiaxies are the most unlikeiy DLA 

candidates at all metallicities because of the very high metallicities and overabundances of a-

eiements reached at the early phases of their history, when a type II SN chemical enrichment 

is dominant. Ellipticai galaxies are perhaps better candidates to expiain the Lyman-break 

gaiaxies (see Matteucci & Pipino, 2002). 

6) By comparing these modeis with the distributions of the abundance ratios of two eiements 

produced on different timescaies as a function of the metallicity we can constrain the star 

formation history of a DLA galaxy, and with the distributions of the same abundance ratios 
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considered as a function of the redshift we can constrain the age of a galaxy. The access 

to several abundance ratios, [S/Zn], [S/Fe], [Si/Fe], [0/Zn], [Mg/Fe], [Ni/Fe], [N/SJ, [N/Si] 

and [N/0], in the same DLA allowed us for the first time to determine the star formation 

history and the age of three DLA systems. We were also able to estimate the star formation 

rates per unit area of the DLAs, since the SFR is a direct output of the chemical evolution 

models, once they are constrained. Our results show that the galaxy associated with the DLA 

toward Q0100+ 13 is either a spirai galaxy showing similar characteristics as those observed 

in the salar neighborhood (R""' 8 kpc) or a dwarf irregular galaxy with a single burst of SF 

with properties similar to the ones observed in the BCGs. It is a young galaxy with an age 

of 250 ± 200 Myr or between 50 - 200 Myr, respectively. The galaxy associated with the 

DLA toward Q1331 + 17 is very likely a spirai galaxy observed in the outer regions of its disc 

(R ""' 16 kpc) and 1.5 ± 0.4 Gyr old. But, it can also well be a dwarf irregular galaxy with 

an inefficient continuous SFH and an age ~ 3.5 Gyr. Finally, the galaxy associated with the 

DLA toward Q2231-00 is a dwarf irregular galaxy with a single intense burst of SF and an 

age between 50- 150 Myr. The estimated star formation rates per unit area of these three 

objects are 7.94 x 10-3 M0 yr-1 kpc-2 < 'ljJ < 3.16 x 10-2 M0 yr- 1 kpc-2 , in agreement with 

the values obtained by Wolfe et al. (2003a,b) in DLAs using a different technique. 

Our results confirm once again that simple plots of DLA abundances versus redshift cannot 

be used to estimate the overall metal evolution of the Universe, because the local parameters 

( as determined by the star formation history of the associa t ed galaxy) would dominate the 

scatter in the measurements. We plan to extend our comparison of the DLA abundance 

patterns with chemical evolution models in 2004 to additional 5 objects for which the data 

have already been acquired. 
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Figure 6.14. Observed and predicted abundance ratios versus metallicity for the DLA at Zabs = 2.309 
toward Q0100+ 13. The thick dashed-dotted curves correspond to the "spirai" model a t R = 8 kpc. 
The thin solid curves correspond to the "dwarf irregular" model with a single burst of SF occurring a t 
tb = 2 Gyr and with a star formation efficiency v = 0.9 Gyr-1 and a duration ~t = 0.07 Gyr. In this 
andali the following figures, the open squares represent the measured abundance ratio measurements, 
and the filled triangles and the filled squares represent the abundance ratios corrected for dust depletion 
according to the Vladilo (2002a) method using the models EOO and Ell, respectively. 
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Figure 6.15. Observed and predicted abundance ratios versus redshift for the DLA at Zabs = 2.309 
toward Q0100+ 13. The thick dashed-dotted curves correspond to the "spirai" model a t R = 8 kpc and 
a redshift of formation ZJ = 2.5. For the definition of symbols, see Fig.6.14 . 
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Figure 6.16. Observed and predicted abundance ratios versus metallicity for the DLA at Zabs = 1.776 
toward Q1331+17. The thick dashed-dotted curves correspond to the "spirai" model at R = 16 kpc and 
the thin solid curves correspond to the "dwarf irregular" model with a continuous SF at an efficiency 
v= 0.03 Gyr-1 . For the definition of symbols, see Fig. 6.14. 
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Figure 6.17. Observed and predicted abundance ratios versus redshift for the DLA at Zabs = 1.776 
toward Q1331+17. The thick dashed-dotted curves correspond to the "spirai" model at R = 16 kpc 
and a redshift of formation ZJ = 2.8. The thin solid curves correspond to the "dwarf irregular" model 
with a continuous SF at an efficiency v = 0.03 Gyr- 1 and a redshift of formation z1 = 10. For the 
definition of symbols, see Fig. 6.14. 
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Figure 6.18. Observed and predicted abundance ratios versus metallicity for the DLA at Zabs = 2.066 
toward Q2231-00. The thick dashed-dotted curves correspond to the "spirai" model at R = 2 kpc. 
The thin solid curves correspond to the "dwarf irregular" model with a single burst of SF occurring 
at tb = 0.5 Gyr and with a star formation efficiency v = 4.2 Gyr-1 and a duration ~t = 0.1 Gyr. For 
the definition of symbols, see Fig. 6.14. 



Chapter 7 

Conclusions 

In this thesis, we have developed detailed chemical evolution models far galaxies of differ-

ent morphological types, namely ellipticals, spirals and irregulars. These models have been 

matched to two spectrophotometric codesto study the cosmic history of star formation and 

the cosmic production of the elements. We have developed a pure-luminosity scenario where 

only galaxy luminosities evolve, whereas the number densities are assumed constant at the 

values indicated by the local B-band luminosity function, as observed by Marzke et al. (1998). 

This is equivalent to assume that galaxy merging and interactions have no dominant role in 

galaxy evolution. The results predicted by our scenario have been compared to a large set 

of observations of high-redshift galaxies. We predict that spirai discs are the most active 

star forming sites in the universe throughout the redshift interval O < z < l which, far a 

standard ACDM cosmology and h= 0.65, correspond to the 57% of the cosmic time. Hence, 

the observed decline of the galaxy luminosity density at z < l is mainly caused by slowly 

gas-exhausting spirals. At redshift larger than l, the main contributors to the galaxy lumi-

nosity density are elliptical galaxies. 

Our results have been also compared to the ones emerging from the competing hierarchical 

clustering scenario far galaxy formation, in arder to establish which galaxy formation picture 

can better reproduce the current set of observational data. Our results indicate that atten-

uation by interstellar dust tends to hide the brightest star-forming sites, namely elliptical 

galaxies forming stars at high (> 4) redshift. Once dust-extinction effects are taken into 

account, the UV luminosity density observed at redshift 4-5 can be nicely reproduced by 

our PLE scenario. On the other hand, the hierarchical SAM models by Menci et al. (2002) 

tend to underestimate the UV luminosity density (hence the total amount of star formation) 

observed at high redshift. In generai, the luminosity density observed in the B, J and K 

179 



180 CHAPTER 7. CONCLUSIONS 

bands at z < l can be satisfactorily reproduced by both PLE and hierarchicai predictions. 

Observations at z > l in the J and K bands, currentiy missing, wouid be very heipfui in dis-

entangling between the two scenarios and in identifying the major spheroid formation epoch. 

Some of these resuits will become soon avaiiabie thanks to the new gaiaxy surveys, such as 

the "Gemini Deep Deep Survey" (Giazebrook 2003) and the "Great Observatories Origins 

Deep Survey" (Giavaiisco 2003). 

Our study of cosmic eiement production has allowed us to calcuiate the average metallicity 

in gaiaxies at the present time. Our results have provided an approximateiy soiar vaiue of 

< Z >gal= 0.0175, confirming previous resuits by other authors based on different approaches 

(Edmunds & Phillips 1997). Furthermore, the present metai budget impiies that the average 

IGM Fe abundance is Iower than what observed in the hot gas in clusters of gaiaxies. In fact, 

the average IGM Fe abundance predicted by our modeis is XFe,IGM = 0.05XFe,8 , in contrast 

with the ICM, characterized by an observed typicai Fe abundance XFe,ICM = 0.3XFe,8· This 

indicates that clusters of gaiaxies appear as sites of enhanced metai production with respect 

to the fieid. 

By means of our chemicai evoiution modeis, it has been aiso possibie to investigate the nature 

of Damped Lyman Aipha (DLA) systems, of particuiar importance in gaiaxy evoiution since 

they are Iikeiy to represent high-redshift counterparts of present-day gaiaxies. Our results 

confirm that the DLA popuiation is Iikeiy to be composed by a mixture of different morpho-

Iogicai types, mainiy spirai and irreguiar gaiaxies. Thanks to the Iarge set of data collected 

by Dessauges-Zavadsky et al. (2003), with our chemicai evoiution modeis it has been possibie 

for the first time to study the abundance patterns of individuai systems and to infer their 

star formation rates. The estimated star formation rates per unit area are in agreement with 

the vaiues obtained by Wolfe et al. (2003a,b) in DLAs using a different technique. 
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amounts of different elements locked up in various phases (stars, IGM, ISM) 
and in different galaxies represents the second main novelty of this thesis. 
Finally, the chemical evolution models for galaxies of different morphological 
types allow us to perform an analysis of the chemical abundances measured 
in high-redshift objects. Of particular importance are the Damped-Lyman 
Alpha (DLA) systems, often referred to as the most likely progenitors of 
the local spiral and irregular galaxies. With the present work, it has been 
possible to study first the chemical evolution of the DLA population as a 
whole, in order to infer which morphological galactic types can be associateci 
to DLAs and which are to be ruled out. Secondly, by focusing on individua! 
systems and by reproducing at the same time as many observed abundances 
as possible, it has been possible to infer the star formation history of some 
single DLA systems and to have important hints on their ages. This kind of 
analysis, never performed so far, represents the third major novelty of this 
thesis. 
The present thesis is organized as follows: in chapter l a general overview 
on galaxy evolution is performed. The observational properties of the differ-
ent galactic types are described, along with their interpretation and current 
theoretical approaches to galaxy formation and evolution. Particular em-
phasis is put on the most intriguing debate in galaxy evolution, namely: 
how and when did the formation of spheroids occurred in the universe oc-
curred? Chapter 2 is a description of the chemical evolution models used in 
the present work: the main physical assumptions at the basis of the models 
for ellipticals, spiral and irregular galaxies and some results concerning the 
predictions which these models provide. Chapter 3 is a description of the 
spectro-photometric models used to study galaxy spectra, magnitudes and 
colors, with a comparison between results coming from different models and 
a description of the method used to investigate the dust extinction effects. 
In chapter 4 the results concerning the cosmic star formation history, the 
galaxy luminosity density and cosmic supernova rate are presented, along 
with a comparison between the predictions provided by the PLE model de-
veloped with this thesis and the hierarchical model by Menci et al. (2002). 
In chapter 5 we present our detailed calculations of the metal production 
rates. We perform a budget of the metals in the local universe and investi-
gate the metal abundances in stars, ISM and IGM. In chapter 6 we apply our 
chemical evolution models to the study of damped Lyman alpha systems. 
Finally, in chapter 7 some conclusions are drawn. 
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as isolated systems only in luminosity. This scenario represents a pure-
luminosity evolution (PLE) one and it is equivalent to assume that merging 
has had no dominant effect on galaxy evolution throughout the Hubble time. 
Hence, we have developed a galaxy evolution picture which is opposed to 
the galaxy formation models based on the current "concordance" cosmo-
logical paradigm, which assume a cold dark matter universe whose energy 
is dominateci by the cosmological constant. Such models indicate that the 
formation of large scale structures occurs in a hierarchical fashion: the first 
objects to form are the smallest ones, which then merge and build larger 
and larger objects. The baryonic matter, which builds up the galaxies, has 
the same behaviour of the dark matter, so that the first galaxies to form 
are the dwarf ones, which then by means of several merging processes give 
place to the giant galaxies. Thus, in contrast to our scenario, these mod-
els predict a strong galaxy number evolution. The strength of the PLE 
scenario described in this thesis is that, at variance with other approaches 
such as semi-analytical galaxy formation modeling or hydrodynamical/SPH 
cosmological simulations, i t allows to study the evolution of the galaxy mor-
phological types and the contributions brought by each type to cosmic star 
formation and element production in the universe. This point represents 
the first main novelty of my thesis. The PLE picture has also been used to 
predict the evolution of the cosmic Supernova rate which, thanks to the next 
generation space telescopes, will be soon measurable up to the highest red-
shifts, providing other fundamental hints to constrain galaxy formation and 
evolution. Furthermore, the comparison between the predictions obtained 
by the PLE scenario described in this thesis and the hierarchical represents 
an important benchmark to study galaxy evolution. When compared to the 
observations, it is possible to infer which picture is better to describe galaxy 
evolution. This is another aim of the present thesis, along with the sugges-
tion of ne w o bservational strategies t o disentangle between the hierarchical 
and the PLE picture if the current data do not allow us to perform such 
task. 
The predictions o n the cosmi c element pro d uction rates are then used to 
calculate the metal and baryonic budget in the local universe. Part of the 
elements synthesized so far remains locked up in long living stars and rem-
nants, part is restored into the galactic ISM through supernova (SN) ex-
plosions and stellar winds while another fraction is expelled into the IGM 
through galactic winds and outflows. The formalism described in this thesis 
allows us a detailed computation of the element fractions present in each of 
the three main components of the local universe. The investigation of the 
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