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Summary

This thesis is divided into three sections: in the first part we explore the connec-

tion between Gamma Ray Bursts (GRBs) and supernovae (SNe) and the com-

parison between the cosmic SNIb/c and GRB rates ( i.e. in a unitary comoving

volume of the Universe). In the second part, we focus on the chemical evolution of

galaxies of different morphological type. In this part, as a test case for spheroidal

systems, we develope a model for the Galactic bulge, which is similar to an el-

liptical of the same mass. Finally, in the third part of the work, we describe the

method used to identify the GRBs hosts galaxies by means of abundances and

abundance ratios using chemical evolution models including dust and the calcu-

lation of cosmic rates related to the dust.

i) GRBs are sudden and powerful gamma-ray flashes, occurring at a rate of ∼

1 per day in the Universe. The duration of GRBs at MeV energies ranges

from 10−3 sec to about 103 sec, with long bursts being characterized by a

duration > 2 seconds (LGRBs). In the past years, the LGRBs have been

associated with powerful supernovae Ib/c originating from the death of mas-

sive stars and having energies in excess of the majority of core collapse SNe

(stars with mass M > 10M⊙); for this reason, they have been called “hy-

pernovae”(Iwamoto et al. 1998; see also Paczyǹski 1998). In particular,

most of the evidence points towards Type Ic SNe (see Woosley & Bloom

2006, Hjorth & Bloom 2011). The “collapsar”model proposed to explain the

origin of LGRBs takes into account this phenomenological aspect and pro-

poses a Wolf-Rayet (WR) progenitor (stars with masses M < 30 − 40M⊙)

which undergoes core collapse, thus producing a rapidly rotating black hole

surrounded by an accretion disk which injects energy into the system and

thus acts as a “central engine”(Woosley 1993, MacFayden & Woosley 1999,

Zhang, Woosley & MacFayden 2003); however, the collapsar can originate

also in massive stars in binary systems, as suggested by several authors (e.g.

Baron, 1992; Kobulnicky & Fryer, 2007; Yoon et al. 2010).

Using detailed galaxy evolution models of different types of galaxies (ellip-

ticals, spirals and irregulars), in this first part of the work, we study the

behaviour of the SN Ib/c rate in galaxies as a function of redshift and com-

pare them with the GRB cosmic rate. In computing the SN rate in galaxies

we assume different histories of star formation and adopt different kinds of

stars (single Wolf-Rayet and massive binaries) as GRB progenitors. We in-

clude some recent suggestions about the dependence of the minimum mass
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of single WR stars upon the stellar metallicity and therefore upon galactic

chemical evolution. All the star formation histories assumed in our chemi-

cal evolution code reproduce recent observations at present time. However,

in the case of elliptical galaxies where the star formation stopped several

Gyrs ago, this constraint cannot be fulfilled. Therefore, to test our model

for spheroids we modeled a particular case, the Galactic bulge (see later).

In order to study the connection at high redshift we move from the local

Universe where it is possible to recognize the morphological type of galaxies

to a unitary comoving volume of Universe. This change of perspective is nec-

essary working with galaxies rates: in fact, the observational rates at high

redshift are not able to indicate the nature of the sources. We compute the

cosmic star formation rate as a linear combination of the star formation rates

considered assuming a pure luminosity evolution of galaxies, in other words,

all galaxies started forming stars at the same time and there is no number

density evolution along the cosmic time. By means of this cosmic star forma-

tion rates (CSFR) and using also other CSFRs based on different hypothesis

and available in the literature, we compute each cosmic SN Ib/c rates as the

convolution of each CSFRs and the initial mass function and compare them

with the cosmic GRB rates available in the literature. Our results show that

the predicted Type Ib/c SN rates in spirals and irregulars can well reproduce

the present time observed rates if both single WR stars and massive binary

systems are taken into account as Type Ib/c SN progenitors. The metallic-

ity effects on the minimum mass for single WR stars are evident mainly in

the early phases of galaxy evolution and do not influence substantially the

predicted local Type Ib/c rates. The ratio cosmic GRB - Type Ib/c rate

varies in the range 10−2 − 10−4 in the whole redshift range, thus suggesting

that only a small fraction of all the Type Ib/c SNe gives rise to GRBs. We

note that the metallicity dependence of Type Ib/c SN progenitors produces

lower cosmic SN Ib/c rates at early times and this result is independent from

the hypothesis used to perform the cosmic star formation rate. Finally, we

show that different theoretical cosmic star formation rates, computed under

different scenarios of galaxy formation, produce SN Ib/c cosmic rates which

differ mainly at very high redshift. For this reason, it is difficult to draw firm

conclusions on the high redshift trend because of the large uncertainties in

the data but we think that GRBs can be important tracers of star formation

at high redshift if their luminosity function does not vary with redshift and

they can help in discriminating among different galaxy formation models.
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The main results discussed in this part of the Thesis have been published in

Grieco et al. (2012a).

ii) The second part of the work is focused on the chemical evolution of galaxies

of different morphological type. We assume that galaxies of different mor-

phological type (ellipticals, spirals, irregulars) can be described by different

star formation (SF) histories. In other words, we vary the SF efficiency (star

formation rate per unit mass of gas): this efficiency is highest for spheroids

(ellipticals and bulges) and minimum for irregulars. In all models we assume

that the baryonic mass assembles by infall of primordial gas and we take into

account the possibility of the development of a galactic wind as a consequence

of SN (II,Ia,Ib/c) feedback. The initial mass function is assumed to be the

same in all galaxies. The models predict the evolution of the abundances of

several chemical elements including H, D, He, Li, C, N, O, α-elements, Fe and

s- and r- process elements. Our models for galaxies of different morphological

type are a sort of “standard”models representing a typical galaxy for each

type, and the model parameters are fixed by reproducing the present time

observational constraints and in particular the star formation rate. In order

to study the evolution of spheroids, which stopped forming stars several Gyrs

ago, we develop, as a particular case, a model for the Galactic bulge. In par-

ticular, we focus on the recent although controversial discovery of two main

stellar populations in the Galactic bulge, one metal poor, with a spheroid

kinematics and the other metal rich, with a bar-like kinematics, suggesting

to revise the classical model for bulge formation, Babusiaux et al. (2010),

Hill et al. (2011). We assume that the metal poor population formed first

and on a short timescale, in agreement with previous models, while the metal

rich population formed later and out of the enriched gas either left from the

formation of the previous one or originating from the inner disk. We predict

the stellar distribution functions for Fe and Mg, the mean < [Fe/H] > and

< [Mg/H] > and also the [Mg/Fe] vs. [Fe/H] relations in the two stellar

populations. Then, we consider the case in which the metal poor population

could be the result of sub-populations formed with different chemical enrich-

ment rates. In particular, the population close to the galactic center could

have evolved very fast while the population more external could have evolved

more slowly, in agreement with the dissipational gravitational collapse sce-

nario. Our results , when compared with observations, confirm that the old

more metal poor stellar population formed very fast (on a timescale of 0.1-0.3
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Gyr) by means of an intense burst of star formation coupled with an initial

mass function flatter than in the solar vicinity, but not as flat as suggested in

previous works. The metal rich population, instead, should have formed on a

longer timescale (∼ 3 Gyr). We predict differences in the mean abundances

of the two populations of ∼-0.52 dex in the case of < [Fe/H] > that could

be interpreted as a metallicity gradient. In addition, we predict possible

gradients for Fe, O, Mg, Si, S and Ba between sub-populations inside the

metal poor population itself (e.g. -0.145 dex for < [Fe/H] >), see Grieco et

al. (2012b). We conclude that the chemical evolution of the Galactic bulge,

as suggested by its stellar populations, has been quite complex but that it

is possible to constrain the histories and formation of a galaxy studying the

chemical abundances and this result will be fundamental when applied to

the SN/LGRB connection,

iii) Finally, in the third part of this thesis, we develop a method, based on chem-

ical evolution, to identify the hosts of GRBs. Our idea comes from the the

following considerations: if GRBs are produced by the collapse of massive

stars, they are presumably originating in galaxies where the bulk of mas-

sive star formation at high redshifts is taking place. From an observational

point of view, almost in all the cases where the galaxy hosting the GRBs is

observed, the burst position suggests that GRBs originate in regions where

star formation is taking place (Bloom et al 2002). In this context, the deter-

mination of the nature of GRB host galaxies and measurements of their star

formation rate not only provide evidence in favour of or against the collapsar

model, but also provide insight in the nature and origin of star formation in

the early universe. Starting from the observational abundances coming from

the afterglow spectrum of GRBs, we use detailed chemical evolution models

taking into account the dust evolution, particularly important in star forming

regions, as tools in the identification of GRB host morphological type.

We perform our analysis by using the observed abundance ratios,together

with all the useful data available in the literature (stellar mass, SFR, ex-

tinction Av, dust mass) as constraints for our models. In particular, the

most useful chemical data used in our work are the α-elements to iron ratio,

which are predicted to be quite different in different SF regimes (Matteucci

& Brocato 1990; Matteucci 2001). It is worth noting that different SF his-

tories influence the plot [α/Fe] vs. [Fe/H] and this is due to the so-called

“time-delay model”. In other words, α-elements are mainly produced in core-
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collapse SNe restoring them into the interstellar medium on short timescales,

whereas Fe is mainly produced in Type Ia SNe (white dwarfs in binary sys-

tems) on long timescales; this different production times produce a typical

trend in the α-elements abundances: [α/Fe] ratios are oversolar in the early

galactic evolutionary phases and then decrease when the contribution to Fe

from SNe Ia becomes important. This point, or “knee”in the plot, varies

with the SF formation history. In particular, the [α/Fe] ratios in spheroids

are predicted to be oversolar for a large range of [Fe/H] (the knee occurs at

solar or oversolar [Fe/H]), exactly as it happens in the Galactic bulge. On

the other hand, the knee in the spirals and irregulars occurs at lower [Fe/H]

values (in the irregulars the knee occurs at the lowest [Fe/H]). Therefore,

if we compare the observed [α/Fe] ratios in the galaxies hosting GRBs, we

can deduce the nature of the galaxy. In this way, we are able to choose the

best model for each GRB hosts considered and therefore to infer the nature,

the age and the dust content of the hosts. Finally, we compute the cosmic

rate of dust evolution in order to infer the dust content in the first stage of

the Universe evolution and the influence on the cosmic star formation rate

of galaxies. The conclusions of this work will be published in Grieco et al.

(2014), in preparation.
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Publications

In the course of completing the work presented in this thesis, the contents of my

work have been included in several articles.

Chapter 1 which investigates the comparison between the SNIb/c and GRB

rates and the role of the metallicity as a function of time is published in Paper (I),

while Chapter 2, which is an in-depth analysis of the Bulge evolution, taken as

tester case for the elliptical model used to develope the cosmic SNIb/c rate, has

been published in Paper (II). Both the papers have been submitted and accepted

for publication in a refereed journal while the results showed in the last chapter,

showing a GRB host galaxy identification method based on chemical evolution

models will be included in a third paper.

I Grieco, V., Matteucci, F., Meynet, G., et al. 2012a, MNRAS, 423, 3049,

“Metallicity effects on cosmic Type Ib/c supernovae and gamma-ray burst

rates”

II Grieco, V., Matteucci, F., Pipino, A., & Cescutti, G. 2012b, A&A, 548, A60,

“Chemical evolution of the Galactic bulge: different stellar populations and

possible gradients”

III Grieco et al. 2014, in preparation, “GRB host galaxies: a chemical identifi-

cation method”
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Chapter 1

Introduction

In the past years, it has been established that some long GRBs are associated

to supernovae (SNe) originating from the death of massive stars. In particular,

the GRBs have been associated with powerful supernovae Ib/c having energies in

excess of the majority of such SNe and for this reason they have been called “hy-

pernovae”(Iwamoto et al. 1998; see also Paczyǹski 1998). In the last years, most

of the evidence pointed towards Type Ic SNe (see Woosley & Bloom 2006; Hjorth

& Bloom 2012). The “collapsar”model proposed to explain long GRBs takes

into account this phenomenological aspect and proposes a Wolf-Rayet progenitor

which undergoes core collapse as common progenitor (Woosley 1993; MacFayden

& Woosley 1999; Zhang, Woosley & MacFayden 2003), see Section 1.3 . However,

the collapsar can originate also in massive stars in binary systems, as suggested

by several authors (e.g. Baron, 1992; Kobulnicky & Fryer, 2007; Yoon et al.

2010), see Section 1.1.2.

The present thesis is organized as follows: in this first Chapter, a general

overview on the basic properties of supernovae and Gamma-Ray Bursts (GRBs)

and the relation occuring between them both from a theoretical and observational

point of view is presented. Chapter 2 is a description of the chemical evolution

models used in the present work to compute the theoretical SN rates as well as

the chemical abundances of the galaxies hosting GRBs and the main physical

assumptions at the basis of the models for elliptical, spiral and irregular galaxies.

In Chapter 3, the star formation and the Type Ib/c SN rates of different galaxy

types are shown together with a comparison of the Gamma-ray Burst rate in the

same galaxies. After that, in order to study the connection at high redshift, the

cosmic star formation history and the cosmic supernova rate are presented, along

with a comparison with the cosmic GRB rate observed by Swift. In Chapter

4, the results coming from the chemical evolution model of the Galactic bulge
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developed as test case of our spheroidal model will be described. In Chapter

5 we constrain the nature and star formation history (SFH) of some GRB host

galaxies by means of detailed chemical evolution models taking into account the

variation in the abundance patterns due also to the interstellar matter (ISM)

dust. Moreover, in the same Chapter, the cosmic dust rate is shown as a function

of the redshift. Finally, in Chapter 6, a summary of the main conclusions is

presented.

1.1 Supernovae

Supernovae (SNe) are the result of the instantaneous release of energy that occurs

at the end of a star’s lifetime and represent one of the most energetic explosive

event in the Universe. Although only a small fraction of the energy is released in

the form of visible light, the SN event becomes as bright as the whole galaxy in

which it is embedded.

SNe are primarily classified by the appearance of their optical spectra, usually

around the time of peak brightness. A thorough review of the types and the cri-

teria used to classify them is provided by Filippenko (1997). This classification is

illustrated in Figure 1.1. The main distinction is made by the presence or absence

of hydrogen, where Type II SNe display hydrogen in their spectra, while Type I

are hydrogen deficient and contain more sub-classes. SNe Ia are distinguished by

the presence of a moderately strong Si II absorption line observed at ∼ 6150Å.

The other Type I SNe (collectively SNe Ib/c) lack this feature, although they

possess silicon, and are further divided into SNe Ib and Ic based on the presence

or absence of strong helium lines. SNe II are further divided into SNe IIL (linear)

and SNe IIP (plateau) depending on whether their light curve declines linearly or

displays an almost constant luminosity after maximum. To these sub-divisions,

we add the SNe IIn (’narrow’) that display narrow hydrogen lines in their spectra

and the hybrid class of SNe IIb that start as a Type II but metamorphose later

to Ib.

For the purposes of the thesis however, it shall be more convenient to group all

SNe that have massive stellar progenitors and explode by the same mechanism as

core-collapse SNe (CCSN), these are SN Ib, SN Ic and SN II with all its subgroups.

On the contrary, SN Ia progenitors are not massive stars; most likely they are

white dwarfs in interacting binary systems that explode once the primary star has

accreted enough mass to reach the Chandrasekhar mass limit (MCh ∼ 1.4M⊙).

In this work, we will focus on CCSNe and in particular on SNIb/c and their
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Figure 1.1: The classification scheme of supernovae, Turatto et al. (2003).

1.1.1 Supernovae distribution in the galaxies

The SNIa are observed in each type of galaxy (elliptical, spiral and irregular).

The presence of these objects in elliptical galaxies where there is not evidence of

recent star formation clearly indicates that their progenitors are stars of long life.

SNe II, Ib, and Ic occur in the vicinity of star-forming regions such as HII

regions in the disks of the spirals or irregular, while they are absent in elliptical

galaxies. This suggests that the progenitors of this supernova type are stars with

high-mass (& 8M⊙) and short life that undergo a core collapse process, leaving

as a stellar remnant a neutron star (NS) or a black hole (BH), after the expulsion

of the envelope through a violent explosion.

The Types Ib and Ic are often difficult to distinguish and their classification is

dependent on the phase of the spectra and signal-to-noise, (Eldridge et al. 2013).

For this reason, we will often use the common term of Type Ib/c SNe to cover

them jointly.

In Table 1.1, the present SNe rates in different types of galaxies are shown in

SNuK [SN(100yr)−1(1010L⊙,K)
−1] and SNuM [SN(100yr)−1(1010M⊙)

−1], where

a K-band luminosity of LK = 6.7 · 1010LK,⊙ is assumed to convert the rate in

yr−1, (Kent et al. 1991).
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Tipo Ia Ib/c II

SNR in unit of SNuK

E/S0 0.035+0.013
−0.011 < 0.0073 < 0.10

S0a/b 0.046+0.019
−0.017 0.026+0.019

−0.013 0.088+0.043
−0.039

Sbc/d 0.088+0.035
−0.032 0.067+0.041

−0.032 0.40+0.17
−0.16

Irr 0.33+0.18
−0.13 0.21+0.26

−0.14 0.70+0.57
−0.43

SNR in unit of SNuM

E/S0 0.044+0.016
−0.014 < 0.0093 < 0.013

S0a/b 0.065+0.027
−0.025 0.036+0.026

−0.018 0.12+0.059
−0.054

Sbc/d 0.17+0.068
−0.063 0.12+0.074

−0.059 0.74+0.31
−0.30

Irr 0.77+0.42
−0.31 0.54+0.66

−0.38 1.7+1.4
−1.0

Table 1.1: SNe Ia, Ib/c and II rates at present time in elliptical, spiral and irregular

galaxies.

1.1.2 SNIb/c progenitors

While the SN II progenitors have been observed in the past decades (Smartt

2009), there is no detection of a SN Ibc progenitor until recently (Smartt 2009;

Eldridge et al. 2013). In general, the theoretical physical mechanism of the core

collapse process is well established (see e.g. Burrows 2012) but the structure of

the star before the explosion and a clear explanation of the variety of explosions

(i.e. kinetic energies, luminosities, variation in the production of nickel) are

still not well understood. As the observational characteristic are affected by

the evolutionary history of its progenitor star, a theoretical identification of the

progenitor is crucial both to develop a model able to explain the observational

data and, as in our case, to predict the right SNIb/c rate in different types of

galaxies and the GRB/SNIb/c ratio.

Supernova Ibc progenitors are believed to come in part from massive stars

that lose their H envelope due to stellar winds, becoming Wolf-Rayet (WR) stars

(Maeder 1981), and in part from binary systems where the H envelope has been

stripped by a companion (Podsiadlowski et al. 1992; Nomoto at al. 1995; Yoon et

al. 2012). The main problem in the understanding which is the preferred channel,

comes from the non-detection of WR stars as SN Ib/c progenitors. There is no

agreement on the detectability of these objects: Smartt (2009) and Eldridge et

al. (2013) suggest that single WRs are bright and should have been detected

in pre-explosion images; on the other hand, Yoon et al. (2012) suggest that
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single WR stars at the pre-SN stage could be very hot and faint in the optical

bands. In a recent paper, Groh et al. (2013b) using a detailed evolutionary and

atmospheric model, confirm that SN Ib/c progenitors from single stars are too

faint to have been detected in the pre-explosion optical images. Therefore, the

absence of WR observations in SN pre-explosion images is not a crucial proof

against the hypothesis that the WRs are the progenitors of SNIb/c.

The single Wolf-Rayet channel

Usually, the Wolf Rayet stars (WRs) are defined as massive evolved stars that

have lost most of their hydrogen envelope but the evolution of these stars is not

unique and depends on the initial stellar conditions. From the spectroscopic point

of view, the WRs are characterized by broad and very intense emission lines. They

experience, during their evolution, various stages which can be divided according

to the observed surface abundances:

WN phase: intense lines of helium (He) and nitrogen (N) on the surface; ab-

sence of carbon (C) and oxygen (O). They are further divided into WNL,

characterized by the presence of hydrogen on the surface, and WNE stars

if the hydrogen is absent;

WC phase: strong lines of carbon, no evidence of the existence of H or N;

WO phase: characterized by a great enrichment of carbon and oxygen.

In 1943 , Gamow suggested that the abnormal and heterogeneous composition

of the WR stars was the result of several nuclear processes whose effects are

visible on the stellar surface; this assumption was confirmed in the late twentieth

century: the WN showing on the stellar surface the CNO hydrogen burning cycle

products while the WC stars burn helium through the triple-α process. It is

possible to observe a continuity in the physical and chemical properties of the

various evolutionary phases of this class of stars: once it is entered into the WR

phase, the process of mass ejection starts in the first region of the star, rich in

nitrogen, where the elements produced by the fusion of hydrogen in the CNO

cycle (WNL - WNE) reside; then, the mass loss continues in the layers , rich in

carbon, in which helium is melted through the triple-α process (WC stages and

finally WO).

Typically the WR stars have masses between 10-25 M⊙ and come from O-

type stars, spending about 10% of their lives in the WR phase, as shown by

Meynet and Maeder (2005). At solar metallicity, the minimum initial mass that
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a star must have in order to enter the WR phase is ∼ 25M⊙ , although this value

decreases with increasing metallicity.

The relation among mass loss, metallicity and SNIb/c rate plays a crucial role

in the single Wolf-Rayet channel. The minimum mass required for a star to give

rise to a SNIb/c event depends mainly on the mass loss that the star experiences

during its evolution. In turn, the mass loss will depend on the initial mass of the

progenitor (Ṁ ∼ M3.4) and on the interaction between the radiation pressure

and the stellar matter: during the radiation path towards the outer layers of

the star, the stellar medium absorbs photons and the momentum they carry out.

The atoms responsible for the absorption of the radiation, through collisions,

transfer the acquired momentum to the surrounding material. In this way, the

outer layers are able to achieve a sufficient momentum to escape from the system.

The metallicity plays a fundamental role in the process of mass loss; in fact, in

the atmospheres of massive stars, hydrogen and helium are fully ionized and the

atoms responsible for the photon absorption process are those of metals.

In the work of Meynet et al. (2005), the relation between the metallicity and

the mass loss follows the equation:

Ṁ(Z) = (
Z

Z⊙

)αṀ(Z⊙) (1.1)

where the parameter α varies between 0.5 and 0.8 in the metallicity range [0.03-

3]Z⊙.

Recalling that only the stars that have lost their hydrogen envelope explode

as SNe Ib/c, it is evident that an increase in metallicity, and therefore in the

mass loss, produces an increase in the rate of explosion of Type Ib/c SNe.

Another important factor to take into account in this relation is the role

of the rotation. Many authors include in the models the stellar rotation, which

seems to increase the agreement between theoretical predictions and observations

(Prantzos and Boissier 2003; Meynet and Maeder 2003-2005; Yoon, Langer and

Norman 2006; Georgy et al. 2009). In a series of articles published since 2003,

Meynet and Maeder have highlighted the role of rotation in the evolution of the

minimum mass of progenitors of SNIb/c. In particular there are two effects:

❼ the entrance into the WR phase is anticipated and consequently the lifetime

τWR is longer;

❼ the minimum mass of the stars that enter into the WR phase becomes

smaller.
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Now, let us focus on the second effect. The evolution of the velocity of rotation

(vrot) depends in a first approximation on two factors: the internal coupling and

the mass loss. The role that these two mechanisms have in the variation of the

velocity and therefore in the minimum mass of WR is the following:

the inner coupling, in the main sequence (MS) phase when there are the con-

traction of the core and the expansion of the envelope, carries angular mo-

mentum (L) towards the outer layers, thus creating an increase of Lsurf and

then, of vrot,surf at the stellar surface;

the mass loss removes material from the outer layers of the star decreasing the

value of the angular momentum and, consequently, the speed of rotation.

Therefore, it is possible to conclude that these two mechanisms are in contrast to

each other: the stronger is the inner coupling, the higher is the value of vrot, at a

given stellar evolutionary stage; the higher is the rate of mass loss, the faster is

the decrease of vrot,surf .

When the metallicity of the system decreases, the rate of mass loss is smaller

and consequently the decrease of the vrot,surf is slower. Moreover, the stars are

more compact, and the higher density of the outer layers makes the transport

of angular momentum toward the stellar surface difficult and reduces the inner

coupling and therefore the speed of rotation. The explanation of the stellar

density-metallicity relation is the following:

i) the opacity of the outer layers is lower than in the inner region of the star.

Therefore the radiation, if the metallicity decreases, exerts less pressure al-

lowing the star to be more compact;

ii) at lower metallicity, there are fewer CNO elements and consequently the

hydrogen burning takes place at higher central temperatures but these higher

values are obtained in more compact stars and so, the higher is the stellar

gravity, the steeper becomes the gradient of temperature.

It is hence clear that, even in this case, the two processes are in contrast:

when the metallicity decreases, the mass loss rate supports an increase in the

speed of rotation while the lower internal coupling efficiency tends to decrease it.

Numerical models show that in the case of stars with masses larger than 30M⊙,

the mechanism of mass loss as a function of metallicity dominates; the overall

effects are a decrease of the minimum mass of the SNIb/c stellar progenitor and

a consequent increase in the rate of SNIb/c explosion with increasing metallicity.

In this work, we use the work of Georgy et al. (2009) based on the stellar

evolutinary model with rotation developed by Meynet and Maeder (2003, 2005).
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The results of this analysis are shown in Figure 1.2: as expected, the stellar mass

lower limit, necessary for the formation of a WR, decreases with the increasing

metallicity; the dependence of this limit on the metallicity is higher at lower

metallicity. Using these relations, in Section 3.2, the evolution of the minimum

mass of Type Ib/c SNe progenitors as a function of the metallicity will be shown.

Figure 1.2: Ranges of masses for different types of supernova progenitors as a function

of different metallicities, Georgy et al. (2009). The type of progenitor is indicated in

the figure. The shaded area on the right indicates the region of formation of blacks

holes (BH). In all other cases the stellar remnant is a neutron star (NS).

Binary system channel

As already mentioned, the SNIb/c progenitor could be the classical, single Wolf-

Rayet stars which have initially a mass larger than ∼ 25M⊙ but then lose their

hydrogen envelopes through radiatively driven stellar winds (Crowther 2007); but,

such mass loss process can also occur in massive binary systems. The evolution of

binary stars is more complex respect to the single stars because massive stars in

close binary systems experience an exchange of angular momentum and mass via

tidal interaction and mass transfer. It as been suggested by many authors (e.g.

Baron 1992; Yoon et al. 2010; Eldridge et al. 2013) that SNIb/c progenitors could

be helium stars with mass, at zero-age main-sequence (ZAMS), too low to allow
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the WR phase in a single star. In these cases, the star could have an initial mass

value lower than ∼ 25M⊙ and close to the minimum mass required to produce

Fe-cores (i.e. ∼ 10M⊙). The helium stars in binary systems lose their hydrogen

envelope through interaction with a binary companion, via Roche-Lobe overflow

or common-envelope evolution (e.g. Iben & Tutukov 1985; Podsiadlowski et al.

1992; Vanbeveren, Van Bever & Belkus 2007). The doubts regarding the existence

of this binary channel arise from the absence of observed hydrogen free stars in

the Milky Way, Eldridge et al. (2013).

The evolution of the primary component of the system is characterized by

the initial mass and by the mass loss via Roche-lobe overflow. The mass trans-

fer could occur in different evolutionary stages and could be classified as: “Case

A”during the core hydrogen burning, “Case B”during the helium core contrac-

tion/beginning of core helium burning, and “Case C”during the core helium burn-

ing and later stages; in the case in which the mass transfer happens during both

the hydrogen and the helium core burning, the mass transfer is classified as “Case

AB”. In any case, the effect on the primary component is negligible owing to the

self-regulating nature of the process: although winds or Roche-lobe overflows re-

duce the size of the hydrogen envelope and remove angular momentum from the

star, this in turn weakens the torque exerted to the core and vice versa.

Smith et al. (2011) measuring the SN rates from the Lick Observatory Super-

nova Search (LOSS) sample, based on a group of SNe selected from the luminosity

function analysis by Li et al. (2011), for a total of 106 CCSNe within 60Mpc vol-

ume, find that using only the single channel prescription, it is not possible to

reproduce the observed SN rates and that binary evolution is a crucial point

for the occurrence of Type Ib/c SNe. Indeed, Podsiadlowski et al. (1992) and

Nomoto, Iwamoto, & Suzuki (1995) have shown that around 30% of stars above

8M⊙ could lose mass in interacting binaries and produce the Ib/c SN population.

In Figure 1.3, the results of the Eldridge et al. (2013) paper, where they find

the relative rates of CCSNe in a sample of 203 transients over the 14.25 year time

period within a 28 Mpc volume are shown. The sources are chosen using three

catalogs: the IAU Central Bureau for Astronomical Telegrams, the HyperLEDA

galaxy Database and the NASA Extragalactic Database (NED). The observed

rates are reproduced with a mixed population of both single stars and binaries

with one single star for every binary system; in the binaries population, they

find that one third of all progenitors have had their envelopes stripped by binary

interactions via Roche-lobe overflow or common envelope evolution. This results

is consistent both with the work of Smith et al. (2011) and with our work, see 3.3.
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Figure 1.3: Percentage of CCSNe which are of a particular type as found in the work

of Eldridge et al. (2013).

1.2 Gamma ray bursts

GRBs are sudden and powerful gamma-ray flashes, occurring at a rate of ∼ 1

per day in the Universe. More than forty years have passed since the discovery

of GRBs by USA military spy satellites. Despite their discovery was made public

in the 1973 (Klebesadel et al. 1973), only in the last 15-20 years, the progress in

technology tools has allowed a meaningful understanding, although not yet com-

plete, of the nature of these events. During the following decades many theories

were developed to explain the nature of the progenitors of GRBs, sparking pas-

sionate debates regarding whether they occur at cosmological distances or within

our galaxy/galactic halo. For many years the latter explanation was preferred

due to the almost impossible energies implied if they did originate from other

sides of the Universe. From a classification point of view, no two gamma ray

bursts are the same, and the high-energy, gamma-ray emission, can last from a

few milliseconds to thousands of seconds. Some pulses are smoother and exhibit

little variability, while others consists of many sharp spikes. GRBs occur at ran-

dom locations in the sky, and it was shown in the 1990s, with the Burst and

Transient Source Experiment (BATSE) aboard the NASA satellite the Compton

Gamma Ray Observatory, that GRBs are isotropically distributed in the sky,

and thus probably located at cosmological distances (Meegan et al. 1992). The
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distribution in time of the number of bursts observed by BATSE and Swift, (see

Figure 1.4), clearly shows the existence of two distinct families of GRBs:

(1) short and hard bursts (S-GRBs) having a burst duration < 2 s and a harder

spectrum

(2) long and soft bursts (L-GRBs) with a burst duration > 2 s and a softer

spectrum.

Although the exact nature and number of sub-classes is still debatable (for exam-

ple, X-Ray Flashes, or XRFs, are thought to be low-energy “cousins”of long, soft

GRBs, with even softer spectra but durations similar to long, soft GRBs), there

is general agreement that short, hard GRBs are a distinctly different sub-class of

long, soft GRBs.

Figure 1.4: Left panel: distribution of the duration of the events observed by BATSE

and Swift. Right panel: some examples of the light curves of GRBs, Mészáros (2006).

Even in the temporal profile, it is generally not possible to recognize a common

structure in all the events: the light curve of a GRB can show complex structures.

As shown in Figure 1.4, right panel, in many bursts a variability is present over

a timescale δT significantly lower than the total duration T of the burst.

From a spectral point of view, the GRBs are characterized by the emission

concentrated in the energy range centered at 100keV with a typically non-thermal

spectrum. The observed photons flux may in fact be interpolated by a empirical

function known as the “Band function”, (Band et al. 1993):

F (E) = A







( E
100keV

)αe
−

E(2+α)
Epeak perE ≤ Ebreak

(
Epeak(α−β)

(2+α)100keV
)α−βe(β−α)(+ E

100keV
)β perE > Ebreak

(1.2)

with

Ebreak =
(α− β)Epeak

α + 2
(1.3)

where F(E) is the flux and A is a normalization constant in unit of kev−1 cm−2 s−1

while α and β are the spectral indexes in the low and high energy ranges, respec-
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tively. In practice, the Band function is composed by two segments, following a

power law, linked together by the energy Ebreak that is the transition energy in

the GRBs energy spectrum.

1.2.1 Collimated emission

Until now we have assumed a GRB emission in a spherical shell of emission

but actually, there is evidence indicating a different geometry with the GRB

emission collimated in two jets perpendicular to the accretion plane. In the

Universe there are several items that have a similar geometry of emission. An

immediate consequence of this type of emission is that the energy involved in the

various events is not so high as in the case of emission in spherical symmetry. In

particular:

Eγ =
θ2

2
Eγ,iso

where θ is the photons emission angle. With this correction, the order of magni-

tude of the GRB energies is about 1051 − 1052ergs, a value similar to the energy

involved in the processes of core collapse supernovae.

1.2.2 Afterglow

In February 1997, Beppo-SAX pinpointed a new fading X-ray source occurring on

longer timescales with respect to the prompt emission of GRB 970228 (Costa et al.

1997). The detection of this radiation, which was called “afterglow”, led to follow-

ups at other wavelengths after a delay of a few hours for processing. The discovery

of the afterglow, has represented the major step forward in our understanding of

GRBs. These events are observed throughout the entire electromagnetic spectrum

and for this reason a multiwavelength approach is needed. The light curves

observed at various wavelengths, show a typical power law trend: F ∝ t−1.33 in

the X band, then F ∝ t−1.14 in the visual electromagnetic range.

The later study of GRB970508 observed both by BATSE in the γ band of

the electromagnetic spectrum and by Beppo-SAX in the X band has allowed

the characterization of the event: an X-ray emission followed by a lower energy

emission in the optical band and, about a week after the main event, in the

radio band; both emissions are well described by a power law trend, even if a

single index of decay is often not adequate for an accurate description of the

phenomenon.
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1.3 Theory in Brief: the collapsar-fireball model

The collapsar-fireball model describe both the Gamma-Ray Burst creation through

the explosion of a collapsar star and the fireball mechanism bringing to the prompt

and afterglow emission.

The connection of GRBs with stellar explosions was first proposed theoret-

ically (Colgate 1986). Woosley (1993) considered a model of accretion onto a

newly formed rotating black hole to power the GRB fireball. The progenitor of

a GRB in this model is a rapidly rotating Wolf-Rayet (WR) star without the

hydrogen and even helium envelope. The reason of such a feature depends on

the type of progenitor hypothesized: in the case of single WR star, the mass loss

occurs through stellar wind while in the case of binary systems, most of the mass

is lost through Roche-lobe overflow process. The collapsar model (MacFadyen &

Woosley 1999) describes as a massive (M ≥ 25M⊙ ) rotating star with a helium

core (M & 10M⊙) collapses to form a rapidly rotating black hole with mass larger

than 2-3 M⊙. There are three possible varieties for the core-collapse of a massive

star (Heger et al. 2003):

i) Type I: the collapsar forms a black hole “directly”during the collapse of a

massive core. Although the star collapses and initially forms a proto-neutron

star, it is unable to launch a SN shock and eventually, after ∼ 1s, collapses

to form a black hole (Woosley 1993; MacFadyen & Woosley 1999).

ii) Type II: the collapsar forms a black hole by fallback mechanism after an

initial SN shock (MacFadyen et al. 2001). The explosion is too weak to eject

much of the star, and the subsequent fallback of material causes the collapse

of the neutron star in the core and the formation of a black hole.

iii) Type III: the collapsar does not form a proto-neutron star at all, but instead

quickly collapse into massive black hole which grow through accretion (Fryer

et al. 2001). These collapsar leads to the formation of a massive (∼ 30M⊙)

black hole.

Prompt and delayed black hole formation may occur in stars with a range of

radii depending both on the evolutionary state of the progenitor and its metal-

licity. The two main ingredients for the creation of a collapsar are a weak initial

SN explosion, producing a black hole, and enough angular momentum to form a

disk of material. It is worth noticing that the amount of angular momentum is

a crucial factor for the system. In fact, together with a minimum value required,

there is also an upper limit: the initial angular momentum should not be too

high: in this case, in fact, the disc is formed at a radius too large to effectively

dissipate its binding energy via neutrino emission and photo-disintegration.
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The disk of accretion around the black hole is assumed to be the energy source

for the GRB creation. The material flows from the disc towards the black hole

at a rate, approximately 0.07M⊙s
−1, similar to the rate at which the material,

mainly coming from the poles stellar, falls in the disk.

The energy released is assumed to be canalized in two narrowly collimated

and highly relativistic jets, perpendicular to the plane of the accretion disk; the

jets penetrate the stellar envelope with a high Lorentz factor Γ ∼ 100 (Soderberg

& Ramirez-Ruiz 2002), where Γ is the inverse of the jet opening angle. The time

spent by the relativistic jets to cross the hydrogen envelope of a typical massive

star, ranges from hundreds to thousands of seconds but in order to escape from

the system, a particular configuration is necessary: at the time of the burst,

a naked helium star with a radius of only few light seconds is required. The

radius of the WR star has to be sufficiently small in order to allow jets to emerge

before the engine ceases to operate. Breakout is further helped if the progenitor

originates in a low-metallicity environment, when stars are smaller in radius, lose

less mass and consequently have more massive cores. Both effects are thought to

favour GRB formation.

This is the collapsar model of a Gamma-Ray Burst: the collapse of the massive

stellar core into a black hole. But it is only the first step of a GRB creation. In

fact, the “real”Gamma ray Burst, starts away from the star and it is described

by a second step of the theory: the relativistic fireball shock model.

The gravitational energy released in a compact volume of the order of some

tens of cubic kilometers, is converted mainly into neutrinos (initially in ther-

mal equilibrium), gravitational waves (not in thermal equilibrium) and in a high

temperature (KT & MeV ) fireball consisting of electrons, positrons, γ-rays and

baryons as well as a significant amount of magnetic energy. The total energy

of the GRBs is comparable with the electromagnetic and kinetic one associated

with supernovae, but SNe take months to emit, mainly in the optical band, the

same energy that GRBs release in few seconds in the gamma band.

The fireball brightness is many orders of magnitude higher than the luminosity

of Eddington:

LE = 4πGMmpc/σT = 1.25 · 1038 (M/M⊙) ergs
−1;

above this limit, the radiation pressure dominates over gravity and the fireball ex-

pands with relativistic velocities (Cavallo et al. 1978; Paczynski 1986; Goodman

1986; Shemi et al. 1990). The observed spectrum of GRBs, which is non-thermal,

follows a power law. This provides important information about the emission
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mechanism: a power law spectrum is the signature of a well-defined physical pro-

cess characterized by several shock waves. The fireball model assumes a central

engine, as main source of the system, that emits relativistic shells of plasma in

the interstellar medium.

The shock waves are produced as the result of the different velocity of the

shells. The dissipated energy could be used both to accelerate the particles and to

generate magnetic fields. Charged particles in magnetic fields lose energy through

synchrotron emission; the subsequent inverse Compton interaction between syn-

chrotron photons and charged particles, generates the high-energy photons of

the prompt emission. Besides the internal shocks, shells interact with the sur-

rounding interstellar medium producing the characteristic emission at different

wavelengths known as afterglow.

In Figure 1.5, a Long Gamma-Ray Burst formation cartoon, in the frame

of the collapsar/fireball model, is shown (Mészáros, 2001). The central engine

remains active for a long time after the main burst which creates the prompt

emission. In this way, as already mentioned, this mechanism contributes to the

afterglows emission. Before the final explosion, the matter surrounding the star

is not completely wiped out from the energetic jets and stellar wind and conse-

quently a part of this material continues to fall toward the center of the system

contributing to the black hole growth.

Figure 1.5: Long Gamma-Ray Burst formation as explained by the collapsar/fireball

model, Mészáros (2001).
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1.4 Observational evidence

Intensive optical, infrared and radio follow-ups of GRBs, occurring in the last

decade, has greatly helped in establishing the GRB-SN connection. The event

that led to the establishment of a connection between GRBs and SNe was the

discovery, the 25th April 1998, of the GRB 980425 both in time and in spatial

conjunction, with the supernova SN 1998bw. The other important events that

have strengthened this connection can be gathered in three contexts, (Della Valle

2007):

1. the discovery of some cases in which it was possible to associate the GRB

to a supernova, see the list below;

2. in many cases such as GRB021211/ SN2002lt, (Della Valle et al. 2003),

XRF020903, (Soderberg et al. 2005; Bersier et al. 2006), GRB050525A/

SN2005nc, (Della Valle et al. 2006) and GRB041006 (see Figure 1.6, Stanek

et al. 2005), spectroscopic observations of the light curves, during the

declining phase of the afterglow, have revealed the presence of typical SN

features;

3. the distribution of long GRBs in regions of star formation inside the galax-

ies.

The well documented examples of SNe associated with GRBs are listed below:

❼ SN 2008D / GRB 080109 at z=0.007, (Li 2008; Mazzali et al. 2008)

❼ SN 1998bw / GRB 980425 at z=0.0085, (Galama et al. 1998; Patat et al.

2001);

❼ SN 2006aj / GRB 060218 at z=0.0334, (Pian et al. 2006; Mazzali et al.

2006b)

❼ SN 2010bh / GRB 100316D at z=0.059, (Starling et al. 2011; Chornock et

al. 2010; Cano et al. 2011)

❼ SN 2003lw / GRB 031203 at z=0.1055, (Malesani et al. 2004, Prochaska et

al. 2004)

❼ SN 2013dx / GRB 130702A at z=0.145, (Schulze et al. 2013)

❼ SN 2003dh / GRB 030329 at z=0.1685, (Greiner et al. 2003; Hjorth et al.

2003; Stanek et al. 2003; Matheson et al. 2003)
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❼ SN 2012bz / GRB 120422A at z=0.283, (Levesque et al. 2012a; Melandri

et al. 2012)

❼ SN 2013cq / GRB 130427A at z=0.34, (Xu et al. 2013; Levan et al. 2013)

❼ SN 2001ke / GRB 011121 at z=0.362, (Garnavich et al. 2003)

❼ SN 2012eb / GRB 120714B at z=0.40, (Klose et al. 2012)

❼ SN 2009nz / GRB 091127 at z=0.49, (Cobb et al. 2010; Berger et al. 2011;

Vergani et al. 2011)

❼ SN 2008hw / GRB 081007 at z=0.529, (Della Valle et al. 2008; Jin et al.

2013)

❼ SN 2010ma / GRB 101219B at z=0.55, (Sparre et al. 2011)

❼ SN 2005nc / GRB 050525A at z=0.606, (Della Valle et al. 2006)

❼ SN 2002lt / GRB 021211 at z=1.006, (Della Valle et al. 2004)

Owing to the finite detectability threshold, the maximum redshift measured

for a GRB/SN association is z ∼ 1. Nevertheless, the GRB observations cover a

redshift range spanning up to z ∼ 9 and for this reason it is possible to use GRBs

as probes of the early Universe. Theoretical calculations show that the birthrate

of Pop III stars, i.e. the first generation of massive stars formed in a metal-free

environment, produces a peak in the star formation rate in the redshift interval

16 . z . 20, while the birthrate of Pop II, i.e. the second generation of stars

formed from the metal enhanced gas of the first generation, produces a much

larger and broader peak at redshifts 2 . z . 10 (e.g. Ostriker & Gnedin 1996;

Valageas & Silk 1999). Since GRBs are able to explode in each stellar population,

following this theory we can assert that GRBs are predicted to occur out to at

least z ∼ 10 and possibly z ∼ 15− 20, (Lamb & Reichart 2001).

1.5 GRBs as probes of the interstellar medium

in evolving galaxies

Absorption spectroscopy of GRB afterglows is a powerful new probe of the ISM

in evolving galaxies. This idea comes from the association of long GRB with the

core-collapse deaths of massive stars and, consequently, from the relation with

the sites of ongoing or recent star formation; The GRBs are seen as lighthouses
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of the central regions of their host galaxies. As the numbers of GRB redshifts

and detected hosts and afterglows grow, it becomes possible to use GRBs in new,

systematic studies of host identification, and to probe the chemical enrichment

history of the galaxies, particularly at high redshift.

In general, properties of the GRB absorbers are presumably, but not neces-

sarily reflecting the ISM of the circum-burst region because they depend on the

unknown geometry of the gas along the line of sight. Nevertheless, analyzing the

data of the rest-frame optical spectroscopic survey of z < 1 LGRB host galaxies,

and combining these data with previous studies of nearby LGRB hosts, Levesque

et al. 2012 found that the metallicity of the host, often identified as the global

mean metallicity, is comparable to the metallicity at the GRB explosion sites. As

it is shown in Figure 1.7, (Figure 2 of Levesque et al. 2012), the global metal-

licities of the observed host could be a good approximation of the explosion site

metallicities in higher-redshift long GRB host galaxy studies.

As already mentioned, the afterglow diagnostic is a powerful tool: low-resolution

afterglow spectra have yielded interesting measurements such as the HI column

density, the gas metallicity and the dust-to-gas ratio of the GRB hosts (e.g.

Savaglio et al. 2003), while high-resolution spectroscopy of the optical afterglows

has improved the knowledge of the kinematic signatures, chemical compositions

of the ISM and the circumstellar medium of the GRB progenitor star (Fiore et

al. 2005).

Until now, the majority of the GRB host spectroscopic studies are limited

to the redshift range z < 1. Metallicity is one of the fundamental parameters

predicted to impact the evolution of massive stars, see Section 1.1.2, but it is still

not clear the role played on the formation of long GRBs. As explained in Vergani

(2012), from October 2009 a new instrument is available on the ESO/VLT: the

X-shooter spectrograph. This instrument has the unique capability to produce in-

termediate resolution (R∼6000) spectra covering simultaneously a spectral range

from 3000 to 24000Å. Thanks to the unique spectral range coverage and sensitiv-

ity of the X-shooter spectrograph it will be possible to extend GRB host studies

to high redshift and determine the properties (e.g. star formation rate, metallic-

ity, extinction) of a larger sample of these objects. In fact, as will be described

in Chapter 5, the abundance ratios and in general the chemical properties of the

GRB hosts are an important tool to shed light on the GRB/SN connection and

their common host nature.
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1.5.1 Host Galaxies properties

As already observed, the detection of GRBs in γ band is not affected by gas and

dust intervening systems and for this reason they could be used as tracer of star-

formation in the high redshift Universe allowing a new way of identifying and

studying distant star-forming regions. This highlights the importance of GRB

host galaxies studies, see Chapter 5.

It is still not possible to tell whether GRB hosts form an individual galaxy

population or if they are much easier to detect than normal low-luminosity only

because they are associated with transient, but very luminous events. In the past

decades, many authors have tried to trace the GRB host galaxies features (e.g.

Le Floc’h et al. 2003; Stanek et al 2006; Modjaz et al. 2008; Fruchter et al.

2006; Savaglio et al. 2006,2009; Levesque et al. 2010a,2010b). Le Floc’h et al.

(2003), studying the host galaxies of the four local (z < 0.17) GRBs with a direct

Type Ib/c SN association, found that they are all faint and metal-poor galaxies

compared to the population of local star-forming galaxies. A similar conclusion is

found in Stanek et al. (2006) analyzing the oxygen abundances data of the hosts;

they claim that those GRBs with a clear SN association trace only low-metallicity

star formation, as shown in Figure 1.8, where the authors show a comparison of

the host oxygen abundance as a function of the luminosity in low-z GRB/SN

hosts (filled circles) and local star forming galaxies (small points: Tremonti et al.

2004; Tremonti 2007) together with the Milky Way (striped rectangle), the LMC

(open star) and the SMC (filled star) values.

Out of the ∼ 90 long bursts detected by Swift up to the end of 2005, in all

cases where a host galaxy was identified, this was a late type, usually a blue

star-forming galaxy e.g. Savaglio et al. (2006). Moreover, in the Figure 1.9

provided by Levesque et al. (2010b), is shown a comparison between the observed

oxygen abundance as a function of the host galaxies mass for both nearby (z <

0.3, top panel) and intermediate redshift (0.3 < z < 1, bottom panel) long

GRB host galaxies (filled circles). As described in this paper, they compare

the nearby LGRB hosts to the binned mass-metallicity data from Tremonti et

al. (2004) for a sample of ∼53,000 star-forming SDSS galaxies, where the open

diamonds represent the median in each bin, and the dashed and dotted lines

show the contours which include 68% and 95% of the data, respectively. For the

intermediate redshift long GRB hosts, they plot binned mass-metallicity data

for a sample of 940 emission line galaxies from the DEEP2 survey (Zahid et al.

2011; open squares). From Figure 1.9 is possible to see that there is a strong

correlation between the mass and the metallicity of the GRB hosts but there
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is any evidence of a metallicity cut-off. Nevertheless, what emerges from these

studies is the existence of a metallicity bias: nearby host galaxies appeared to

fall both below the luminosity-metallicity and the mass-metallicity relations for

star-forming galaxies out to z ∼ 1.

Conselice et al. (2005) studying the internal structural properties of 37 long

duration GRB host galaxies imaged with the Hubble Space Telescope, attempts

to classify the type of galaxies that gives rise to GRBs. Fitting exponential

disk (typical for spirals) and r1/4 (typical for ellipticals) models to the surface

brightness profiles of eight z < 1.2 bright host galaxies, they found that the disk

model is slightly preferred for most hosts, although two galaxies are best fitted

with an r1/4 profile. The authors claim that GRB hosts exhibit a surprisingly

high diversity of galaxy types with a significant fraction (68%) situated in a region

occupied by spirals or peculiar/merging galaxies. This result shows that GRB

host galaxies do not belong to a single morphological type, but span the available

range of galaxy types observed at high redshift. Moreover, they find evidence

for evolution in GRB host galaxy morphology: respect to the hosts sample at

z < 1 where the GRBs are preferentially in small galaxies, hosts at z > 1 have

a relatively high light concentration, indicating that these systems are perhaps

progenitors of massive galaxies, or are compact blue star forming galaxies.

From the works described above, it is clear that the role of metallicity in

long GRB production and progenitor evolution is still a matter of debate and for

the moment we decide to take into account all the possibilities modeling all the

morphological types of galaxies without metallicity cut, see Chapter 3.

1.6 The identification of high redshift objects

using chemical evolution models

The chemical evolution models are a unique tool for interpreting observational

data, test different theories of formation, make predictions that can be used to

choose the target of observation and the sky region to be probed. Moreover, they

can be used to know a priori what to expect from an observation and therefore

be used as control constraints. In fact, they predict the abundances of chemical

elements in the gas and in the stars as a function of time in galaxies of different

morphological types. Matteucci (2001, 2012) has shown how abundances and

abundance ratios of the most common chemical elements can be used as powerful

tool to infer the nature and ages of high redshift galaxies, whose morphology is

unknown. In particular the abundance patterns change as a function of the star
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formation histories in different galaxies. In this thesis we adopt detailed chemical

evolution models to different morphological types of galaxies (ellipticals, spirals,

irregulars) which predict the abundances of several chemical elements (H, He,

Li, C, N, O, α-elements, Fe, Fe-peak elements, Zn, Ni) and take into account the

possible condensation of refractory elements into dust. Previous work of this kind

has been presented by Calura et al. (2009); In this paper, the authors compare

the observed abundance data of the GRB 050730, GRB 050820, GRB 051111 and

GRB 060418 with detailed chemical evolution models. The conclusions of their

work support the hypothesis that long duration GRBs occur preferentially in low

metallicity, star forming galaxies.

In Chapter 5, following Calura et al. (2009), we present a method, based

on chemical evolution, to identify the hosts of GRBs. Our idea comes from

the following considerations: if GRBs are produced by the collapse of massive

stars, they are presumably originating in galaxies where the bulk of massive star

formation at high redshifts is taking place. From an observational point of view,

almost in all the cases where the galaxy hosting the GRBs is observed, the burst

position suggests that GRBs originate in regions where star formation is taking

place (Bloom et al 2002). In this context, the determination of the nature of GRB

host galaxies and measurements of their star formation rate not only provide

evidence in favour of or against the collapsar model, but also provide insight

in the nature and origin of star formation in the early universe. Starting from

the observational abundances coming from the afterglow spectrum of GRBs, we

use detailed chemical evolution models taking into account the dust evolution,

particularly important in star forming regions, as tools in the identification of

GRB host morphological type.

We perform our analysis by using the observed abundance ratios,together with

all the useful data available in the literature (stellar mass, SFR, dust mass) as

constraints for our models. In particular, the most useful chemical data used

in our work are the α-elements to iron ratio, which are predicted to be quite

different in different SF regimes (Matteucci & Brocato 1990; Matteucci 2001). It

is worth noting that different SF histories influence the plot [α/Fe] vs. [Fe/H] and

this is due to the so-called “time-delay model”. In other words, α-elements are

mainly produced in core-collapse SNe restoring them into the interstellar medium

on short timescales, whereas Fe is mainly produced in Type Ia SNe (white dwarfs

in binary systems) on long timescales; this different production times produce

a typical trend in the α-elements abundances: [α/Fe] ratios are oversolar in the

early galactic evolutionary phases and then decrease when the contribution to Fe
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from SNe Ia becomes important. This point, or “knee”in the plot, varies with the

SF formation history. In particular, the [α/Fe] ratios in spheroids are predicted

to be oversolar for a large range of [Fe/H] (the knee occurs at solar or oversolar

[Fe/H]), exactly as it happens in the Galactic bulge. On the other hand, the knee

in the spirals and irregulars occurs at lower [Fe/H] values (in the irregulars the

knee occurs at the lowest [Fe/H]).

Therefore, if we compare the observed [α/Fe] ratios in the galaxies hosting

GRBs, we can deduce the nature of the galaxy. In this way, we are able to choose

the best model for each GRB hosts considered and therefore to infer the nature,

the age and the dust content of the hosts.
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Figure 1.6: Stanek et al (2005): late R-band light curve of the GRB 041006. Open

circles are data from GCN while the filled points show the measures provided by the

authors. The black dashed line is the early-time broken power-law decay of the optical

afterglow. A k-corrected SN 1998bw light curve extended by a factor of 1.38 is shown

as the black dotted curve. The combined power law and stretched SN 1998bw light

curve is given by the blue solid curve.
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Figure 1.7: Observed metallicities of the host explosion site as a function of the

average host metallicities (filled circles). The gray dashed line is the theoretical relation

where explosion site metallicity and host metallicity have the same value, (Levesque et

al. (2012).
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Figure 1.8: Host oxygen abundance as a function of the host luminosity; low-z

GRB/SN hosts (filled circles) and local star forming galaxies (small points: Tremonti

et al. 2004; Tremonti 2007) are shown together with the Milky Way (striped rectangle),

the LMC (open star) and the SMC (filled star) values.
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Figure 1.9: The mass-metallicity relation for both nearby (z < 0.3, top panel) and

intermediate redshift (0.3 < z < 1, bottom panel) long GRB host galaxies (filled circles)

provided by Levesque et al. (2010b). The nearby long GRB hosts is compared with the

binned mass-metallicity data from Tremonti et al. (2004) based on a sample of ∼53,000

star-forming SDSS galaxies; the open diamonds represent the median in each bin, and

the dashed and dotted lines show the contours which include 68% and 95% of the data,

respectively. For the intermediate redshift long GRB hosts, the binned mass-metallicity

data for a sample of 940 emission line galaxies from the DEEP2 survey (Zahid et al.

2011; open squares) is plotted. All metallicities correspond to the Kobulnicky & Kewley

(2004) R23 diagnostic. For the z = 0.966 host galaxy of GRB 980703, where it is no

possible to distinguish between the lower and upper branches of the R23 diagnostic,

both metallicities are plotted and the resulting data points are connected with a dotted

line to indicate their origin from a single host spectrum. The Erb et al. (2006) mass-

metallicity relation at z ∼ 2 is plotted as a gray dashed line against the intermediate

redshift data.
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Chapter 2

Chemical evolution of galaxies

The baryonic matter in galaxies is continuously reprocessed by the stars and

restored into the interstellar medium (ISM) through stellar winds and super-

nova (SN) explosions. The chemical evolution models allow us to calculate the

time evolution of the production rate of the chemical elements and to follow

the evolution in time and space of the abundances of these elements in the gas.

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. In particular, it is shown in detail how chemical evolution is

computed for ellipticals, spirals and irregulars, and the main differences among

the three models. At the end of this Chapter, I present some results coming from

the chemical evolution model of the Galactic bulge as test case of our spheroidal

model.

2.1 Ingredients and Basic Equations

The basic physical ingredients of the chemical evolution models can be summa-

rized in four points:

1. The initial conditions

Generally the initial conditions for the chemical evolution models specify

the formation of the system and the scenario where it is placed. The chem-

ical composition of the gas from which the stars are going to form and

whether the system is considered open or closed are important conditions

for the models. The first models for the chemical evolution of the Galaxy,
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like the well known Simple Model for the solar neighbourhood proposed

by Tinsley (1980), can be solved analytically assuming a one-zone closed

system (without inflows or outflows of gas) and a primordial chemical com-

position for the initial gas. Usually, initial chemical abundances coming

from the Standard Big Bang Nucleosynthesis are adopted, namely Xp =

0.76, Yp = 0.241, Zp = 0 for the primordial mass abundance of H, 4He and

all the heavy elements, respectively. However, it is possible to consider gas-

enriched composition to take into account pre-galactic process, enrichment

produced by a neighbour system or as the effect of a different timescale

in the formation of the various components of the galaxy, see Chapter 4.

The available mass of gas is usually considered to grow with time through

infall of gas during the galactic evolution, diluting the products of stellar

evolution with material from outside the galaxy.

2. 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 Ia SN yields.

❼ Yields from low and intermediate mass stars:

stars in the mass range [0.8-8]M⊙ contribute to the chemical enrich-

ment of the galaxy with quiescent mass loss and, in their final stages

of evolution with the ejection of a planetary nebulae. The products of

their stellar evolution which are ejected into the ISM are mainly He, C,

O and N. 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 envelope, which should have been produced

by previous stars. Renzini & Voli (1981) 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. The fraction of primary

N produced in this way is still 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
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(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. In this work we

use low and intermediate mass star (LIMS) yields by van den Hoek &

Groenewegen (1997), where the initial metallicity of the stars is taken

into account.

❼ Yields from massive stars:

massive stars (MS), namely all the stars with masses M > 8M⊙, 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 oxygen, which is the dominant

element in the global metallicity Z and is the most abundant element

in the universe after H and He. MS enrich the ISM through type II

SN explosions. Type II SN explosions are supposed to originate from

core collapse of single massive (M > 8M⊙) 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 > 15M⊙ . On the other hand, there is substantial

agreement among the yields for the α elements 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).

❼ Yields from type Ia supernovae:

Type Ia 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 (1.44M⊙) after accre-

tion of material from a young companion in a close binary system

(Whelan & Iben 1973). The explosion destroys the whole star, so that

no remnant is left. Type Ia 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).
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3. The Birthrate Function

After the determination of the initial conditions of the chemical evolution

of the galaxy it is necessary to define the stellar birthrate (the number of

stars formed by mass interval [m, m+dm] and time interval [t, t+dt]) which

is generally represented as the product of two independent functions:

B(M, t) = φ(M)ψ(t)dM dt (2.1)

where ψ(t) is the Star Formation Rate (SFR) and φ(M) is named the Inital

Mass Function (IMF).

❼ The IMF is a probability function describing the distribution of stars

into a certain mass interval. It is usually approximated by a power

law and assumed to be constant in space and time.

The IMF used during this work is the Salpeter (1955) one:

φSalp(M) = ASalpM
−(1+x) (2.2)

where x = 1.35 over all the mass range [0.1-100]M⊙. The normaliza-

tion constant ASalp is derived by imposing:

ASalp

∫ 100M⊙

0.1M⊙

Mφ(M)dM = 1

.

❼ The SFR is one of the main ingredients in the galactic evolution: it

describes the rate at which the gas is turned into stars in galaxies.

Several parametrizations are available in the literature but since we

do not know well the physics of the star formation processes, it is

convenient to describe the SFR as a simple law dependent on a small

number of parameters.

The most used SFR which assumes a dependence on the surface gas

density or, equivalently, on the gas mass of the system, Mgas(t) is:

ψ(t) = νMgas(t) (2.3)

where the quantity ν is the star formation efficiency (SFE), namely the

inverse of the typical time-scale for star formation, and is expressed in

Gyr−1.

In our formulation, see also equation 2.9, we use a numerical form

where the SFR is normalized to the total mass of the system and
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consequently it is expressed in unit of Gyr−1:

ψ(t) = ν
Mgas(t)

Mtot

= νG(t) (2.4)

where G(t) is indeed the gas mass normalized to the total mass of gas,

present in the galaxy at time t.

4. The gas flows

Gas flows include phenomena such as the infall of gas on galactic discs, in-

ferred 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

2004). The assumed rate of infall is the same for irregulars and spirals and

follows the law:

(
dGi(t)

dt
)inf = (Ġi)inf = a (Xi)infe

−t/τ , (2.5)

where a is a suitable constant, derived by integrating eq. 2.5 over the

galactic lifetime, (Xi)inf is the abundance by mass of the element i in the

infalling gas, assumed to be primordial, and τ is the infall timescale. This

timescale is expressed in Gyrs and defined as the characteristic time at

which half of the total mass of the system has assembled starting from

M = 0. The values of τ are derived as the best ones in order to reproduce

the majority of the observational constraints. This timescale is different for

galaxies of different morphological type, being quite short in spheroids and

increasing for spirals and irregulars.

The outflow winds, also called galactic winds (GWs) develops as soon as

the energy injected into the ISM by SNe and stellar winds exceeds the

potential energy of the gas (Matteucci & Tornambe 1987, Matteucci 1994).

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

(Eth)ISM ≥ (Ebind)gas (2.6)

where (Eth)ISM and (Ebind)gas are the thermal and binding energy of the

interstellar gas.

The GWs are assumed to be proportional to the SFR because they are

triggered by SN explosions. In particular, it is assumed that a fraction

(∼ 30%) of the initial blast wave energy of SNe is transformed into thermal

gas energy and the wind starts when the thermal energy of gas equates the
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binding energy of gas. The binding energy of the gas is strongly influenced

by assumptions concerning the presence and distribution of dark matter

(Matteucci 1992); for the model adopted here a diffuse (Re/Rd=0.1, where

Re is the effective radius of the galaxy and Rd is the radius of the dark mat-

ter core) but massive (Mdark/Mlum = 10) dark halo has been assumed (see

Bertin et al. 1992). The wind can be “normal”, namely each element is lost

at the same rate, or “differential”, in the sense that some elements (met-

als for example) are preferentially lost (see Bradamante et al. 1998). The

galactic wind is likely to occur in dwarf galaxies because of their relatively

low potential well. Moreover, galactic outflows are observed in irregular

galaxies (see e.g. Martin, 1999; Martin et al. 2002). We follow the method

described in Bradamante et al. (1998) and Yin et al.(2010) where the wind

rate is assumed to be proportional to the SFR through a free parameter λi

larger than zero:

Ġiw(t) = λiψ(t) (2.7)

where i represents a specific chemical element.

To have a preferential loss of metals, as indicated by dynamical models (e.g.

Mac Low & Ferrara, 1999), we use a differential wind in which λH,He = 0.06,

λC,O,Ne,Mg,S,Si = 0.17 and λi ∼ 0.19 for the other elements for irregular

galaxies and a much stronger wind for ellipticals. This choice is supported

by the observational fact that elliptical galaxies should have suffered an

intense and short star formation episode; as a consequence, the onset of the

galactic wind must have occurred at early epoch (roughly in the first 2 Gyr

of the galaxy’s life). In the case of spirals, the galactic wind is less likely to

occur, owing the deep potential well in which the spiral disks lie. In fact, in

spiral disks it is more likely to have galactic fountains rather than galactic

winds (Spitoni et al. 2009).

2.2 Basic equations

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

equations is numerical. This approach allows us to relax the instantaneous recy-

cling approximation (IRA), which assumes that all the stars with massM ≥ 1M⊙

have a negligible lifetime and all the stars with M < 1M⊙ 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.
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Let Gi(t) the gas mass in the form of an element i normalized to the present

time total luminous infall mass:

Gi(t) =
Mgas(t)

Mtot

Xi(t) = G(t)Xi(t) (2.8)

where the quantity Xi(t) = Gi(t)/G(t) represents the abundance by mass of

an element i and by definition the summation over all the elements present in the

gas mixture is equal to unity.

The chemical evolution equation for a given chemical element i takes the

following form:

Ġi(t) = −ψ(t)Xi(t)

+

∫ MBm

ML

ψ(t− τm)Qmi(t− τm)φ(m)dm

+A

∫ MBM

MBm

φ(m) ·

[
∫ 0.5

μmin

f(µ)Qmi(t− τm2)ψ(t− τm2)dµ

]

dm

+(1− A)

∫ MBM

MBm

ψ(t− τm)Qmi(t− τm)φ(m)dm

+

∫ MU

MBM

ψ(t− τm)Qmi(t− τm)φ(m)dm

+(
dGi(t)

dt
)inf − (

dGi(t)

dt
)out (2.9)

(2.10)

The term −ψ(t)Xi(t) gives the rate at which the element i is subtracted from

the ISM by the SF process. The second term is the rate at which each element is

restored into 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 0.8M⊙) and MBm
is the minimum binary mass allowed for bi-

nary systems giving rise to type Ia SN (3M⊙, Matteucci & Greggio 1986). The

quantities Qmi(t − τm) (where τm is the lifetime of a star of mass m) contain

all the information about stellar nucleosynthesis for elements either produced or

destroyed inside stars or both (Talbot and Arnett 1971). The third term rep-

resents the enrichment due to binaries which become type Ia SN, i.e. all the

binary systems with total mass between MBm
and MBM

= 16M⊙. For the type

Ia SN progenitor model, the Single Degenerate (SD) scenario is assumed, where

a C-O white dwarf explodes by C-deflagration mechanism after having reached
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the Chandrasekhar mass (1.44M⊙), owing to progressive mass accretion from a

non-degenerate companion (Whelan & Iben 1973). The parameter A represents

the unknown fraction of binary stars giving rise to type Ia SN and is fixed by

reproducing the observed present time SN Ia rate. In this third term, both quan-

tities ψ and Qmi refer to the time t − tm2 , where tm2 indicates the lifetime of

the secondary star of the binary system, which regulates the explosion timescale.

µ = M2/MB is the ratio between the mass of the secondary component M2 and

the total mass of the binary system MB, whereas f(µ) is the distribution func-

tion of this ratio. Statistical studies indicate that mass ratios close to 0.5 are

preferred, so the formula:

f(µ) = 21+γ(1 + γ)µγ (2.11)

is commonly adopted, with γ = 2 (Greggio & Renzini 1983). µmin is the mini-

mum mass fraction contributing to the SNIa rate at the time t, and is given by:

µmin = max

{

M2(t)

MB

,
M2 − 0.5MB

MB

}

(2.12)

The fourth term represents the enrichment due to stars in the mass range MBm

- MBM
which are either single, or, if in binaries, do not produce a SN Ia event.

In this mass range, all the stars with masses M > 8M⊙ will explode as type II

SNe, which in our picture are assumed to originate from core collapse of single

massive stars. The fifth term represents the enrichment of stars more massive

than MBM
, all of which explode as core collapse SNe. As the upper mass limits

contributing to chemical enrichment, we assume MU = 100M⊙. Finally, the last

two terms account for infall of external gas and for galactic winds, respectively.

For the infall term, an exponential law with different timescales is adopted for

spirals and irregulars (see Calura & Matteucci 2006b). Concerning ellipticals,

Pipino & Matteucci (2004) showed that, in order to satisfy the largest number of

photo-chemical properties, a quick infall, with a shorter timescale for the more

massive objects, is needed, see Section 2.1.

2.2.1 Supernova rates

As already mentioned in Chapter 1, CCSNe are divided in type II and Ib/c

SNe; in particular Type II SNe, originate from single stars with mass larger than

Mw ∼ 8M⊙ while the progenitors of SNe Ib/c are still under debate, see Section
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1.1.2. Owing to the larger mass of the progenitors, CCSNe explode on short

timescales: from few million to several tenths of million years. Here, we describe

the general role of CCSN and Type Ia SN rates in the chemical evolution code;

since the Type Ib/c is the specific type of SN studied in this work, the computation

of the SNIb/c rate will be shown in details in the next Chapter where we will

focus on the specific chemical evolution models developed.

Type Ia SNe are believed to originate from low and intermediate mass stars, in

particular from C-O white dwarfs in binary systems. Type Ia SNe end their lives

on timescales ranging from ∼ 0.03 up to an Hubble time or more and consequently

SNIa rate is related to the past star formation history (SFH) of a galaxy, whereas

the CCSNe reflect the birth rate of massive stars, i.e. the galactic star formation

rate (SFR). For this reason, different types of galaxies have different SNRs.

The core-collapse and Type Ia SN rates used in our models are described by

the following equations:

RCCSN(t) = ψ(t)[(1− A)

∫ 16M⊙

8M⊙

φ(m)dm +

∫ MU

16M⊙

φ(m)dm] (2.13)

RSNIa(t) = A

∫ MBM

MBm

φ(MB)[

∫ 0.5

μm

f(µ)ψ(t− τM2)dµ]dMB (2.14)

where the lifetime τM of massive stars is considered negligible and for this

reason it is possible to fix the SFR ψ independent from the mass; all the terms of

the equations were already explained in Section 2.2 having been used in Equation

2.9.

2.3 Models description

In order to compute the SN rates (Ia,b,c and II) in galaxies, we need to know the

galaxy star formation history. Galaxies of different morphological type (ellipti-

cals, spirals, irregulars) are characterized by different infall mass, SFEs and star

formation histories (see Matteucci 2001). Here we describe the models computed

for the three different galaxy types necessary in the computation of the SN rates.

In Table 2.1 we show the adopted model parameters for a typical galaxy

for each morphological type. We assume that both irregular and spiral galaxies

assemble all of their mass by means of a continuous infall of pristine gas. This is

certainly true for spiral disks such as that of the Milky Way (see e.g. Chiappini et

al. 1997; 2001, Boissier & Prantzos 1999). Model Irr is described by an infall mass
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Model Irr Model Sp Model Ell

Minf [M⊙] 5 · 109 5 · 1010 1011

τ [Gyr] 3 6 0.2

λi ∝ SFR no wind ∝ SFR

SFE [Gyr−1] 0.05 2 10

Table 2.1: Parameter sets used for describing our models:Minf is the final total

assembled mass if nothing is lost, τ is the infall time scale, λi is the wind parameter

and SFE is the star formation efficiency.

of 5 · 109M⊙ which is one order of magnitude lower than the infall mass of Model

Sp. The infall timescale for the spiral galaxy is assumed to be 6 Gyr, although

in the Milky Way disk the timescale for disk formation should have been shorter

in the internal than in the external regions (inside-out formation, Matteucci &

François 1989; Chiappini et al. 1997); here we want only to show some averaged

properties and 6 Gyr is an average timescale between the internal timescales (∼ 2

Gyr) and the external ones (∼ 10 − 12 Gyr). The timescale for the formation

of irregulars is assumed to be smaller (3 Gyr). Always in Table 2.1 we report

the wind parameter for irregular galaxies (λi, eq. 2.7) and the SFE for irregulars

and spirals. By following the work of Calura et al. (2009a), we assumed that the

SFE increases with galactic mass. This assumption is based on the fact that an

increasing SFE with galactic mass can reproduce many observational constraints

such as the mass-metallicity relation for star forming galaxies and the increase of

the [α/Fe] ratios with mass.

2.3.1 Mass - Metallicity relation

The connection between the galaxy stellar mass and metallicity, used as constrain

in our chemical evolution models, has been introduced by the work of Lequeux et

al. (1979). It is an observational relation, valid for each type of galaxy, showing

that the higher is the mass of the galaxy the higher is metallicity of the gas inside

the galaxy. It was also found observational evidence of a temporal evolution of

this relationship: for a given mass, galaxies at higher redshifts are characterized

by lower metallicity. The physical processes that may be at the origin of this

behaviour are:

i) variation of the star formation efficiency: SFE increases at larger mass;

ii) variation of the rate of galactic wind as a function of mass: less massive
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galaxies lose more mass than the galaxies of larger mass. In fact galaxies of

smaller mass have less deep potential wells, and then the gas will reach more

easily the escape velocity;

iii) variation of the initial mass function: IMF flatter for more massive galaxies.

Figure 2.1 shows the predicted and observed mass-metallicity relation at the

present time relative to small mass galaxies. In particular, we show both the best

fit of Maiolino et al. (2008) of the data provided by Kewley & Ellison (2008)

concerning star forming galaxies and the data and best fit of dwarf irregulars, as

inferred by Lee et al. (2006). As already explained above, these results are used

to understand whether the values obtained from the models are in agreement with

the observations; for this reason, the observational data are compared with the

same quantity derived by the spiral and irregular models described in the previous

Chapter (blue fill square and green fill circle, respectively), together with an

irregular model of total massMinf = 5·108 and SFE=0.02 (open green circle) used

to control the proportionality between the metallicity and the mass of the system.

As one can see, our models lie close to the best fits. In our galaxy models the mass-

metallicity relation arises naturally by adopting a smaller SFE in smaller galaxies.

The above comparisons show that our chemical models very well reproduce several

observed properties of the present day spirals and irregulars (e.g. metallicity,

abundance ratios, M-Z relation). Since these present day properties results from

the whole previous evolution, these good correspondences give some confidence

that these models can be used to explore the much less well known early phases

of these galaxies, which will hopefully be observed in greater details in a near

future thanks to more powerful observational devices such as the James Webb

telescope and the ELT.

2.3.2 Abundance Ratios

In general, the abundance ratios are calculated for the ISM of each galaxy by

resolving the integro-differential equation 2.9.

The variation of abundance ratios in time or as a function of metallicity de-

pends on the star formation history as well. Because of this, it has been often

proposed to use abundance ratios as a function of time or metallicity as cos-

mic clocks, and in particular the ratios involving one element produced on short

timescales and the other produced on large timescales, as for example [O/Fe] or

in general [α/Fe] (Tinsley 1979). The α elements, such as O, Ne, Mg, Si, S and

Ca, are produced mainly in Type II SNe which enrich the ISM very quickly (on
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Figure 2.1: Predicted and observed mass-metallicity relation for irregular galaxies;

the dotted-dashed curve represents the best fit to the data of Maiolino et al. (2008)

relative to star forming galaxies together with data and fit obtained by Lee et al. (2006)

for a sample of local dwarf galaxies (purple triangles and continuous line, respectively).

The points are the predictions for Model Irr (green circles) and Model Sp (blue square).

Note that for the irregulars we are showing also a model with infall mass Minf = 5 ·108

and SFE=0.02 (open green circle).
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timescales of a few million years) by massive stars whereas the bulk of iron is

produced mainly in Type I SNe which are thought to originate from white dwarfs

in binary systems and is restored over a range of timescales from ∼ 3 · 107 years

to 15 Gyr and more, thus producing a delay in the Fe enrichment of the ISM

(often called in literature “time delay model”).

In Figure 2.2 we show the [α/Fe] vs. [Fe/H] relations predicted for different

histories of star formation: for a system with intense star formation rate, such as

the galactic Bulge, the predicted [α/Fe] stays constant for a longer [Fe/H] interval

than in the solar vicinity with lower star formation and in an irregular magellanic

system with even milder star formation. The different behaviour of the [α/Fe]

ratio can easily be understood on the basis of the time-delay model.

The time-delay model interprets the behaviour of the [α/Fe] ratios as due

to the different roles played by core collapse and Type Ia SNe in the chemical

enrichment process of the ISM. In fact, the core collapse SNe produce mainly α

elements on short timescales (1−30 ·106yr) whereas Type Ia SNe produce mainly

iron on longer timescales. The difference between these two timescale produce

the typical plateau in the [α/Fe] ratios at low [Fe/H] observed in the Milky Way;

in the Magellanic Clouds case, the plateau is at lower [Fe/H] not shown in the

plot.

As shown by Matteucci & Brocato (1990), different SF regimes do not change

the [α/Fe] ratios trend as a function of [Fe/H]: at higher SF rate, the cut occurs

at higher [Fe/H] and the curve is just shifted along the [Fe/H] axis, see Figure

2.2. In particular, for a very efficient SF, the Fe abundance grows in a substantial

way because of core-collapse SNe and when the Type Ia SNe starts to pollute the

ISM with iron, the value of [Fe/H] is higher than in systems with a milder SF. In

Chapter 5, we will show how to use the abundance ratios to constrain the nature

of GRB hosts galaxies by means of a comparison between the abundance ratios

inferred from the chemical evolution models and the observational data provided

by the afterglow measurements.
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LMC (Hill et al. 2000)

DLA (Vladilo 2002)

Figure 2.2: [α/Fe] ratio as function of [Fe/H] for different star formation histories:

bulge, solar neighbourhood (SN) and the Magellanic Clouds (IM). Figure taken from

Matteucci (2003) with observational data for the bulge from McWilliam & Rich (1994);

Barbuy et al. (1998); Barbuy & Grenon (1990); Vladilo (2002) and Hill et al. (2000)

for DLAs and the LMC, respectively.
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Chapter 3

The SNIb/c - GRB comparison

and the metallicity effects on

their cosmic rates

Detailed galaxy evolution models are able to predict the temporal behaviour of

SN rates in galaxies of all morphological types. Therefore, a comparison between

theoretical SN Ib/c rates and observed GRB rates seems appropriate at the time

when GRBs have been observed up to z ∼ 8.2 (Salvaterra et al. 2009; Tanvir et

al. 2009). In this chapter we aim at studying the behaviour of the SN Ib/c rate

in galaxies as a function of redshift and compare it with the most recently derived

cosmic GRB rate. In computing the Type Ib/c SN rate in galaxies we will adopt

both single Wolf-Rayet and massive binaries as GRB progenitors and we will

consider a dependence of the SN Ib/c progenitors on the initial stellar metallicity,

not considered in any previous similar work (e.g. Bissaldi et al. 2007). Our

intention is to make predictions for the rates of Type Ib/c supernovae at various

redshift in spiral and irregular galaxies. At the moment, no observations can

constraint such predictions, but in the future new powerful observational devices

such as the James Webb telescope or ELT will provide extensive observational

constraints on those rates. The comparisons with the present predictions will

then allow to confirm or reject the present predictions and will bring new clues

on the nature of the Type Ib/c supernovae progenitors and on the star formation

histories in spiral and irregular galaxies. From the comparison between observed

GRB cosmic rate and predicted cosmic SN Ib/c rate, we aim first to check whether

the present ratio of GRB to that of SN Ib/c can be well reproduced by our models,

second to see how this ratio may change with redshift in the frame of our model.
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Model Irr Model Sp Model Ell

Minf [M⊙] 5 · 109 5 · 1010 1011

SFE [Gyr−1] 0.05 2 10

Table 3.1: Main parameter sets used for describing our models: Minf is the final total

assembled mass if nothing is lost and SFE is the star formation efficiency.

3.1 Star formation rates

The starting point and the building blocks used to infer the supernovae Ib/c

(SNRIb/c) rates of this work, both in the local and in the cosmic Universe,

are the star formation histories of three different morphological galaxies types

(Elliptical, Spirals, Irregulars).

The star formation rate (SFR), namely the amount of interstellar gas turning

into stars per unit time, is assumed to be continuous and defined as a Schmidt

(1959) law:

ψ(t) = νG(t) (3.1)

where the quantity ν is the star formation efficiency (SFE), namely the inverse

of the typical time-scale for star formation, expressed in Gyr−1, and G(t) is the

total fractional mass of gas, described in details in the previous chapter. By

following the work of Calura et al. (2009a) we assumed that the SFE increases

with galactic mass.

As already explained, galaxies of different morphological type (ellipticals, spi-

rals, irregulars) are characterized by different star formation histories (see Mat-

teucci 2001). In particular, ellipticals should have suffered an intense and short

star formation episode, whereas spirals and irregulars should have had milder star

formation rates (SFR) and are still forming stars now. Irregular galaxies must

have suffered the mildest SFR since they contain more gas than galaxies of other

types.

A detailed description of all the model parameters, together with an extensive

description of the models and their chemical evolution equations, can be found in

Chapter 4.7; here, in Table 3.1, we recall only the two main parameters adopted

for a typical elliptical galaxy, spiral galaxy (Milky Way-like) and for an irregular

galaxy model: the star formation efficiency and the infall mass Minf ;

In Figure 3.1, the time evolution of the star formation rates (expressed in

M⊙/yr ) is plotted for the three different types of galaxies (Elliptical, Spiral and
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Figure 3.1: Predicted star formation rates of a typical elliptical, spiral and irregular

galaxy, expressed in M⊙/yr as functions of time and redshift; the redshift of galaxy

formation is zf = 10 in a ΛCDM cosmology. The infall masses for each type of galaxies

are: 1011M⊙ (elliptical, dashed line) 5 · 1010M⊙ (Spiral, dotted line) and 5 · 109M⊙

(Irregular, solid line). In the figure, also some average values for the present time SFR

in spirals (square, Chomiuk & Povich, 2011) and in irregulars (circle, Harris & Zaritsky,

2009) are shown.

Irregular). The SFR increases until the energy injected into the ISM by stellar

winds and SN(Ia, Ib, and II) explosions triggers a galactic wind. At that time,

the thermal energy is equivalent to the binding energy of gas, and the gas is lost

at a rate proportional to the SFR (see previous chapter) with a consequent drop

of the SFR. Moreover, we can see that the present models well fit the present

time averaged SFR both in spirals and in irregulars taken from the literature.

We compare the irregulars model with the present SFR of the magellanic cloud

provided by Harris & Zaritsky, (2009) while the spirals model is compared with

the average Milky Way’s SFR provided by Chomiuk & Povich, (2011). In the

case of elliptical galaxies, where the star formation is not ongoing right now, we

have applied the model to the Milky Way bulge as a spheroidal testing case for

our further study and we will see the description and the results of the model in

the Chapter 4.

In this chapter, we will focus mainly on irregular and spiral galaxies for the

following reasons: first of all, the SNe Ib/c are observed only in star forming

galaxies and then, because the observations on the hosts of GRBs have revealed
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that long GRBs are associated with faint, blue and often irregular galaxies (Con-

selice et al. 2005; Fruchter et al. 2006; Tanvir et al. 2007; Wainwright et al.

2007; Li 2008) and tend to occur in galaxies with low metallicities (Fynbo & al.

2003, 2006a; Prochaska et al. 2004; Soderberg et al. 2004; Gorosabel et al. 2005;

Berger et al. 2006; Savaglio 2006; Stanek et al. 2006; Wolf & Podsiadlowsky

2007; Modjaz et al. 2008; Savaglio et al. 2009).

However, we do not exclude that this could be a selection effect (see e.g.

Mannucci et al. 2011; Campisi et al. 2011). In particular, in the paper of

Mannucci et al. (2011), the authors suggest that probably the region high-z/high

mass is populated by the “dark” GRBs, defined as GRBs with an X-ray afterglow

but not an optical one.

This idea is partially confirmed by the observations of some dark GRB host

galaxies provided by Kruhler et al. (2011), where the mass of the dark GRB hosts

seem to be higher than the mass of the normal GRB hosts and by the observation

of high metallicity GRB host galaxies at high redshift, Levesque et al. (2010b):

i) GRB 020819B at redshift z ∼ 0.41, log(O/H)+12∼ 9 ± 0.1dex and stellar

mass log(M⋆/M⊙) ∼ 10.65± 0.19;

ii) GRB 050826 at redshift z ∼ 0.3, log(O/H)+12∼ 8.83 ± 0.1dex and stellar

mass log(M⋆/M⊙) ∼ 10.10+0.22
−0.26.

In order to compute the cosmic star formation rate, see section 3.5) and Type

Ib/c SN rate we have also considered a model for a typical elliptical of 1011

luminous mass. This model predicts a short and intense burst of star formation

which stops before 1 Gyr, owing to the occurrence of strong galactic winds which

devoid the galaxy of gas. The SFE adopted for this elliptical is 10Gyr−1 implying

that this galaxy assembles more quickly than the late type ones. The assumed

IMF is the Salpeter one, as assumed also for the other galaxy types. It is worth

noting that this model, such as the others for spirals and irregulars, well reproduce

the local properties of ellipticals (Calura & Matteucci 2004; Pipino & Matteucci

2004). The star formation history of this elliptical is shown in Figure 3.1, together

with the SFRs of a spiral and an irregular galaxy.

3.1.1 Main constraints of the models

Before comparing model results with the observed properties of galaxies, here we

summarize some observational facts which are used to constrain our models:
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i) the total fractional mass of gas in irregulars is:

(Mgas/Mtot)t∼13Gyr = [0.2− 0.8]

whereas in spirals is:

(Mgas/Mtot)t∼13Gyr < 0.3

ii) the global average metallicity in irregulars is:

Z(t ∼ 13Gyr) = [0.03− 0.5] Z⊙

whereas the average metallicity in the disk of a Milky Way like spiral is:

Z(t ∼ 13Gyr) = [2− 2.5] Z⊙,

where Z⊙ ∼ 0.0134 (Asplund et al. 2009).

iii) The stellar mass vs. metallicity relation is an important observational con-

straint both for spirals and irregulars. In particular, these latter seem to be

the lower part of the relation for spirals.

The mass-metallicity relation, see Section 2.3.1 for details, indicates that the

stellar mass of star forming galaxies is correlated with the galaxy metallicity:

galaxies with larger stellar masses tend to have higher metallicities (Tremonti

et al. 2004, Savaglio et al. 2005; Erb et al. 2006; Kewley & Ellison 2008,

Maiolino et al. 2008).

iv) The predicted SN Ib/c rate (SNR Ib/c) should reproduce the following ob-

servational rates provided by Li et al. (2011):

SNRIb/c = 0.103+0.136
−0.067SNuM (Irregulars)

SNRIb/c = 0.113+0.031
−0.025SNuM (Spirals)

where SNuM = SNe(100 yr)−1(1010M⊙)
−1 is the SN Ib/c rate per unit

mass, in good agreement with previous works (i.e. Mannucci et al. 2005).

These observed rates can therefore be computed for galaxies of the same

stellar mass as in our models and compared with our predicted rates.

The predicted values, at present time, of the total metallicity (Z), total frac-

tional mass of gas in the galaxy (Mgas/Mtot), stellar mass in solar units (Mstar)

and oxygen abundance (expressed as log(O/H)+12) are showed in the table 3.2,

respectively. It should be noted that the values of Z and 12+ log(O/H) for the

spiral galaxy are larger than solar, the reason is that they represent the average
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Model Irr Model Sp Model Ell

Z 0.0096 0.03 0.036@tGW

(Mgas/Mtot)t∼13Gyr 0.66 0.017 -

Mstar [M⊙] 1.4 · 109 4.27 · 1010 0.26 · 1011

12 + log(O/H) 8.6 9.12

SFR [M⊙ yr
−1] 0.16 1.67 49.5@tGW

Table 3.2: Predictions of the models for irregolar (Irr), spiral (Sp) and elliptical (Ell)

galaxies at present time: total metallicity, total fractional mass of gas in the galaxy,

stellar mass, oxygen abundance and star formation rate.

metallicities over the entire galactic disk, where the inner regions have oversolar

values and the external ones have lower values.

We see that present models provides values in agreement with observations

for the present total mass fraction of gas and for the average metallicity in both

types of galaxies considered here.

3.2 The progenitor mass of SNIb/c

Concerning the progenitors of Type Ib/c SNe it has been suggested that they

could be single Wolf-Rayet (WR) stars , namely stars which have lost most of their

H and He envelope and with masses larger than MWR, whose value depends on

the initial stellar metallicity. In fact, the mass loss in massive stars (M ≥ 10M⊙)

increases with the initial metallicity in a way thatMWR decreases with increasing

metallicity (see Tables 3.3 and 3.4). In other words, with a high rate of mass loss,

even stars of 20-25M⊙ can become WRs. However, the progenitors of Type Ib/c

SNe could also be massive stars in binary systems in the mass range 12-20 M⊙

(e.g. Baron, 1992; Bissaldi et al. 2007) or 14.8-45M⊙ (Yoon et al. 2010), see

Section 1.1.2 for further details. Here we consider both progenitors (see Smartt

2009) following in part the work of Bissaldi et al. (2007), but adopting recent

prescriptions for the dependence of MWR on metallicity and a mass range 14.8-

45M⊙ for the total mass of binary systems. In particular, we consider the results

of Georgy et al. (2009) which give the variation of MWR as a function of the

metallicity for all the core collapse SNe. In Tables 3.3 and 3.4 we show the MWR

- Z relations extrapolated from the results of Georgy et al. (2009) and adapted to

the metallicity range of our galactic models for SNIb/c and only Ic progenitors,

respectively. In particular, in the first column we show the relation between the
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MWR − Z relation Z range MWR(M⊙)

MWR = −15290Z + 113.76 Z ≤ 0.004 ∼ 52.6M⊙ @ Z = 0.004

MWR = −5650Z + 75.20 0.004 < Z ≤ 0.008 ∼ 30M⊙ @ Z = 0.008

MWR = −416.5Z + 33.33 0.008 < Z < 0.02 ∼ 27.7M⊙ @ Z = 0.0134

MWR = −230Z + 29.6 0.02 ≤ Z ≤ 0.04 ∼ 25M⊙ @ Z = 0.020

MWR = 20M⊙ Z > 0.04 ∼ 20.4M⊙ @ Z = 0.040

Table 3.3: Relations between the minimal WR mass able to form SNeIb/c and metal-

licity, in different ranges of metallicity.

MWR − Z relation Z range MWR(M⊙)

MWR = −10759Z + 116 Z ≤ 0.008 ∼ 30M⊙ @ Z = 0.008

MWR = 750Z + 24 0.008 < Z < 0.02 ∼ 34M⊙ @ Z = 0.0134

MWR = −700Z + 53 0.02 ≤ Z ≤ 0.04 ∼ 39M⊙ @ Z = 0.02

MWR = 25M⊙ Z > 0.04 ∼ 25M⊙ @ Z = 0.04

Table 3.4: Relations between the minimal WR mass able to form SNeIc and metal-

licity, in different ranges of metallicity.

minimum WR mass and metallicity for a range of Z values, indicated in the

second column. Finally, in the third column we show the minimum WR mass

corresponding to specific metallicities.

3.3 The computation of the supernova Ib/c rate

The distinguished features of Type Ib and Ic SNe is the lack of conspicuous

hydrogen spectral lines. The SNe Ib/c occur preferentially in the vicinity of star

forming regions and their progenitors are thought to be massive stars that have

lost most of their H-rich (and perhaps their He-rich) envelopes via strong winds

or transfer to a binary companion via Roche overflow. Approximately 25% of all

Core Collapse SNe fall in the SNe Ib and SNe Ic category (Hamuy 2003).

The SN Ib/c and SNIc rates have been calculated assuming both single WRs

and stars in close binary systems as progenitors. In general:

RSNIb/c(t) =

∫ 100

MWR

ψ(t− τM)φ(M)dM+
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+ F

∫ 45

14.8

ψ(t− τM)φ(M)dM

∼ ψ(t)(

∫ 100

MWR

φ(M)dM + F

∫ 45

14.8

φ(M)dM) (3.2)

where, as already explained in Chapter 2, the lifetime τM of massive stars is

considered negligible, ψ(t) is the star formation rate and φ(M) is the initial mass

function (IMF). The same equation is used for both SNe Ib/c and SNe Ic alone,

and the only difference is in the minimum stellar mass of the progenitors, MWR,

varying as shown in Table 3.3 for the SNe Ib/c and in Table 3.4 for the sole

SNe Ic. Concerning Type Ib/c SNe, in one case the evolution of MWR, shown

in Figure 3.2, is taken into account (see Figure 3.3), while in the other case

MWR is assumed to be independent from metallicity and to be 25M⊙. Since,

in this last case, the evolution of the SNR is quite the same for both the SN

Types, we do not show the evolution of SNe Ic with MWR constant. The factor

F represents the fraction of massive binary stars producing Type Ib/c SNe. In

principle, in this factor should be taken into account the fact that between 14.8

and 16 M⊙, both single star and stars in binary systems are able to produce a

SNIb/c but this fraction is negligible and it has not been taken into account in

our formulation. For the moment, this parameter is chosen to be equal to 0.15,

(Calura & Matteucci, 2006). This value is motivated by the facts that first, in

any galaxy, half of the massive stars are possibly in binary systems, and second,

the fraction of massive stars in close binary system is ∼ 30%, i.e. similar to the

close binary frequency predicted for low mass systems (Jeffries & Maxted, 2005).

Therefore, the estimated value for this parameter is given by:

F ∼ 0.5 · 0.3 ∼ 0.15.

This is in good agreement with Podsiadlowski et al. (1992) who calculated that

15-30% of all massive stars (with initial masses above 8M⊙) could conceivably

transfer mass to an interacting companion and end up as helium stars. However,

we have tested also other values of the F parameter: in particular, for spirals we

run models with F in the range 0.01-0.5 and found that the error on the predicted

present time SN Ib/c rate is ∼ 0.003 SNe yr−1, while for irregulars we run models

with F in the range 0.01-0.3 (the value of 0.5 gives too high present time SN Ib/c

rates relative to observations) with an error on the theoretical SN Ib/c rate of

∼ 0.0003 SNe yr−1. We can safely conclude that in both cases F values lower
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Figure 3.2: Upper panel: evolution of the total metallicity as a function of time for

the Model Irr (solid line), Model Sp (dotted line) and for a typical elliptical (dashed

line). Lower panel: evolution of the minimal mass of WR progenitors as a function of

time for SNIbc and SNIc in the Model Irr (green dotted-dashed line and blue double

dotted-dashed line), Model Sp (green dashed line and blue dotted line) and for a typical

elliptical (black solid line and black double dashed-dotted line).

than 0.15 are not enough to reproduce the observed Type Ib/c SN rates (see next

paragraph), whereas higher but not unreasonable values (up to F=0.5), do not

produce sensible differences in the results. Therefore, we do not exclude that our

chosen value of F could be a lower limit.

An interesting quantity, often shown in literature, is the ratio between the

SN Ib/c and the SN II rate, NIbc/NII (i.e. Prantzos & Boissier 2003; Boissier &

Prantzos 2009; Prieto et al. 2008; Smartt et al. 2009 and Smith et al. 2011).

In order to have a more consistent comparison with the data we have plotted

the NIbc/NII and NIc/NII ratios as functions of metallicity, see Figure 3.4). It

is worth noting that when using NIbc/NII and NIc/NII vs metallicity, we cannot

specify the galaxy type because the relation between mass and metallicity and

the IMF are the same for all galaxy types. As one can see from Figure 3.4, our

predictions are in good agreement with the data both in the case of SNe Ib/c

(solid line) and SNe Ic (dashed line) and with previous calculations (Boissier &

Prantzos, 2009).
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Figure 3.3: Supernova Ib/c and Ic rates as a function of time and redshift for Model

Irr (magenta solid line, green dotted-dashed line and blue double dotted-dashed line)

and Model Sp ( dotted-double dashed magenta line, green dashed line and blue dotted

line). The redshift of galaxy formation is zf = 10 in a ΛCDM cosmology. The various

model predictions for each rate depend on the different assumptions concerning the

SNIb/c and SNIc progenitors and their dependence on the initial stellar metallicity:

MWR = 25M⊙ (solid line for Model Irr and dotted-double dashed line for Model Sp),

MWR = M(Z) (dashed line for SNIbc and dotted line for SNIc in Model Sp; dashed-

dotted line for SNIbc and double dotted-dashed line for SNIc in Model Irr). The points

are the observed SN Ib/c rates, obtained by multiplying the observed rate per unit

mass (Li et al. 2011) by the present time stellar mass of the galaxy in Mod. Irr (circle)

and Mod. Sp (square). In the Figure, also the local GRB rate provided by Guetta et

al.(2005), triangle, and Salvaterra et al. (2011), diamond, is shown.
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Figure 3.4: Number ratio of SNIb/c and Ic to SNII as a function of metallicity of

the host galaxy (solid and dashed lines respectively). The circles and the triangles

down are the values obtained by Prieto et al. (2008) from directly measured central

metallicities for SNIbc and SNIc respectively while the squares are the results from

Prantzos & Boissier (2003) using absolute magnitudes as a proxy to host metallicities.

3.4 The local GRB/SNIb/c ratio

Figure 3.3 shows the existence of a good match between the “expected” SNIb/c

“local” rate, computed for spirals and irregulars, and the “observed” SN rates

derived by Li et al. (2011). This agreement assesses quantitatively the reliability

of the prescriptions that have been used in Sections 3.1 to derive the SNIb/c

rate as a function of time and provides more weight to the results that will be

presented in Section 3.6. When the metallicity effect on the minimum WR mass

is taken into account, there is a difference only for irregulars, mainly at early

times, due to the slower growth of metallicity in these systems.

It is interesting to compute the ratio of Type Ib/c SNe to GRBs in the local

Universe, and to do that we should compare the theoretical SNIb/c rates, shown

in Figure 3.3, with the local rate of GRBs at the present time (triangle). The

“canonical”value for the latter quantity ranges between ∼ 0.5 GRB Gpc−3 yr−1

(Schmidt 2001) to ∼ 1 event Gpc−3yr−1 (Guetta et al. 2005). In order to compare

the SNIb/c and the GRB rate in the right units we use the local GRB rate of

1.1 event Gpc−3yr−1 (Guetta et al. 2005) taking into account the local density

of B luminosity, ∼ 1.2 · 108 LB,⊙ Mpc−3 (e.g. Madau, Della Valle & Panagia

1998) and the B luminosity of the Milky Way, 2.3 · 1010 LB,⊙. This approach
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gives RGRB ∼ 2.1 · 10−7 yr−1. This “observed” rate has to be re-scaled by using

the beaming factor, f−1
b . The beaming factor accounts for the fact that a GRB

does not light up the full celestial sphere but rather a fraction. There are several

estimates of this parameter, f−1
b ≤ 10 (Guetta & Della Valle, 2007) for local and

low luminosity GRBs, corresponding to θ > 25o, and f−1
b ∼ 75− 500 (Guetta et

al. 2005, Yonetoku et al. 2005; van Putten & Regimbau 2003, Frail et al. 2001),

for high-luminosity GRBs, corresponding to beaming angles of ∼ 10−4 rad.

If we conservatively assume, for “local”GRBs, f−1
b ≤ 75, we derive a “lo-

cal”ratio GRB/SNIb/c of ≤ 3 · 10−3 and ≤ 2 · 10−2 in spirals and irregulars,

respectively. This is an expected result, since not all SNe Ib/c will end up as long

GRBs.

In Figure 3.3 we have shown the GRB rate provided by Guetta et al. (2005)

in unit of yr−1 and re-scaled using the beaming factor f−1
b = 75 ± 25 and, as a

comparison, the simulated observed local GRB rate provided by Salvaterra et al.

(2011) that takes into account the number of GRBs pointing towards the Earth.

3.5 The cosmic star formation rate

A “cosmic”rate describes the occurrence in time of a specific event in an unitary

comoving volume of the Universe. This definition is necessary to study the rates

at high redshift where the morphology of the observed galaxies is not known. The

cosmic rate refer, in fact, to a mixture of galaxies which can be different at every

redshift.

The study of the cosmic SNeIb/c and GRBs rates and their subsequent con-

frontation, can give information on the evolution of galaxies at high redshift.

Since both of these functions is proportional to the cosmic rate of galaxy forma-

tion (CSFR), that contains an imprint of the collective outcome of all processes

which shape galaxies along time, it is evident the importance of the choice of a

particular CSFR to understand the galaxy evolution.

The two main models for the evolution of galaxies and in particular for the

formation of spheroids, are the monolithic collapse (MC) and the hierarchical

clustering (HC). We explain briefly the basic ideas of two scenarios and the ob-

servational evidences:

MC: monolithic collapse of a cloud of gas; the spheroids are formed at high

redshift (z > 2 − 3) as a result of a violent burst of star formation. After

the main burst, the galaxy loses the residual gas via galactic wind and

evolves passively (Larson 1987a; Sandage 1986; Matteucci and Tornambe

52



1987; Matteucci 1994). The idea that the spheroids are formed at high

redshift is supported by many observational evidence including:

❼ the observed number density of high mass spheroids and disks is con-

stant up to z ∼ 1

❼ the overabundance of magnesium relative to iron, [Mg/Fe], observed

in the stars of elliptical galaxies

❼ the growth of the ratio [Mg/Fe] with the galactic brightness

❼ the observations of Lyman-break (Pettini et al. 2002a) and SCUBA

(Ivison et al. 2000) galaxies at high redshift, with star formation rates

between ∼ 50 and 1000M⊙yr
−1

HC: massive spheroids are formed from smaller systems through various episodes

of merger; they reach the final mass only in the recent times (z ≤ 1.5, White

and Rees 1978; Baugh et al. 1998; Cole et al. 2000; Menci et al. 2002).

This scenario is based on the Press and Schechter (1974) theory of the

structures formation that was studied mainly to understand the behavior

and evolution of dark matter (DM): in a universe dominated by a ΛCDM

model, small halos of DM are the first to collapse; then, they interact to

form larger halos that slowly collapse and cool. Also the baryonic mat-

ter, confined within these halos of DM, cools to form stars but it is very

important to emphasize that the hypothesis, according to which the for-

mation of baryonic structures follows the same pattern of the hierarchical

DM, is questionable in fact, the hierarchical model applied to the evolution

of galaxies has significant problems in reproducing simultaneously the vari-

ous observational characteristics of spheroids. For example, the hierarchical

model cannot reproduce the [Mg/Fe]-mass relation of the elliptical galaxies,

see Matteucci (1994) and Kroupa (2002) for further details.

The cosmic star formation rate used during this work and described below,

has been formulated in the frame of monolithic scenario, taking into account the

star formation histories of the various galaxies types (Calura and Matteucci 2003;

Grieco et al. 2012a). For the sake of completeness, also different cosmic SFR,

available in the literature and based on different hypothesis of formation, will be

described.

The CSFR has now been measured up to very high redshift (z∼11), especially

thanks to galaxies hosting GRBs. In particular, new informations come from the

discovery of GRBs observed at redshift z ∼ 8.2 (Salvaterra et al. 2009; Tanvir
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et al. 2009) and z ∼ 9.4 (Cucchiara et al. 2011) and galaxy candidates seen at

z ∼ 11 (Coe et al. 2013) and z ∼ 12 (Ellis et al. 2013).

In order to evaluate the cosmic star formation rate we used the data available

in literature and in particular the compilation of Hopkins (2004) together with

the CSFR, measured from GRB counts, provided by Kistler et al. (2009). In

the Hopkins sample, the data represent the CSFR determined by several authors

using different indicators (Hα, Hβ, [OII], 1500 Å, 1600 Å, 1700 Å, 2000 Å, 2800

Å, 15 µm, 850 µm and radio). The data have been converted to a Salpeter (1955)

IMF and corrected for dust extinction using a common obscuration correction and

an extinction curve. These data show a trend of the CSFR constantly increasing

from z = 0 to z ∼ 2.5 where there is a peak. From z ∼ 2.5 to z ∼ 4 the CSFR

shows a decrease and then a quite constant behavior up to z ∼ 6. The data

from Kistler et al. (2009) that we have used are instead based on the Swift GRB

sample. It is worth mentioning that these data suggest a more flat trend for

the CSFR respect to the values derived from the Hopkins sample. Because of

their high luminosity, the GRBs can be detected out to the edge of the visual

Universe; this means that thanks to GRBs we can probably look at galaxies

that cannot be seen by any present survey because under the detection limit.

In the light of this, the discrepancy between different CSFR observations could

be interpreted as the evidence that we are missing a part of star formation and

probably underestimating the high redshift CSFR.

In Figure 3.5 we show the CSFR data sample collected by Hopkins et al.

(2004) from 1995 onwards, the CSFR based on the Swift GRBs counts (open

diamonds, Kistler et al. 2013) and the empirical fit provided by Cole et al.

(2001), green solid line. This same parametric form has been used later on by

many authors such as Hopkins & Beacom (2006) and Blanc & Greggio (2008),

since it fits also more recent data up to, at least, redshift z=6. Because of the

good agreement between recent data and the Cole’s CSFR fit, in the following

plot we will show only the Cole’s CSFR, provided in this parametric form:

CSFR(t) =
(a1 + a2z)h

(1 + (z/a3)a4)
(3.3)

where h = 0.7 and the fit parameter are shown in table 3.5.

In Figure 3.6, we show the CSFR (tagged in the Figure as Grieco, dashed line)

obtained by taking into account the evolution of galaxies of different morphologi-

cal type (ellipticals, spirals and irregulars), as described in the previous sections.

In particular, the CSFR has been computed by assuming a pure luminosity evo-

lution of galaxies, in other words, the main parameters of the Schechter (1976)

54



galaxy luminosity function have been kept constant with redshift. To compute

the CSFR we have adopted the following relation:

CSFR =
∑

k

ψk(t) · n
∗

k [M⊙yr
−1Mpc−3], (3.4)

where k identifies a particular galaxy type (elliptical, spiral, irregular) and ψk(t)

represents the history of star formation in each galaxy, as shown in Figure 3.1.

The quantity n∗

k is the galaxy number density, expressed in units of Mpc−3 for

each morphological galaxy type and it has been assumed to be constant and

equal to the present one, as derived by Marzke et al. (1994). This CSFR is

therefore obtained by assuming that all galaxies started forming stars at the

same time and that there is no number density evolution; these are very simple

assumptions but they can be useful to disentangle the effect of the SFR from that

of the luminosity function and to compare these results with predictions from

hierarchical galaxy formation models. This predicted CSFR shows a high peak

of star formation at very high redshift due to the contribution of the ellipticals

which have formed their stars very early. This predicted high redshift CSFR is

too high and unrealistic since the number density of ellipticals at high redshift

could have been overestimated. In other words, the hypothesis of no number

density evolution could be incorrect. On the other hand, the predicted CSFR for

redshift z < 6 seems underestimated relative to the data. This does not mean

that our galactic SF histories are wrong but again it could be due to neglecting

the number density evolution of galaxies.

As already mentioned, we have adopted also CSFRs computed in the frame-

work of the hierarchical clustering galaxy formation scenario, as well as the fit

to the observed CSFR, green dotted line of Figure 3.6, provided by Cole et al.

(2001).

In particular, in Figure 3.6 are shown:

i) the Menci CSFR, blue solid line, has been implemented using a semi-

analytical model (SAM) based on the hierarchical formation scenario. In

this model it is assumed that the galaxies contained in each dark matter

halo can:

(a) merge in the central dominant galaxy;

(b) survive retaining their identity and continuing to orbit becoming satel-

lite galaxies in the halo.

In the relationship between stellar evolution and galactic dynamics, the

baryon content of the galaxy is divided in different stages: at the beginning
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it is assumed that all the baryons belong to the warm phase, and then, the

star formation takes place by passing through the intermediate cold phase

in which the material cools through radiative processes.

ii) the Strolger et al. (2004) CSFR, (Stro04) turquoise dashed-dotted line,

assume a modified version of parametric equation suggested by Madau et al.

(1998) taking into account the correction due to dust extinction.

CSFR(t) = a1(t
a2e−t/a3 + a4e

(t−t0)/a3) (3.5)

where t0 = 13.47Gyr is the age of the Universe at redshift z=0. The fit

parameters are shown in Table 3.5.

iii) the Steidel et al. (1999), (Stei99) orange double dotted-dashed line,

CSFR(z) = 0.15
e3.4z

e3.4z + 22
M⊙yr

−1Mpc−3 (3.6)

iv) the Porciani & Madau (2001) CSFR, (P-M01) violet double dashed-

dotted line,

CSFR(z) = 0.2
e3.05z−0.4

e2.93z + 15
M⊙yr

−1Mpc−3 (3.7)

where the last two CSFRs have been developed in ΛCDM framework with

the following parameter set, (ΩM ,ΩK ,ΩΛ)=(0.3, 0.008, 0.692) and ΩK =

1− ΩM − ΩΛ.

CSFR a1 a2 a3 a4

Stro04 0.182 1.260 1.865 0.071

Cole01 0.01334 0.175 2.93 3.01

Table 3.5: Fit parameters of the CSFR equations provided by Strolger et al. (2004)

and Cole et al. (2001), respectively.

It is worth noting that also all the other theoretical CSFRs shown in Figure

3.6 underestimate the CSFR at intermediate and low redshifts. To derive obser-

vationally the CSFR one should adopt some of the well known tracers of SF, in

particular Hα, Hβ, UV continuum. In these wavebands the effect of dust cannot

be neglected and therefore the dust correction is necessary to obtain the cor-

rect CSFR. The differences between corrected and uncorrected data are generally

large, as shown by Strolger et al. (2004). In particular, uncorrected data tend to

show a strong decline of the CSFR for z > 2, whereas the corrected data show an

almost constant CSFR for z > 3. Another important effect in the derivation of

the CSFR is related to the uncertainty in the faint end of the luminosity function

of galaxies.
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Figure 3.5: Cosmic star formation rate as a function of redshift: the five open indigo

diamond points are provided by Kistler et al. (2013) on the base of while all the other

data comes from the sample provided by Hopkins (2004) and shown in the Appendix

of this work. The green solid line is the CSFR provided by Cole et al. (2001), taken as

the best fit of the data.

3.6 The cosmic SNIb/c and GRB rates

Both the cosmic Type Ib/c and GRB rates depend upon the SFR in galaxies

but also on the galaxy and GRB luminosity functions. If these functions do not

evolve with redshift then both the SN and GRB rates will trace the CSFR. On the

contrary, the observed behaviour can be due to the evolution of the luminosity

functions of galaxies (e.g. number density evolution).

By means of these different CSFRs we have then computed the cosmic SN

Ib/c rate shown in Figures 3.7 where it is reported also the observed cosmic

GRB rate. The adopted progenitors for SNe Ib/c are assumed to be single WR

stars with constant minimum mass of 25M⊙ plus binary systems, as described in

section 3.2. As one can see, the theoretical error between different CSNR models

increases towards high and very high redshift and it is roughly a factor of ten at

z=6. Clearly at these high redshifts (z > 6) the uncertainties are still too large

too draw any conclusion.

In Figure 3.8 we show the predicted cosmic Type Ib/c SN rate obtained by

adopting the Cole et al. (2001) CSFR and MWR depending on Z, all the other

assumptions being the same. Here we have considered the cosmic evolution of

Z, and in particular we assumed the Z vs. time evolution typical of an elliptical
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Figure 3.6: Evolution of different cosmic star formation rates with redshift: Menci,

private communication (blue solid line), our model (black long-dashed line), Strolger

2004 (turquoise dashed-dotted line), Steidel 1999 (orange double dotted-dashed line),

Porciani & Madau 2001 (violet double dashed-dotted line). The green dotted line is

the fit (Cole et al. 2001) of the data collected by Hopkins (2004) where this fit has

then been extended up to redshift z=6.

galaxy of 1011M⊙ as shown in Figure 3.2; this is because by weighting the Z

vs. time of each galaxy on their number density, the Z vs.time relation of the

ellipticals dominates at all redshifts. In fact, spheroids are very likely to be the

responsible for the production of the bulk of metals in the Universe (see Calura

& Matteucci 2004). As one can see in Figure 3.8, the effect of metallicity on the

Type Ib/c SN progenitors is stronger at early times and produces a lower cosmic

Type Ib/c SN rate. This effect would be similar if applied to all the CSFRs of

Figure 3.6.

Coming back to Figure 3.7, a visual inspection of this figure confirms that

GRBs originating from the explosion of massive stars are only a tiny fraction

of SNe Ib/c class. In particular, the comparison of the SNIb/c rates with the

Matsubayashi et al. (2005) semi-empirical track, suggests the ratio GRB/SNIb/c

to be ∼ 10−4 in the local Universe and to increase up to ∼ 10−3 − 10−2 all over

the redshift range z= 1 ÷ 8. Interestingly enough, the GRB/SNeIb/c ratio at

z ∼ 0 nicely reproduces the “observed”ratio between the local GRB rate and

the SNIb/c rates obtained by other authors: ∼ 1GRB Gpc−3 yr−1 (Guetta et

al. 2005) and ∼ 2 · 104SNIb/c Gpc−3 yr−1 (Guetta & Della Valle 2007), respec-

tively. After taking these figures at their face values, we conclude that “local”and
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“low luminosity”GRBs (L ≤ 1049 ergs−1) barely need the correction for beaming

and therefore we can infer that they emit almost isotropically. This result is in

good agreement with observations (admittedly on scanty statistic). For exam-

ple, for GRB 060218 Soderberg et al. (2006) find θ > 70deg, for GRB 031203,

θ > 30deg (Malesani, private communication) and θ > 25deg (corresponding to

f−1
b ≤ 10) for “low luminosity”GRBs population (Guetta & Della Valle, 2007).

The increasing ratio GRB/SNIb/c ∼ 10−3 − 10−2 for z ∼ 1, in the case of the

Matsubayashi et al. (2005) GRB rate, may suggest either a different behavior

for “cosmological”GRBs due to the existence of a different GRB population (e.g.

Bromberg et al. 2011 and references therein) characterized by a larger beaming

factor, likely of the order of f−1
b ∼ 20−200 (corresponding to a jet opening angle

of ∼ 20deg-6deg) or the Matsubayashi et al. semi-empirical track is still affected

by the obvious bias which favors the discovery at high-z of only highly beamed

GRBs. Similar conclusions (short of a constant) can be obtained by comparing

the SNIb/c rate track with the GRB track by Wanderman & Piran (2010) and

with that by Salvaterra et al. (2011). In particular, the Salvaterra et al. (2011)

rate is derived from a redshift sample of bright Swift GRBs under the assumption

that GRBs did not experience luminosity evolution with redshift. It is worth

noting that on the basis of the current studies, it is not possible to distinguish

between a pure density and a pure luminosity evolution.

In general, there is no agreement among different authors on this issue. Butler

et al. (2010) suggest that pure density evolution models produce the observed

number of GRBs at high-z, but in other works the luminosity evolution is used

to explain the GRB rate (i.e. see Salvaterra et al. 2009b, Petrosian et al. 2009)

increasing faster than some CSFR, such as that of Hopkins & Beacom (2006).

This is because the Hopkins & Beacom (2006) CSFR is decreasing at high z.

However, this behaviour of the CSFR needs to be confirmed by more data and

at the moment we cannot exclude the CSFR to be flat at high z.

Moreover, since the emission of GRBs is collimated, another factor of uncer-

tainty lies in the treatment of the beaming factor. In a recent paper, Ghirlanda

et al. (2013) have shown a comparison between the CSNR shown in Figure 3.7

and their simulated cosmic GRB rate where they concluded that in general the

GRB/SNIb/c ratio is about one order of magnitude higher respect to the ratio

shown in our work and that the local rate of GRBs is ∼0.3% that of SNIb/c.

In particular, Figure 3.9 shows: our models with the same color set, the sample

of simulated GRBs (filled black circles) and the GRB formation rate (grey solid

line, see Section 2 of Ghirlanda et al. (2013) for details) with beaming correction.
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Figure 3.7: Comparison between the cosmic predicted Type Ib/c SN rates computed

by means of all the CSFRs of Figure 3.6 and the number of observed GRBs at different

redshift provided by Wanderman & Piran (2010), Swift data, (black circles with error

bars) and Matsubayashi et al. (2005) (black dashed-dotted line in the lower part of the

Figure). The short-dashed and the double dotted black line, below the Matsubayashi

et al. (2005) rate, represent the best fit and the upper and lower limit, respectively,

of the cosmic GRB rate obtained by Salvaterra et al. (2011). The CSNRs Ib/c are

computed by means of CSFRs shown in Figure 3.6 and are indicated with the same

symbols.
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Figure 3.8: Comparison between the cosmic predicted Type Ib/c SN rates computed

by means of the CSFR of Cole et al. (2001) and the different assumptions on MWR:

solid line refers to a constant MWR whereas dotted line refers to the case of MWR =

M(Z).

The dashed grey line is the GRB rate without density evolution developed using

Eq. 1 of Li et al. (2010) while the orange filled diamonds are the rate of Swift

GRBs of the complete sample. The rate of bursts pointing to us (PO) is shown

by the blue open squares and finally, the rate of the PO bursts with peak flux

P largen than 2.6cm−2s−1 (i.e. the Swift comparison sample) by the red open

circles.

However, it is worth noting that, if we compare the SNIb/c rate with the

simulated GRB rate based on the observed GRBs pointing to us, i.e. the short-

dashed and the double dotted black line, (Salvaterra et al. 2011) and the black

circles (Wanderman & Piran) of Figure 3.7 together with the blue open square of

Figure 3.9, there is no difference between the values of the GRB/SNIb/c ratio.

3.7 Conclusions

We have computed the Type Ib/c SN rates expected at the present time in irregu-

lar and spiral galaxies of different masses with the aim of predicting the variation

with redshift of the SNIb/c rate based on successful models for the chemical evo-

lution of irregulars and spirals. We considered both single WR stars and massive

stars in binary systems as SN Ib/c progenitors. We used stellar evolution results

indicating that the minimum mass of WR stars is a function of the stellar metal-
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Figure 3.9: Comparison between the CSNR shown in our work, with the same color

set, and the GRB rates of Ghirlanda et al. (2013). the filled black circles and the grey

solid line are the sample of simulated GRBs and the GRB formation rate (see Section

2 of Ghirlanda et al. (2013) for details) with beaming correction, respectively. The

dashed grey line is the GRB rate without density evolution developed using Eq. 1 of

Li et al. (2010) while the orange filled diamonds are the rate of Swift GRBs of the

complete sample. The rate of bursts pointing to us (PO) is shown by the blue open

squares and finally, the rate of the PO bursts with peak flux P > 2.6cm−2s−1 (i.e. the

Swift comparison sample) by the red open circles.
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licity thus suggesting a higher rate of SNe Ib/c in more metal rich galaxies. Then

we considered various CSFRs as functions of cosmic time, both theoretically and

observationally derived, and computed the cosmic Type Ib/c SN rates expected

from the assumptions on Type Ib/c SN progenitors. These cosmic Type Ib/c SN

rates were then compared to the observationally derived cosmic GRB rate. Our

main conclusions can be summarized as follows:

❼ by taking into account WR progenitors depending on the metallicity and a

fraction of massive close binary systems equal to 15% of all massive stars as

SN Ib/c progenitors, it is possible to reproduce the present observed Type

Ib/c SN rate both in dwarf metal poor irregular and in spiral galaxies. It

is worth noting that the galactic evolution models adopted here are well

reproducing the main chemical properties of these galaxies.

❼ If a dependence on stellar metallicity is assumed for the WR stars, differ-

ences arise in the Type Ib/c SN rates only at early evolutionary times in

galaxies. Negligible differences are produced on the predicted local rates.

❼ We have compared the local observed Type Ib/c rates in spirals and irreg-

ulars with the local GRB rate and derived a local ratio GRB/SNe Ibc of

∼ 3 · 10−3. As expected, only a fraction of these SNe gives rise to GRBs.

❼ We took various CSFR histories and computed the cosmic Type Ib/c SN

rates. Also in this case we considered both a constant minimum WR mass

and a mass varying with metallicity. The effect of the dependence of MWR

on the metallicity is to predict lower cosmic Type Ib/c SN rates at very

high redshift. We have then compared the cosmic Type Ib/c SN rates with

the cosmic GRB rate derived from Swift data and found that the ratio

GRB/SNe Ibc ∼ 10−4. This confirms previous results that only a small

fraction of all SNe Ib/c gives rise to GRBs, but our factor is smaller than

what found in Bissaldi et al. (2007). The reason for this resides in the

fact that we have adopted the recent GRB cosmic rate derived from Swift

data, whereas in Bissaldi et al. (2007) the cosmic GRB rate was derived on

the basis of semi-empirical estimates (Matsubayashi et al. 2005). On the

other hand, if we compare our cosmic SN rates with the Matsubayashi et al.

(2005) rate we confirm the results of Bissaldi et al. (2007), indicating a ratio

GRB/SNIb/c rates of ∼ 10−3 − 10−2. Moreover, very recently Ghirlanda

et al. (2013) estimated the cosmic GRB rate by taking into account the

beaming factor and concluded that the local rate of GRBs is ∼0.3% that

of SNIb/c and the cosmic GRB/SNIb/c ratio is ∼ 10−3.
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❼ Studies of GRBs and their hosts have revealed to be extremely important to

trace galaxy evolution at very high redshifts, although the interpretation of

cosmic diagrams is difficult since it involves assumptions on the luminosity

function of both galaxies and GRBs. It is interesting to note that Salvaterra

& Chincarini (2007) pointed out that by adopting the CSFR derived by

Cole et al. (2001) and assuming a GRB luminosity function independent

of redshift, one largely underestimates the number of high redshift GRBs

detected by Swift. This fact could be interpreted in two ways: either the

characteristic luminosity of GRBs increases with redshift or the CSFR at

very high redshift is higher than in Cole et al. (2001). We have shown that a

high CSFR can be achieved by means of monolithic like models of ellipticals

producing stars at a very high rate and at very high redshift. However, no

firm conclusions can be drawn on the CSFR at very high redshift because

of the large uncertainties due to dust corrections.
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Chapter 4

The chemical evolution of the

Galactic Bulge

In the previous chapters, I described the chemical evolution equations used in the

present work, together with their main ingredients (Chapter 2);

the star formation histories and the supernovae rates derived from our chem-

ical evolution code, for irregulars and spirals, are compared with recent observa-

tions at the present time (Chapter 3). Here, we present a detailed model for a

typical spheroid: the Galactic Bulge.

Various theories for the bulge formation were put forward in the past years.

Wyse & Gilmore (1992) first summarized the various possibilities and in the fol-

lowing years many studies appeared on the subject. The main proposed scenarios

are as follows:

a) Accretion of stellar satellites. This idea was later developed in models

were the bulge formed by accretion of extant stellar systems which hierar-

chically merged and eventually settled in the center of the Galaxy (Noguchi,

1999; Aguerri et al. 2001; Bournaud et al. 2009);

b) In situ star formation from primordial or slightly enriched gas.

The bulge was formed by a fast gravitational collapse (Larson, 1976) or slow

accumulation of gas at the center of the Galaxy and subsequent evolution

with either fast or a slow star formation; the accreted gas could have been

primordial or metal enriched by the halo, thick-disk or thin-disk. In the

past years, the comparison between model predictions and the observed

metallicity distribution function (MDF) of the Galactic bulge suggested

that this component of the Milky Way had evolved very fast and with a

flatter initial mass function (IMF) than in the solar vicinity (e.g. Matteucci
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& Brocato, 1990; Matteucci et al. 1999; Ferreras et al. 2003; Ballero et al.

2007; Cescutti & Matteucci, 2011).

c) Secular evolution. The bulge formed as a result of secular evolution of

the disk through a bar forming a pseudo-bulge (e.g. Combes et al. 1990;

Norman et al. 1996; Kormendy & Kennicutt (2004); Athanassoula, 2005).

After the formation of the bar, the bulge heats in the vertical direction

giving rise to the typical boxy/peanut configuration. A more recent model

belonging to this category assumes that the bulge is formed though bar

instability from a disk composed by thin and thick disk components (Bekki

& Tsujimoto, 2011). However, these models were not tested on the observed

chemical abundances.

d) Mixed scenario: secular and spheroidal components together. Sam-

land & Gerhard (2003) had predicted, by means of a dynamical model, the

existence of two bulge populations: one formed in an early collapse and the

other formed late in the bar. Although a two-step formation of the bulge

is not a new idea (see Wyse & Gilmore 1992), recently, Tsujimoto & Bekki

(2012) tried to model the two main stellar populations found in the bulge

and suggested that the metal poor component formed on a timescale of 1

Gyr with a flat IMF (x=1.05), whereas the other component, the metal rich

one, formed from pre-enriched gas on a timescale of 4 Gyr.

The place of the Milky Way within these different bulge formation scenarios is

far from being understood; what emerges from the recent data is that the Galactic

bulge could have both the characteristics of a classical bulge and a pseudo-bulge,

see section 4.1. From a theoretical point of view, it is possible to draw a picture

of what we could require from observation of the Galactic Bulge.

Classical bulges are expected to share the same observational properties of

elliptical galaxies. An important point is that the rotation of classical bulges

is observed to be non-cylindrical, therefore showing a decrease in the rotation

velocity at increasing height from the plane (e.g. Emsellem et al. 2004). Since

classical bulges are formed violently, in fast and early processes of collapse, stars in

classical bulges are expected to have formed mostly from the starburst in the early

times, with little or no star formation since then. For this reason, classical bulges

are expected to be composed predominantly of old stars (∼ 10 Gyr) (e.g. Renzini

1998), they have enhanced abundance ratios (Peletier et al. 1999; Moorthy &

Holtzman 2006; MacArthur et al. 2008) and often show metallicity gradients,
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going from metal-poor stars in the outskirts to a more metal-rich population

towards the center, see for example Jablonka et al. (2007).

The dynamical and structural properties of boxy-bulges are well constrained

from models and observations and the most characteristic property of these sys-

tems is the cylindrical rotation patterns observed. This means that the rotation

velocity within a boxy-bulge does not change with height above the galactic plane

(e.g. Kormendy & Illingworth 1982; Combes et al. 1990; Athanassoula & Misirio-

tis 2002; Shen et al.2010). However, the properties of their stellar populations are

less clear than in the case of classical bulges. In practice, the presence of a central

bar, as observed in our galaxy, has important consequences for the subsequent

evolution of the galaxy, redistributing the angular momentum and matter in the

disk. In particular, it causes the loss of angular momentum of the molecular gas

settled in the rotating disk, inducing its infall process into the inner regions of

the galaxy. The gas, slowly fueling into the center, produces a slow star forma-

tion process that results in the formation, in these inner regions, of a disk-like

component called pseudo-bulge, hosting a young stellar populations dominated

by metal-rich stars with solar alpha element abundances.

4.1 Observational point of view

One of the most important observational constraints that can be derived by sur-

veying the stellar bulge is provided by the distribution of the stellar metallicities,

the so called Metallicity Distribution Function (MDF). Traditionally, the iron

abundance is taken as a reference element to enable comparison of the metallicity

of one star with another, quantified as [Fe/H] = Log(NFe/NH)∗−Log(NFe/NH)⊙

and yielding, through the comparison of the MDFs in different environments, im-

portant information about the age and formation history of stellar systems. In

Figure 4.1 a comparison between the first MDF entirely based on high resolution

spectra of large sample of 194 red giant branch stars (Zoccali et al. 2008, black

line) in Baade’s Windows (b = −4◦) together with the MDF of 219 red clump

stars provided by Hill et al. (2011, grey shaded histogram) performed with the

ESO/VLT/GIRAFFE spectrograph in the same Galactic region is shown. In

general the difference between the two MDFs could arise from small differences

in the analysis itself while the smaller amount of metal poor stars in the clump

MDF is expected, since metal poor stars would not be found in the red clump

but on the blue side of the horizontal branch (HB). In the paper of Hill et al.

(2011), the authors highlight the bimodality of the distribution, visible also in the
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fractional number of stars as a function of [Mg/H]. The interpretation of multiple

peaks is based on the existence of two stellar population, one metal poor and the

other one metal rich, see section 4.1.2.
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Figure 4.1: Metallicity distribution function of red giant branch stars (black line,

Zoccali et al. 2008) and red clump stars (grey shaded histogram, Hill et al. 2011).

In a recent paper, Johnson et al. (2013) show the MDFs of the Galactic bulge

in four different fields both along the minor axis and off-axis at similar Galactic

latitudes. The dashed red line in each panel of the Figure 4.2 indicates the median

[Fe/H] value. The (l,b)=(+1,-4), (0,-6), and (0,-12) fields are from Zoccali et al.

(2008), the (0,-8) field is from Johnson et al. (2011), the (+5,-3) field is from

Gonzalez et al. (2011), and the (-5.5,-7), (-4,-9), and (+8.5,+9) fields are from

Johnson et al. (2013). As it is possible to see in the plot, the comparison made

by Johnson, confirming the results of previous works (Minniti et al. 1995, Zoccali

et al. 2008), show the existence of a vertical metallicity gradient, at least for

|b| > 4. The authors observe that the decline in the median [Fe/H] ratio with

increasing Galactic latitude appears to be driven by the same phenomenon in

both the minor-axis and off-axis fields. In particular, both sets of observations

show a decrease in the relative fraction of metal-rich ([Fe/H] & 0) stars, an

increase in the relative fraction of the metal-poor ([Fe/H] . −1) stars, and no

significant change in the relative fraction of intermediate metallicity stars as a

function of increasing Galactic latitude.

The situation is a little bit complicated if we look to the inner bulge region

where the presence or absence of an abundance gradient has not been established.

Ramirez et al. (2000) and Rich et al. (2007) did not find any evidence of an abun-
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Figure 4.2: Metallicity distribution functions are shown for bulge RGB stars in four

minor-axis (left panels) and four off-axis (right panels) fields.

dance gradient in the Inner Galactic Bulge (IGB). However, these studies were

limited, respectively, to one field located at (l,b) = (0◦,−1◦), and to low-resolution

spectra where abundance determination is very uncertain. Until now most of the

abundance studies in the IGB have been restricted to negative Galactic latitudes.

A systematic abundance study of the IGB in the northern fields will be done as

part of an ESO proposal (see Appendix) based, from a theoretical point of view,

on the results I will show in this chapter.

Analyzing the kinematic properties of the same Hill’s RCS sample, Babusiaux

et al. (2010) confirm the theory of a double stellar component: the metal poor

component does not show any correlation between its velocity components (ho-

mogeneous kinematic) while the metal-rich one shows kinematics corresponding

to a disk/bar component with the velocity dispersion along the bar major axis

much larger than its azimuthal dispersion which is itself lower than its vertical

dispersion, σr > σl > σb.

In Figure 4.3, a comparison between the α elements abundance ratios of bulge

and disk provided by Gonzalez et al. (2011), on the spectra of a 650 K giant stars

sample obtained with the FLAMES/GIRAFFE spectrograph, at a resolution of R
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∼ 20000 for three different Galactic field (b = −4◦, b = −6◦, b = −12◦) and three

bulge globular cluster (NGC 6522 in Baade’s Windows, NGC 6558 at b = −6◦

and NGC 6553 at b = −12◦) is shown. The authors note that when the mean

abundances is considered, differences between the bulge and the thick disk do

not exceed 0.05 dex for all metallicities. This similarity from a chemical point

of view of these two Milky Way’s components is supported also by the work of

Alves-Brito et al. (2010). Moreover, comparing the alpha-metallicity relation

with Figure 4.4, showing the radial velocity dispersion as a function of [α/Fe], it

is possible to see that the stars of the metal poor and alpha enhanced population

have a velocity dispersion of ∼ 90 km/s approximately constant along the minor

axis while the old, metal rich and alpha poor component shows larger velocity

dispersion in the inner fields and decreasing velocity dispersion at higher latitude.

In the b = −12◦ field the most alpha poor component disappears altogether; this

behaviour mimics very closely the trend shown in Babusiaux et al. (2010) and

it is interpreted as the signature of two stellar population mixed together in the

inner part of the bulge. Then, while moving away from the plane, in the outer

part of the bulge, the bar, metal rich population disappears while the metal poor

component associated with the old spheroid stays present along the bulge minor

axis.

Figure 4.3: The left panels show [α/Fe] trends as a function of [Fe/H] in 3 bulge

fields located along the minor axis. Best fit trends are shown for both [Fe/H] ranges, a

metal-poor between -1.2 and -0.5 dex and a metal-rich between -0.3 and 0.2 dex, as well

as the location of the knee in all fields. The right panels show the [α/Fe] distribution

for each field, Gonzalez et al. (2011)
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Figure 4.4: Dispersion of radial velocity as a function of [α/Fe], in bins of 0.15 dex,

for the three fields along the minor axis (filled circles and left axis scale). Overplotted

as a dashed line is the [α/Fe] distribution for each field, which scale is given on the

right, Gonzalez et al. (2011).

Summarizing the results coming from the bulge surveys of the last years, the

place of the Milky Way within these different bulge formation scenarios is far

from being understood.

On one side, color-magnitude diagram analyses of bulge stars have indicated

that the bulk of the bulge is old (t ∼ 12 Gyr) with a metallicity distribution

that extends from [Fe/H] = -1.5 to [Fe/H] = 0.5 and a peak at solar metallicity

while the alpha element abundance ratios [α/Fe] are high. A vertical metallicity

gradient is observed but it appears to be absent in the inner bulge regions (b <

4◦). Therefore, the conclusions so far regarding age, metallicity and chemical

enrichment in the bulge point to a formation scenario similar to that of early-type

galaxies in a gravitational collapse scenario, in other words, to a classical bulge.

But, on the other hand, the existence of a bar is now proven by several studies

(e.g. McWilliam & Zoccali, 2010; Saito et al. 2011) suggesting that the bulge

has an X-shaped structure, as expected from the buckling instability processes of

the bar. Also the extensive survey by Ness & Freeman (2012) has shown that the

Milky Way bulge is indeed a bar. Results from BRAVA survey (e.g. Rich et al.

2007) did not find evidence for a different population from the bar one, whereas
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Shen et al. (2010) and Kunder et al. (2011) suggested that the classical bulge

component exists but it is < 8% of the mass of the disk. In addition, Bensby et al.

(2012) found a non-negligible fraction of younger stars based on a microlensing

study. From a chemical point of view, the similarity between the alpha elements

abundance ratios of bulge and thick disk, both enhanced when compared to the

thin disk, claim for a common origin in a slow formation scenario, as predicted

in the frame of a pseudo-bulge nature.

Altogether, the observational results provide evidence for the coexistence of

a classical bulge, within a bar-like component. The interpretation of the two

populations is that the metal poor (MP) one probably reflects the classical bulge

component, the old spheroid population formed in a short timescale, as witnessed

by the high [Mg/Fe]∼ +0.3 dex ratio and the kinematics corresponding to an

old spheroid (Babusiaux et al. 2010), whereas the metal rich (MR) population

seems to possess a bar kinematics and it could have originated by a pre-enriched

gas coming either from the residual gas from the formation of the metal poor

component or from the metal rich inner disk. These stars could have formed on

a longer timescale than the metal poor component, as witnessed by their almost

solar [Mg/Fe] ratios. In fact, as it is well known, in a regime of a very fast

star formation rate, most of the stars form with high [Mg/Fe] ratios, due to the

predominant pollution by core-collapse supernovae (SNe). On the other hand, in

a regime of slow star formation rate, the [Mg/Fe] ratios tend to be lower, due

to the pollution by Type Ia SNe intervening later than core-collapse SNe in the

chemical enrichment process.

4.1.1 The bulge chemical evolution model

Here we will try to model the two stellar populations (MP and MR), as described

in the previous Section. The chemical evolution model is similar to that adopted

by Cescutti & Matteucci (2011), which is an upgraded version of that of Ballero

et al. (2007), where a detailed description can be found. We remind here that the

model can follow in detail the evolution of several chemical elements including

H, D, He, Li, C, N, O, α-elements, Fe and Fe-peak elements, s- and r-process

elements. The IMF is assumed to be constant in space and time and it is let

to vary in order to test which one best fits the MDF. The star formation rate

adopted for the bulge is a simple Schmidt law with exponent k=1. The efficiency

of SF, namely the star formation rate per unit mass of gas, is let to vary from

ν=2 to 25 Gyr−1. In particular, to model the MP old spheroid component we

adopt ν = 25Gyr−1, whereas for the MR pseudo-bulge component ν = 2Gyr−1.

72



This model takes stellar feedback into account and compute the thermal energy

injected into the interstellar medium (ISM) by SNe, as described in Ballero et al.

(2007).

We assume that both stellar populations formed during episodes of gas ac-

cretion: the law for gas accretion is assumed to be the same in both cases but

the abundances of the infalling gas are different. We suppose that the gas which

formed the MP component was primordial or slightly enriched from the halo

formation, whereas the gas which formed the metal rich component was sub-

stantially enriched. In particular, the assumed chemical composition of the gas

out of which has been formed the MR component has a [Fe/H]=-0.6 dex and all

the abundance ratios reflect the composition of the gas forming the metal poor

component at t∼ 0.06 Gyr. It is worth noting that this particular chemical com-

position is similar to the composition of the gas in the innermost regions of the

Galactic disk, near 2 kpc, at an age of ∼2Gyr. The reason for the greater age is

that the inner disk must have evolved more slowly than the classical bulge, with

a lower star formation rate. Therefore, the MR population could have started to

form with a delay of 2Gyr relative to the MP one and out of gas of the inner disk.

The assumed gas accretion law is:

Ġi(t)inf = A(r)Xinfσ(tG)e
−t/τ (4.1)

where i represents a generic chemical element, τ is an appropriate collapse timescale

fixed by reproducing the observed stellar metallicity distribution function, and

A(r) is a parameter constrained by the requirement of reproducing the current

total surface mass density in the Galactic bulge (σbulge ∼ 1300M⊙yr
−1), which in

turn gives a total bulge mass of ∼ 2.0 · 1010M⊙ for a bulge radius of RB = 2kpc

and surface mass density distribution following a Sersic profile (see Ballero et

al. 2007). Finally, Xinf are the abundances of the infalling gas, considered

constant in time and tG is the Galactic lifetime (13.7 Gyr). In particular, the

abundances of the infalling gas for the MP component are considered either pri-

mordial or slightly enriched at the level of the average metallicity of the halo stars

(< [Fe/H] >= −1.5 dex). This second option is justified if we think that the

bulge stars formed out of gas lost from the halo and/or the inner thick-thin-disk.

The IMFs adopted here are: i) the one suggested by Ballero et al (2007):

φ(m) ∝ m−(1+x) (4.2)

with x = 0.95 for M > 1M⊙ and x = 0.33 for M < 1M⊙ in the mass range 0.1−

100M⊙. ii) The normal Salpeter IMF (x=1.35) in the mass range 0.1 − 100M⊙,
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and iii) the two-slope Scalo (1986) IMF, as adopted in Chiappini et al. (1997,

2001), with x=1.35 for m < 2M⊙ and x=1.7 for m ≥ 2M⊙, always in the mass

range 0.1− 100M⊙.

The Star formation rate predicted for the Bulge model is shown in Figure 4.5.

The metal-poor population forms in a rapid and intense burst (black solid line)

while the SFR of the metal-rich population is milder and predict a rate of less

then 1M⊙ yr
−1 at present time (red solid line). The trend shown after the first

Gyr depends on the threshold imposed on the surface gas density in agreement

with the work of Elmegreen (1999).
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Figure 4.5: Predicted star formation rate for the metal poor (black solid line) and for

the metal rich population (red solid line).

Nucleosynthesis and stellar evolution prescriptions

For the evolution of 7Li we have followed the prescriptions of Romano et al. (1999)

who predicted the evolution of Li abundance in the Galactic bulge. The main

Li producers assumed in that model are: i) core-collapse SNe, ii) massive-AGB

stars, iii) C-stars, iv) novae and v) cosmic rays. We address the reader to this

paper for details.

For all the other elements we have adopted the same yields as in Cescutti &

Matteucci (2011). In particular, detailed nucleosynthesis prescriptions are taken

from: François et al. (2004), who made use of widely adopted stellar yields and

compared the results obtained by including these yields in a detailed chemical

evolution model with the observational data, with the aim of constraining the

stellar nucleosynthesis. For low- and intermediate-mass (0.8− 8M⊙) stars, which

produce 12C and 14N , yields are taken from the standard model of van den Hoek

& Groenewegen (1997) as a function of the initial stellar metallicity. Concerning
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massive stars (M > 10M⊙), in order to best fit the data in the solar neighbour-

hood, when adopting Woosley & Weaver (1995) yields, François et al. (2004)

found that Mg yields should be increased in stars with masses 11−20M⊙ and de-

creased in stars larger than 20M⊙, and that Si yields should be slightly increased

in stars above 40M⊙. In the range of massive stars we have also adopted the

yields of Maeder (1992) and Meynet & Maeder (2002) containing mass loss. The

effect of mass loss is visible only for metallicities ≥ Z⊙. The use of these yields

is particularly important for studying the evolution of O and C, the two most

affected elements (see McWilliam et al. 2008; Cescutti et al. 2009). For Ba, we

use the nucleosynthesis prescriptions adopted by Cescutti et al. (2006) to best fit

the observational data for this neutron capture element in the solar vicinity; the

same nucleosynthesis prescriptions give also good results when applied to dwarf

spheroidals (Lanfranchi et al. 2006) and to the Galactic halo using an inhomoge-

neous model (Cescutti 2008). In particular, we assume that the s-process fraction

of Ba is produced in low mass stars (1 − 3M⊙, see Busso et al. 2001), whereas

the r-process fraction of Ba originates from stars in the range 12− 30M⊙.

4.1.2 The two main populations

We run several numerical models by varying the most important parameters: the

IMF, the efficiency of star formation and the timescale and chemical composition

of the infalling gas. We have found that the best models have the following

characteristics: i) the MP population is obtained by means of a very efficient star

formation (ν = 25Gyr−1) and a very short timescale for infall (τ = 0.1 Gyr),

as in our previous papers (e.g. Ballero et al. 2007 and Cescutti & Matteucci,

2011) but with a Salpeter IMF, less flat than the IMF suggested in Ballero et

al. (2007). The reason for this choice is due to the fact that with a Scalo (1986)

IMF the peak of the MDF of the MP population occurs at [Fe/H]∼-0.6 dex,

too low compared with the observed one. On the other hand, the Ballero et al.

(2007) IMF predicts a peak at a too high metallicity, [Fe/H]∼ 0. The model with

Salpeter IMF, instead, can well reproduce the MDF of the MP population. The

chemical composition of the infalling gas is assumed to be slightly pre-enriched

(< [Fe/H] > ∼ −1.5 dex). The infall of primordial gas, in fact, would predict

too many metal poor stars in the MDF. ii) The MR population is obtained with

a less efficient star formation (ν = 2Gyr−1) and a longer infall timescale (τ = 3

Gyr), the Salpeter IMF and enriched infall. In particular, for the infalling gas

we assume the chemical composition corresponding to the gas at an age of 0.06

Gyr since the beginning of formation of the MP population. By the way, this
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composition represents also the metallicity of the gas in the very inner disk at an

age of 2 Gyr, as predicted by chemical evolution models of the Milky Way disk

(Cescutti et al. 2007). The predicted metallicity distribution of our best model for

the metal poor population (MP in Table 4.1) is in reasonable agreement with the

observed one (see Figure 4.6 ). In Figure 4.7 we show the same MDFs of Figure

4.6 but convolved with a gaussian taking into account an average observational

error of 0.25 dex, in agreement with Hill et al. (2011). In Figure 4.8 we show our

predictions for the MDFs of the MP and MR populations as functions of [Mg/H],

and also in this case we find a good agreement with data. In Figure 4.9 we show

the same distributions as in Figure 4.8 but convolved with a gaussian taking into

account an observational error of 0.20 dex.

In Figure 4.10 we show the predicted [Mg/Fe] for the two populations. Clearly,

in the MP population the majority of stars has a high [Mg/Fe] roughly constant

for a large range of [Fe/H]: in particular, the [Mg/Fe] ratio starts declining at

[Fe/H]≥ -0.3 dex. In the MR population, instead, the [Mg/Fe] varies from +0.2

dex to -0.1 dex in a [Fe/H] range of [-0.5 , +0.7] dex. This lower [Mg/Fe] is due to

the fact that this population formed out of pre-enriched gas where the pollution

from Type Ia SNe was already present. We note that the predicted [Mg/Fe] is

slightly high at low metallicities.This is probably due to the assumed Mg yields

in massive stars. The Mg yields are, in fact, still quite uncertain. By lowering

the Mg yields the predicted curve would run lower than it is now but it would

not change its shape. We have computed the mean Fe abundance, < [Fe/H] >,

for the two populations: for the MP one we find < [Fe/H] >=-0.26 dex in

very good agreement with Hill et al. (2011), whereas for the MR one we find

< [Fe/H] >=+0.26 dex. This difference in the mean Fe abundance of the two

populations could be interpreted as a gradient itself, as suggested by Babusiaux

et al. (2010), although it is not clear how the stars of the two populations are

spatially distributed and mixed. It is interesting to note that we do not find any

development of a galactic wind during the formation of both components, and this

is due to the deep Galactic potential well in which the bulge is sitting, at variance

with what is found for an elliptical galaxy of the same mass as the Galactic bulge,

which sits in a shallower potential well (Pipino & Matteucci, 2004).

4.1.3 Possible abundance gradient in the metal poor pop-

ulation?

The existence of abundance gradients in the Galactic bulge is a very important

issue. Minniti et al. (1995) suggested the existence of an abundance gradient in
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Figure 4.6: The predicted MDF for the two populations as functions of [Fe/H]: MP

(dashed red line) and MR (continuous black line), compared to the data of Hill et al.

(2011). The sum of the two distributions is also shown (blue dashed-dotted line).

the inner 2 kpc but more recent analyses did not confirm this finding (Ramirez

et al. 2000; Rich et al. 2007-2012). In particular, these latter studies suggested

the absence of a gradient from the Galactic center out to the Baade’s window.

However, Zoccali et al. (2008;2009) found an abundance gradient along the bulge

minor axis, as one moves from Baade’s window to b=−12 ◦. Such a gradient could

be due to the formation of the bulge by dissipational collapse with the chemical

enrichment being faster in the innermost regions. Here we test the idea that there

could be a gradient inside the MP bulge population. We have computed then two

models describing two different sub-populations of the metal poor component: a)

the model for the innermost region has the same parameters as those adopted for

the MP population (ν = 25Gyr−1; τ=0.1 Gyr; Salpeter IMF) but restricted to

the inner 0.6 kpc, whereas the model for the outer region (from 0.6 to ∼ 2 kpc)

has a lower star formation efficiency (ν = 10Gyr−1), the same timescale for infall

and the same IMF as the inner population. In Table 4.1

we summarize the model parameters for the four populations: 1) the MP old

spheroid population, 2) the MR bar population, 3) the innermost sub-population

of the MP (IMP) and 4) the outermost sub-population of the MP (EMP). The

predicted MDFs for the two sub-populations (IMP and EMP) are shown in Figure

4.11, where they are compared with the observed global MDF. In Figure 4.12 we
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Figure 4.7: The predicted and observed MDF for the two populations as in Fig-

ure 4.6 but the MDFs have been convolved with a gaussian to take into account an

observational error of 0.25 dex.

show the same MDFs but convolved with a gaussian with an average observational

error of 0.25 dex, while in Figure 4.13 we present the resulting MDF obtained

by summing the two MDFs of Figure 4.12. As one can see, the resulting MDF

coincides practically with that of the MP population. The two distributions are

very similar although they peak at different [Fe/H] values. In particular, the

difference between the mean Fe abundance of the IMP and that of the EMP is

∆ < [Fe/H] >=-0.145 dex. Zoccali et al. (2008;2009) suggest ∆ < [Fe/H] >=

−0.15 dex going from b=−4 ◦ up to b=−12 ◦ (namely from 600 pc up to ∼

1.6 kpc, in terms of galactocentric distance), in very good agreement with our

prediction. Our numerical models have shown that sub-populations with a larger

gradient are not compatible with the observed MDF. In fact, a larger gradient

would imply a larger difference between the predicted peaks of the MDFs of the

two sub-populations, which is not observed. However, we cannot exclude the

existence of a small gradient even between the Galactic center and the Baade’s

window.

We have computed the expected gradients for several chemical elements (Fe,

Mg, O, Si, S and Ba) due to the differences between the average abundances of

the two main bulge populations (MP-MR), as well as those due to the differences

in the average abundances in the sub-populations IMP and EMP. The results are
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Figure 4.8: The predicted MDF for the two populations: MP(red dashed line) and

MR (black continuous line) as functions of [Mg/H]. The data are from Hill et al. (2011).

The sum of the two distributions is also shown (blue dashed-dotted line).

shown in Table 4.2. For the gradients between MP and MR and IMP and EMP,

we simply show the difference between the average abundances in their MDFs.

4.1.4 The evolution of Li abundance in the gas of the

bulge

We have computed the evolution of the abundance of 7Li in the gas out of which

the two main populations (MP and MR) formed. The reason for this is that

recently Bensby et al. (2010; 2011) measured the Li abundance in several mi-

crolensed dwarfs and subgiant stars. Their data are plotted together with our

model predictions in Figure 4.14. We are speaking of Li evolution in the gas and

not in the stars because Li is easily destroyed inside stars and a galactic chem-

ical evolution model aims at reproducing the upper envelope of the data in the

plot logN(Li) vs. [Fe/H]. This procedure is commonly applied to the Li abun-

dance data in the solar neighbourhood stars. The nucleosynthesis prescriptions

adopt here correspond to those of model C of Romano et al. (1999 and references

therein). In this model, the contribution from core-collapse SNe to 7Li production

is decreased by a factor of 2 relative to the predicted yields (Woosley & Weaver

1995) and Li is mainly produced by massive-AGB stars and novae. As one can
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Model ν (Gyr−1) τ(Gyr) IMF

MP 25 0.1 Salpeter

MR 2 3.0 Salpeter

IMP 25 0.1 Salpeter

EMP 10 0.1 Salpeter

Table 4.1: Model parameters: the star formation efficiency ν, the infall timescale τ

and the initial mass function are shown for the metal poor (MP), the metal rich (MR),

the MP innermost sub-population (IMP) and finally the MP outermost sub-population

(EMP).

Model ∆ < [Fe/H] > ∆ < [Mg/H] > ∆ < [O/H] >

MP-MR -0.521 dex -0.232 dex -0.214 dex

EMP-IMP -0.145 dex -0.142 dex -0.137 dex

Model ∆ < [S/H] > ∆ < [Si/H] > ∆ < [Ba/H] >

MP-MR -0.350 dex -0.325 dex -0.270 dex

EMP-IMP -0.140 dex -0.145 dex -0.156 dex

Table 4.2: Differences among the mean abundances in the different stellar populations,

as predicted by the different models (see text); they can be interpreted as gradients.
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Figure 4.9: The predicted MDF for the two populations as a function of [Mg/H] as

in Figure 3 but convolved with a gaussian corresponding to an observational error of

0.2 dex.

see, the predicted curve for the gas of the MP population very well reproduces

the value of Li measured in the metal poor bulge dwarf MOA-2010-BLG-285S

which lies on the so-called Spite plateau observed in solar vicinity stars (Spite &

Spite, 1982). The other values for the Li abundance are all lower than that for

MOA-2010-BLG-285S but the stars are more metal rich and very likely the 7Li

in those objects has been depleted. The initial value of 7Li in Figure 9 has been

assumed to be logNP (Li)=2.2 as in Figure 5 of the paper of Bensby et al. (2010).

This initial value corresponded, until a few years ago, to what we though was the

primordial Li abundance. At the present time, the situation is more complicated

since the primordial value for 7Li, as estimated by WMAP (Hinshaw et al. 2009),

is logNP (Li) ∼ 2.6. No convincing explanation for this discrepancy has been

found so far, and the most simple interpretation of this fact is that the primor-

dial 7Li has been depleted in metal poor stars and for stars with [Fe/H] between

-1.0 and -3.0 dex it must have been depleted by the same amount, thus creating

the Spite plateau observed in the solar vicinity stars. For very low metallicities

instead ([Fe/H] < −3.0 dex), the Li abundance could even further decrease (see

Matteucci 2010 for a discussion and references therein).
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Figure 4.10: The predicted [Mg/Fe]vs. [Fe/H] for the MP and MR populations: MP

(dashed red line) and MR (continuous black line), compared with data from Hill et al.

(2011) containing both populations.

4.1.5 Discussion and Conclusions

Abundance ratios are useful tools to understand the timescale for the formation

of different structures. The [α/Fe] ratios measured so far in bulge stars have

indicated that a fraction of them formed on a short timescale, as indicated by

the high and almost constant [α/Fe] ratios for a large [Fe/H] range. This means

that only few stars belonging to this component formed out of gas polluted by

Type Ia SNe, which occur with a time delay relative to core-collapse SNe (time-

delay model). Recently, an additional population of bulge stars with average

[Mg/Fe]∼0 and bar-like kinematics has been discovered, thus indicating that

these stars must have formed either on a longer timescale than the other bulge

stars or that they have formed out of gas already enriched and polluted by Type

Ia SNe. Therefore, these indications seem to favor a complex scenario, with

our bulge containing both the characteristics of a classical bulge and a pseudo-

bulge. Abundance gradients have not been found in the innermost bulge region

(up to b=−4 ◦), whereas from b=−4 ◦ to b=−12 ◦ Zoccali et al. (2008;2009)

and Johnson & al. (2011) found a gradient along the bulge minor axis. In

this paper, we propose a scenario which can explain the existence of the MP

stellar population with possible abundance gradients inside it, together with the
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Figure 4.11: The predicted MDFs for the two possible sub-populations: IMP(red

dashed line) and EMP (black dashed-dotted line) of the metal poor bulge population.

The data are from Hill et al. (2011).

metal rich (MR) bar population. Clearly, such a complex picture suggests to

distinguish about two different types of gradients: the gradient formed inside the

metal poor old bulge population by dissipational collapse, and the gradient due

to the differences in the average chemical abundances in the classical and pseudo-

bulge populations. The gradient inside the classical bulge population should show

a decrease in metallicity from the innermost to the outermost bulge regions. On

the other hand, the gradient between the classical bulge (MP) and the pseudo-

bulge (MR) population should be more difficult to identify since the stars of the

two populations could have been mixed at any Galactic latitude.

We have run different chemical evolution models to reproduce these different

populations. Our conclusions can be summarized as follows:

❼ Both the MDF and the abundance ratios of the MP population can be

reproduced by a classical chemical evolution model for the bulge; this model

suggests a formation timescale of ∼ 0.1 - 0.3 Gyr, an IMF flatter than in

the solar vicinity although less flat than previously suggested. In fact, the

recent data can be well reproduced by a Salpeter (1955) (x=1.35) IMF. We

assumed that the infalling gas forming this component was pre-enriched at

the level of the average metallicity of halo stars (< [Fe/H] >= −1.5 dex).
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Figure 4.12: The predicted MDFs for the two possible sub-populations of the metal

poor bulge population as in Figure 6, but convolved with a gaussian with an average

observational error of 0.25 dex.

If this is true, we predict that stars with [Fe/H]<-1.5 dex should not exist

in the Galactic bulge.

❼ We also assumed that inside the classical bulge the most internal stars

formed more rapidly than those more external and to simulate this effect we

simply assumed that the star formation efficiency was more rapid internally

(ν = 25Gyr−1) than externally (ν = 10Gyr−1), thus mimicking a dissipative

gravitational collapse. Then we computed the average abundances of these

two distinct sub-populations and found that the sub-population higher on

the galactic plane should be less metal rich, in agreement with what found

by Zoccali et al. (2008;2009). Babusiaux et al. (2010) suggested that the

change in the metallicity distribution function and in the kinematics as a

function of metallicity with increasing galactic latitude is due to the MR

population disappearing while moving away from the plane. If this is true

any (residual) observed gradient at b < −6 ◦ must be an intrinsic property

of the MP population. Here we showed that such a gradient is expected in

the monolithic dissipational assembly of the MP population.

❼ Then, we run a model to explain the MR population: we assumed that

these stars formed with a delay relative to those of the MP population and
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Figure 4.13: The predicted global MDF obtained by summing the EMP and IMP

populations (dashed-dotted curve). The global MDF is shown also in the gaussian

convolved form (dashed-two-dotted curve).

out of a substantially enriched gas and on a longer timescale of ∼ 3 Gyr.

We compared our results with the MDF and the [α/Fe] ratios of the MR

population of Hill et al. (2011) and found a good agreement.

❼ We predicted abundance gradients for Fe, Mg and also for O, S, Si and Ba

between the MP and MR populations. The gradients (i.e. differences in the

mean abundances of the two populations) we found are quite substantial

(up to -0.7 dex for [Fe/H]) and certainly observable with high resolution

spectroscopy.

❼ Finally, we presented predictions for the evolution of the abundance of 7Li in

the gas out of which the MP and MR populations formed. We found a good

agreement with the abundance of Li measured in a metal poor star MOA-

2010-BLG-285S and suggested that to obtain this agreement one needs to

decrease the 7Li production by core-collapse SNe. A negligible contribution

to Li by core-collapse SNe has also been recently suggested by Prantzos

(2012).

Therefore, although the existence of a bimodal population is not yet proven

without doubt, in agreement with Babusiaux et al. (2010) we suggest that from
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Figure 4.14: The predicted evolution of Li abundance for the gas in the MP and

MR populations (see details in the text) compared with Li abundance determinations

by Bensby et al. (2011), blue circles, and by Gonzalez et al. (2009), green squares.

The dashed red curve refers to the MP and the continuous black curve to the MR

population. The star MOA-2010-BLG-285S corresponds to the point with [Fe/H]=-1.23

dex and logN(Li)=2.16.In the Figure we show also our predictions when the primordial

Li abundance suggested by WMAP results is assumed.

the chemical point of view it is possible the co-existence, in the Galactic bulge,

of two main different stellar populations, one probably related to a fast gravita-

tional collapse and the other to the existence of the bar, which appears to be a

predominant feature in the bulge. Last but least, we have shown that abundance

gradients inside the bulge population formed by gravitational collapse can also

exist, thus suggesting the existence of even more than two stellar populations.

However, only future high resolution observations of bulge stars will help to clar-

ify this complex scenario. If no gradients will be found in the inner bulge then

our conclusion will be that the stars formed very fast (timescale ≤ 0.1-0.3 Gyr)

with no energy dissipation and with the same high efficiency of star formation

(20− 25Gyr−1).
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Chapter 5

GRB host galaxies: a chemical

identification method

Most LGRBs are associated with massive stellar explosions and consequently they

are linked to ongoing star formation. Savaglio et al. (2009), studying a sample of

GRB host galaxies (HGs), conclude that there is no clear evidence that HGs are

peculiar galaxies and that they are instead similar to normal star-forming galaxies

both in the local and in the early universe. For this reason, understanding the

nature of HGs provides constraints on the GRBs progenitors: the collapsar model

(Woosley 1993; Woosley & Heger 2006) predicts a low metallicity environments,

typical of dwarf galaxies, because of the reduced angular momentum loss and

mass loss via strong winds at the surface of the star while in other progenitor

models there is no such assumption (e.g. Ouyed et al. 2005; Fryer & Heger 2005).

Observations at the mid-IR and radio ranges show that some GRB host galax-

ies have a large amount of star formation obscured by dust (e.g., Berger et al.

2003; Le Floch et al. 2006; Hatsukade et al. 2012). Dust is present in almost

every astrophysical environment affecting the comprehension of their physical

properties, such as their star formation rate and abundance ratios as measured

in the ISM. Dust grains are made up of metals, primarily C, O, Mg, Si, Fe, Ni, S,

Ca which enriched the interstellar medium (ISM) during particular stellar phase

evolution (e.g. AGB stars and core collapse supernovae, see section 5.3).

A comprehensive dust evolution study has been performed by Dwek (1998),

Dwek et al. (2007, 2011), Calura et al. (2008).

In this chapter, following Calura et al. (2008), we aim at constraining the

nature and SFH of some HGs by means of detailed chemical evolution models

taking into account the variation in the abundance patterns due to different SF

histories as discussed previously; in particular, we will use a chemical evolution
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model including dust. Section 5.1 describes the dust model and in particular the

different sources and mechanisms which occur in the dust evolution, while the

host sample is described in section 5.2. In section 5.3 is shown the comparison

between our theoretical predictions and observational abundance data of GRB

081008, 120327A and 120815 host galaxies; finally, in Section 5.5, a summary of

the findings is presented.

5.1 The chemical evolution model with dust

According to Calura et al. (2008), the equation describing the evolution of the

element i in the dust is similar to the equation 2.9. Let us define Xi,dust(t) as

the abundance by mass of the element i at the time t locked up in the dust; the

quantity Gdust,i = Xdust,i ·G(t) represents the normalized mass of the element i at

the time t in the dust while G(t) is the ISM fraction at the same time. By means

of the following equation it is possible to understand how a specific chemical

element evolves in the dust:

Ġi,dust(t) = −ψ(t)Xi,dust(t) +Ri,dust(t) + (Ġi,dust(t))accr

− (Ġi,dust(t))destr − (Ġi,dust(t))w
(5.1)

where,

❼ Ri,dust(t) describes the enrichment rate of the element i where each term of

the equation corresponds to a contribution coming from a different progen-

itor:

Ri,dust(t) = +

∫ MBm

ML

ψ(t− τm)δ
SW
i Qmi(t− τm)φ(m)dm

+ A

∫ MBM

MBm

φ(m)·

[

∫ 0.5

μmin

f(µ)ψ(t− τm2)δ
Ia
i Qmi(t− τm2)dµ]dm

+ (1− A)

∫ 8M⊙

MBm

ψ(t− τm)δ
SW
i Qmi(t− τm)φ(m)dm

+ (1− A)

∫ MBM

8M⊙

ψ(t− τm)δ
II
i Qmi(t− τm)φ(m)dm

+

∫ MU

MBM

ψ(t− τm)δ
II
i Qmi(t− τm)φ(m)dm

The first term on the right takes into account the enrichment due to stars in

the [ML−MBm] mass range, where ML is the minimum mass contributing,
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at a given time t, to chemical enrichment (the minimum is 0.8M⊙) and

MBm
is the minimum binary mass allowed for binary systems giving rise to

Type Ia SN (3M⊙, Matteucci & Greggio 1986). The initial mass function

(IMF) used is the Salpeter (1955) IMF:

φ(m) ∝ m−(1+1.35) (5.2)

As described in Chapter 2, the quantity Qmi(t−τm) (where τm is the lifetime

of a star of mass m) contains all the information about stellar nucleosynthe-

sis for elements either produced or destroyed inside stars or both (Talbot

and Arnett 1971). The second term represents the contribution from bi-

nary systems that become Type Ia supernovae; A is the unknown fraction

of binary stars giving rise to SNIa and is fixed by reproducing the observed

present time SN Ia rate, tm2 indicates the lifetime of the secondary star of

the binary system and consequently, the explosion timescale is taken into

account. The third term comes from binary systems that do not undergo

Type Ia events and stars with masses larger than Mw. All of these terms

have been described in Chapter 2 so here we will focus mainly on the dust

terms:

❼ (Ġi,dust(t))accr =
Gi,dust(t)accr

τaccr
is the rate at which an element i is removed

from the ISM gas phase by accretion onto preexisting dust particles in

molecular cloud, while τaccr is the timescale for the accretion process de-

scribed in section 5.1.2.

❼ (Ġi,dust(t))destr represents the amount of the element i returned to the ISM

gas phase, owing to the dust destroyed by SNe, on the timescale of destruc-

tion τdestr, see 5.1.3.

❼ (Ġi,dust(t))w takes into account the possible ejection of dust into the inter

galactic medium (IGM) by means of galactic winds triggered by SNe explo-

sions. The wind starts when the thermal energy of gas equates the binding

energy of gas. In our calculations, we assume a differential wind in which

the metals are preferentially lost (see Bradamante et al. 1998).

❼ the quantities δi represent the dust condensation efficiencies as defined by

Dwek (1998) and are relative to the low and intermediate mass stars (δSW ),

the Type II (δII) and the Type Ia (δIa) SNe.
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5.1.1 Dust production

The general definition of dust grains divide the elements that suffer depletion into

dust (i.e. refractory elements) in silicate dust, composed by O, Mg, Si, S, Ca, Fe

and Ni, and carbon dust, composed only by C.

Following Dwek (1998) the dust sources considered in our work are:

❼ Low and Intermediate mass stars (LIMS): in these stars, dust is produced

during the asymptotic giant branch (AGB) phase. We assume that dust

formation depends mainly on the composition of the stellar envelopes. If

XO and XC represent the O and C mass fractions in the stellar envelopes,

respectively, we assume that stars with XO/XC > 1 are producers of sil-

icate dust, i.e. dust particles composed by O, Mg, Si, S, Ca, Ni, Fe. On

the other hand, C rich stars, characterized by XO/XC < 1, are producers

of carbonaceous solids, i.e. carbon dust (Draine 1990). Being Mi,ej(m) and

Mi,dust(m) the total ejected mass and the dust mass formed by the stars as

functions of the initial mass m for the element i, respectively, we assume

that for stars with XO/XC < 1:

Mdust,C(m) = δSWC · [MC,ej(m)− 0.75MO,ej(m)]

with δSWC = 1 and

Mdust,i(m) = 0,

for all the other elements. For stars with XO/XC > 1 in the envelope,

we assume

Mdust,C(m) = 0

Mdust,i(m) = δSWi Mi,ej(m)

with δSWi = 1 for Mg, Si, S, Ca, Ni, Fe and

Mdust,O(m) = 16
∑

i δ
SW
i Mej,i(m)/µi
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with µi being the mass of the i element in atomic mass units.

❼ Supernovae (SNe): SNe are potentially the most important source of inter-

stellar dust. Core collapse supernovae (see section 2.2.1) and in particular

SNe II are considered to be one of the grain production sources in the Uni-

verse (e.g. Nozawa et al. 2003). Assuming that all the refractory elements

precipitate with a mean efficiency of 50%, a typical 25M⊙ SN can produce

about 0.5M⊙ of dust (Woosley & Weaver 1995; Nomoto et al. 2006). The

first evidence for dust condensation was observed in SN 1987A (Danziger et

al. 1989, Lucy et al. 1989); formation of dust was then observed in several

CCSNe, i.e. SN 2003gd (Meikle et al. 2007), 2004et (Kotak et al. 2009),

2004dj (Szalai et al. 2011), 2007od (Andrews et al. 2010) and Type Ib/c

SN 2006jc (Nozawa et al. 2008; Mattila et al. 2008; Tominaga et al. 2008

and Sakon et al. 2009), with an estimated mass of recently formed dust

between 10−5 − 10−3M⊙.

From a theoretical point of view, the amount of dust formed after a CCSN

explosion was evaluated by the models of Kozasa et al (1989), Todini &

Ferrara (2001) and Nozawa et al. (2003) in the range 0.1-1 M⊙. This pre-

diction was confirmed by numerical models of Bianchi & Schneider (2007),

Kozasa et al. (2009) and Silvia et al. (2010). The discrepancy between

observations and theories is still unclear and also the study of SN remnants

could not solve the question of the amount of dust produced by SNe. Using

far-IR and sub-mm data, many groups estimated the amount of dust in Cas

A (Dunne et al. 2003; Krause et al. 2004; Rho et al. 2008). Their results

varied between 0.02 and 2 M⊙, while the values for Kepler SNR showed

differences in the observational values of 0.1 - 3 M⊙ (Morgan et al. 2003)

up to 5 · 10−4M⊙ (Blair et al. 2007). Recently, Matsuura et al. (2011)

report far-infrared and submillimeter observations of Supernova 1987A in

the Large Magellanic Cloud. The observations reveal the presence of cold

dust grains with a temperature of Td ∼ 17−23K at a rate of about 220L⊙.

The intensity and spectral energy distribution of the emission suggests a

dust mass of Md ∼ 0.4− 0.7M⊙

It has been supposed that not only CCSNe but also SNeIa can be possible

producers of dust grains, especially Fe grains (Tielens 1998).

Following Calura et al. (2008), we assume the same prescriptions for both

SNe types:
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Mdust,C(m) = δIa,IIC [Mej,C(m)]

with δIa,IIC = 0.7;

Mdust,i(m) = δIa,IIi Mej,i(m)

with δIa,IIi = 0.8 for Fe, Ni

δIa,IIi = 0.7 for Mg, Si, Ca and

with δIa,IIi = 0.5 for S;

Mdust,O(m) = 16
∑

i δ
Ia,II
i Mej,i(m)/µi

There are still many uncertainties on the amount of dust produced by type

Ia SNe. However Gomez et al. (2012), on the base of Herschel PACS and

SPIRE photometry at 70-500 µm have reported the existence of dust in

two Type Ia SN remnants: Kepler and Tycho. In particular, they detect a

warm dust component in Kepler’s remnant with temperature Td = 82+4
−6K

and mass Md ∼ 3.1+0.8
−0.6 · 10

−3M⊙; similarly for the Tycho’s remnant, they

detect warm dust at Td = 90+5
−7K with mass Md ∼ 8.6+2.3

−1.8 · 10
−3M⊙.

Since the evolution of dust is strongly dependent on the supernova rates

but the contribution of each SN type is still uncertain, in our computation

we assume, as contributors to the total dust amount of a galaxy, both core

collapse (CC) and type Ia supernovae.

5.1.2 Dust accretion

Dust grains can grow by accretion of metals of ISM onto preexisting grain cores

within dense molecular clouds (Dwek 1998, Inoue 2003). There are many obser-

vations indicating the existence of large, micrometer-sized dust grains in dense
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molecular clouds suggesting a need for significant dust growth in the early Uni-

verse (Pagani et al. 2010, Michalowski et al. 2010). Moreover, dust growth

appears to dominate over dust destruction also in the local, present-day Universe

(Inoue 2003; Hirashita & Kuo 2011); other evidence for dust accretion comes from

the observed infrared emission of cold molecular clouds (Flagey et al. 2006).

Following Dwek (1998), we consider that the key parameter in dust accretion

is the dust accretion timescale that, for a given element i, can be expressed as an

increasing function of the dust mass:

τaccr = τ0,i/(1− fi) (5.3)

where

fi =
Gdust,i

Gi

(5.4)

For the timescale τ0,i, typical values span from ∼ 5 × 107 yr, of the order of

the lifetime of a typical molecular cloud, up to ∼ 2× 108 yr. In this work, we as-

sume that the timescale τ0,i is constant for all elements, with a value of 5×10
7 yr.

Since the accretion process is linked to the content of molecular clouds inside

the galaxy, we assume that in elliptical galaxies, the dust accretion occurs only

during the starburst epoch. During this period, the star formation rate is high

and large amounts of cold gas and molecular hydrogen are available. After the

galactic wind onset and consequently the end of the starburst epoch, we assume

that no molecular gas is present, hence no more accretion can occur.

5.1.3 Dust destruction

The main mechanism for dust destruction is by sputtering in the high interstellar

shocks driven by SNe (McKee 1989; Jones et al 1994). Following Dwek et al.

(2007), the dust-destruction timescale is independent of the dust mass and equal

to:

τdestr,i =
σgas

< mISM > RSN

(5.5)

where σgas is the gas surface mass density, < mISM > is the effective ISM mass

that is completely cleared of dust by each SN event, and RSN is the sum of core

collapse and Type Ia SN rates, (see 2.2.1).

Dwek et al. (2007) consider the grain destruction efficiency, corresponding

to the range of uncertainty in the lifetime of the interstellar dust grains, as an

unknown, and adopt < mISM > as a free parameter of the model. Regarding

Milky Way like galaxies, for values of n0 ≃ 0.1 − 1.0cm−3, corresponding to the
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average density of the Galactic ISM, they get < mISM > = 1100 - 1300 M⊙ for

an equal mix of silicate and graphite grains.

5.2 The host sample

In order to constrain the SF history of the HGs we have chosen from the literature

the following HGs with detailed observed abundance data: GRB 081008 (D’Elia

et al. 2011), 120327A (D’Elia et al. 2014) and 120815 (Kruhler et al. 2013). In

Table 5.1 are shown the observational data for each HGs studied in our analysis.

Concerning the [O/Fe] and [Al/Fe] abundances of GRB 081008 (first column),

these values are considered as lower limits because of the lines saturation (see

D’Elia et al. 2011 for more details). The same problem is in the C, O and Al

abundances in fact in the D’Elia et al. (2014) paper, the authors warn the reader

explaining that despite the highly saturated, CII λ1334, OI λ1039, OI λ1302 and

AlII λ1670 transitions have not been excluded from the analysis, because they

are the only lines describing CII, OI and AlII.

5.3 Results

We run several models for galaxies of different morphological type. In particular,

in Table 5.2 are summarized the parameter sets of each specific model with the

dust prescription described in Section 5.1.1; the two ellipticals models (E00, E01)

describe the evolution of massive spheroids (tuned on the observational data of

GRB 120327A and GRB 120815 host galaxies, respectively), the fine tuning of a

spiral model, S00, that is our best fit for the abundance ratios of the HG 081008

and, for completeness, a typical irregular model with the same prescriptions used

for the model Irr described in Chapter 2. The main parameters adopted in our

formulation are shown in Table 5.2: in the first column is the infall mass of

the system (Minf ), i.e. the final total assembled mass if nothing is lost; in the

second column is the efficiency of star formation (SFE) which characterizes the

different galaxy types, and finally, in the third column, the dust yields (δi, i =

C, S, Si,Mg,Ca, Fe,Ni) for Type Ia and core collapse SNe (see section 5.1.1) are

shown. Note that for elliptical galaxies we show two models with different infall

mass and star formation efficiency (SFE). One of the most common assumptions

used in this work is the increase of the SFE with the galactic mass among different

morphological types of galaxy. This assumption was first suggested by Matteucci

(1994) to explain the increase of the [Mg/Fe] ratio with galactic mass in ellipticals
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Quantity GRB 081008 GRB 120327A GRB 120815

redshift z 1.968 2.81 2.36

Av 0.19 0 <0.15

M∗ [M⊙] - ≤ 1010

[Fe/H] -1.19 ± 0.11 -1.73 ± 0.1 -2.15 ± 0.11

[Mg/Fe] - 0.46 ± 0.14 -

[O/Fe] > -1.49 ± 0.15 -0.25 ± 0.16 -

[Si/Fe] 0.32 ± 0.15 0.61 ± 0.15 &0.99±0.22

[S/Fe] - 0.34 ± 0.13 .1.26±0.28

[N/Fe] - 0.28 ± 0.15 -

[C/Fe] - 1.94 ± 0.20 -

[Ni/Fe] -0.1 ± 0.16 0.1 ± 0.13 0.2 ± 0.16

[Zn/Fe] 0.67 ± 0.15 0.56 ±0.15 1 ± 0.15

[Ca/Fe] - 0.62 ± 0.14 -

[Al/Fe] > -0.67 ± 0.15 1.73 ± 0.15 -

[Cr/Fe] 0.27 ± 0.15 0.25 ± 0.13 0.28 ± 0.16

[Mn/Fe] - - 0.0 ± 0.15

Table 5.1: Observational data collected for GRB 081008 (D’Elia et al. 2011), 120327A

(D’Elia et al. 2014) and 120815 (Kruhler et al. 2013).
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(downsizing in star formation). As already shown in Chapter 3, different SFEs

produce different SFRs, different abundances and abundance ratios.

As the dust content in the Universe is the result of different and compet-

itive processes, we study the individual contribution of accretion, destruction

and production in each morphological type of galaxy using the model E00 with

Minf = 1011M⊙ and SFE = 10Gyr−1 for an elliptical, the model S00 with

Minf = 5 · 1010M⊙ and SFE = 1Gyr−1 for a spiral and finally the model C00

with Minf = 5 · 109M⊙ and SFE = 0.1Gyr−1 for an irregular galaxy. We focus

on the effects that different star formation histories have on the evolution of the

chemical abundances in the ISM and how these abundances are affected by dust

in galaxies of different morphological type as well as on the different competitive

rates involving the dust. In particular, understanding how the dust rates evolve

in time is important in the computation of the global amount of dust and the

cosmic rate inferred from our models. The main assumption concerning the dust

rate is on the dust yields describing the fractions of each element followed in our

chemical evolution code, which is condensed into dust and restored into the ISM

by low and intermediate mass stars, Type Ia SNe, and Type II SNe. The pre-

scription used to infer the dust production rate are summarized in Table 5.2 while

the evolution in time is shown in Figure 5.1. The rate of production is in unit

of M⊙yr
−1 and describes the amount of dust produced during the whole galactic

evolution for the elliptical (black solid line), spiral (red dashed line) and irregular

(green dotted-dashed line) galaxy model. In Figures 5.2 and 5.3 are shown the

rate of accretion and destruction, respectively, in unit of M⊙yr
−1 as a function

of time for the same models shown in Figure 5.1 and with the same color set. As

one can see from Figures 5.1, 5.2 and 5.3, the rate of dust production in ellipticals

is maximum at the beginning of their evolution but also the destruction rate is

maximum since they both depend on the SFR which is assumed to be very high in

the first phases of the evolution of these objects. The dust accretion rate instead

is quite high in spirals when the SFR reaches a maximum, whereas accretion is

active in ellipticals only during the starburst and it stops after the occurrence of

a wind which devoids the galaxy of gas and dust. On the other hand, the rate

of destruction of dust in ellipticals continue even after the star formation has

stopped, since it depends both on the SNII and the SNIa explosions and Type

Ia SNe are active until the present time even in absence of star formation. These

different behaviours are responsible for the shape of the cosmic dust rate that

will be described in the next Section.

In order to understand the different behaviour of the chemical evolution mod-
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Figure 5.1: Rate of production (carbon + silicate) in unit of M⊙yr
−1 as a function

of time for the elliptical (black solid line), spiral (red dashed line) and irregular (green

dotted-dashed line) galaxy model.
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Figure 5.2: Rate of accretion (carbon + silicate) in unit of M⊙yr
−1 as a function of

time for the elliptical (black solid line), spiral (red dashed line) and irregular (green

dotted-dashed line) galaxy model.

98



0 2 4 6 8 10 12

Time  (Gyr)

0.001

0.01

0.1

1

D
es

tr
. 

R
at

e 
 (

M
su

n
 y

r-1
)

Sp

Irr
Ell

Figure 5.3: Rate of destruction (carbon + silicate) in unit of M⊙yr
−1 as a function

of time for the elliptical (black solid line), spiral (red dashed line) and irregular (green

dotted-dashed line) galaxy model.
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els developed here, we compare our model results with the abundances measured

in the hosts of the three GRBs considered. Our main goal is to derive the history

of star formation and therefore the nature of the hosts comparing the predictions

of [X/Fe] vs.[Fe/H] for several chemical elements (C, N, O, Mg, S, Si, Ni, Ca and

Zn). Among these species, N and Zn are not affected by dust while all the others,

together with the iron, contribute to the total amount of dust.

The observational data collected for GRB 081008, 120327A and 120815 are

shown in Table 5.1. In Figure 5.4, we show the results for the host of GRB

081008 at z = 1.968 studied by D’Elia et al. (2011). The same color set is

used in all the figures: red dashed line for ellipticals, blue dotted line for spirals

and finally, green solid line for irregulars. In order to assess the importance of

dust in this kind of analysis, in Figure 5.4 only, are shown the predictions for α

-elements, Zn and Ni relative to Fe both in the models with dust treatment (left

column) and without dust (right column). The data for [O/Fe] are reported for

the sake of completeness but they are not reliable because of the line saturation

problem. Moreover, in Table 5.2, [O/Fe] and [Al/Fe] are considered as lower

limits as reported in the paper of D’Elia et al. (2011) whenever saturation does

not allow to securely fit the column densities. Looking at the other abundance

ratios we can conclude that the host of this GRB should be a spiral galaxy. The

predictions with and without dust do not differ substantially except for Zn. In

this case, in fact, the [Zn/Fe] ratio is higher in the case where dust is considered

and this is because Zn is not affect by dust whereas Fe is affected. In the case

without dust the models are all above the data and this trend suggests that the

subtraction of Fe by dust is necessary to explain the data.

In Figure 5.5 are shown the predictions and the data for the host of GRB

120327A at z = 2.81 studied by D’Elia et al. (2014). In this case we show only

the models with dust for several elements. The predictions for O and C are shown

but also in this case the data for these elements are not reliable and should be not

considered. Concerning N and Zn it is possible to see an inversion in the models:

the irregular galaxy model (C00) predicts larger N and Zn abundances relative

to Fe than the other two models. To understand the reason of this behaviour,

we need to remind that N and Zn are not affected by dust while Fe is strongly

depleted. Indeed, the higher is the star formation efficiency of a galaxy, the

higher is the dust grain destruction. Therefore, the model with lower SFE (green

solid line) predicts higher abundances in these two particular cases. The trends of

[Si,S,Zn/Fe] vs. [Fe/H] seem to suggest that the host galaxy is a massive spheroid.

Finally, in Figure 5.6, we report the results for the host of GRB 120815, at
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z = 2.36 observed by Kruhler et al. (2013); the elements analyzed are Si, S, Ni

and Zn and all seem to indicate again a massive spheroid. It is interesting to note

the high value of [Zn/Fe] = 1.01 ± 0.10, which means that a higher quantity of

dust is present along the line of sight of this GRB.

In our analysis, two of the three GRB host galaxies taken into account are well

fitted by a massive spheroid model. This result seems to be in contrast with the

claim that most of the HGs are small, star-forming and metal-poor galaxies (see,

e.g., Christensen et al. 2004, Fruchter et al. 2006 and Levesque et al. 2010b).

Probably, the apparent discrepancy is due to the galaxies sample used to infer the

HGs properties composed mainly of low redshift objects (z . 2). In particular,

recent works based on high redshift surveys seem to suggest a more complex view

(e.g. Kruhler et al. 2011; Hunt et al. 2011; Savaglio et al. 2012; Elliott et al.

2013, Perley et al. 2013). where the majority of the HGs seem to suffer strong star

formation. This result is not unexpected recalling that GRBs are associated with

the death of massive and short-lived stars that trace the star formation inside the

host. The explanation lies in the evolution/changing of the star forming tracers

as a function of redshift: in the local universe the star formation is mainly traced

by small, blue galaxies while at early epochs it is dominated by massive spheroids

and elliptical galaxies. Further evidence in favor of this hypothesis comes from

the study of so called dark GRB.

It is worth noticing that these results, indicating elliptical galaxies as hosts of

two GRBs, are important since there has been a series of papers (Fruchter et al.

2006, Stanek et al. 2006; Wolf & Podsiadlowski 2007; Modjaz et al. 2008)sup-

porting the idea of a “cut-off”maximum host metallicity for LGRB production

and in general a low metallicity environment typical of dwarf irregular galaxies.

These GRBs are found at high redshift and they have in general a high metallic-

ity. This is a very interesting fact suggesting that these GRBs arise from active

star formation in high redshift massive spheroids. Since ellipticals show in general

old stars that means that we are catching ellipticals in formation. The character-

istics behavior of [α/Fe] ratios in spheroids show a long plateau where they are

overabundant relative to Fe and the Sun, see Figure 2.2 in Chapter 2.

This is due to the time-delay model which explains the behaviour of abundance

ratios on the basis of the production of different elements in different stars with

different timescales of production. In particular, α-elements are mainly produced

in CCSNe restoring them on short timescales while Fe is produced mainly in Type

II SNe and restored on a large range of timescales going from 30 Myr to a Hubble

time (Matteucci 2001, 2012). This implies that, if the SFR is very efficient, the
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Minf [M⊙] SFE [Gyr−1] SNe Dust Yields

E00 1011 10

E01 5 · 1010 20 δi = 0.7, i=C,Mg,Ca,Si

S00 5 · 1010 1 δi = 0.5, i=Fe,Ni

C00 5 · 109 0.1 δS = 0.5

Table 5.2: Parameter sets used for describing our models:Minf is the final total

assembled mass if nothing is lost, SFE is the star formation efficiency and δ is the

Supernovae (Ia + II) Dust Yield of the considered elements (C,S,Si,Mg,Ca,Fe,Ni).

CCSNe can produce a substantial amount of Fe by themselves and, when Type

Ia SNe start restoring the bulk of Fe, the abundance of this element in the ISM is

already high. This produces high [α/Fe] ratios at high metallicity. The contrary

occurs when the SFR is quite low; the enrichment of Fe from core-collapse SNe is

very modest and when Type Ia SNe start to restore the bulk of Fe, the abundance

of this element in the ISM is still quite low. This produces low [α/Fe] ratios at

low metallicity. Therefore, the diagrams [X/Fe] vs. [Fe/H] can be very useful

tools to infer the nature and the ages of unidentified objects.

5.3.1 Age determination

In chemical evolution models, the abundance ratios between two elements formed

on different timescales can be used as “cosmic clocks”and provide us with infor-

mation on the roles of LIMS and SNe in the enrichment process (Matteucci 2001).

As already mentioned, the study of abundance ratios such as [α/Fe] is quite useful,

since the α-elements are produced on short timescales by Type II SNe, whereas

the Fe-peak elements and nitrogen are produced on long timescales by Type Ia

SNe and low and intermediate-mass stars, respectively; we use the abundance

ratios formed on different timescales to set important constraints on the age and

the nature GRB HGs.

We define the age of the galaxy Agal as the time passed between the galaxy

formation epoch and the GRB observation time; this gives us a quantitative

measure of the time required for the galaxy to evolve and reach, at the time of

observation of the GRB, the chemical abundances observed during the afterglow

episode.

Practically, it is possible to infer it from the simultaneous comparison between

the [α/Fe] vs [Fe/H] and the same ratio as a function of the galactic time, or
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Figure 5.4: Observed abundance ratios vs. metallicity for the host galaxy of GRB

081008 provided by D’Elia et al. (2011). The left column shows the models predictions

including the dust treatment while the right column the same models without dust

evolution. The red-dashed (E00), blue-dotted (S00) and green-solid line (C00), are the

predictions computed by means of the chemical evolution models for an elliptical, spiral

and dwarf irregular galaxy, respectively. The star formation efficiency assumed in these

models are νE00 = 10Gyr−1, νS03 = 1Gyr−1, and νC00 = 0.1Gyr−1.
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Figure 5.5: Observed abundance ratios vs. metallicity for the host galaxy of GRB

120327A provided by D’Elia et al. (2014). The red-dashed (E00), blue-dotted (S00)

and green-solid line (C00), are the predictions computed by means of the chemical

evolution models for an elliptical, spiral and dwarf irregular galaxy, respectively. The

star formation efficiency assumed in these models are νE00 = 10Gyr−1, νS00 = 1Gyr−1,

and νC00 = 0.1Gyr−1.
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Figure 5.6: Observed abundance ratios vs. metallicity for the host galaxy of GRB

120815 provided by Kruhler et al. (2013). The red-dashed (E01), blue-dotted (S00)

and green-solid line (C00), are the predictions computed by means of the chemical

evolution models for an elliptical, spiral and dwarf irregular galaxy, respectively. The

star formation efficiency assumed in these models are νE01 = 20Gyr−1, νS00 = 1Gyr−1,

and νC00 = 0.1Gyr−1.
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redshift, found in a ΛCDM cosmological frame.

Applying the method to the three GRB analyzed in this Chapter, we find

an age of 50 Myr for the galaxy hosting the GRB 120327A, 0.32 Gyr for the

GRB081008 host and 15Myr for the GRB120815 HGs.

5.4 The cosmic dust rate

The cosmic rate is defined in an unitary comoving volume of the Universe. This

definition is necessary to study the rate at high redshift where the morphology

of the observed galaxies is not known. The cosmic rate refers, in fact, to a

mixture of galaxies which can be different at every redshift. In particular, in

order to evaluate the amount of dust observed at high redshift, we have to take

into account the cosmic dust cycle: dust is produced in stars and it is then blown

off in a slow wind or a massive star explosion. The dust is then recycled in the

clouds of gas between stars and some of it is consumed when the next generation

of stars begins to form.

We compute the cosmic dust rate in unit of M⊙yr
−1Mpc−3 by adopting

the same method applied to the computation of the cosmic star formation rate

(CSFR) as described in Chapter 3 where the CSFR has been computed by taking

into account the SFHs of different types of galaxies shown in Figure 3.1. The

SFRs have been convolved with the number density of elliptical, spiral and irreg-

ular galaxies. The main assumption consists in considering the galaxy number

density constant in time and equal to the present one, for each galaxy type. We

are aware that this is an extreme assumption but precisely for this reason it is

interesting. The CSFR as computed in Chapter 3 is shown in Figure 3.6 together

with other CSFRs, both theoretical and empirical, available in the literature. In

particular, it is interesting to note the difference between the CSFR computed

under the hypothesis of no number density evolution and the CSFR based on a

strong number density evolution assumption in the framework of a hierarchical

universe, see Section 3.5.

The cosmic dust rate is therefore assumed to be:

CDR =
∑

k

((Ġk(t))prod + (Ġk(t))accr − (Ġk(t))destr) · n
∗

k, (5.6)

where k identifies a particular galaxy type (elliptical, spiral, irregular), (Ġk(t))prod

is the production rate of all the elements considered in the dust model (O, Mg,

Si, S, Ca, Ni, Fe), (Ġk(t))accr and (Ġk(t))destr are the accretion and destruction
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rates, respectively. The quantity n∗

k is the galaxy number density, expressed in

units of Mpc−3 for each morphological galaxy type and it has been assumed to

be constant and equal to the present one, as derived by Marzke et al. (1994), see

also Vincoletto et al. (2012). This CDR is therefore obtained by assuming that

all galaxies started forming stars at the same time and that there is no number

density evolution.

In Figure 5.7, we show the predicted cosmic rate of dust evolution (black solid

line), which includes production, accretion and destruction for each galaxy type.

In the same plot it is also shown, separately, the cosmic stellar production (red

dotted line), accretion (blue dashed line) and destruction (green dotted-dashed

line) rate as a function of time developed applying the Equation 5.6 to each single

dust process. In Figure 5.8 we report the same rates as a function of the redshift.

Fixing the redshift of formation at zf = 10, the predicted total cosmic dust rate

(black curve) shows a a peak at very high redshift followed by a decrease and

then another peak in the redshift range z = 5− 6. This behaviour is due to the

predominance of spheroids in this range; the high SN production produces first

an increase in the dust rate and then a decrease due to the high destruction rate

related to the SNe themselves. The peak at z ∼ 5.6 is due to the maximum star

formation in spirals. The cosmic dust rate decreases strongly for z . 5.6 down to

redshift z = 4 and stay constant afterwards until z = 0. Integrating the cosmic

dust rate, shown in Figure 5.7, we can obtain the total cosmic mass density in

the Universe, ρdust ∼ 1.34 · 106M⊙Mpc−3. In a ΛCDM cosmological frame with

a critical density ρcrit =
3H2

0

8πG
∼ 1.36 · 1011M⊙Mpc−3 for an Hubble constant of

70km/sec/Mpc, the cosmic dust density is

Ωdust =
ρdust
ρcrit

∼
1.34 · 106

1.36 · 1011
∼ 9.8 · 10−6

.

Fukugita et al. (2011) estimated a cosmic dust density produced in the Uni-

verse of Ωdust ∼ 10−5 whereas the value estimated by observation is∼ 9·10−6. Our

value is slightly higher than both these estimates and the reason could be that

our stellar dust production probably overestimates the amount of stellar dust, in

particular that coming from SNeIa for which there is no clear evidence for dust

production. On the other hand, it could be that the observational estimate of

the cosmic dust density is a lower limit.
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Figure 5.7: Cosmic dust rate (black solid line) expressed as the sum of the cosmic

stellar production (red dotted line), accretion (blue dashed line) and destruction (green

dotted-dashed line) rate as a function of time. In the small plot located on the top

right side, it is shown a zoom of the first 3 Gyr of cosmic dust evolution.
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5.5 Conclusions

In this Chapter, we present a method, based on chemical evolution models, to

identify the hosts of GRBs. Our idea comes from the following considerations:

if GRBs are produced by the collapse of massive stars, they are presumably

originating in galaxies where the bulk of massive star formation at high redshifts

is taking place. From an observational point of view, almost in all the cases

where the galaxy hosting the GRBs is observed, the burst position suggests that

GRBs originate in regions where star formation is taking place (Bloom et al

2002). In this context, the determination of the nature of GRB host galaxies and

measurements of their star formation rate not only provide evidence in favour of

or against the collapsar model, but also provide insight on the nature and origin of

star formation in the early Universe. Starting from the observational abundances

coming from the afterglow spectrum of GRBs, we use detailed chemical evolution

models taking into account the dust evolution, particularly important in star

forming regions, as tools in the identification of GRB host morphological type.

We perform our analysis by using the observed abundance ratios,together with

all the useful data available in the literature (stellar mass, SFR and dust mass)

as constraints for our models. In particular, the most useful chemical data used

in our work are the α-elements to iron ratio, which are predicted to be quite

different in different SF regimes (Matteucci & Brocato 1990; Matteucci 2001). It

is worth noting that different SF histories influence the plot [α/Fe] vs. [Fe/H] and

this is due to the so-called “time-delay model”. In other words, α-elements are

mainly produced in core-collapse SNe restoring them into the interstellar medium

on short timescales, whereas Fe is mainly produced in Type Ia SNe (white dwarfs

in binary systems) on long timescales; this different production times produce

a typical trend in the α-elements abundances: [α/Fe] ratios are oversolar in the

early galactic evolutionary phases and then decrease when the contribution to Fe

from SNe Ia becomes important. This point, or “knee”in the plot, varies with the

SF formation history. In particular, the [α/Fe] ratios in spheroids are predicted

to be oversolar for a large range of [Fe/H] (the knee occurs at solar or oversolar

[Fe/H]), exactly as it happens in the Galactic bulge, see Chapter 4. On the other

hand, the knee in the spirals and irregulars occurs at lower [Fe/H] values (in the

irregulars the knee occurs at the lowest [Fe/H]).

Therefore, if we compare the observed [α/Fe] ratios in the galaxies hosting

GRBs, we can deduce the nature of the galaxy. In this way, we are able to choose

the best model for each GRB hosts considered and therefore to infer the nature,

the age and the dust content of the hosts.
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Finally, we compute the cosmic rate of dust evolution, in unit ofM⊙yr
−1Mpc−3.

We adopt the same method applied to the computation of the cosmic star forma-

tion rate (CSFR) as described in Chapter 3 where the CSFR has been computed

by taking into account the SFHs of different types of galaxies assuming a galaxy

number density constant in time and equal to the present time one for each

galaxy type. As the total amount of dust in the Universe is the result of different

and competitive processes, we evaluate it as the combination of the production,

destruction and accretion rates of each type of galaxies taken into account (irreg-

ulars, spirals and ellipticals) weighted in density with the same number density

parameters used in the cosmic SF formulation.

The conclusions of this work will be published in Grieco et al. 2014 (in prep)

and can be summarized as follows:

❼ the host of the GRB081008 at z = 1.968 is probably a spiral galaxy of

total mass 5 · 1010M⊙, SFE = 1Gyr−1 and age equal to 50 Myr. The

predictions shown with and without dust do not differ substantially except

for Zn relative to Fe. In this case, in fact, the [Zn/Fe] ratio is higher in

the case where dust is considered and this is because Zn is not affect by

dust whereas Fe is affected. In the case without dust the models are all

above the data and this trend suggests that the subtraction of Fe by dust

is necessary to explain the data.

❼ the host of the GRB120327A at z = 2.81 is probably a massive spheroid of

total mass 1011M⊙, SFE = 10Gyr−1 and age equal to 0.32 Gyr;

❼ the host of the GRB120815 at z = 2.36 is probably an elliptical galaxy

of total mass 5 · 1010M⊙, and intense starburst modeling with a SFE =

20Gyr−1 and age equal to 15 Myr;

❼ studying the cosmic dust rate we have estimated the global dust density

in the Universe, Ωdust = ρdust/ρcrit ∼ 10−5, a value a bit higher respect to

Fukugita (2011) but in agreement with previous estimates (10−6 − 10−5,

Loeb & Haiman 1997; Corasaniti 2007; Inoue & Kamaya 2004; Fukugita

2011; Menard & Fukugita 2012) and probably due either to an overestima-

tion of the dust production from Type Ia SNe in our galaxy models or to

an underestimate of the observed amount of dust.

It is worth noticing that in our analysis, two of the three GRB host galaxies

taken into account are well fitted by a massive spheroid model. This result seems

to be in contrast with the claim that most of the HGs are small, star-forming and
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metal-poor galaxies. Probably, the apparent discrepancy is due to the galaxies

sample used to infer the HGs properties composed mainly of low redshift objects

(z . 2). The key point to understand the whole picture is the star formation rate:

the majority of the HGs in high redshift survey seem to have strong star formation

while, as we already mentioned, at low redshift the observation point toward a

population of star forming and metal poor galaxies and consequently with a milder

star formation. The explanation of this difference lies in the evolution/changing

of the star forming tracers as a function of redshift: in the local Universe the

star formation is mainly traced by small, blue galaxies while at early epochs it is

dominates by massive spheroids and elliptical galaxies.

112



Chapter 6

Conclusions

The chemical evolution models are a unique tool for interpreting observational

data, test different theories of formation, make predictions that can be used to

choose the target of observations and the sky region to be probed. Moreover, they

can be used to know a priori what to expect from an observation and therefore

to be used as control constraints.

In this work we analyze, from a chemical evolution point of view, various

aspects of the connection between long GRBs and Type Ib/c SNe and of their

common hosts. This connection adds weight to the argument for massive stars

as the progenitors of these events. Therefore, the evolution of massive stars has

become vital in understanding the GRB phenomenon. The preferred progenitors

for long GRBs are massive Wolf-Rayet (WR) stars, which are losing their hydro-

gen envelope to become naked helium stars. Moreover, WR stars are expected to

give rise to the hydrogen deficient Type Ib/c SNe (SNIb/c).

If GRBs and SNeIb/c reflect the deaths of massive stars, their presence and

statistics would provide a superb probe of the primordial massive star formation.

Their contemporary observation would be the most luminous events at such red-

shifts. The detectability of the GRB/SN explosion and of the following afterglows

out to the very high redshifts could shed light on the star-formation history of

the Universe, including the earliest generations of stars.

In order to understand what is the relationship between the explosion rates

of GRBs and SNe and what is the evolution of this ratio as a function of redshift,

we have chosen to model three different types of galaxies: irregulars, spirals and

ellipticals. The parameters of these models were chosen to reproduce the average

characteristics observed in each morphological type. For each galaxy type, we

have traced the star formation history by comparing, at the present time, the

SFR inferred from the model with the observed SFR of the Magellanic cloud, in
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the case of irregular galaxy, and the Milky Way SFR in the case of spiral galaxy;

for the elliptical galaxy, we tested the model using the bulge of Milky Way as an

example of typical spheroid.

Assuming that the common progenitors of long GRBs and Type Ib/c SNe can

be both single WR stars and WRs in binary systems, we calculated the SNIb/c

rate of each morphological type of galaxy as the sum of these two contributions.

For each of the two channels, the SNIb/c rate is the integral, over the mass range

of progenitors, of the product between the IMF and the SFR of the galaxy. For

simplicity, we chose to keep the IMF constant and equal to the Salpeter IMF for

all the models.

Regarding the masses of the progenitors, we analyzed both a standard case

in which the minimum mass of the stars, able to explode as SNIb/c, is constant

throughout the evolution of the galaxy, and a more real situation in which it

depends on the metallicity. In fact, the minimum mass required for a star to

give rise to a SNIb/c depends mainly on the mass loss that experiences during

its evolution. In turn, the mass loss will depend on the initial mass of the stellar

progenitor and on the interaction between the radiation pressure and the stellar

matter; obviously, the higher is the metallicity of the medium, the higher will be

this interaction. Recalling that only the stars that have lost their hydrogen enve-

lope explode as SNIb/c, it is evident that with the increasing of the metallicity,

and therefore of the mass loss, the minimum mass that a star must have in order

to explode as SNIb/c decreases and consequently the rate of explosion of SNIb/c

increases.

After having built the three histories of star formation, assuming that there is

no evolution of the galaxy number density as a function of redshift, we calculated

the cosmic star formation rate (CSFR) and consequently the cosmic supernovae

Ib/c rate (CSNR) as a linear combination of the irregular, spiral and elliptical

SFRs where the weights of the combination are the observed number density of

each morphological type at present time.

We compared both the SN rate of each galaxy that the cosmic SNR with the

observed rate of GRBs. The results derived from this first part of the work can

be summarized as follows:

❼ by taking into account WR progenitors depending on the metallicity and a

fraction of massive close binary systems equal to 15% of all massive stars as

SN Ib/c progenitors, it is possible to reproduce the present observed Type

Ib/c SN rate both in dwarf metal poor irregular and in spiral galaxies;

❼ if a dependence on stellar metallicity is assumed for the WR stars, differ-
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ences arise in the Type Ib/c SN rates only at early evolutionary times in

galaxies. Negligible differences are produced on the predicted local rates;

❼ the local ratio GRB/SNe Ibc derived in our work is ∼ 3 ·10−3. As expected,

only a fraction of these SNe gives rise to GRBs.

❼ the effect of the dependence of MWR on the metallicity is to predict lower

cosmic Type Ib/c SN rates at very high redshift. The cosmic ratio GRB/SNe

Ibc equal to ∼ 10−4 confirms previous results that only a small fraction of

all SNe Ib/c gives rise to GRBs; our factor is smaller than what found in

previous works but recently Ghirlanda et al. (2013), estimating the cosmic

GRB rate by taking into account the beaming factor, conclude that the

local rate of GRBs is ∼0.3% that of SNIb/c and the cosmic GRB/SNIb/c

ratio is ∼ 10−3.

❼ Studies of GRBs and their hosts have revealed to be extremely important to

trace galaxy evolution at very high redshifts, although the interpretation of

cosmic diagrams is difficult since it involves assumptions on the luminosity

function of both galaxies and GRBs. It is interesting to note that Salvaterra

& Chincarini (2007) pointed out that by adopting the CSFR derived by

Cole et al. (2001) and assuming a GRB luminosity function independent

of redshift, one largely underestimates the number of high redshift GRBs

detected by Swift. This fact could be interpreted in two ways: either the

characteristic luminosity of GRBs increases with redshift or the CSFR at

very high redshift is higher than in Cole et al. (2001). We have shown

that a high CSFR can be achieved by means of monolithic like models of

ellipticals producing stars at a very high rate and at very high redshift.

In order to study the evolution of spheroids, which stopped forming stars sev-

eral Gyrs ago, in this thesis we also computed a detailed model for the chemical

evolution of the Galactic bulge as an example of the typical spheroid evolution

of mass ∼ 2 · 1010M⊙. In particular, we focus on the recent although controver-

sial discovery of two main stellar populations in the Galactic bulge, one metal

poor, with a spheroid kinematics and the other one metal rich, with a bar-like

kinematics. Our main conclusions can be summarized as:

❼ Both the MDF and the abundance ratios of the MP population can be

reproduced by a classical chemical evolution model for the bulge; this model

suggests a formation timescale of ∼ 0.1 - 0.3 Gyr, an IMF flatter than in

the solar vicinity although less flat than previously suggested. In fact, the
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recent data can be well reproduced by a Salpeter (1955) (x=1.35) IMF. We

assumed that the infalling gas forming this component was pre-enriched at

the level of the average metallicity of halo stars (< [Fe/H] >= −1.5 dex).

If this is true, we predict that stars with [Fe/H]<-1.5 dex should not exist

in the Galactic bulge.

❼ We also assumed that inside the classical bulge the most internal stars

formed more rapidly than those more external and to simulate this effect we

simply assumed that the star formation efficiency was more rapid internally

(ν = 25Gyr−1) than externally (ν = 10Gyr−1), thus mimicking a dissipative

gravitational collapse. Then we computed the average abundances of these

two distinct sub-populations and found that the sub-population higher on

the galactic plane should be less metal rich, in agreement with what found

by Zoccali et al. (2008;2009). Babusiaux et al. (2010) suggested that the

change in the metallicity distribution function and in the kinematics as a

function of metallicity with increasing galactic latitude is due to the MR

population disappearing while moving away from the plane. If this is true

any (residual) observed gradient at b < −6 ◦ must be an intrinsic property

of the MP population. Here we showed that such a gradient is expected in

the monolithic dissipational assembly of the MP population.

❼ Then, we run a model to explain the MR population: we assumed that

these stars formed with a delay relative to those of the MP population and

out of a substantially enriched gas and on a longer timescale of ∼ 3 Gyr.

We compared our results with the MDF and the [α/Fe] ratios of the MR

population of Hill et al. (2011) and found a good agreement.

❼ We predicted abundance gradients for Fe, Mg and also for O, S, Si and Ba

between the MP and MR populations. The gradients (i.e. differences in the

mean abundances of the two populations) we found are quite substantial

(up to -0.7 dex for [Fe/H]) and certainly observable with high resolution

spectroscopy.

❼ Finally, we presented predictions for the evolution of the abundance of 7Li in

the gas out of which the MP and MR populations formed. We found a good

agreement with the abundance of Li measured in a metal poor star MOA-

2010-BLG-285S and suggested that to obtain this agreement one needs to

decrease the 7Li production by core-collapse SNe. A negligible contribution

to Li by core-collapse SNe has also been recently suggested by Prantzos

(2012).
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Therefore, although the existence of a bimodal population is not yet proven

without doubt, in agreement with Babusiaux et al. (2010) we suggest that from

the chemical point of view it is possible the co-existence, in the Galactic bulge, of

two main different stellar populations, one probably related to a fast gravitational

collapse and the other to the existence of the bar, which appears to be a predom-

inant feature in the bulge. Last but not least, we have shown that abundance

gradients inside the bulge population formed by gravitational collapse can also

exist, thus suggesting the existence of even more than two stellar populations.

However, only future high resolution observations of bulge stars will help to clar-

ify this complex scenario. If no gradients will be found in the inner bulge then

our conclusion will be that the stars formed very fast (timescale ≤ 0.1-0.3 Gyr)

with no energy dissipation and with the same high efficiency of star formation

(20− 25Gyr−1).

In the first part of this thesis, I focused on the GRB/SN connection while

in the latter part, the main topic is represented by the galaxies hosting GRBs.

Ever since the establishment of their cosmological nature, GRBs promised to

become new probes of cosmology and galaxy evolution. Nowadays, studies of

cosmic GRBs and of their host galaxies are starting to provide interesting or

even unique new insights in observational cosmology. As the numbers of GRB

redshifts and detected hosts and afterglows grow, it becomes possible to use GRBs

in new, systematic studies of host identification.

In the last chapter of this work we present a method, based on chemical

evolution, to identify the hosts of GRBs. Our idea comes from the following

considerations: if GRBs are produced by the collapse of massive stars, they are

presumably originating in galaxies where the bulk of massive star formation at

high redshifts is taking place. From an observational point of view, almost in

all the cases where the galaxy hosting the GRBs is observed, the burst position

suggests that GRBs originate in regions where star formation is taking place

(Bloom et al 2002). In this context, the determination of the nature of GRB

host galaxies and measurements of their star formation rate not only provides

evidence in favour of or against the collapsar model, but also provides insight

on the nature and origin of star formation in the early universe. Starting from

the observational abundances coming from the afterglow spectrum of GRBs, we

use detailed chemical evolution models taking into account the dust evolution,

particularly important in star forming regions, as tools in the identification of

GRB host morphological type.

We perform our analysis by using the observed abundance ratios,together with
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all the useful data available in the literature (stellar mass, SFR, dust mass) as

constraints for our models. In particular, the most useful chemical data used

in our work are the α-elements to iron ratio, which are predicted to be quite

different in different SF regimes (Matteucci & Brocato 1990; Matteucci 2001). It

is worth noting that different SF histories influence the plot [α/Fe] vs. [Fe/H] and

this is due to the so-called “time-delay model”. In other words, α-elements are

mainly produced in core-collapse SNe restoring them into the interstellar medium

on short timescales, whereas Fe is mainly produced in Type Ia SNe (white dwarfs

in binary systems) on long timescales; this different production times produce

a typical trend in the α-elements abundances: [α/Fe] ratios are oversolar in the

early galactic evolutionary phases and then decrease when the contribution to Fe

from SNe Ia becomes important. This point, or “knee”in the plot, varies with the

SF formation history. In particular, the [α/Fe] ratios in spheroids are predicted

to be oversolar for a large range of [Fe/H] (the knee occurs at solar or oversolar

[Fe/H]), exactly as it happens in the Galactic bulge. On the other hand, the knee

in the spirals and irregulars occurs at lower [Fe/H] values (in the irregulars the

knee occurs at the lowest [Fe/H]).

Therefore, if we compare the observed [α/Fe] ratios in the galaxies hosting

GRBs, we can deduce the nature of the galaxy. In this way, we are able to choose

the best model for each GRB hosts considered and therefore to infer the nature,

the age and the dust content of the hosts.

Finally, we compute the cosmic rate of dust evolution, in unit ofM⊙yr
−1Mpc−3,

in order to study the dust content in the first stage of the Universe evolution and

the influence on the cosmic star formation rate of galaxies. We adopt the same

method applied to the computation of the cosmic star formation rate (CSFR) as

described in the paper of Grieco et al. (2012) where the CSFR has been computed

by taking into account the SFHs of different types of galaxies assuming a galax-

ies number density constant in time and equal to the present time one for each

galaxy type. As the total amount of dust in the Universe is the result of different

and competitive processes, we evaluate it as the combination of the production,

destruction and accretion rates of each type of galaxies taken into account (irreg-

ulars, spirals and ellipticals) weighted in density with the same number density

parameters used in the cosmic SF formulation.

The conclusions of this work will be published in Grieco et al. (in prep) and

can be summarized as follows:

❼ the host of the GRB081008 at z = 1.968 is probably a spiral galaxy of total

mass 5 · 1010M⊙, SFE = 1Gyr−1 and age equal to 50 Myr The predictions
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shown with and without dust do not differ substantially except for Zn.

In this case, in fact, the [Zn/Fe] ratio is higher in the case where dust is

considered and this is because Zn is not affect by dust. In the case without

dust the models are all above the data and this trend suggests that the

subtraction of Fe by dust is necessary to explain the data.

❼ the host of the GRB120327A at z = 2.81 is probably a massive spheroid of

total mass 1011M⊙, SFE = 10Gyr−1 and age equal to 0.32 Gyr;

❼ the host of the GRB120815 at z = 2.36 is probably an elliptical galaxy

of total mass 5 · 1010M⊙, and intense starburst modeling with a SFE =

20Gyr−1 and age equal to 15 Myr;

❼ studying the cosmic dust rate we have estimated the global dust density

in the Universe, Ωdust = ρdust/ρcrit ∼ 10−5, a value a bit higher respect to

Fukugita (2011) but in agreement with previous estimates (10−6 − 10−5,

Loeb & Haiman 1997; Corasaniti 2007; Inoue & Kamaya 2004; Fukugita

2011; Menard & Fukugita 2012) and probably due either to an overestima-

tion of the dust production from Type Ia SNe in our galaxy models or to

an underestimate of the observed amount of dust.

It is worth noticing that in our analysis, two of the three GRB host galaxies

taken into account are well fitted by a massive spheroid model. This result seems

to be in contrast with the claim that most of the HGs are small, star-forming and

metal-poor galaxies. Probably, the apparent discrepancy is due to the galaxies

sample used to infer the HGs properties composed mainly of low redshift objects

(z . 2). The key point to understand the whole picture is the star formation rate:

the majority of the HGs in high redshift survey seem to have strong star formation

while, as we already mentioned, at low redshift the observation point toward a

population of star forming and metal poor galaxies and consequently with a milder

star formation. The explanation of this difference lies in the evolution/changing

of the star forming tracers as a function of redshift: in the local universe the

star formation is mainly traced by small, blue galaxies while at early epochs it is

dominates by massive spheroids and elliptical galaxies.

These results show that probably, GRBs are not only an effective tracer of

star formation, but are ideal tracers of typical galaxies undergoing star formation

at any epoch.
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EuropeanOrganisation for Astronomical Research in the SouthernHemisphere

OBSERVING PROGRAMMES OFFICE • Karl-Schwarzschild-Straße 2 • D-85748 Garching bei München • e-mail: opo@eso.org • Tel. : +49 89 320 06473

APPLICATION FOR OBSERVING TIME PERIOD: 91A

Important Notice:

By submitting this proposal, the PI takes full responsibility for the content of the proposal, in particular with regard to the

names of CoIs and the agreement to act according to the ESO policy and regulations, should observing time be granted.

1. Title Category: B–3

Abundance gradients in the Northern fields of the Inner Galactic Bulge

2. Abstract / Total Time Requested

Total Amount of Time: 8 nights VM, 0 hours SM

The formation of the Milky Way bulge remains a puzzle. While more and more detailed stellar abundances in
the intermediate and outer Bulge (such as Baade’s window) show evidence for a metallicity gradient, the study
of detailed abundances in the Inner Galactic Bulge (IGB) was until now prevented in these highly extincted
regions. The abundance gradient in the IGB is a crucial parameter for the bulge formation models such as our
newest ones from Grieco et al. (astro-ph/1209.4462) which will put strong constraints on the formation time
scale as well as the star formation history of the Galactic bulge. We propose to obtain high-resolution CRIRES
spectra of M giants along the Bulge major axis for the Northern Galactic fields as a continuation of our succesful
porgram 089.B-0312B to get accurate abundances of iron and α-elements. While most of the abundances studies
in the Bulge are concentrated towards Baade’s window, very little is known about the Northern Bulge fields.

3. Run Period Instrument Time Month Moon Seeing Sky Mode Type
A 91 CRIRES 4n jul n 1.0 THN v

B 91 SOFI 4n jul n 1.0 THN v

4. Number of nights/hours Telescope(s) Amount of time
a) already awarded to this project: CRIRES,ISAAC 3n in 89.B-0312A
b) still required to complete this project:

5. Special remarks:

6. Principal Investigator:
M. Schultheis, mathias@obs-besancon.fr, F, Observatoire des Sciences de

l’Univers de Besancon

6a. Co-investigators:

N. Ryde Lund Observatory,S

F. Matteucci INAF - Osservatorio Astronomico di Trieste,I

S. Uttenthaler Universitaet Wien,Institut fuer Astronomie,AT

V. Grieco INAF - Osservatorio Astronomico di Trieste,I

Following CoIs moved to the end of the document ...
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7. Description of the proposed programme

A – Scientific Rationale:
The Milky Way bulge is such a complex system that its formation and evolution is still poorly understood.

Due to high extinction and crowding, the study of the Galactic bulge remains challenging.
There exist two main scenarios for the bulge formation. The first one is the initial collapse of gas at early

times (Eggen et al. 1962, ApJ 136, 748) or hierarchical merging of subclumps (Noguchi 1999, ApJ 514, 77,
Aguerri et al. 2001, A&A 367, 428). In the monolithic collapse case the Bulge formed before the disc and
the star-formation time-scale was very short (∼ 0.5 Gyr). The resulting stars are old (> 10 Gyr) and have
enhancements of α-elements relative to iron in a large range of Fe abundances, which are characteristic of
classical bulges and indicate a very fast bulge formation, where SNe Ia did not have time to pollute the gas
with alpha-element-free ejecta. In the hierarchical merging the bulge also formed before the disc but on a longer
timescale (of the order of a few Gyr) and therefore this approach predicts lower overabundances of α-elements.
In this scenario we expect the formation of abundance gradients. The second scenario is the secular evolution
of the disc which forms a bar-forming pseudo-bulge (see, e.g. Combes et al. 1990, A&A 233, 82; Norman et al.
1996, ApJ 462, 114; Kormendy & Kennicutt 2004, ARA&A 42, 603; Athanassoula 2005, MNRAS 358, 1477).
In this case the bulge forms after the disc and on a much longer timescale. After the bar formation it heats in
the vertical direction (Combes & Sanders 1981, A&A 96, 164; Merrifield 1996, IAU colloqu. 157, 179) giving
rise to the typical boxy/peanut shape. In simple terms, the formation of a bulge by secular evolution occurs
through disc instabilities, such as bars. The bar drives disc stars and gas towards the centre. The gas driven
by the bar can then form stars and so the bulge is built. The bulge so formed will be a mixture of disc stars
and stars formed in situ by a gas which is likely to be well mixed by the action of the bar. Therefore, we do not
expect to find clear abundance gradients in the Bulge. Observational data of individual stars provides evidence
of both scenarios. The question of formation history is crucial and necessary to investigate, as our Galaxy is a
benchmark for understanding formation of disc galaxies.

Recently, Hill et al. (2011, A&A 534, A80) and Babusiaux et al. (2010, A&A 519, A77) re-analysed a large
sample of red clump stars in Baade’s window and three fields close to the minor axis, at b ∼ −4◦, −6◦, and −12◦,
which revealed the presence of two distinct populations: A metal-poor component around [Fe/H] = −0.3 dex
with a broad distribution in [Fe/H], and a narrow, metal-rich component centered around [Fe/H]=+0.3 dex. In
addition, these two populations show kinematical differences: the metal-poor component is compatible with an
old spheroid, whereas the metal-rich component is consistent with a bar population. Therefore, two different
formation scenarii have been proposed: A rapid formation timescale for the metal poor component and a
formation over a longer time-scale driven by the evolution of the bar (pseudo-bulge). Using our newest models
from Grieco et al. (2012, astro-ph/1209.4462) the MDF of Hill et al. (2011, A&A 534, A80) has been compared
with these latest chemical evolution models and found that the best fitting model consist of two populations: i)
A metal-poor population with a very efficient star formation and a very short infall timescale (τ = 0.1Gyr) but
with a Salpeter IMF ii): a metal-rich population with a less-efficient star formation and a longer infall timescale
(τ = 3Gyr). The predicted metallicity distribution is in reasonable agreement with the observed one as well as
the predicted [Mg/Fe] abundances (see Fig. 1, left panel)

The existence or absence of a metallicity gradient is a crucial parameter for the bulge formation models
(see e.g. Ballero et al. 2007, A&A 467, 123; Molla et al. 2000, MNRAS 316, 345, Johnson et al., 2011, ApJ
732, 108, etc.), especially to impose constraints on mechanisms of bulge formation: a coherent formation by gas
accretion either monolithic by mergers or a formation due to secular evolution. While there is now evidence for
a metallicity gradient when going further away from Baade’s window (see e.g. Zoccali et al. 2008, A&A 457,
L1; Babusiaux et al. 2010, A&A 519, 77, Johnson et al. 2011, ApJ 732, 108), the absence or presence of an
abundance gradient in the Inner Galactic Bulge (IGB) has not been established. Ramirez et al. (2000, AJ 120,
833) and Rich et al. (2007, ApJ 665, L119) did not find any evidence of an abundance gradient in the Inner
Bulge. The lack of an abundance gradient would be consistent with secular evolution models. However, these
studies were limited, respectively, to one field located at (l,b) = (0◦,−1◦), and to low-resolution spectra where
abundance determination is very uncertain. Until now most of the abundance studies in the IGB have been
restricted to negative Galactic latitudes. A systematic abundance study of the IGB in the northern fields is

missing. Do we see similar metallicity distributions in the northern fields ? How do the metallicity gradients if
they exist compare to the southern fields? How does the distribution in the α-elements behave? Is there a need
for the development of 3D-dynamical chemical evolution models (e.g. Immeli, Samland et al. 2004, A&A, 413,
547)?

We obtained in June 2012 (Program: 089.B-0312B) CRIRES spectra of red giants located at b = 0◦, −1◦,
and −2◦. Preliminary results indicate a small gradient, which needs to be confirmed. In order to confront these
results in the context of bulge formation with our models, the northern fields will be vital for the discussion of
asymmetries and the need for 3D-modelling.

B – Immediate Objective: We propose to study the abundance distribution of M giants in the IGB
(b = +1◦, b = +2◦, and b = +3◦) as an immediate continuation of our succesful program 089.B-0312B and
to obtain abundance ratios for the Northern Galactic fields. We choose to observe M giants, as only these are
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7. Description of the proposed programme and attachments

Description of the proposed programme (continued)

bright enough to allow for high-resolution IR spectroscopic observations in these highly extinct Bulge regions.
Because of the strong and variable extinction (see e.g. Gonzalez et al. 2012, A&A 543, A13), photometric
colours are not accurate enough to obtain precise effective temperatures. Accurate temperature determination
is essential in order to obtain a typical accuracy in the abundance of iron and α-elements of 0.15 dex. Figure 1
shows the recent results of our derived temperature versus EW(CO) relation from well-studied M giants which
has been obtained with ISAAC in 089.B-0312B. It shows clearly a rather narrow relation between Teff and
EW(CO) with a typical r.m.s scatter of 150K, despite the large difference in metallicities. Thus, we propose to
continue to get low-resolution spectra with SOFI of our targets in order to derive precise temperatures.

We will determine the stellar abundances using tailored MARCS atmospheres in spherical geometry for
our M giants. Synthetic spectra will ensure handling the molecular lines and blends properly. A resolution
of R = 50 000 and a SNR ∼ 50 per pixel will ensure an accurate abundance determination by resolving lines,
allowing for a proper definition of the continuum and for adequately taking care of telluric lines, as shown in
Fig.2, and in our papers also based on CRIRES spectra of Bulge stars (Ryde et al. 2009, A&A 496, and Ryde
et al. 2010, A&A 509). From the CRIRES spectra in the K band (setting λref = 22105.5 nm) we will determine
the abundances of Fe and the α-elements S, Si, Ca, and Ti. Figure 2 shows, as an example, one of the four
CRIRES detector arrays of two bulge stars and two reference stars, which we observed during P89. The red
MARCS models are based on the temperatures we derived from our ISAAC data. The preliminary synthetic
spectra fits are very encouraging and a full analysis will indeed give us metallicities and detailed abundances of
the diagnostically important alpha elements Mg, Si, Ca, Ti, as well as Ni, Cr, V, Y, Al, C and O.

Attachments (Figures)

Fig.1: (left): Predicted metallicity distribution (Grieco et al. 2012) for the two populations of the chemical
evolution model compared to the data of Hill et al. (2011). The metal-rich population is indicated as solid line
while the metal-poor population as dashed line. (right): Preliminary results of the temperature versus EW(CO)
relation based on the observing run 089.B-0312. The straight line gives the fit of this relation. Indicated with
different symbols are the temperature determinations from different literature sources.

Fig.2: CRIRES spectra of two M giants in the GC and at b = −2 ◦, respectiveley, from the observing run
089.B-0312(B)
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8. Justification of requested observing time and observing conditions

Lunar Phase Justification: The Lunar phase is of no importance for our observations.

Time Justification: (including seeing overhead) CRIRES: The K magnitudes of our objects range between
9.5–11. According to the CRIRES ETC (v 3.2.17) and to our experience with CRIRES for this project in June
2012, we would need a 20 min exposure time (ABBA configuration with 300s per nod position) for K=11 to
reach a S/N ∼ 50/pixel at 2.105µm with an AO guide star. We need a slit width of 0.4” to get R=50000.
Together with instrumental overheads and telluric standards (two per night) we can observe 15 targets per
night. We thus ask for four nights with CRIRES to observe our total sample of 60 stars. SOFI: We need on
average 10 min integration time to obtain a high S/N (∼ 100). Including overheads and observation of telluric
standards we need about 30 min per target. Thus, we ask for four nights with SOFI for our 60 targets.

8a. Telescope Justification:

As ISAAC is not available anymore, we ask for the low-resolution mode of SOFI which gives comparable
wavelength range and spectral resolution. CRIRES for the high-resolution IR spectra is the unique instrument
to carry out such a programme.

8b. Observing Mode Justification (visitor or service):

Visitor mode: Our targets are located in extremely crowded fields. Therefore the identifications of the sources
is very difficult, so we ask for visitor mode observations. The SOFI and CRIRES observations do not need to
be done in parallel.

8c. Calibration Request:

Standard Calibration
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9. Report on the use of ESO facilities during the last 2 years

089.B-0312 (ISAAC & CRIRES): “Is there an abundance gradient in the Inner Galactic Bulge?”. PI: M.
Schultheis, VM in P89. Data obtained, reduction and analysis in progress.
087.C-0642A (ISAAC): “ Star Formation and origin of the inner Galactic bulge: Near-IR Spectroscopy of
SPITZER sources:”, data reduced and analysis finished. A paper is in preparation.
089.D-0877 (VISIR): Dust production and the close circumstellar environment of the exceptional C-star BH
Cru”. PI: S. Uttenthaler, SM in P89. Data obtained, analysis in progress.

9a. ESO Archive - Are the data requested by this proposal in the ESO Archive
(http://archive.eso.org)? If so, explain the need for new data.

The requested data are not in the ESO archive..

9b. GTO/Public Survey Duplications:

10. Applicant’s publications related to the subject of this application during the last 2 years

Grieco, V., Matteucci F., Pipino A., et al., 2012, accepted for A&A, astro-ph/1209.4462,”Chemical evolution
of the Galactic bulge: different stellar populations and possible gradients”

Uttenthaler, S., Schultheis M., Nataf, D. et al., 2012, A&A in press, astro-ph/1206.3469, “ Constraining the
structure and formation of the Galactic bulge from a field in its outskirts. FLAMES-GIRAFFE spectra of about
400 red giants around (l,b)=(0◦,-10◦)”

Jönsson, H., Ryde, N. et al., 2011, A&A 530, A144, “Sulfur abundances in halo giants from the [SI] line at 1082
nm and the [SI] triplet around 1045 nm”

Ryde, N., 2010, IAUS 265, 285: “CNO abundances in the Galactic bulge”

Cescutti G., Matteucci F., 2011, A&A 525, 126, “ Galactic astroarchaeology: reconstructing the bulge history
by means of the newest data”

Ryde, N., Gustafsson, B., Edvardsson., B, et al., 2010, A&A 509, A20: “Chemical abundances of 11 bulge stars
from high-resolution, near-IR spectra”

Babusiaux, C., Gomez, A., Hill, V., Royer, F., Zoccali, M., Arenou, F., Fux, R., Lecureur, A., Schultheis, M.,
Barbuy, B., Minniti, D., and Ortolani, S., 2010, A&A 519, 77: “Insights on the Milky Way bulge formation
from the correlations between kinematics and metallicity”

Uttenthaler, S., Stutue M., Sahai R., Blommaert J., Schultheis M., et al., 2010, A&A 517, A44: “Galactic bulge
giants: probing stellar and galactic evolution. I. Catalogue of Spitzer IRAC and MIPS sources”

Cescutti G., Matteucci F., 2011, A&A 525, A126:”Galactic astroarchaeology: reconstructing the bulge history
by means of the newest data”

Pipino A., D’Ercole A., Chiappini C., et al., 2010, MNRAS 407, 1347: “Abundance gradient slopes versus mass
in spheroids: predictions by monolithic models.”
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11. List of targets proposed in this programme

Run Target/Field α(J2000) δ(J2000) ToT Mag. Diam. Additional
info

Reference star

AB bp3-01 17 34 06.34 -27 21 48.97 0.5 10.54 b=+3 field

AB bp3-02 17 34 11.59 -27 21 37.54 0.5 10.91

AB bp3-03 17 34 10.31 -27 21 37.74 0.5 10.35

AB bp3-04 17 34 08.33 -27 20 49.94 0.5 10.76

AB bp3-05 17 34 08.55 -27 20 27.14 0.5 10.65

AB bp3-06 17 34 04.92 -27 19 28.49 0.5 10.67

AB bp3-07 17 34 05.63 -27 20 01.97 0.5 9.55

AB bp3-08 17 34 06.55 -27 19 29.13 0.5 9.61

AB bp3-09 17 34 07.10 -27 20 04.31 0.5 10.19

AB bp3-10 17 34 11.62 -27 20 36.91 0.5 10.50

AB bp3-11 17 34 07.30 -27 21 14.26 0.5 10.42

AB bp3-12 17 34 09.03 -27 20 05.80 0.5 10.28

AB bp3-13 17 34 02.50 -27 19 19.28 0.5 10.23

AB bp3-14 17 33 58.44 -27 20 27.25 0.5 9.59

AB bp3-15 17 34 10.80 -27 21 04.15 0.5 10.72

AB bp3-16 17 34 00.88 -27 18 57.00 0.5 9.96

AB bp3-17 17 34 14.36 -27 20 41.56 0.5 10.97

AB bp3-18 17 34 13.07 -27 21 03.10 0.5 10.95

AB bp3-19 17 34 17.07 -27 20 23.10 0.5 10.85

AB bp3-20 17 34 19.55 -27 21 33.10 0.5 10.45

AB bp2-01 17 37 47.15 -27 53 15.55 0.5 10.88 b=+2 field

AB bp2-02 17 37 51.76 -27 51 15.29 0.5 10.86

AB bp2-03 17 37 49.67 -27 51 4.92 0.5 10.66

AB bp2-04 17 37 46.25 -27 52 42.60 0.5 10.56

AB bp2-05 17 37 52.98 -27 54 6.67 0.5 10.27

AB bp2-06 17 37 50.54 -27 53 13.26 0.5 10.99

AB bp2-07 17 37 56.27 -27 51 56.64 0.5 10.06

AB bp2-08 17 37 55.28 -27 54 20.38 0.5 10.60

AB bp2-09 17 37 52.52 -27 53 7.15 0.5 10.94

AB bp2-10 17 37 58.61 -27 52 19.37 0.5 10.46

AB bp2-11 17 37 54.31 -27 52 53.44 0.5 10.08

AB bp2-12 17 37 49.27 -27 51 41.94 0.5 10.71

AB bp2-13 17 37 52.18 -27 51 36.23 0.5 10.31

AB bp2-14 17 38 02.18 -27 52 48.98 0.5 10.38

AB bp2-15 17 37 57.93 -27 53 24.06 0.5 10.15

Following targets moved to the end of the document ...

Target Notes: Each object was carefully selected using the extinction map of Gonzalez et al. (2012). Due
to crowding, the images were inspected by eye to avoid blended sources. The magnitudes of our sources are in
the range K=9.5-11.0mag.
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12. Scheduling requirements

- 7 -



13. Instrument configuration

Period Instrument Run ID Parameter Value or list

91 CRIRES A NGS 2105.5 nm
91 SOFI B Spectroscopy-long-slit Red Grism, 0.6” slit

- 8 -



6b. Co-investigators:

...continued from box 6a.

A. Pipino Institut fuer Astronomie ETH Zurich,CH

B. Chen Observatoire des Sciences de l’Univers de Besancon,F

- 9 -



11a.List of targets proposed in this programme

Run Target/Field α(J2000) δ(J2000) ToT Mag. Diam. Additional
info

Reference star

...continued from box 11.

AB bp2-16 17 37 48.63 -27 52 38.31 0.5 10.26

AB bp2-17 17 37 53.34 -27 51 59.19 0.5 10.88

AB bp2-18 17 37 56.49 -27 53 42.96 0.5 10.29

AB bp2-19 17 37 58.06 -27 53 43.51 0.5 10.87

AB bp2-20 17 37 51.94 -27 51 47.11 0.5 10.17

AB bp1-01 17 41 57.60 -28 27 47.42 0.5 11.06 b=+1 field

AB bp1-02 17 41 57.79 -28 27 48.76 0.5 10.22

AB bp1-03 17 41 58.11 -28 27 24.19 0.5 10.26

AB bp1-04 17 41 56.29 -28 27 06.92 0.5 10.93

AB bp1-05 17 41 57.50 -28 27 00.63 0.5 11.11

AB bp1-06 17 41 55.52 -28 26 35.33 0.5 10.33

AB bp1-07 17 42 00.56 -28 26 42.66 0.5 10.33

AB bp1-08 17 41 57.95 -28 26 19.06 0.5 11.16

AB bp1-09 17 41 59.52 -28 26 29.22 0.5 10.52

AB bp1-10 17 41 58.51 -28 26 18.57 0.5 10.65

AB bp1-11 17 41 59.27 -28 26 20.44 0.5 10.57

AB bp1-12 17 41 57.59 -28 25 56.59 0.5 10.24

AB bp1-13 17 41 59.54 -28 26 5.52 0.5 11.08

AB bp1-14 17 41 59.18 -28 26 0.80 0.5 10.90

AB bp1-15 17 41 57.52 -28 25 44.07 0.5 10.75

AB bp1-16 17 41 58.37 -28 25 46.05 0.5 10.35

AB bp1-17 17 42 1.49 -28 26 11.07 0.5 11.00

AB bp1-18 17 41 58.43 -28 25 43.86 0.5 10.90

AB bp1-19 17 42 1.99 -28 26 6.37 0.5 11.14

AB bp1-20 17 41 59.67 -28 25 38.56 0.5 10.32

A Hip95619 19 26 56.48 -29 44 35.6 0.25 5.7 telluric stan-

dard

- 10 -
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Figure B.1: List of CSFR data in unit of (M⊙yr
−1Mpc−3) provided by Hopkins

(2004).

a) The factor effectively used in converting the CSFR ρ̇∗ from the cosmology assumed

in the original reference to that assumed here. In cases where a luminosity function

(LF) has been integrated this factor is the appropriate combination of the conversion

factors applied separately to L∗ and ϕ∗;

b) CSFR calculated using the common obscuration correction;

c) The factor corresponding to the common obscuration correction applied in calculat-

ing ρ̇∗,com;

d) CSFR calculated using the SFR-dependent obscuration correction. No entry means

that no LF parameters were available for use in applying an SFR-dependent correction;

e) The effective factor corresponding to the SFR-dependent obscuration correction.



Figure B.2: List of CSFR data in unit of (M⊙yr
−1Mpc−3) provided by Hopkins

(2004).

a) The factor effectively used in converting the CSFR ρ̇∗ from the cosmology assumed

in the original reference to that assumed here. In cases where a luminosity function

(LF) has been integrated this factor is the appropriate combination of the conversion

factors applied separately to L∗ and ϕ∗;

b) CSFR calculated using the common obscuration correction;

c) The factor corresponding to the common obscuration correction applied in calculat-

ing ρ̇∗,com;

d) CSFR calculated using the SFR-dependent obscuration correction. No entry means

that no LF parameters were available for use in applying an SFR-dependent correction;

e) The effective factor corresponding to the SFR-dependent obscuration correction.





Bibliography

[Afonso et al. (2003)] Afonso, J. et al., 2003, ApJ, 597, 269

[Aguerri et al. (2001)] Aguerri J.A.L., Balcells M. & Peletier R.F., 2001, A&A,

367, 428

[Alves-Brito et al.(2010)] Alves-Brito A., Meléndez J., Asplund M., Ramı́rez I.,

& Yong D. 2010, A&A, 513, A35

[Andrews et al.(2010)] Andrews J. E., Gallagher J. S., Clayton G. C. et al., 2010,

ApJ, 715, 541

[Asplund et al. (2009)] Asplund M., Grevesse N., Sauval A. J. & Scott P., 2009,

ARA&A, 47, 481

[Athanassoula & Misiriotis (2002)] Athanassoula E. & Misiriotis A., 2002, MN-

RAS, 330, 35

[Athanassoula (2005)] Athanassoula E., 2005, MNRAS, 358, 1477

[Babusiaux et al. (2010)] Babusiaux C., Gómez, A., Hill V., et al., 2010, A&A,
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[Szalai et al. (2011)] Szalai T., Vinkó J., Balog Z. et al., 2011, A&A, 527, A61

[Talbot & Arnett (1971)] Talbot R. J. Jr. & Arnett W. D., 1971, ApJ, 170, 409

[Tanvir et al. (2009)] Tanvir N.R. et al., 2009, Nature, 461, 1254



[Tielens (1998)] Tielens A. G. G. M., 1998, ApJ, 499, 267

[Tinsley (1980)] Tinsley B. M., 1980, Fund. Cosm. Phys., 5, 287

[Thielemann et al. (1996)] Thielemann F.-K., Nomoto K. & Hashimoto M.-A.,

1996, ApJ, 460, 408

[Todini & Ferrara (2001)] Todini P. & Ferrara A., 2001, MNRAS, 325, 726

[Tominaga et al. (2008)] Tominaga N., Limongi M., Suzuki T. et al., 2008, ApJ,

687, 1208

[Tremonti et al. (2004)] Tremonti C.A. et al., 2004, ApJ, 613, 898

[Tremonti et al. (2007)] Tremonti C. A., Lee J. C., van Zee L. et al., 2007, Bul-

letin of the American Astronomical Society, 39, 894

[Tripp et al. (2003)] Tripp T. M., Wakker B. P., Jenkins E. B. et al., 2003, AJ,

125, 3122

[Turatto(2003)] Turatto M., 2003, Supernovae and Gamma-Ray Bursters, 598,

21

[Valageas & Silk (1999)] Valageas P. & Silk J., 1999, A&A, 347, 1

[Vanbeveren et al. (2007)] Vanbeveren D., Van Bever J. & Belkus H., 2007, ApJ,

662, L107

[van den Hoek & Groenewegen (1997)] van den Hoek L.B. & Groenewegen

M.A.T., 1997, A&AS, 123, 305V

[van Putten & Regimbau (2003)] van Putten M.H.P.M. & Regimbau T., 2003,

ApJ, 593, L15

[Veilleux (2004)] Veilleux S., 2004, Recycling Intergalactic and Interstellar Mat-

ter, 217, 276

[Vergani et al. (2011)] Vergani S. D., Flores H., Covino S. et al., 2011, A&A, 535,

A127

[Vergani (2012)] Vergani S. D., 2012, Memorie della Societa Astronomica Italiana

Supplementi, 21, 100

[Vincoletto et al. (2012)] Vincoletto L., Matteucci F., Calura F., Silva L. &

Granato G., 2012, MNRAS, 421, 3116



[Vladilo (2002)] Vladilo G., 2002, A&A, 391, 407

[Wainwright et al. (2007)] Wainwright C., Berger E. & Penprase B.E., 2007, ApJ,

657, 367

[Wakker (2001)] Wakker B. P., 2001, ApJ, 136, 463

[Wanderman & Piran (2010)] Wanderman D. & Piran T., 2010, MNRAS, 406,

1944

[Wyse & Gilmore (1992)] Wyse R. F. G. & Gilmore G., 1992, AJ, 104, 144

[Whelan & Iben (1973)] Whelan J. & Iben I. Jr., 1973, ApJ, 186, 1007

[White & Rees (1978)] White S. D. M. & Rees M. J., 1978, MNRAS, 183, 341

[Wolf & Podsiadlowski (2007)] Wolf C. & Podsiadlowski P., 2007, MNRAS, 375,

1049

[Woosley (1993)] Woosley, S.E., 1993, ApJ, 405, 273

[Woosley & Weaver (1995)] Woosley S.E. & Weaver T.A., 1995, ApJS, 101, 181

[Woosley & Bloom (2006)] Woosley S.E. & Bloom J.S., 2006, ARA&A, 44, 507

[Woosley e Heger (2006)] Woosley S. E. & Heger A., 2006, In Gamma Ray Bursts

in the Swift Era, Washington, D.C., eds. Holt S., Gehrels N. and Nousek J.

A., AIP 836, 398

[Xu et al. (2013)] Xu D., de Ugarte Postigo A., Leloudas G. et al., 2013, ApJ,

776, 98

[Yin et al. (2010)] Yin J., Magrini L., Matteucci F., Lanfranchi G.A., Gonçalves
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Puoi essere la storia di un vile o di un eroe, 

di uno che trema in fondo alla spelonca delle sue paure 

o che crede nell'amore capace di spostare le montagne. 

Scegli tu il destino che preferisci.

Ma smetti di cercarlo fuori di te.

Tu ancora non puoi sapere dove approderai. 

Ma chi incomincia a cercare ciò che ama finirà sempre per amare ciò che trova. 

Ti metti in cammino verso Est e magari raggiungi l'Ovest. 

Non è importante, adesso.

L'importante è mettersi in cammino. 

Altrimenti non arriverai da nessuna parte. 

E passerai il resto della vita a disprezzarti 

per ciò che avresti potuto essere e non sei stato. 

La meta iniziale del viaggio rappresenta

solo lo stimolo per partire.




