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Abstract 

In this thesis work the effect of single and multiple bursts of star formation on the dynamical 
and chemical evolution of Blue Compact Dwarf galaxies is studied in detail. We used both 
purely chemical evolution models and a 2-D hydrodynamical code, coupled with detailed 
chemical yields, originating from Supernovae of Type II and Type la and from single 
intermediate-mass stars. The aims of this kind of study are: 

• evaluate the impact of a single or multiple bursts of star formation on the dynam-
ics of interstellar medium and study under what conditions a galactic wind could 
develop. Many authors have tried to simulate the dynamical effect of starbursts on 
the interstellar medium of dwarf galaxies. We must however consider that all these 
hydrodynamical calculations do not consider neither the effect of multiple starburst-
s, nor the energetic contribution of SNela. Given the importance of this kind of 
supernovae, a significant part of this work has been devoted to this topic. 

• Follow the evolution, in space and time, of some chemical elements (H, He, C, N, 
O, Mg, Si, Fe) and compare it with the observative values found in the literature. 
Most of chemical evolution models do not take into account a dynamical treatment, 
thus evaluating the mass of gas which escapes from the parent galaxy in a simplistic 
manner. With our model instead we are ab le to follow the dynamical evolution of the 
concentration of several chemical elements, by taking into account stellar evolution 
and nucleosynthesis prescriptions as well as stellar lifetimes. Moreover, the mass of 
gas ejected from the galaxy in the form of the various chemical elements is computed 
in detail. 

Main results of this kind of work can be summarized as follows: 

• As a consequence of the energy injected during the star formation activity ( either 
single or multiple instantaneous starbursts), a galactic wind develops. The newly 
formed metals are ejected more easily t han the pristine gas. In particular, metals 
produced by Type la supernovae are ejected more easily than those produced by 
SNeii, because this kind of explosions occurs in a medium already heated and diluted 
by the previous activity of Type II SNe. In this way the mechanical energy of 
the explosions is more efficiently converted into thermal energy of the interstellar 
medium. As a consequence of this the [a/Fe] abundance ratios outside the galaxy are 
predicted to be lower than inside, an important prediction far galactic evolutionary 
models. 

• Far a galaxy model with structural parameters similar to IZw18, the most metal-
poor galaxy locally known, we are able to reproduce the chemical abundances found 
in literature either with a single burst or with two instantaneous bursts, separated 
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by a quiescent period. The predicted age for the single-burst model is rv 30 Myr, 
but we found better agreement for models with two bursts of star formation, the 
first with an age of 300-500 Myr an d the second with an age between 4 and 70 Myr, 
depending on the adopted IMF and nucleosynthesis prescriptions. 

• W e find t ha t the majority of metals are in a cold phase, especially for the single-burst 
model. This is due to the fact that most of energy produced by the supernovae is 
quickly radiated away, thus the hot hubble of gas created after the starburst ( the so-
called superbubble) evolves slowly, having time to significantly cool before breakout. 
This result is the first of this kind, since in previous works it was concluded that 
most of the metals should reside in a hot gas phase, virtually undetectable with the 
optical spectroscopy. 
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Chapter l 

Introd uction 

World was created by the Trinity on October 23 4004 B. C., at nine in the morning 

- J ames U ssher, Archbishop of Armagh, 1650 -

1.1 Historical overview 

Edwin Hubble first recognized, through a decisive distance measurement, that most of 
diffuse nebulae observed at that epoch (the beginning of XXth century) were huge systems 
of stars and gas, millions of light years away from earth; those were nearby galaxies, and 
galaxies were thus recognized to be the building blocks of the U niverse. Then, many of the 
objects studied and catalogued since the beginning of XIXth century by Messier, Herschel 
and Dreyer among others, turned out to be galaxies. Hubble proposed (Hubble 1926) 
the first galaxy classification system, arranging the galaxies in his famous 'tuning fork' 
diagram: 

Sa- Sb- Se 

EO- E7 

SBa - SBb - SBc 

This classification distinguishes only two types of galaxies: ellipticals (E) and spi-
rals (S). Elliptical galaxies are denoted by En, with n ranging between O and 7. This 
classification is based on the flattening of the observed image: 

n=lO·(l-D, (1.1) 

where a and bare the semi-major and semi-minor axes of the observed image of the galaxy, 
respectively. Spirai galaxies are separated in two sequences: barred spirals (SB), which 
show a prominent bar, and normal ones. The two sequences run from early-type objects 

l 
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(denoted by a), to late-type galaxies, denoted by c. Bulge is more evident and spirai arms 
are more wrapped around the bulge in early-type spirals (Sa or SBa). Late-type spirals are 
also more gas-rich than early-type ones. The SO class of galaxies {disks without a spirai 
structure, with or without a prominent bar), is an element of continuity between elliptical 
and spirai galaxies. 

Lundmark (1926, 1927), in his own classification system, incorporated a new class of 
objects, the Irregular (Irr) galaxies. The Irr class contained amorphous objects like M82, 
NGC3077, NGC520 and also the Magellanic Clouds. The discovery of Sculptor and Fornax 
Dwarf Spheroidal (DSph) galaxies, made by Shapley (1938, 1939) provided a new hint that 
the Hubble tuning fork diagram did not give an exhaustive description of the entire realm 
of galaxy morphology. After this discovery, Baade (1944) resolved the Local Group galaxies 
NGC147 and NGC185 into stars, and introduced the definition of Dwarf Elliptical (dE) 
galaxies, to indicate both the Dsph galaxies discovered by Shapley and this new class of 
objects. 

Identification of more Local Group galaxies continued with the advent of Palomar 
Sky Survey (Harrington & Wilson 1950; Wilson 1955). Searches for low surface brightness 
galaxies yielded similar objects outside the Local Group (van den Bergh 1959, 1972), often 
concentrateci around a nearby giant galaxy. 

Holmberg (1950, 1958) divided the Irr class of galaxies into two groups: Irr I and Irr 
II. The Magellanic Clouds were called Irr I, whereas amorphous galaxies were renamed Irr 
II. Later on, de Vaucouleurs (1959) introduced the Im class of galaxies, to indicate systems 
resembling LMC and SMC. In the same paper, de Vaucouleurs subdivided the Se class into 
two groups: Se and Sd and added the types Sdm and Sm for the very late-type systems. 

A recent classification, in particular of the irregular galaxies, was made by Binggeli, 
Sandage & Tammann {1985), and consists of the most comprehensive morphological clas-
sification of Virgo Cluster galaxies. Their catalog ( the Virgo Cluster Catalog; VCC) con-
tains more than 2000 galaxies; most of them are dwarf ellipticals, but there are more than 
300 late-type dwarf galaxies. The classification scheme introduced by Sandage, Binggeli 
& Tammann {1985) for those objects distinguishes among sub-classes of Dwarf Irregular 
Galaxies (DIG), separated by luminosity: the most luminous are classified as Irr III and 
the least luminous as Irr V. 

Another class of dwarf irregular galaxies is characterized by relatively bright objects 
of small dimensions. These objects were identified for the first time by Haro (1956) and 
Zwicky et al. {1961- 1968), who named them compact galaxies. Some years later, Sargent & 
Searle {1970) draw attention to these types of galaxies, when they found that some of them 
have spectra similar to those of H n regions. Thus, they called this kind of objects "isolated 
extragalactic H n regions". Sandage and Binggeli {1984), in their atlas of dwarf galaxies, 
classified this kind of DIG as Blue Compact Dwarf (BCD) galaxies. "H n" galaxies (Telles, 
Melnick & Terlevich 1997) are considered nowadays a sub-class of BCDs, characterized by 
strong emission-line spectra. 

Finally, from morphological considerations, Loose & Thuan (1986) have proposed a 
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classification of BCDs into four subclasses: (a) - iE type {most common type). The centrai 
structure is compiex, dominated by the Iight of severa! irregular star forming regions, 
whereas the outer region is more regular, with elliptical or circular isophotes. (b) - nE 
type, with regular isophotes both in the inner star-forming region and in the outer low 
surface brightness region. (c) - il subclass, with irregular structures both in the inner and 
in the outer regions. Among the ii objects, Loose & Thuan have found two subclasses: 
cometary galaxies {ii,C) and merger galaxies (ii,M), which may be the end product of 
mergers of dwarf gaiaxies. (d) - Finally, a small fraction of BCDs have been classified as 
iO-BCD because they are unresolved without detected low surface brightness underlying 
component {Doubiier, Cauiet & Comte 1999). 

1.2 Phenomenology of Dwarf Galaxies 

1.2.1 Dwarf elliptical galaxies 

Low-luminosity elliptical galaxies are characterized by a surface-brightness profile smoother 
than late-type gaiaxies (spirals and irregulars) and by a Iow content of gas. Generally all 
the smooth-profile galaxies with luminosities below MB ~ -18 are Dwarf Ellipticals, but 
a more accurate classifications is based on surface-brightness profiies (Ferguson & Binggeii 
1994). Hodge first realized that the de Vaucouieurs law (r114 Iaw) for giant elliptical 
gaiaxies, did not adequately describe the light profiies in dE (see Hodge 1971 and references 
therein). These gaiaxies look almost flat in the inner part, with a sharp cut-off in the outer 
part, thus either a King (1962) profiie with a small concentration index, or an exponential 
law (I(r) ex exp(-r/ro)) seems to appiy to dE rather well. 

Most of bright (MB < -16) dE, show a distinct luminous spike in their centre, com-
monly referred to as the centrai nucleus (Ferguson & Binggeli 1994) . The brightest nuclei 
can reach up the 20 % of the total luminosity of the parent galaxy. This kind of gaiaxies 
is often classified as dE,N. An exampie of dE,N in the Locai Group is NGC205. This ex-
cess could also not come from the starlike nucleus, but to a shallow extension over severa! 
hundreds of parsecs. On the other hand, very faint dwarfs typically exhibit a centrai decre-
ment relative to an exponential law (Jerjen, Binggeli & Freeman 2000). For this reason, 
a modified exponential profile (I(r) ex exp[-(r/ro)n]), introduced first by Sérsic (1968), is 
commonly adopted to describe surface brightness profiies of dEs. 

Dwarf spheroidai galaxies are characterized by a low totaliuminosity (MB > - 14), 
low optical surface brightness (fainter than 22 V mag per square arcsec), no well-defined 
nucleus and very little gas (Gallagher & Wyse 1994). An exponential law appro:ximates 
surface brightness profiles of Dsph gaiaxies rather weil. Most of dwarf gaiaxies in the Local 
Group are Dwarf Spheroidais (12 Dsph and 7 intermediate types; Mateo 1998). In Fig. 1.1 
a Local Group Dsph gaiaxy (Pegasus) is shown. 

The mass-to-light ratios M/L in dE gaiaxies are unusually high, ranging between rv 

5 (Fornax) and rv 100 (Draco and Ursa Minor). This is most probably due to a large 
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Figure 1.1: Pegasus Dwarf Spheroidal. Image obtained with the 10-m Keck II tele-
scope at Mauna Kea, Hawaii. Very bright stars are nearby stars within the Galaxy 
(from the web-site of University of California). 

Dark Matter {DM) content in dwarf galaxies. With decreasing luminosity, dEs appear 
to become increasingly dominated by DM (Persic & Salucci 1988). Hirashita, Takeuchi 
& Tamura {1998) showed a relation between Mvir/L and the virial mass Mvir in Local 
Group dwarf galaxies. They showed that Mvir /L oc Mvir 2 for galaxies with Mvir < 108 

M0 , whereas for more massive galaxies the M/L ratio is approximatively constant {Fig. 
1.2). 

Most informations about stellar content in Dwarf Elliptical galaxies come from Local 
Group members. Star Formation Histories (SFHs) in dE galaxies range from apparent-
ly single, very old stellar populations (Ursa Minor, Sagittarius), to examples of rather 
continuous SFH (Fornax, NGC205), to galaxies with two or three major episodes of star 
formation {Carina, Sculptor). Almost all the Local Group dE galaxies have started form-
ing stars more than 10 Gyr ago (Grebel1997). Recently some Color-Magnitude Diagrams 
{CMD) of dE galaxies not belonging to the Local Group have been studied {see e.g. Jerjen 
& Rejkuba 2001), showing predominant populations of metal-poor stars with ages similar 
to those of globular clusters and small fractions of younger stars. 

l. 2. 2 Dwarf irregular galaxies 

In the broadest sense, the Dwarf Irregular Galaxy class is loosely defined. In this class are 
included all the objects with chaotic, non-symmetrical blue light distribution, in contrast 
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Figure 1.2: Relation between mass-to-light ratio M vir /L and the virial mass Mvir in 
Local Group dwarf spheroidal galaxies (from Hirashita et al. 1998). 

with the axial symmetry of normal ((regular" galaxies. Another important distinction 
between DIG and dE galaxies is the gas content: DIG are gas-rich, whereas the fraction of 
gas in dwarf elliptical galaxies is often negligible. Less clear-cut is the distinction between 
irregular galaxies and late-type spirals (Se, Sd and Sm), in fact Sm are the latest type 
of galaxies in which traces of spirai patterns are stili present, whereas irreguiar galaxies 
(I m, Irr or DIG) are totally chaotic (by definition). However, i t is often very difficuit to 
distinguish among these classes of galaxies because ((the perception of a spirai pattern in a 
chaotic gaiaxy is a function of the power of the imagination" (Sandage & Binggeli 1984). 

Dwarf Irregular Galaxies are usually smaller, Iess massi ve an d optically dimmer t han 
commonly studied giant spirais (Gallagher & Hunter 1984). DIGs span a wide range of 
Iuminosities, ranging from MB ::= - 18 (the commonly adopted Iimit to distinguish between 
dwarf galaxies and n or mal ones), t o objects ( typically Irr V far the classification of Sandage 
et al. 1985) fainter than MB = - 12. The mean radiai brightness profiles of these galaxies 
are well represented by exponential profiles (I(r) ex: exp( -r /ro) ), with typical scale lengths 
(ro) of the arder of l Kpc or less. The light distribution in DIG is therefore similar in form, 
but of lower surface brightness and shorter scale length, to those of spirai galaxies. 

Many DIG are known to be in a starburst phase, or are beiieved to have experienced 
a period of intense star formation in the recent past. These galaxies are generally called 
Blue Compact Dwarf galaxies or Starburst Galaxies. This kind of objects, given their 
simple structures and small sizes, are excellent laboratories to investigate the feedback of 
starbursts on the interstellar medium (ISM) and to study the chemical evolution. In this 
kind of objects, surface brightness profi.Ies are disturbed by star formation activity, which 
produces islands of higher surface brightness, especially in the centrai regions. 

BCD galaxies are characterized by low luminosity, compactness (the starburst region 
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Figure 1.3: The Local Group Dwarf Irregular Galaxy Sextans A 

has dimensions < 1Kpc), very low metallicities (ranging between"' 1/50 Z0 and"' 1/2 Z0 ) 

and often spectra similar to those of H II regions in spirai galaxies (Thuan & Martin 1981). 
Star formation rates in BCDs are very high; often between 0.1 and 5 M0 yr-1 (Fanelli, 
O'Connell & Thuan 1988; Plasenas, Colina & Perez-Olea 1997). The gas consumption 
time-scale (i.e. the time needed to turn ali the gas in stars) is shorter than the Hubble 
time, thus this starburst phase has to be transient. BCD galaxies, given their compact 
appearance, their high gas content, very blue colors and low chemical abundances, are 
considered poorly evolved systems, thus suggesting that BCDs might bave started forming 
stars for the first time quite recently. This would have important consequences on theories 
of galaxy formation (Searle & Sargent 1972). In a recent review, Kunth & Òstlin (2000) 
argued that, despite a few remaining young galaxy candidates, like 1Zw18, SBS0335-052 
(Lipovetsky et al. 1999) or HS0822+3542 (Kniazev et al. 2000), in most BCDs an old 
underlying stellar population does exist, revealing at least another burst of star formation 
(SF) besides the present one. In a recent survey of BCDs, Òstlin et al. (2001) have found 
that, although the young burst population dominates the integrated optical luminosity, 
this contributes only marginally to the total stellar mass. 

The blue colors of Irregular galaxies are generally taken as proof of the presence of 
a significant fraction of early-type stars. This is consistent with the fact that the high 
surface brightness Dirrs are endowed with numerous H II regions and are actively forming 
stars (Gallagher & Hunter 1984). The widely accepted scenario for the Star Formation 
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Figure 1.4: The starburst dwarf galaxy NGC1313. Image taken from the web-site of 
the Anglo-Australian Observatory. 

History in Irregular galaxies can be summarized as follows (Tosi 1999): 

• a bursting SFH far BCD galaxies (Searle, Sargent & Bagnuolo 1973). Short, intense 
bursts of star formation are followed by long quiescent periods. 

• Dlrr galaxies undergo gasping SFH, i.e. star formation almost constant for long 
periods and short periods of inactivity (Tosi 1994). 

• Giant Irrs seem to have rather continuous SFH, although star formation sites are 
widely distributed along the surface of the galaxy and not concentrateci in the centrai 
regions as in BCDs (Hunter & Gallagher 1985) . 

SFH in Local Group dwarf galaxies (Grebel 1997) seems to be consistent with a gasping 
(Sextans B, NGC3109) or a continuous (WLM, IC1613) Star Formation regime. 

In the recent years, through deep studies of CMD in dwarf galaxies outside the Lo-
ca} Group, there are some evidences of long star formation activities, separated by short 
quiescent periods, also far some BCDs (Legrand 2000; Tosi 2001) . Typical examples of a 
Dwarf Irregular galaxy (Sextans A) and a Starburst galaxy (NGC1313) are shown in Figs. 
1.3 and 1.4 respectively. 

Gas-rich dwarf galaxies appear to be the most uniformly distributed species of galaxies 
(Salzer 1989), whereas early-type dwarfs (dE and Dsph) are the most strongly clustered of 
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Figure 1.5: 3-D representation of the Local Group. Distance of galaxies from the 
arbitrary chosen piane through the Milky Way are indicated by soiid Iines (above 
the piane) and dotted lines (beiow the piane). Red dots: dwarf spheroidai gaiaxies; 
yellow dots: dwarf elliptical galaxies; blue dots: late-type galaxies (Dirr); green dots: 
intermediate types. Taken from Grebel (2000). 

ali galaxies, and also in the Local Group they are found close to giant spirals (Milky Way 
and Andromeda) . Fig. 1.5 shows the spatial distribution of dwarf galaxies in the Local 
Group. In this 3-D representation (taken from Grebel 2000) , is evident that early-type 
dwarfs (dE and Dsph, denoted by yellow dots and red dots, respectively) are very close 
to giant galaxies, whereas the distribution of dwarf irregular galaxies (blue dots) is much 
more spread. From a survey of 179 dwarf galaxies, Binggeli, Tarenghi & Sandage {1990) 
concluded that there are virtually no isolated dEs, although some possible isolated faint 
dE has been found in the following years (e.g. Tucana system, da Costa 1994). 

1.2.3 1Zw 18 

The galaxy IZw18 is the most metal-poor galaxy known so far and was considered until 
recently as the best candidate for a truly "young" galaxy. Many authors have tried, with 
different approaches, to establish the age of IZw18 and to study its SFH. Stellar population 
analyses by Hunter & Thronson (1995) and Dufour, Esteban & Castaneda (1996) were not 
deep enough to reveal any old population, but recent studies of deeper CMD, both in the 
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optical (Aloisi, Tosi & Greggio 1999; hereafter ATG) and in the infrared (Òstlin 2000) 
revealed the presence of two stellar populations in 1Zw18: a young population with an 
age of some tens of Myr and an asymptotic giant branch population with an age of several 
hundreds of Myr. Chemical evolution models by Kunth, Matteucci & Marconi (1995) fitted 
the abundances observed in 1Zw18 with one, or at maximum two short bursts. Evolutionary 
population synthesis models by Mas-Hesse & Kunth (1999) showed that the present burst 
is very young (ranging between 3 and 13 Myr, depending on the star formation history) 
and the contribution of stars of an ancient burst, if any, is negligible. Legrand (2000) 
and Legrand et al. (2000) proposed instead a low and continuous SF regime for 1Zw18; 
furthermore they assumed that the observed metals cannot result from the materia} ejected 
by the aging starburst, because these metals are hidden in a hot phase and therefore 
undetectable when using the optical spectroscopy. 

The metallicity of 1Zw18 is"' 1/50 z0 and more metal-deficient BCDs have not been 
found in spite of extensive surveys (Masegosa, Moles & Campos-Aguilar 1994; Terlevich, 
Skillman & Terlevich 1996). The colors of this galaxy are exceptionally blue; the most 
recent estimates give U- B = - 0.88 and B - V = - 0.03 (van Zee et al. 1998b), thus 
suggesting the presence of a dominant very young population (van Zee 2001). Given the 
low degree of pollution, 1Zw18 is also an ideallaboratory to measure the primordial helium 
abundance (Olive, Steigman & Skillman 1997; Skillman et al. 1998; Izotov et al. 1999). 

The morphology of 1Zw18 is rather complex (see Fig. 1.6), consisting of a "peanut-
shaped" main body, formed by two starbursting regions, associateci with two H u regions 
(Dufour et al. 1996). To the north and west of the main body, there are several diffuse 
features noted from the deep ground-based imagery of Davidson, Kinman & Friedman 
(1989) and Dufour & Hester (1990), but only the nearest of these objects (component C in 
the nomenclature of Davidson et al. (1989), located 22" NW of the NW region and rather 
evident in the upper part of Fig. 1.6) is a blue irregular galaxy physically associateci with 
the main body, whereas the others are background galaxies (Dufour et al. 1996). 

The dynamical mass and the H I mass of the main body of 1Zw18 are of the arder of 
few 108 M0 and few 107 M0 respectively (see e.g. Lequeux & Viallefond 1980; Davidson 
& Kinman 1985; Viallefond, Lequeux & Comte 1987; Petrosian et al. 1997; van Zee et al. 
1998b). The HI column density is as high as NHI ~ 2 x 1021 cm- 2 (Vidal-Madjar et al. 
2000). 

1.3 Chemical evolution in irregular galaxies 

Dwarflrregular Galaxies generally have a low metallicity (between 0.02 Z0 and 0.5 Z0 ), a 
high gas content (up to"' 10 times the stellar content) and their stellar populations appear 
to be mostly young. All these features indicate that these galaxies are chemically poorly 
evolved objects. 

DIG and BCD galaxies are characterized by the presence of giant H II regions, which 
are ionized by massive stars formed during the recent burst of star formation. The chemical 
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Figure 1.6: The BCD galaxy IZwl8. Taken from the web-site of X.W. Liu. 

composition of these H II regions has been determined by the analysis of their emission lines 
intensity ratios since early '60 (see the review of Peimbert 1975 and references therein). 
The study of the optical spectra of these H II regions allows the abundance determinations 
of some chemical elements as helium, nitrogen, oxygen, neon, sulphur argon and iran, 
although recently Hubble Space Telescope observations have permitted the determination 
of carbon and silicon abundances from emission lines in the UV spectrum { Garnett et al. 
1997) . 

BCD and dwarf irregular galaxies are characterized by a large spread in their chemical 
properties: there is a large scatter in metal abundances and abundance ratios, especially 
in He/H vs. 0/H and N/0 vs. 0/H. Various attempts have been made to justify this 
behaviour: Pilyugin {1992; 1993) described a model (based on a previous work of Kunth & 
Sargent 1986), in which H II regions are self-enriched by the aging starburst, in the sense 
that metals ejected by massi ve stars enrich first the H II regions. This behaviour leads to 
a "saw-tooth" evolution in the N/0- 0/H piane (oxygen, ejected by massive stars, grows 
when the star formation is active; nitrogen, produced in intermediate-mass stars, grows 
in the inter-burst phases), which could explain the spread of chemical properties in these 
galaxies. Marconi, Matteucci & Tosi {1994) proposed instead the so-called differential wind 
scenario. Galactic winds are supposed to eject outside the host galaxies mostly metals, in 
particular a:-elements, mostly produced by massive stars. 
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Stars more massive than 8 M0 experience all the main hydrostatic nuclear burnings 
up to the formation of an iron core and explode as Type II Supernovae. Explosive nu-
cleosynthesis takes piace and the fuels consist mostly of a -elements. Type la supernova 
explosions are instead thought to be triggered by the thermonuclear runaway of carbon, 
burning in degenerate cores of white dwarf stars which acerete materia! from a companion 
star in dose binary systems. Given the importance of this kind of Supernovae for our re-
sults, great deal of work has been spent to study the explosion rates of this kind of objects, 
for different progenitor models and under different star formation regimes (Chapter 4). 

Other important studies about chemical evolution models in dwarf irregular galaxies 
have been performed by Bradamante, Matteucci & D'Ercole (1998) and Larsen, Sommer-
Larsen & Pagel (2001). In particular, in this last work, it has been argued that star 
formation in BCD galaxies occurs first in the centrai region and then propagates in the 
expanding cold an d dense shell surrounding the star-forming region. 

1.4 Dynamical evolution and outflows 

Stars restore energy and metal-enriched gas back to the ISM throughout their lives. This 
feedback occurs in different stages of stellar life: jets from proto-stars, stellar winds during 
Red Giant (RG) or Asymptotic Giant Branch (AGB) phases, Planetary Nebulae (PN) 
formation and Supernovae (SNe) explosions. Feedback from Supernovae is particularly 
important in terms of metal enrichment and energy return and will be treated in detail in 
Chapter 2. 

The thermalized energy deposited by SNe and winds from massive stars after starburst 
episodes, creates a hot, X-ray emitting hubble of gas (called superbubble) in the ISM of the 
host galaxy. Due to the high thermal pressure, the superbubble expands, sweeping up the 
ambient medium. When the thermal content of the gas becomes larger than the binding 
energy of the ISM, a galactic wind could develop. This condition is strictly true only for 
spherical galaxies, whereas in a disk-like galaxy the expansion of the superbubble is not 
isotropic. The faster expansion occurs along the minor axis, in a direction orthogonal to 
the disk. If the expansion velocity along the minor axis is high enough, the superbubble 
can break out of the disk, thus creating a bipolar outflow. 

Observational evidences in support of the presence of outflows have been found re-
cently in a lot of gas-rich dwarf galaxies, like NGC1705 (Meurer et al. 1992), NGC1569 
(Israel1988), IZw18 (Martin 1996), M82 (Strickland & Stevens 2000) and many others. In 
their search for outflows in dwarf galaxies, Marlowe et al. (1995) pointed out that this kind 
of phenomena is relatively frequent in centrally star-forming galaxies. A good example of 
polar-shaped galactic wind is NGC3079 (Fig. 1.7). 

It is possible t ha t each starburst episode in BCDs is followed by a quiescent (or 
almost quiescent) period, with a time scale of the order 108 to 109 yr (Leitherer 2001), 
during which galactic winds expel the gas out of the region and the SF fades. When the 
luminosity of the burst is no more able to sustain the wind, gas may cool down and collapse 
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Figure 1.7: The bipolar-shaped outflow in NGC3079. Taken from the web-site of G. 
Ceci l. 

back onto the centre of the galaxy, thus allowing for the onset of a new burst (Babul & 
Rees 1992; D'Ercole & Brighenti 1999). Off-centered SN explosions can also drive inward-
propagating shocks, thus creating the conditions of a new SF event in the centre of the 
galaxy (Mori, Ferrara & Madau 2001). These are possible mechanisms to justify bursting 
SFH in BCD galaxies, although, as we bave seen in the previous section, gasping SFH can 
not be excluded even in some BCDs. 

There are a lot of recent hydrodynamical simulations concerning the behaviour of the 
ISM and the metals ejected by massive stars after a starburst. These simulations generally 
agree on the fact that galactic winds are not so effective in removing ISM from dwarf 
galaxies, but disagree on the final fate of the metal-enriched gas ejected by massive stars. 
Many authors (D'Ercole & Brighenti 1999; MacLow & Ferrara 1999; De Young & Heckman 
1994; De Young & Gallagher 1990) have found that galactic winds are able to eject most of 
the metal-enriched gas, preserving a significant fraction of the originai ISM. Other authors 
(Silich & Tenorio-Tagle 1998; Tenorio-Tagle 1996) have suggested that the metal-enriched 
material is hardly lost from the galaxies, since it is at first trapped in the extended halos 
and then accreted back onto the galaxy. 

This thesis work is based on a chemo-dynamical study of the evolution of Dwarf Ir-
regular Galaxies. The term chemo-dynamical model was introduced first by Burkert & 
Hensler (1989) to describe models which combine hydrodynamical and chemical calcula-
tions, although this kind of approach can be found also in the pioneering work of Larson 
(1969; 1974). As extensively described in Chapter 5, we are able to follow the evolution, in 
space and time, of several chemical elements of particular astrophysical interest (namely 
H, He, C, N, O, Mg, Si, Fe). In addition, we considered, in a self-consistent way, mul-
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Figure 1.8: Left panel: relation between mass to light ratio M l Lv an d metallicity 
fora sample of Local Group dwarf galaxies. Filled square symbols are the dSph and 
transition objects ( dSphl dlrr); filled circles are S, Irr an d dlrr and the filled triangles 
are the dE satelli t es. The soli d line represents a single linear la w. Right p an el: M l Lv 
ratio versus the V-band central surface brightness for the same galaxies. Solid line 
is a fit to the data. Taken from Prada & Burkert (2001) . 

tiple starburst episodes, using both a chemo-dynamical model (Chapter 6) and a purely 
chemical evolution approach (Chapter 7) . At variance with most of previously published 
articles on this subject, we consider, in our chemo-dynamical model, the effect of Type la 
Supernovae. 

1.5 Evolutionary scenarios 

Many authors bave tried to connect late-type, gas-rich (DIG and BCD) and early-type, gas-
poor dwarf galaxies (dE and Dsph) in a unifi.ed evolutionary scenario. Hints of a possible 
common origin are the strong correlation between mass and metallicity found for both dE 
and Dlrr (Skillman, Kennicutt & Hodge 1989), the recently discovered relation between 
mass over light ratios and metallicity found in the Local Group dwarf galaxies (Prada & 
Burkert 2001; see Fig. 1.8) and the relation between luminosity and surface brightness, 
in which all kind of dwarf galaxies follow the same relation (Ferguson & Binggeli 1994). 
This plot (commonly referred to as "Binggeli plot") is reproduced in Fig. 1.9. Kormendy 
(1985) showed that dEs and Dlrrs follow nearly identica] relationships in sizes, velocity 
dispersions, centra] surface brightness and absolute magnitude. 

For what concerns the magnitude-surface brightness relation, this can also be due 
to selection effects: the suspicion that entire populations of galaxies are missing in the 
conventional catalogs was provided by the serendipitous discovery of "Malin l ", a very 
huge, very low surface brightness galaxy (Bothun et al. 1987). This object falls off any 
magnitude-surface brightness sequences (see Fig. 1.9 and discussion in Ferguson & Binggeli 
1994). Other objects (commonly classifi.ed as Low Surface Brightness (LSB) galaxies) were 
successively found, broadening the magnitude-surface brightness sequence of dwarf galaxies 
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Figure 1.9: Absolute Blue Magnitude vs. centrai surface brightness for galaxies and 
globular clusters. Taken from Ferguson & Binggeli (1994). 

towards the faint end. A review of the history of identifying and studying LSB galaxies is 
given by lmpey & Bothun (1997). 

The favourite theory about ISM depletion in gas-rich dwarf galaxies is based on the 
starburst-driven mass loss. The basis of this model, proposed first by Larson (1974) and 
then applied specifically to dwarfs by Vader (1986) and Dekel & Silk (1986) , is that ISM 
is blown out of the galaxy by the energetic events associated with starburst, described 
in section 1.4. The correlation between mass and metallicity is a natural result of the 
increasing inability of less massive galaxies to retain the heavy elements produced in each 
stellar generation. The magnitude-surface brightness relation is justified by the fact that, as 
the galaxy loses an increasing fraction of its mass through galactic winds, the gravitational 
potential is further decreased and the stellar surface mass density decreases in response. 
See Skillman & Bender (1995) and Skillman (1997) for criticai reviews about importance 
of gaiactic winds in dwarf galaxy evolution. 

Actually, as mentioned above, all numerical simulations of the evolution of dwarf 
galaxies under the effect of a starburst, agree on the fact that gaiactic winds are able to 
remove only tiny fractions of ISM from dwarf galaxies, unless the galaxy has a totai mass of 
the arder of 106 M0 or lower (MacLow & Ferrara 1999). Observations of outflows (Marlowe 
et al. 1995) seem to confirm that galactic winds carry away gas in the vertical direction, 
but there is little evidence of horizontal gas transport. It is important to note that in all the 
published works concerning numerica} simulations of the dynamicai evolution of galaxies, 
a single episode of star formation is considered and often concentrated in the centrai part 
of the gaiaxy. Mori et al. (2001) relaxed the hypothesis of a centrally concentrated star 
formation. They proposed a model in which SN explosions are located in OB associations, 
distributed randomly in the whole optical surface of the galaxy. This is a great improvement 
in numerica! simulations of dwarf galaxies, but nevertheless another fundamental step is 
to study the evolution of gas-rich dwarf gaiaxies under different star formation regimes 
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(bursting, gasping or continuous). With our approach, we are able to simulate multiple 
instantaneous starbursts. An improved model, able to follow gasping or continuous star 
formation regimes is under construction. 

This thesis is organized as follows: in Chapter 2 we present a detailed treatment of the 
evolution of supernova remnants and wind-blown bubbles in homogeneous and stratified 
media. According to these results, we obtain the thermalization efficiencies (namely the 
fractions of the explosion energy converted into thermal energy of the interstellar medium) 
as a function of the thermodynamical conditions of the medium in which the supernova 
explodes. In Chapter 3 we describe the basic ingredients for chemical evolution models 
in BCD galaxies. In Chapter 4 we present a detailed calculation of Type la SN rates 
under different star formation regimes and for different models of progenitors. In Chapter 
5 we analyze the chemodynamical evolution of a galaxy model resembling IZw18. In this 
chapter we consider only single, instantaneous starbursts, whereas in Chapter 6 we take 
into account models with two bursts of star formation, separated by a quiescent period. 
In these chemodynamical models only instantaneous starbursts are considered, whereas 
in real BCD galaxies the duration of starburst episodes is often not negligible. We are 
working to build chemodynamical models with continuous star formation regimes. In the 
meanwhile, in Chapter 7 we present some results of purely chemical evolution models of 
BCDs. Finally, in Chapter 8, the main conclusions of our work are drawn. 
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Chapter 2 

Bubbles and Superbubbles 

I think there is a world market far maybe five computers 

- Thomas Watson, chairman of IBM, 1943 -

2 .l Introd uction 
Numerica! simulations of galaxy formation and evolution have a magie parameter, called 
feedback or thermalization efficiency. It is essentially the effi.ciency with which supernovae 
and stellar winds heat the surrounding ISM. Most of evolutionary phenomena in galaxies 
(star formation history and galactic winds in particular) are sensitive to the feedback. For 
this reason, we dedicate this chapter to the study of the effect of supernova explosions 
(single or cumulative) and stellar winds on the ISM evolution. 

After a starburst event, stars release energy {both mechanical and radiative) and 
metal-enriched gas into the ISM, through stellar winds and sequential supernova explosions. 
The energy and mass released by these "winds" interact with ambient media, producing a 
centrai hot and rarefied cavity ("hubble" or "superbubble"), surrounded by a thin, dense 
shell of swept up interstellar materia!. First theoretical works about the dynamical effects 
of stellar winds on the ISM can be found in Oort (1946) and Parker {1958) , who studied 
in detail the salar wind. It was the detection of strong winds by early-type stars (Morton 
1967) that initiated the studies of the dynamical interaction of winds with the ambient 
medium. Very important studies on that field were performed by Pikel'ner & Shcheglov 
(1969), Avedisova (1972), Dyson & deVries (1972), Falle (1975), but particularly by Castor, 
McCray & Weaver (1975) and Weaver et al. (1977). 

Closely linked to the study of stellar winds, is the study of the interaction of Supernova 
Remnants (SNR) with the ambient medium. A SNR is characterized by nonthermal radio 
emissions, gaseous filaments and an associated X-ray source. A wonderful example of 
SNR (the Crab Nebula), taken from the X-ray satellite Chandra, is showed in Fig. 2.1. 
This is the remnant of a supernova explosion occurred in 1054 and discovered by Chinese 
astronomers. Decisive studies of the expansion of a SNR into the ISM were performed by 
Sedov (1950) and Taylor (1959) , who found a self-similar solution for the evolution of the 
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Figure 2.1: The Crab Nebula as seen by the X-ray satellite Chandra. Taken from 
the web site of Glen Mackie 

hubble. Other important studies were performed by Spitzer (1968), Woltjer (1972) and 
Chevalier (1974). 

2.2 Hydrodynamical evolution of a SNR 
In our dynamical and chemical models, the thermalization efficiencies are calculated ac-
cording to detailed physical considerations. In order to address this point, we briefiy 
summarize the common paradigm about SNR evolution (mostly following the approach of 
Woltjer 1972). 

When a supernova explodes, some gas is ejected at high velocity into the ISM. The 
kinetic energy associateci to the explosion is assumed to be: 

l 2 51 Eo = 2m.v = 10 erg, (2.1) 

where m. is the mass of gas released by the SN (around 1.4 M0 fora Type la SN; around 
10 M0 for a Type II SN) and v is the initial expansion velo city of the ejecta ( typically of 
the order of 109 cm s-1 for Type la SNe and 2 ·108 cm s-1 for SNell). 
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Let a mass of gas m. with velocity v and kinetic energy Eo be injected at time t = O 
into a homogeneous medium with density p0 . A shock wave is created, which sweeps up 
the surrounding material and heats the centrai cavity. Let the shock that separates the 
expanding matter from its undisturbed surroundings have a radius R and let the radiative 
energy losses per unit time be Èrad· Neglecting the effects of relativistic particles and 
magnetic fields, we may divide the evolution of the system into four phases as follows: 

• Free expansion 

The mass of swept up materia! is negligible compared to the total ejecta, i.e. 

4 3 m.>> 31rpoR . (2.2) 

The expansion velocity of the shock stays constant in this phase. This first phase 
ends when the swept up mass becomes comparable with the total ejecta. This occurs 
at a time to (Truelove & McKee 1999): 

( )
5/6( )-1/3 

to = 209 E~1/2 ;:;: :~P yr, (2.3) 

where /.L is the mean molecular weight of the ISM, mp is the proton mass and E51 

is the initial blast-wave energy in units of 1051 erg. After this time, the shock has 
covered a distance Ro: 

Ro = 2.23 ( ;:;: ) 1/3 (;~J - 1/3 pc. (2.4) 

In recent hydrodynamical simulations of the expansion of SNR.s, it has been demon-
strated that the expansion velocity is constant until the swept-up mass becomes equal 
to four or five times the mass released by the supernova (Dwarkadas & Chevalier 
1998; Truelove & McKee 1999). 

• Adiabatic phase 

In this phase the remnant is dominateci by swept up matter, i.e. 

4 3 m.<< 31rpoR , 

but radiative losses are still negligible: 

Èrad << Eo. 

(2.5) 

(2.6) 

A self-similarity Sedov-Taylor solution can be applied. To compute the outwards 
velocity of the shock in the adiabatic phase, starting from simple physical principles, 
we can suppose that kinetic and thermal energy are separately conserved. We assume 
t ha t a fraction K 1 of the total energy Eo is thermal an d we suppose also t ha t the 
pressure p immediately behind the shock front is K2 times the mean pressure of the 
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hot gas in the cavity. If the materia} is a perfect monatomic gas, with the ratio of 
specific heats 'Y = 5/3, then the mean pressure is 2/3 of the internai energy density 
in the cavity: 

KEo 
p= W' (2.7) 

where K = K1K2j21r. The shock velocity can thus be found immediately from 
Rankine-Hugoniot jump shock conditions; in particular: 

PoV2 T- l 
P = 2--1 + --1po. r+ r+ (2.8) 

The pressure of the unshocked gas p0 may be neglected since the shock is strong, 
thus we obtain: 

2 (r + l)KEo v = ..;__-"'---::--
2poR3 

(2.9) 

The solution of this equation is easy to find. After some manipulation and adopting 
the correct numerica! values, we obtain: 

( E51) 1/
5 

2/5 R(t) = 12.9 no t4 pc, (2.10) 

(Cox 1972), where no = Po/(J.Lmp) is the number density of the ambient gas and t 4 

is the time in units of 104 yr. 

The adiabatic expansion ends when the radiative cooling becomes important, i.e. 
when the energy radiated by the swept up shell becomes equal to one third of the 
initial mechanical energy of the explosion. An accurate calculation of this cooling 
time te was performed by Cioflì, McKee & Bertschinger (1988) and is given by: 

Ei/14 
te= 1.49 X 104 

41i1 yr, 
no (5/14 

(2.11) 

where ( is the metallicity relative to the salar value. 

We can note that, together with the outwards propagating shock wave, another 
inward-propagating shock (the so-called reverse shock) forms. In fact, the shocked 
ambient medium expands (in the freely expanding frame) back into the ejecta much 
faster than the local sound speed. This reverse shock thermalizes the ejecta, creating 
a region oflow density and high temperature. The ejecta shocked by the reverse shock 
and the shocked ambient medium are separated by a contact discontinuity. 

• Radiative phase 

When radiati ve cooling becomes important in the evolution of the system, the matter 
behind the shock cools quickly and collapses into a thin, cold shell. This phase is 
called "snow-plow". The energy radiated away from the shell is given by: 
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Figure 2.2: The cooling rate A divided by the square of the number density n against 
the logarithm of the temperature. Each curve shows the cooling rate for a value of 
[Fe/H] indicated. The bottom curve corresponds to the zero metallicity. Taken from 
Mori, Yoshii & Nomoto (1999). 

(2.12) 

where n1 is the density of the shocked region and, in the case of a strong shock, is 
four times the density of the unshocked gas n0 . The thickness of the shell !:lR is 
1/12 R, and this value is calculated assuming that all the swept up gas is in the 
shell. A(T) is the cooling function. A detaiied calcuiation of the cooling function of 
an optically thin plasma in collisional equilibrium, as a function of the metallicity, 
was performed by Sutherland & Dopita (1993; Fig. 2.2). 

After the cooling time te, the hubble continues inflating, driven by the internai 
pressure (if the thermal pressure of the hot gas is greater than the external pressure). 
If we neglect the cooling of the internai cavity, the internai pressure of the hot cavity 
follows the adiabatic law: 

pV5/3 = K, (2.13) 

where V is the volume and 

K = Pc~5/3. (2.14) 

Pc and Ve are the internai pressure and volume at the cooling time. Combining this 
expression with the Newton law 
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! (~·npoR3v) = 41rR2
p, 

we obtain, after some manipulations: 

(2.15) 

(2.16) 

This expansion phase lasts until the thermal pressure of the hot cavity is greater than 
the external pressure. This phase is called Pressure driven snow-plow (PDS). When 
the internai pressure is no more able to sustain the shell expansion, the outward 
progress of the shock may be maintained by the momentum of the outwards moving 
gas. The velocity of the shell in this phase (called Momentum conserving phase, 
MCS), may be computed from the condition that the outwards momentum remains 
constant, i.e. 

(2.17) 

where MpdsVpds is a constant and represents the momentum of the shell when the 
system enters in the PDS phase (i.e. after the cooling time te). It is easy to integrate 
this expression, yielding: 

R(t) = (3MpdsVpds)l /4tl f4. 
7rpo 

A more refined solution was found by Cioffi et al. (1988): 

R! = 4.66t.(1- 0.939t;0·17 + 0.153t;1 ) , 

(2.18) 

(2.19) 

where R. and t. are the radius and time normalized at the values at the beginning 
of the PDS stage. This solution approaches the momentum conserving snow-plow 
regime R ex: t 114 for high t •. 

• Merging 

As long as the SNR expands supersonically, the interstellar medium outside the 
hubble region is not aware of the presence of the SNR. When the expansion velocity 
of the SNR v becomes equal to the local sound speed of the external medium co , 
it is assumed that the shell dissipates all the remaining kinetic and thermal energy 
into the ISM, thus the internai energy of the ISM grows. A t this point the f eedback 
occurs. 

2.3 Wind bubbles 
Stellar winds from early-type stars inject more or less steadily mechanicalluminosity into 
the ISM. In dwarf galaxies the energetic input of stellar winds is almost negligible compared 
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to SN explosions (Leitherer & Heckman 1995; Gibson 1994), but nevertheless it is useful 
to give some highlights of the evolution of a wind-blown hubble. 

Now the main parameter is the injection luminosity Lin rather than the mechanical 
energy of the explosion: 

(2.20) 

where Mw is the mass loss rate from the star and vw is the wind terminai velocity. Typical 
values for a 0-B star are M w ,...., 10- 4 M0 yr- 1 and Vw ,...., 2 · 108 cm s- 1, thus yielding 
Lin ,...,_ 1036 erg. 

Following Koo & McKee (1992), we can introduce a parameter Win so that: 

L L tw · -1 in= O m · (2.21) 

We can also consider the expansion of a wind-blown hubble in a stratified medium, with 
density: 

(2.22) 

With these assumptions, Koo & McKee obtained the expansion law of an adiabatic hubble: 

R(t) = [(3 - kp)fradçLo] 1
/(

5- kp)tw, 
3WinPO 

where f rad and ç are constants of the order of unity and 

2 +win 
w = 5 - k · p 

(2.23) 

(2.24) 

Note that the velocity of the shock v is proportional to tw- 1, thus, when kp > 3 - Win 
(kp > 2 fora steady energy input) , the shell accelerates. Fora steady fiow (win = l) in a 
uniform medium (kp = O) we obtain R ex t3/5. 

For winds expanding in stratified media, we have from eq. 2.23 that the expansion 
velocity in the polar direction is different from the expansion velocity along the plane. 
In particular, if we assume a constant density along the disk, the expansion velocity is 
v ex c 215 , whereas in the vertical direction, owing to the steep density profile (kp > 0), 
the expansion velocity is larger. In Fig. 2.3 the planetary nebula NGC7009 is shown. In 
this beautiful picture, we can clearly note the ejecta which expands preferentially in the 
vertical direction. 

If the velocity of the shell along the vertical direction is high enough, the hubble can 
accelerate. The acceleration of the shell causes i t to be disrupted by the Rayleigh-Taylor 
instability and the hot gas inside the hubble subsequently leaks out and drives a new shock 
into the ambient medium. A hubble is able to break out from a gaseous disc if the velocity 
of the shell at one scale height is larger than the local sound speed. The effective scale 
height H eff is the scale length of the ISM distribution in the vertical (z) direction and is 
defined as: 
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Figure 2.3: The evolution of the planetary nebula NGC7009. 

Spherical WBB 

Figure 2.4: The evolution of a simple spherical Wind-blown Bubble. Taken from the 
web-site of Prof. Adam Frank. 
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Heff = _!__ (XJ pdz. 
Polo 

(2.25) 

This condition is fulfilled for a criticai wind luminosity Lb equal to: 

(2.26) 

where co is the local sound speed (Koo & McKee 1992) . From numerica! simulations 
(MacLow & McCray 1988; MacLow & Ferrara 1999) it has been found that the luminosity 
of the wind must be slightly higher than Lb in arder to have a break-aut. The criterion 
usually adopted for break-aut of a bubble in stratified media is Lin ~ 3Lb· 

After the cooling t ime, the system has the famous four-zone structure ( Castor et al. 
1975): (a) innermost, a hypersonic stellar wind, (b) a hot , almost isobaric region consisting 
of stellar wind shocked and thermalized by the reverse inner shock (Dyson & deVries 1972; 
McKee 1974), (c) a thin, dense, cold shell containing most of the swept up interstellar gas, 
(d) ambient interstellar gas. The shocked stellar wind an d the shocked ISM are separa t ed 
by a contact discontinuity, unless thermal conduction does not broaden this region, allowing 
the formation of a conduction front (Weaver et al. 1977). In Fig. 2.4 a sketch indicating 
the four-zone structure for a spherical wind-blown bubble and the boundaries of the flow 
are shown. 

The evolution of a radiative bubble is given by: 

l+ Win 
w= 4-k ' p 

(2.27) 

where RJ and tf are the values of radius and time when the wind density becomes equal 
to the density of the external medium and are given by: 

(2.28) 

an d 

tf = RJ. 
V in 

(2.29) 

There is a transition region (partially radiative bubble), in which: 

R(t) tw· = 3 + Win 
ex ' w 7 - 2k p 

(2.30) 

2.4 Thermalization efficiency 

The thermalization efficiency 'f} is the energy gained by the ISM after a single SN explosion, 
or as a consequence of the stellar winds. If we consider a single supernova explosion, the 
energy gained by the ISM is mostly given by the kinetic energy of the shell. In arder to 
calculate the energy gained by the ISM after a single supernova explosion, we can consider 
the kinetic energy of the shell at the stalling radius, i.e. at the moment in which v = c0 : 
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(2.31) 

where Rmerge is the radius of the SNR at merging and is given by (Cioffi et al. 1988): 

(2 .32) 

being Rpds the radius of the system at the cooling time. The thermal energy of the cavity 
varies as R- 2 , due to the adiabatic cooling, and a correction ex: r 417 is due to the cooling 
of the internai cavity; thus at merger the contribution of the thermal energy of the cavity 
is not important . With these simplifying hypotheses, the thermalization efficiency is given 
by: 

n _ Ekin _ O 02E - 5/ 98 -54/ 491'-15/ 98 5/7 _ O 13E-5/ 98 -54/491'-15/ 98 1fT! 
.,sN - E - · 51 no '> co 6 - · 51 no '> v -14 , o ' 

(2.33) 

where co,6 is the local sound speed in units of 106 cm s-1 and T4 is the temperature in 
units of 104 K. 

It may happen that the thermal pressure of the hot bubble becomes equal to the exter-
nal pressure just after the cooling, thus skipping the PDS and entering in the momentum-
conserving phase. In this case, as showed by Spitzer (1968), the energy gained by the ISM 
is simply the kinetic energy of the shell at the cooling, thus it is easy to find: 

co 
'r/SN = -

5 
, (2.34) 

Ve 

where Ve is the shell expansion velocity at cooling. Combining 2.10 and 2.11 we can easily 
obtain Ve, thus, after some manipulations, one obtains: 

_ O 005E-1/ 14 -1/7 1' - 3/14 _ O 007E - 1/14 - 1/7 1'-3/14 1fT! 
'r/SN - · 51 no '> co,6 - · 51 no '> V -14· (2.35) 

For "typical" values of the parameters E51, no, co.6 or n, we obtain the following 
range for the thermalization efficiency: 

'r/SN = 0.007 7 0.13. (2.36) 

The real thermalization efficiency could be intermediate between these two values, thus 
a mean value of 'r/SN = 0.03 can be adopted. In starburst galaxies, a large number of 
supernovae explodes in a narrow range of times, inside a starburst region with dimensions 
of some hundreds of parsec a t most (Meurer et al. 1995). In these conditions, different SNR 
can interact, producing a giant bubble of hot gas, called superbubble. This has important 
consequences for the thermalization efficiency, because when a SN explodes in a pre-existing 
cavity, radiative losses are negligible and the expansion velocity of the shell becomes soon 
equal to the local sound speed, thus most of the explosion energy is quickly transferred into 
thermal energy of the ISM. Typical values of temperature and density inside a superbubble 
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are T"' 106 K and n"' w-3 cm-3, thus the value of the thermalization efficiency (eqs. 
2.33 or 2.35) may be very dose to unity. 

As we will see in Chapter 4 and 5, in our chemo-dynamical models we adopt, in 
agreement with what shown in this section, a low thermalization efficiency for the Type Il 
SNe (of the order of 0.03) and a high efficiency of Type la SN, because this kind of SNe 
occurs later, in a medium already heated and diluted by the previous activity of SNell. 

A similar approach is used to calculate the efficiency with which stellar winds ther-
malize the ISM (rJw)· Following Bradamante et al. (1998), we find two limiting cases. In 
the classical "energy conserving" solution of Weaver et al. (1977) (R ex: t315 ) we obtain: 

2/3 - 1/2 -5/2 
rJw = 0.3L36 no co.6 ' (2.37) 

whereas in the "momentum conserving"regime (R ex: t 112 ) we obtain: 

- 4 2/3 - 1/2 -3/2 -1 rJw = 4. 7 · lO L 36 n0 v 2000 co.6, (2.38) 

where v2ooo is the wind velocity in units of 2000 Km ç 1. 

This simple approach does not consider a lot of physical processes that can add or 
subtract energy to the SNR, thus varying the thermalization efficiency. In spite of a great 
deal of work in this field, this fundamental parameter stili remains poorly determined. We 
can nevertheless make some considerations about the effect of shock waves propagating in 
cloudy media. Fora wind-blown bubble expanding in a non-uniform medium, we referto 
the work of McKee, Van Buren & Lazareff (1984). These authors studied the behaviour 
of a bubble generated by an O star and expanding in a cloudy medium. Because of the 
flux of ionizing photons emitted by the star, the nearby clouds undergo photoevaporation 
and accelerate away through the rocket effect. Essentially no clouds survive up to a radius 
Rh, and the gas density inside this radius increases to a value 0.5nm, i.e. half of the 
mean density the gas cloud would have if it were homogenized. The wind bubble evolution 
depends on the value of L* = Lini Lst, where Lst = 1.26 x 1036 (S49/nm) 113 and 849 is 
the rate at which the star emits ionizing photons in units of 1049 s-1. For weak winds 
(L* « l) the bubble radius is smaller than Rh and it evolves "normally" (Weaver et 
al. 1977). For moderate winds (L* "' l) the bubble expands to the edge of the cloud 
distribution because photo-evaporated gas induces radiative losses reducing the pressure. 
Finally, for L* » l the bubble rapidly engulfs a number of clouds and radiates away most of 
its internai energy. Thus, in most of cases of astrophysical interest, the bubble is expected 
to become radiative sooner than in the case of a smoothly distributed ISM, reducing the 
thermalization efficiency. 

Melioli (2000) considered the evolution of multiple SNR in a cloudy medium, taking 
into consideration a lot of physical processes involving clouds such as evaporation (classica! 
or saturated), coalescence, drag, cloud collisions and clouds lost by outfl.ows. In partic-
ular, thermal conduction and radiative cooling introduce the characteristic Field length 
(Begelman & McKee 1990; Lin & Murray 2000): 
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( 
3K(T)T ) 1

/
2 

.Àp = n2(3(A(T) ' (2.39) 

where K(T) = 6 x w-7T2·5 erg cm- 1 K-1 is the classica! thermal conductivity (Spitzer 
1956) and n the gas density. The parameter (3 takes into account the possibility that the 
cooling gas may be out of ionization equilibrium; Borkowski, Balbus & Fristrom (1990) have 
shown that (3 may be as high as 10 through conductive fronts. Clouds undergo evaporation 
unmodified by radiative losses if they are suffi.ciently small, Re < .Àp. 

After an instantaneous starburst, clouds lose mass mostly due to evaporation and 
drag. The density of the ISM grows, thus radiative losses are high. In addition, in the 
first phases of the starbust evolution, the .Àp parameter is rather high, thus coalescence 
regime overwhelms cloud evaporation. The ISM that surrounds the clouds cools; then the 
clouds lose mass mostly owing to the drag, thus strong radiative losses occur. In this phase 
the thermalization effi.ciency is rather low (of the order of 0.01 --;- 0.05). This first phase 
of low thermalization effi.ciencies may las t for some tens of Myr, depending o n the model 
parameters. After this phase, the thermalization effi.ciency grows, reaching quickly values 
of the order of unity. 

It is thus reasonable to adopt, in an instantaneous starburst model, a low value of 
the thermalization effi.ciency in the first tens of Myrs, then a value approaching unity for 
the subsequent supernova explosions. Therefore the hypothesis that SNeia, which appear 
several tens of Myr after the SNeii, transfer most of their blast-wave energy into the ISM 
seems to be a quite reasonable one. 



Chapter 3 

Basic principles of chemical 
evolution models in Blue Compact 
Dwarf galaxies 

Computers in the future may weight no more than 1. 5 tons 

- Popular mechanics, forecasting the relentless march of Science, 1949 -

3 .l Introd uction 

The study of chemical evolution of galaxies is an attempt to reconstruct the history of the 
chemical composition of their gas through considerations of the processes of galaxy forma-
tion, star formation, stellar evolution, nucleosynthesis and gas flows in and out (Matteucci 
1996). 

There is an extensive literature about the chemical evolution of starburst and Blue 
Compact Dwarf galaxies (see e.g. Matteucci & Chiosi 1983; Matteucci & Tosi 1985; Pi-
lyugin 1992; Marconi et al. 1994; Olofsson 1995; Bradamante et al 1998). The aim is to 
reproduce the observed abundances and abundance ratios and to infer the Star Formation 
History (SFH) of these objects. As pointed out in the first chapter, these galaxies are 
extremely useful to measure primordial helium abundance. This is due to the fact that 
only a tiny fraction of gas in BCD galaxies has been processed by stars, thus the change 
in helium abundance in this kind of objects is negligible. 

Particularly important is to understand, through chemical evolution models, the age 
of the BCD galaxies. As mentioned in Chapter l, since the discovery paper by Sargent 
& Searle (1970), BCD are often considered as truly "young" galaxies, maybe undergoing 
their first burst of star formation. This might have important cosmological consequences, 
because in the popular hierarchical scenario of structure formation, small galaxies ( with 
a total mass of the arder of ,....., 108 M0 ) are the first objects which virialize, then larger 
objects are formed by merging of smaller systems. Recent deep Color Magnitude Diagram 
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studies of BCD galaxies, obtained from HST (Schulte-Ladbeck et al. 2001; Tosi 2001) 
ha ve shown t ha t the SF activity has started long ago (a t least as long ago as given by the 
maximum look-back time corresponding to the depth of the available photometry). On 
the other side, BCD and Dwarf Irregular galaxies are chemically poorly evolved systems, 
in which maybe external agents, like photoionization by the UV background or reheating 
from protogalaxies, are able to keep the gas in dwarf galaxy halos stable, neither able to 
escape, nor to cool and collapse (Babul & Rees 1992). The question of whether dwarf 
galaxies are really the older galaxies in the Universe is thus still open. 

3.2 Chemical evolution models in BCD 
In this section, we summarize the main characteristics of chemical evolution models in BCD 
galaxies. Most of these prescriptions are based on the works of Matteucci & Tosi (1985), 
Marconi et al. (1994) and Bradamante et al. (1998). Many ingredients play a crucial role 
in studying chemical evolution models, in particular: 

• The stellar birthrate function, expressed as the product of the Initial Mass Function 
(IMF) and the SFR. 

• Supernova rates and lifetimes of the stars 

• The stellar chemical yields. 

• Gas flows (infall of primordial material and/or galactic winds). 

3.2.1 Stellar birthrate function 

The stellar birthrate function B(m, t) is usually separated into two independent functions: 

B(m, t) = 'lj;(t)rp(m), (3.1) 

where 'lj;(t) is the SFR and rp(m) is the IMF. The IMF by number rp(m), i.e. the number 
of stars born in a unit mass interval, is expressed as usual as a power law: 

rp(m) = Aom-(l+x). (3.2) 

The classical Salpeter (x= 1.35) IMF, over the mass range (0.1 + 100) M0 is commonly 
adopted. Another widely used IMF is the Scalo (1986) IMF, in which x = 1.35 in the 
low mass range (0.1 + 2 M0 ) and x = 1.70 over the mass range 2 + 100 M0. Ao is the 
normalization constant, obtained with the following condition: 

(3.3) 

where mL and mu are the lower and upper limit of the adopted mass range, respectively. 
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In models of chemical evolution of Blue Compact Dwarf galaxies (Matteucci & Tosi 
1985; Pilyugin 1992; Bradamante et al. 1998) , the star formation rate 'l/;( t) is characterized 
by short bursts of star formation separated by quiescent periods ( bursting SFH) and is 
commonly defined as: 

'lfJ(t) = rG(t), (3.4) 

where r is the star formation efficiency (expressed in units of Gyr- 1), and represents the 
inverse of the star formation time-scale, namely the time-scale necessary to consume all 
the gas in the star formation region. r is usually assumed to be a free parameter. The 
quantity G(t) = M 9 (t)jML(tc) is the total fractional mass of gas, i.e. the total mass of 
gas normalized by the totalluminous mass of the galaxy ML at the present time (te = 15 
Gyr). 

3.2.2 Supernova rates and lifetimes 

Type la SNe originate from the thermonuclear disruption of a white dwarf star, which 
accretes material from a companion star in close binary systems. We adopt the 'standard' 
trends of Type la supernova rates in single-degenerate models (Matteucci & Greggio 1986), 
although the nature of SNela progenitors is stilla matter of debate. A detailed treatment of 
Type la SN rates under different star formation histories and taking into account different 
Type la SN progenitors will be given in Chapter 4. Following Matteucci & Greggio (1986), 
the Type la SN rate is assumed to be: 

(3.5) 

w h ere MB is the t o tal mass of the binary system, p, is the mass fraction of the secondary star 
M2 (p,= M2/MB) and f(p,) is the distribution function of these mass fractions. According 
to Greggio & Renzini (1983), we have: 

(3.6) 

According to the study of Tutukov & Yungelson (1980), which indicates that high values 
for the mass ratios are preferred, an exponent r = 2 is commonly adopted (Matteucci & 
Greggio 1986; Marconi et al. 1994), although other possibilities are not ruled out (see 
section 4.4) . 

Il-m is the minimum mass fraction p, contributing to the SNia rate at the time t and 
is equal to: 

(3.7) 

The adopted range for the total mass of the binary system in this formulation is MBm = 3 
M0 and MBM = 16 M0 . In fact , the maximum initial mass which leads to the formation 
of a C-0 WD is "' 8M0 , although stellar models with overshooting predict a lower value 
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(e.g. Marigo, Bressan & Chiosi 1996), which means that the first system, made of two 
8 M0 stars, explodes after "' 3 · 107 years from the beginning of star formation . The 
minimum mass of the binary system is assumed to be 3 M0 , t o ensure t ha t the WD an d 
the companion are large enough to allow the C-0 WD with the minimum possible mass 
("'-' 0.5 M0, since stars with masses below this limit can only become He-WDs) to reach 
the Chandrasekhar mass after accretion. A is the fraction of systems in the mass interval 
MBm + MBM, giving rise to a Type la SN event. 

Type II SNe originate from the core collapse of massive stars. We assume that all 
the stars with masses larger than 8 M0 will produce a Type II SN, thus the rate of SNII 
explosions is: 

{100 
RsN u(t) = ls 'ljJ(t- TM )<p(M)dM. (3.8) 

3.2.3 Stellar chemical yields 

A stellar generation restores materia! into the ISM through stellar winds and Supernova 
explosions. Here are summarized the main nucleosynthetic products in different ranges of 
stellar mass: 

• Massive stars (M> 8 M0 ) are thought to end their lifecycle as Type II SNe. They are 
responsible for the creation of the bulk of heavy elements, with the exception of iron-
peak ones, and in particular of a-elements, namely the chemical elements built with 
the aggregation of a-particles. Stellar yields in massive stars have been calculated 
by several authors (Maeder 1992; Langer & Henkel 1996; Thielemann, Nomoto & 
Hashimoto 1996), but the most exhaustive study of explosive nucleosynthesis in 
massive stars for a wide grid of masses and metallicities is that of Woosley & Weaver 
(1995; hereafter WW). 

• Low and intermediate-mass stars (0.8 M0 ~ M ~ Mup) are responsible for the 
production of 4He, 12 C, 14C, 14 N, 170 and s-process elements. The most quoted 
work in this field is the paper of Renzini & Voli (1981, hereafter RV81), although a 
more recent work by van den Hoek & Groenewegen (1997, hereafter VG97) presents 
nucleosynthesis prescriptions for a wider range of parameters. Particularly important 
but at the same time uncertain are the predictions for the production of N, the bulk 
of which should originate in low and intermediate-mass stars. N is mainly produced 
as secondary element during H-burning (CNO cycle). RV81 pointed out that part 
of N in intermediate-mass stars can have a primary origin, since it derives from the 
CNO cycle using freshly made CandO (hot-bottom burning) as a result of the third 
dredge-up acting during the asymptotic giant branch phase. 

• Type la SNe are supposed to originate from exploding white dwarfs in binary systems, 
although the nature of their progenitors is still under debate. For this reason, we will 
consider separately in Chapter 4 this kind of SNe. The most popular model of Type 
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la SN explosion is the C deflagration of C-0 white dwarfs triggered by accretion 
of materia! from a companion star. For the explosive nucleosynthesis products, the 
prescriptions of Nomoto, Thielemann & Yokoi (1984) or Thiememann, Nomoto & 
Hashimoto (1993), their model W7, are the most commonly used. 

3.2.4 Gas flows 

Infall 

The existence of infall of gas is inferred by high velocity cloud motions and by the presence 
of extended gaseous halos surrounding both spirals and irregular systems. Infall is also 
desirable to prevent gas consumption time-scales in spirals to be shorter than their ages 
(Tinsley 1980; Matteucci 2001) . The presence of infalling gas in dwarf irregular galaxies 
can be justified by the existence of large H 1 halos (Legrand et al. 2001). 

The accretion term is expressed in the form: 

(3.9) 

where T is the time-scale of mass accretion and C is a constant obtained by imposing 
to reproduce the luminous mass ML at the present time te . In terms of single chemical 
elements i , we have: 

(X ·) . -(t/ T) 
(G. ·). _ C 2 mf e 

2 2nj- ML ' (3.10) 

where Gi(t) = M 9 (t)Xi(t)jML(tc) is the gas mass in the form of an elementi normalized 
to a totalluminous mass ML, Xi is the abundance by mass of the single chemical element 
i and (Xi)inf is the abundance of the element i in the infalling gas , often assumed to be 
primordial (i.e. no metals). 

Galactic winds 

Most of chemical evolution models (Matteucci & Tornambé 1987; Gibson 1994) assumed 
that galactic winds develop when the thermal energy of the gas E~h exceeds its binding 
energy Eg. Actually, as we will see in Chapter 5, this is strictly true only for spherical 
systems, whereas for oblate structures, the wind can develop even if the above condition 
is not fulfilled. For the moment we assume this simplifying hypothesis; in the following 
chapters we will extensively analyze the development of bipolar galactic winds in flattened 
systems. 

The thermal energy of the gas is given by the sum of the contributions by stellar winds 
and supernova explosions (of both Type II and la), e.g.: 

(3.11) 

where: 
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E~'N u(t) fot 'TJSN uEoRsN u(t') dt' (3.12) 

E~hN Ia(t) fot 'TJSN IaEoRsN Ia(t') dt' (3.13) 

E:f: (t) 1t /,mu r.p( m )'lj;( t')'TJwEw dm dt'. (3.14) 
o 12 

RsN II and RsN I a are the rates of supernova explosions. The thermalization efficiency 
of Type II supernovae is likely to be low, as explained in Chapter 2, whereas Type la 
supernovae are supposed to easily transfer their explosion energy into thermal energy of 
the ISM. The energy released by a single supernova explosion is assumed to be Eo = 1051 

erg, as usual. 
The binding energy of the gas Eg is calculated as follows (Matteucci 1996): 

(3.15) 

The two terms on the right hand side of the above equation take into account the gravita-
tiana! interactions between the gas mass, the luminous mass and the dark matter halo. 

WL( t) -0.5 G Mg(t)ML(t), (3.16) 
rL 

WLD(t) - G _!_ S [1 + 1.378] Mg(t)Md, (3.17) 
2n rL 

(Bertin, Saglia & Stiavelli 1992). rL is the effective radius of the luminous matter and S 
is the ratio between this radius and the effective radius of the dark matter halo. 

Some authors (Pilyugin 1992, 1993; Marconi et al. 1994; Bradamante et al. 1998) 
assume that the rate of gas loss via galactic wind is dependent on the chemical element: 

(3.18) 

where Wi is a free parameter describing the efficiency of the galactic wind and expressed in 
Gyr-1 . In particular, Marconi et al. (1994) and Bradamante et al. (1998) assumed that 
the a-elements, mostly produced in Type II SNe, are lost from the parent galaxy more 
easily than the other elements. 

In conclusion, the generai equation for the evolution in time of the abundances of the 
fractional mass of single species Gi(t) can be written as: 

1MB m 

Gi(t) = -(r + wi)G(t)Xi(t) + 'lj;(t - TM)QMi(t - TM)r.p(M)dM 
ML 

+A ~~:M r.p(M) [i:5 
f(~-t)'l/J(t- TM2 )QM1 i(t - TM2 )d~-t] dM 

+(1- A) 1MsM 'lj;(t- TM)QMi(t- TM)r.p(M)dM 
Msm 

+ {Mu 'lj;(t- TM)QMi(t- TM)r.p(M)dM + (Gi)inf(t). (3.19) 
JMBM 
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The various integrals appearing in equation 3.19 represent the rates at which SNe (la and 
II) as well as single low and intermediate mass stars and single massive stars restore their 
processed and unprocessed materia! into the lSM. The first term in the right hand side 
represents the rate at which the element i disappears owing to the star formation process 
and ( differential) galactic winds; the second term is the contribution of single, low-mass 
stars; the third term is the enrichment due to Type la supernovae; the fourth term is the 
enrichment rate of single stars in the same interval Msm -7 MsM which do not give rise to 
a Type la SN event; the fifth term is the enrichment due to massive stars and finally the 
sixth term is the contribution of infall. 

The quantities: 

(3.20) 

indicate the mass fraction restored by the star of mass M in the form of the single element 
i , the so-called "production matrix", as defined originally by Talbot & Arnett (1973). It is 
interesting to note that the clock for Type la SNe is given by the secondary star (t- TM2 ), 

but the production matrix is referred to the primary star (QM1 i(t- TM2 )), because in the 
commonly adopted models for Type la explosions, the more massive star (the primary star) 
explodes after accreting materia! from a dying less massive companion. 
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Chapter 4 

Type la supernova rates 

Man will never reach the moon regardless of ali future scientific advances 

- Dr. Lee DeForest , Inventar of the Audion tube and a father of radio, 1957 -

4.1 Introduction 

Numerica! hydrodynamical simulations are powerful tools to treat the complex physical 
processes in galaxy evolution. Several authors (De Young & Heckman 1994; Silich & 
Tenorio-Tagle 1998; MacLow & Ferrara 1999; D'Ercole & Brighenti 1999; Strickland & 
Stevens 1999 and many others) have tried to study the impact of a fast star formation 
history on the interstellar medium of a dwarf irregular galaxy by means of numerica! 
simulations. 

We use the same approach in arder to study the chemical and dynamical evolution 
of Blue Compact Dwarf galaxies as a consequence of single or multiple starburst episodes. 
In doing so we take into account the chemical and dynamical feedback from both Type 
II and Type la supernovae. The former are produced in massive stars and thus act on a 
very short time-scale, whereas the latter (ignored in previous similar works), are produced 
in long-living stars and their contribution is relevant in the late evolution of this kind of 
objects. This chapter is devoted to an extensive analysis of Type la SN rates as a function 
of the star formation history and for different candidate progenitor systems. 

This chapter is mostly taken from the artide "On the Typical Timescale for the Chem-
ical Enrichment from Type la Supernovae in Galaxies", by Matteucci & Recchi (2001), 
published by ApJ. 

4.2 SNela; an overview 

The supernovae of Type la are crucial in understanding a number of astrophysical prob-
lems of primary importance, such as the supernova progenitors, the determinations of 
cosmologica! constants, the chemical enrichment of galaxies and the thermal history of the 
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interstellar and intracluster medium. In the past years there has been a great deal of work 
concerning the different roles of different types of SNe on the evolution of galaxies. 

Tinsley (1980) first discussed the possibility of iran being mostly produced in SNe 
of Type I ( the distinction in Type la an d Ib was no t common a t t ha t t ime) an d in the 
following years Type la supernovae started to be considered as important iran contributors 
in the chemical evolution of galaxies (Greggio & Renzini 1983; Matteucci & Greggio 1986). 
In particular, the observed [0/Fe] versus [Fe/H] relation was interpreted as due to the 
different roles played by SNe of Type II and Type la in the production of oxygen and iran. 
Supernovae of Type II are, in fact, responsible for the bulk of oxygen and for part of iran 
production whereas Type la SNe are responsible for a large fraction of iran production, 
the exact value depending on the assumed initial mass function. 

At the same time models for the progenitors of SNe of Type la were developed (Iben 
& Thtukov 1984; 1985). Such models suggest that these SNe may originate from white 
dwarfs in binary systems, either systems with two white dwarfs or systems with one white 
dwarf and a red (super) giant, as originally proposed by Whelan & Iben (1973). In parallel, 
models of explosive nucleosynthesis for such systems (mostly the C-deflagration/detonation 
of a C-O white dwarf of Chandrasekhar mass) were also presented: the most famous of these 
models being the W7 model of Nomoto, Thielemann & Yokoi (1984). Calculations of the 
Type la SN rates were performed on the basis of these models (Matteucci & Greggio 1986; 
Matteucci & Tornambé 1987; Tornambé & Matteucci 1987; Matteucci & Tornambé 1988) 
both for our galaxy and for elliptical galaxies. In particular Tornambé & Matteucci (1987) 
and Matteucci & Tornambé (1988) showed that the predicted Type la SN rates for our 
Galaxy and elliptical galaxies are very different because of the differences in their histories 
of star formation. They showed that the maximum of the Type la SN rate in ellipticals 
occurs much earlier than in the salar neighbourhood. The same result was shown more 
recently by Matteucci (1994) who adopted a more sophisticated model, including dark 
matter, for the evolution of elliptical galaxies. 

This result has strong implications on the definition of the typical time-scale for the 
chemical enrichment by Type la SNe. Yoshii, Tsujimoto & Nomoto (1996) pointed out that 
the typical time-scale for the enrichment from SN la in the salar vicinity can be identified 
with the time at which the [0/Fe] ratio starts changing its slope. Independently of the 
assumed model for progenitors of Type la SNe, these authors identified that this time-
scale for the salar neighbourhood is t1a '"" 1.5 Gyr, in agreement with previous estimates 
by Matteucci & François (1992). The same value is assumed in the chemo-dynamical model 
of Kawata (2001) t o identify the mean lifetime of Type la SNe progenitors. By coincidence, 
the value of [Fe/H] at which the [0/Fe] ratio changes slope coincides with the transition 
between halo and disk ([Fe/H]'"" - 1.0). Therefore, this time-scale can also be taken as an 
indicator for the duration of the halo-thick disk phase. However, t la cannot be universal, as 
it is often claimed in the literature, but it depends strongly on the assumed star formation 
history. As a consequence of that, we expect that the [a/Fe] vs. [Fe/H] relationships to be 
different in galaxies with different histories of star formation (Matteucci 1991). 
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We compute here the typical time-scale for the maximum enrichment from Type la 
SNe, t la, in galaxies with different histories of star formation (starburst, elliptical and spiral 
galaxies), defined as the time of the maximum in the Type la SN rate. In particular, in 
the framework of different star formation histories, we explore different progenitor models 
for Type la SNe, such as the modification proposed by Greggio (1996) to the classical rate 
computed by Greggio & Renzini (1983) and the more recent model proposed by Hachisu, 
Kato & Nomoto (1996; 1999). 

4.3 SN eia, their progenitors, their time-scales 

4.3.1 Supernovae la 

The main observational constraints about SNela are the lack of hydrogen lines, the presence 
of Si II lines, together with some other intermedia te-mass elements (Ca II, SII, O I), with 
a wide range of velocities (""' 104 - 3 x 104 Km s- 1 ), which dominate the photospheric 
spectra near the time of the maximum light. In the later nebular phase, the spectra 
are dominateci by iran features, thus indicating that the inner layers consist of iron-peak 
elements ("-' 0.1 - 1M0 )· 

Most of the observed SNela lie in a narrow range of parameters (spectra, light curves, 
absolute magnitude peak) and only ""' 10 % of the observational sample are conspicuously 
peculiar (mainly subluminous). The apparent uniformity of SNela light curves prompted 
the adoption of Type la SNe as standard candles (e.g. Elias et al. 1985, Leibundgut et al. 
1991). The discovery in 1991 oftwo "extreme" Type la SNe, SN 1991T and SN 1991bg (see 
Fig. 4.1) demonstrated that SNela do not belong to a uniform class of objects. Type la 
SNe are still considered standard candles, because the maximum light strongly correlates 
with 6.m15, i.e. the rate of decline in magnitude in the 15 days after the maximum light. 

In the light of these constraints, it is widely accepted that SNela originates from the 
thermonuclear disruption of a white dwarf (WD) which accretes material from a companion 
star in dose binary systems (as anticipateci in sec. 3.2.2), but there are still a number of 
uncertainties about the nature of the companion (main sequence star, red giant or another 
WD), the nature ofthe white dwarf (C-0 WD, He WD or 0 -Ne-Mg WD), the mass reached 
by the accretor a t the explosion ( Chandrasekhar or sub-Chandrasekhar) an d the explosion 
mechanism itself (defiagration, delayed-detonation or detonation) . However, there is a 
general consensus in assuming that a C-defiagration in a C-0 WD of Chandrasekhar mass 
best represents the characteristics of the majority of the SNe la. 

4.3.2 Progenitors 

We recall here the most common models for the progenitors of Type la SNe proposed 
insofar: 

• The merging of two C-0 WDs, due to gravitational wave radiation, which reach the 
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Figure 4.1: Bolometric luminosities for 9 well observed Type la SNe. Taken from 
Contardo, Leibundgut & Vacca (2000). 

Chandrasekhar mass and explode by C-defl.agration (Iben & Tutukov 1984; 1985) . 
This is known as double-degenerate (DD) scenario. 

• The C-defl.agration of a Chandrasekhar mass (,....., 1.4 M0 ) C-0 WD after accretion 
from a non-degenerate companion (Whelan & Iben 1973; Munari & Renzini 1992; 
Kenyon et al. 1993). This model is known as the single-degenerate (SD) one. The 
main problem with this scenario is the narrow range of permitted values of the mass 
accretion rate in order to obtain a stable accretion, instead of a unstable accretion 
with a consequent nova explosion and mass loss. In this case, in fact, the WD 
never achieves the Chandrasekhar mass. In particular, Nomoto, Thielemann & Yokoi 
(1984; hereafter NTY) found that a centrai carbon-defl.agration of a WD results for 
a high accretion rate (M ;::: 4-10-8 M0 yr- 1) from the secondary to the primary star 
(the WD). They found that ,....., 0.6- 0.7 M0 of Fe plus traces of elements from C to 
Si are produced in the defl.agration, well reproducing the observed spectra. 

• A sub-Chandrasekhar C-0 WD exploding by He-detonation induced by accretion of 
He-rich materia! from a He star companion (Limongi & Tornambé 1991). 

• A recent model by Hachisu et al. (1996; 1999) is based on the classica! scenario of 
Whelan & Iben (1973) (namely C-defl.agration in a WD reaching the Chandrasekhar 
mass after accreting materia! from a star which fills its Roche lobe), but they find 
an important metallicity effect. When the accretion process begins, the primary star 
(WD) develops an optically thick wind which helps in stabilizing the mass transfer 
process. When the metallicity is low ([Fe/H] < -1) , the stellar wind is too weak and 
the explosion cannot occur. This model is appealing since it overcomes the difficulty 
of achieving a stable accretion as in the classi c SD scenario discussed above. However, 
this model stili needs to be tested in severa! astrophysical contexts, as we will see in 
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the next sections. 

It is worth noting that in the last few years the DD scenario has lost some credibility 
with respect to the SD scenario, mostly because of the negative results of observational 
searches for very close binary systems made of massive enough white dwarfs (Bragaglia et 
al. 1990). Therefore, in this chapter we will concentrate on the SD model. 

4.3.3 Time-Scales 

In the framework of the SD scenario, the explosion time-scales for different progenitor 
models are given by the lifetime of the secondary star. In particular: 

• in the formulation of the Type la SN rate by Greggio & Renzini (1983) (hereafter 
GR83) , based on the Whelan & Iben (1973) model (hereafter WI73) the explosion 
times correspond to the lifetimes of stars in the mass range 0.8 - 8 M8 , because 
all the stars in this mass range are thought to end their lifecycle as C-0 WD (see 
also sec. 3.2.2). The smallest possible secondary mass is 0.8 M8 and therefore the 
maximum explosion time is the age of the universe. This ensures that this model 
is able to predict a present time SN la rate for those galaxies where star formation 
must have stopped several Gyr ago, such as ellipticals. 

• Greggio (1996) (hereafter G96) revised the computation of the SN la rate in the 
fràmework of the SD model and suggested a more detailed criterium for the formation 
of a system which can eventually explode as Type la SN. In particular, the explosion 
occur when: 

(4.1) 

where M2,e is the envelope mass of the evolving secondary and c is the accretion 
efficiency, namely the mass fraction of the envelope which accretes over the WD. 
The mass Mwo is the mass of the white dwarf: we have assumed three different 
Min - Mwo relationships, from Renzini & Voli (1981) (RV81) , from Iben (1991) 
(191) and from Marigo, Bressan & Chiosi (1998) (MBC). 

• Kobayashi et al. (1998) (hereafter K98) and Kobayashi, Tsujimoto & Nomoto (2000) 
(hereafter KTN) adopted Hachisu et al. (1996; 1999) model and considered two 
possible progenitor systems: either a WD plus a red giant (RG) star or a WD plus a 
main sequence star (MS). In both cases the mass of the primary star is defined in the 
range 3- 8 M0 , whereas the secondary masses are (1.8 M8 :::; MMs :::; 2.6 M0 ) and 
(0.9 M8 :::; M RG :::; 1.5 M8 ) for the MS and the RG stars, respectively. In this case, 
the explosion time-scales are given again simply by the lifetimes of the secondary 
stars. If we compare this model with the GR83 model, we see that the explosion 
time-scales here are much longer, since the most massive secondary is a 2.6 M8 star 
with a lifetime of "' 3.3 · 108 years, instead of a 8 M8 with a lifetime of "' 3.0 · 107 
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years. Moreover, the systems able to give rise to SNe la may form only after the 
gas has reached a metallicity of [Fe/HJ = -1.0 dex (K98) or [Fe/H] = -1.1 dex 
(KTN), and this introduces an additional delay which has important consequences 
on galactic chemical evolution as we will see in the next sections. 

4.3.4 Definition of t la 

We adopt as definition of the typical time-scale for the Type la SN maximum enrichment 
the time t1a at which the SNia rate reaches a maximum. As we will see in the next 
sections this maximum depends upon the assumed Type la SN progenitor model, namely 
the lifetimes of the progenitors and the initial mass function, and the star formation rate. 
The combination of all these parameters creates different shapes and different maxima in 
the Type la SN rate versus time relationship. 

4.4 Theoretical SN la rates 
In this section we describe the computation of the SN la rate according to different histories 
of star formation: a) an instantaneous burst (o ne stellar generation), b) constant star 
formation rate, c) a more realistic star formation rate derived in the framework of chemical 
evolution models. 

• a) The calculation of the SNia rate following a burst of star formation of negligible 
duration, in the framework of the SD scenario and the WI73 model, can be expressed 
as: 

fMB ,sup (M2(t)) dMB 
RsN Ia(t) =A J~ cp(MB)f ~ AI' 

Ms,inf B B 
(4.2) 

where Ms = M1 + M2 is the total mass of the binary system. cp(MB) is the initial 
mass function (IMF) i.e. the number of binary systems born in a unit mass interval 
for the binary system and is expressed as usual as a power law (cp(m) ex m-(l+x); see 
sec. 3.2.1). MB,inf and MB,sup are the minimum and maximum masses for the binary 
systems contributing at the time t. The maximum value that Ms can assume is called 
MsM and the minimum Msm · These values (maximum and minimum mass of the 
binary system able to produce a SNia explosion) are model-dependent. In particular, 
G R83 considered t ha t only stars with M ~ 8 M0 could develop a degenerate C-O 
core, thus obtaining a upper limit MsM = 16 M0 for the mass of the binary system. 
The adopted lower limit is (Msm = 3 M0 ), as discussed in Chapter 3. The extremes 
of the integrai 4.2, at a fixed time t, are: 

MB,inf = max(2M2(t), Msm) (4.3) 

(4.4) 
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Table 4.1: Model Parameters and Predicted SN la rates 

Il Mode! Il lnfall l r l T l 'Y l Threshold l SNela l A IMF l M;- Mwn l Rates (lOOyr- 1 ) Il 
Mod. l l 0.37 5 -0.35 No KTN 0.05 WD+MS Salpeter• RV81 0.025 

0.02 WD+RG 
Mod. 2 2 2; l 8 2 Yes C97 0.05 Scalo RV81 0.172 
M od. 3 l 0.5 4 2 No C97 0.05 Scalo RV81 0.193 
Mod. 4 l 0.5 4 0.5 No G96 0 .05 Scalo 191 0.039 
Mod. 5 l 0.5 4 0.5 No G96 0.05 Scalo MBC 0.023 

* defined in the range 0.05- 50 M0 

where MB,sup = MsM when M2(t) = 8M0 . l-l is the mass fraction of the secondary 
star M2 (!-L= M2/Ms) and f(l-l) is the distribution function of these mass fractions, 
already described in Chapter 3 (eq. 3.6). According to Tutukov & Yungelson (1980) 
we adopt an exponent T= 2. However, it is worth mentioning that in the literature 
there are different suggestions about the value of T· For example, Duquennoy & 
Mayor (1991) found that small mass ratios are preferred. Following this suggestion, 
K98 assumed T= -0.35. The values of T adopted in our models are summarized in 
table 4.1. 

In arder to obtain the SNia rate, we need also the function M2(t). To this purpose, 
we adopt the inverse of the formula: 

T( M) = 10[1.338--yh.79-0.2232(7.764-log(M))]/0.1116 yr, 

(Padovani & Matteucci 1993). 

(4.5) 

K98 adopted stellar lifetimes depending on the initial stellar metallicities from Ko-
dama (1997): these time-scales are systematically longer than ours especially in the 
domain of low and intermediate mass stars. 

In the models presented in this section we have used both the Salpeter (1955) and 
the Scalo (1986) IMF. Finally, the constant A, already defined in Chapter 3, is the 
fraction of binary systems, in the IMF, with the right characteristics to become a 
Type la SN and is fixed by reproducing the present time observed Type la SN rate. 

For the G96 model the expression of the SN la rate is the same as eq. 4.2 whereas 
the lower limit for the binary system MB,inf at the time t is: 

MB,inf = max(2 M2(t), Mlmin + M2(t)), (4.6) 

where Mlmin is the minimum mass the primary should have to give rise to a WD 
whose mass satisfies eq. 4.1. We consider also a Sub-Chandrasekhar model in which 
the explosion occurred when MwD 2:: 0.6 M0 and c· M2,e 2:: 0.15 M0 . For this model 
we assume c = 0.5. 

The calculation of the SNia rate with KTN prescriptions is a little more complicated, 
because we have different restrictions for the primary and the secondary star: the 
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Figure 4.2: SNia rates vs. time for an instantaneous burst of star formation. These 
rates are normalized to their respective maximum values. The solid line is the GR83 
model. The dotted lines are the G96 models with different values of E (0.2, 0.35, 
0.5 and l respectively), the long-dashed line is the Sub-Ch G96 model (c = 0.5) 
and the short-dashed lines are the K98 model without the metallicity effect. In all 
the models we have assumed a Salpeter IMF and 'Y = 2.0, except in the K98 model 
where we assumed 'Y = -0.35 in order to reproduce exactly their model. A model 
with G96 prescriptions and 'Y = 0.5 is also shown (dot-dashed line). The Mi- MwD 
relationship for the solid line is from RV81 whereas for the G96 model is from 191. 

secondary lies in a narrow range of masses (0.9 M0 ~ M2 ~ 1.5 M0 for the WD+RG 
system and 1.8 M0 ~ M2 ~ 2.6 M0 for the WD+MS system) . Then, K98 and KTN 
consider only WDs with masses O. 7 M0 ~ MwD ~ 1.2 M0 , which corresponds to 
an interval for the primary star 3 M0 ~ M 1 ~ 8 M0 . In this case the maximum 
and minimum values allowed for the progenitor binary systems should be computed 
by taking into account the above conditions, namely, MsM = 9.5 M0 and Msm = 

3.9 M0 for the case WD + RG and MsM = 10.6 M0 and Msm = 4.8 M0 for the 
case WD + MS. For the mass MB,inf we have: 

(4.7) 

and for the mass MB,sup: 

(4.8) 

where M1max = 8M0 and Mlmin = 3M0. 
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In Figure 4.2 we show the SN la rate computed in the case of an instantaneous 
burst for the GR83, G96 and KTN (without the metallicity effect) prescriptions. 
As one can see, in the first two cases the rate first increases, reaches a maximum at 
t la"" 5·107 years and then declines. This behaviour is due to the competition between 
the increasing number of stars with decreasing mass (IMF) and the increasing stellar 
lifetime with decreasing mass. The maximum in the G96 cases is slightly anticipateci 
relative to GR83, owing to the fact that a maximum mass producing a C-0 WD 
of 8.8 M0 was adopted. The other differences between the G96 (.s = l , 1 = 0.5) 
and GR83 (! = 0.5) cases are due to condition 4.1 and the different Mi - Mwn 
relations adopted. O n the other han d, the G96 ( .s < l) cases predict qui te different 
SN la rates. In particular, as the efficiency of mass transfer decreases, the number 
of systems able to produce a Type la SN is drastically reduced because of condition 
4.1. As a consequence of this, the case with .s = 0.2 predicts that Type la SN rate 
following an instantaneous burst goes to zero already after a time smaller than l 
Gyr. 

The rate predicted by the KTN model shows instead a completely different be-
haviour, with a discontinuity due to jump from 1.8 M0 to 1.5 M0 in the mass of 
the secondary passing from the system WD + MS to WD + RG. In figure 4.2 the 
rates are normalized to their own maximum value as in GR83, whereas in figure 4.3 
we plot the absolute SN rates normalized to reproduce a short starburst like those 
occurring in blue compact galaxies. In particular, we assumed A=0.006, a value 
which can reproduce the features of IZwl8 (see Recchi, Matteucci & D'Ercole 2001 
and Chapter 5) . 

• b) The single-burst approximation could be valid only for starburst galaxies whereas 
for elliptical and spiral galaxies we must consider a star formation extended in time. 
In the case in which the SFR, 'lj;(t), is constant intime, we obtain: 

(4.9) 

Where p, is defined in the range Jl.min- 0.5, with: 

. - ( M2 MB- 0.5MBM) 
Jl.mm- max -, M 

MB B 
(4.10) 

for GR83 and G96, whereas for KTN we define: 

. _ ( M2 (MB- Mlmax) M2min) 
I-Lmm- max MB ' MB , MB (4.11) 

and: 
_ . (M2max (MB-Mlmin)) 

1-Lmax - mzn , M 
MB B 

(4.12) 

The equation 4.9 is useful to calculate the SNia rate in the GR83 and G96 cases 
either for a burst with constant star formation rate or for the solar neighbourhood 
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Figure 4.3: Same as Fig. 4.2, but with the absolute values of SNia rates, in units of 
SNe yr-1. The assumed value of A=0.006 is from Recchi et al. (2001) and is chosen 
to fit the properties of the galaxy 1Zwl8. 

where the SFR has not varied much intime, whereas in all the other cases a constant 
SFR represents a poor approximation. For a correct use of the assumptions of K98 
and KTN we must consider the metal enrichment of the ISM (we cannot produce 
SNia progenitors until [Fe/H] = -1.0 (K98) or -1.1 (KTN). So, in arder to calculate 
the SNia rate, either with constant or variable SFR, we need a chemical evolution 
model, as shown in c). 

• c) The case with a more realistic star formation rate first increasing then reaching a 
maximum and decreasing, as predicted by successful models for the chemical evolu-
tion of the salar neighbourhood (e.g. Chiappini, Matteucci & Gratton 1997), can be 
written as: 

RsN Ia(t) =A 1MB,sup cp(MB) J.JLmax J(p,)'lj;(t- 7M
2
)dp,dMB, 

MB,inf JLmin 
(4.13) 

as shown first by Matteucci & Greggio (1986) and already described in sec. 3.2.2. 
The star formation rate in this case has to be evaluated a t the t ime (t - 7M2 ), with 
7M2 being the dock for the explosion. In Fig. 4.4 we show the Type la SN rates 
normalized to their maxima as obtained by eq. 4.13 when the SFR of the Chiappini 
et al. (1997) model is adopted (dotted line). Such a SFR is proportional to a power 
k = 1.5 of the surface gas density and to a power h = 0.5 of the total surface mass 
density. Such a formulation of the SFR takes into account the feedback mechanism 
between stars and gas regulating star formation and is supported by observations 
(e.g. Dopita & Ryder 1994). 
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Figure 4.4: SNia rates normalized to their maxima and computed by means of a 
star formation rate depending on the gas density in the framework of the chemical 
evolution models shown in Table 4.1. The continuous line corresponds to Mod. l, 
the short-dashed line to Mod. 3 and the line with the small oscillations to Mod. 2, 
where a threshold in the gas density for the star formation is assumed. The long-
dashed line corresponds to model Mod. 4. The short-dashed-long-dashed line is the 
rate predicted for an elliptical galaxy by Matteucci (1994). 

We adopt two different prescriptions for the star formation history of the Galaxy: i) 
the one of Matteucci & François (1992) which is similar to that adopted by K98 and 
KTN. In this model the halo and disk form out of a unique infall episode with a time 
scale for the formation of the disk at the solar neighbourhood of T= 4 Gyr (eq. 3.9). 
ii) the model of Chiappini et al. (1997) which is known as two infall model where the 
halo an d thick disk are assumed t o form o n a short t ime-scale ("' l Gyr) out of a first 
episode of infall of primordial gas, whereas the thin-disk is assumed to have formed 
o n a longer time-scale ("' 8 G yr a t the solar circle). In this model, the existence of 
a threshold in the gas density to regulate the star formation (Kennicutt 1989; 1998) 
is also adopted. As a consequence of this, the star formation rate goes to zero every 
time that the gas density decreases below the threshold ("' 7M0 pc-2). This model 
reproduces the majority of the features of the solar vicinity and the whole disk and 
we consider it as the best model. In all the models we adopt the SFR of Chiappini et 
al. (1997) as described before, but only in one case we assume the threshold in the 
gas density. 
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The model parameters are described in Table 4.1, where the second column indicates 
if the chemical evolution model for the solar neighbourhood has one or two infall 
episodes. The third column shows the efficiency of star formation r (i.e. the constant 
in the SFR, expressed in Gyr- 1 ; eq. 3.4) and the fourth the adopted time-scale (in 
Gyr) for the formation of the disk in the solar region. The fifth column contains the 
adopted values for the parameter 1 in the distribution function of the mass ratios 
in binary systems. The sixth column indicates if a threshold in the gas density 
for the SFR has been adopted or not. The seventh column shows the assumed 
prescriptions for the Type la SN progenitors in the various models. The eighth, 
ninth and tenth columns contain the values for A, IMF and Mi - Mwn relation, 
respectively. Finally, in the eleventh column is shown the present time SN la rate as 
predicted by each model. The yields adopted in all the models are the same: RV81 
for low and intermediate mass stars and Woosley & Weaver (1995; hereafter WW) 
for massive stars. 

As one can see, in Fig. 4.4 the SNia rate as predicted with the KTN prescriptions 
including the metallicity effect (Mod. l) shows a maximum very late (tia "' 8 Gyr), 
as it should be expected given the nature of the assumed progenitors. It is worth 
noting that the model parameters in Mod. l are the same adopted in the chemical 
evolution model described in KTN. The model with one infall but the prescriptions 
of GR83 (Mod. 3) predicts a maximum at around ti a = 4-5 Gyr, whereas the two-
infall model (Mod. 2) predictions are a bit more complicateci showing two maxima, 
the first one at tla = 1.5 Gyr, due to the first infall episode and the associateci 
star formation, and the second one between 4 and 5 Gyr due to the SN la systems 
born at the beginning of the thin-disk formation. The one infall model with G96 
prescriptions (Mod. 4) presents a maximum at tla = 3 Gyr. 

In Fig. 4.4 is shown also the SN la rate as predicted by Matteucci (1994) by adopting 
the GR83 prescription, for an elliptical galaxy with lOll M8 ofluminous mass. In this 
case, the SFR is very efficient ("' l O -15 ti m es more t han in the solar neighbour ho od) 
and lasts only for "' 0.4 Gyr. Therefore, the maximum of the SN la rate occurs 
already at tla = 0.3 Gyr. In Fig. 4.5 the absolute Type la SN rates, computed by 
means of the models of Table 4.1, are presented. In order to compute the absolute 
rates we had to assume a specific value for the constant A, which represents the 
fraction of binary systems in the IMF developing a type la SN explosion. In principle, 
the parameter A should be fixed by reproducing the observed SN la rate buti t should 
also assume reasonable values. In our best model (Mod. 2), which adopts a Scalo 
(1986) IMF with two slopes (xl = 1.35 for M < 2 M8 and x2 = l. 7 for M ~ 2 M0 ), 
the adopted value is A = 0.05 and the predicted present time Type la SN rate is in 
good agreement with the observed one (rv 0.18 SN 100 yr- 1, with Ho= 60 Km s- 1 

Mpc-I, Cappellaro et al. 1999), as shown in Table 4.1. 

For Mod. l, with the prescriptions of KTN, we adopted, as in their paper, the 
Salpeter IMF with AMs = 0.05 and ARa = 0.02 (where AMs refers to the systems 
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Figure 4.5: The absolute SN rates in units of SNe yc1 computed for the models 
described in Table 4.1, where all the assumed model parameters are shown. The 
symbols are the same as in fig. 4.4. We report here also the prediction of Model 5 
(dot-dashed line). The G96 models (Mod. 4 and Mod. 5) are computed by adopting 
the c= l. 

WD+MS andARe refers to the systems WD+RG), in order to be able to compare 
our chemical results with theirs. The predicted present time SN la rate in this case 
is too low. We could obtain a reasonable value for the SN la rate with the K98 
and KTN prescriptions only by assuming A= 0.3, which is a very high and perhaps 
unrealistic value for such a fraction. In fact, a fraction of 30 % of binary systems 
giving rise to Type la SNe would imply a total fraction of interacting binaries in the 
mass range producing the SNe larger than 50 % (De Donder & Vanbeveren 2001). 
The same problem arises with the G96 prescriptions, as we can see in Fig. 4.5 where 
the rates of Type la SN, as predicted by Mod. 4 and Mod. 5, are shown. In fact, 
Mod. 4 and Mod. 5 predict too low Type la SN rates at the present time unless we 
assume A = 0.3. The differences between Mod. 4 and Mod. 5 are due only to the 
different Mi - M w D relations adopted in the two cases. 

4.4.1 The effects of Type la SN rates on chemical evolution 

In this section we discuss the impact of the different SN la rates we have discussed up to 
now on the [0/Fe] versus [Fe/H] relationship, which is often used in the literature to infer 
the time-scale for SN la enrichment. In Fig. 4.6 we show the data from Gratton et al. 
(2000) compared with different model predictions (in all the models the normalization is 
made with the observed solar values of Anders & Grevesse, 1989) including those taken 
from the paper of K98. These latter seem to be the best in reproducing the observed trend 
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but this result is not clear. In fact, the predictions of our Mod. l (see Fig. 4.6) , which 
is the copy of KTN model, show a very different behaviour which is, in our opinion, more 
understandable: in particular, it does not show any change in slope in the [0/Fe] ratio 
over the whole range of [Fe/H], since the first systems giving rise to Type la SNe form only 
when the gas reaches the metallicity [Fe/H] = -1.1, and therefore they will contribute to 
the chemical enrichment much later than the time corresponding to [Fe/H] = -1.1 dex 
and even [Fe/H] = -1.0 dex, as indicated by the maximum of the SN la rate occurring at 
8 Gyr. We do not understand how K98, who assumed [Fe/H] = -1.0 dex as the limiting 
metallicity for the formation of the type la SN progenitors, can find a change in slope right 
at this precise metallicity. We conclude that the Type la SN rate suggested by K98 and 
KTN, besides giving too low values for the present time rate, unless an enormous amount 
ofbinary systems is assumed, cannot reproduce the [0/Fe] versus [Fe/H] relationship. This 
relationship, in fact , is characterized observationally by a marked change in slope occurring 
at around [Fe/H] = -1.0 dex, which corresponds to the transition between halo and disk 
metallicities. In our best model the change in slope occurs roughly at this point and it 
corresponds to a galactic age of "' l Gyr. This time-scale, in turn, corresponds to the first 
maximum reached by the Type la SN rate in the two-infall model and can be considered 
as the typical time-scale for the SN la enrichment to become important. It is worth noting 
that in our best model the trend of the [O /Fe] ratio for [Fe/H] < 1.0 dex is not fiat but 
it shows a slight slope since the very first Type la SNe start occurring already at 30 Myr 
from the beginning of star formation (GR83 model) , as discussed also by Chiappini et al. 
(1999) . 

In conclusion, the best prescriptions for progenitor models of Type la SNe in order to 
reproduce the observed Type la SN rate and the chemical evolution of the Galaxy is still 
the GR83 model. 

4.5 Conclusions about Type la SNe 
In this chapter we have explored various SN la progenitor models and the resulting SN 
rates for different histories of star formation and we have defined the typical time-scale 
for the maximum chemical enrichment from Type la SNe in different galaxies. We have 
studied the effects of the SD scenario, as originally proposed by WI73, with the recipes of 
GR83 and G96 as well as the more recent SD model proposed by K98 and KTN. Then we 
have calculated the chemical evolution of the solar neighbourhood in the different cases by 
means of chemical evolution models. Our results can be summarized as follows: 

• The best prescriptions to obtain Type la SN rates in agreement with the observations 
seem to be those of GR83. If one adopts the more realistic approach developed by 
G96 to calculate the rate of explosion of systems made of a C-0 WD plus a red giant 
star, then a large fraction ("' 30 %) of interacting binary systems giving rise to Type 
la SNe is required to reproduce the observed rate and the solar Fe abundance. This 
corresponds to an overall interacting binary frequency > 50% in the mass range of 
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Figure 4.6: The observed and predicted [0/Fe] vs. [Fe/H] relationships. The pre-
dictions are from the models of Table 4.1. The abundances are all normalized to the 
observed salar abundances (Anders & Grevesse, 1989). The dashed-dotted line is 
the model computed by K98, their figure 3, that we show for comparison. The data 
points (filled squares) are from Gratton et al. (2000). 
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Figure 4.7: Predicted Type la SN rates expressed in SNu (SNe 100 yr-1 10-10 L8 0 ) 

in different galaxies as functions of redshift. The solid line represents an elliptical 
galaxy (the same as figure 4.4) and the dotted line indicates a spirai (Mod. 2). The 
observed local Type la SN rates in ellipticals (the square) and spirals (the triangle) 
together with the rate measured by Pain et al. (1996) at z""' 0.4 (the pentagon) are 
shown. 

the primary star. The same is true for the model K98 and KTN, which presents also 
some other problems concerning galactic chemical evolution. 

• The typical time-scale for the maximum chemical enrichment by SN la, t1a, can be 
defined as the time at which the SN la rate reaches a maximum. This time-scale 
depends upon the adopted SN progenitor model, the stellar lifetimes, the IMF and 
the SFR. Since galaxies of different morphological type are likely to have different 
histories of star formation, the typical Type la SN time-scale are necessarily different 
from galaxy to galaxy. 

• We have studied different cases in the framework of GR83 model for SN la progen-
itors: in an instantaneous starburst, which can approximate the situation of blue 
compact galaxies, (tia)Bc ,...., 40 - 50 Myr, in a spiral galaxy like the Milky Way, 
where the SFR has not varied much in time but it has been more ore less continu-
ous, (tia)Sp ,...., 4- 5 Gyr. A minor maximum appears at ,...., l Gyr in the two-infall 
model, where the halo is explicitely taken into account and which better fits the 
properties of the salar neighbourhood, corresponding to the bulk of Type la SNe o-
riginating from the star formation in the halo. In an elliptical galaxy, where the SFR 
was quite high but lasted fora relatively short time (,...., 0.2-0.4 Gyr) , (tia)E,...., 0.3 
Gyr. 

• The Type la SN rates per unit luminosity were plotted as function of redshift (see 
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Fig. 4. 7), in a cosmology where we assume t ha t all the galaxies formed a t z f = 5, 
nM = 0.3 and nA = 0.7. The Hubble constant is assumed to be Ho = 60 Km s-1 

Mpc- 1. The photometric model we adopted is that of Jimenez et al. (1998) As 
o ne can see in Fig. 4. 7, where the rates for a typical elliptical and a typical spirai 
galaxy, expressed in SNu, are shown, a maximum at a redshift z between 3 and 4 
and extending until z f'oJ 1.6 should be expected for the elliptical galaxies, whereas 
we predict two peaks for spirai galaxies (two-infall model) the first at z f'oJ 3 during 
the halo phase and the second at z f'oJ l, during the disk phase. In the same figure 
are indicated the present time values for the Type la rate in ellipticals and spirals 
as well as the Type la rate derived at redshift z f'oJ 0.4 by Pain et al. (1996). The 
observed values have been scaled to our adopted H0 . The agreement between the 
observed and predicted rates seems quite good (especially for the present time rates), 
although it would be more appropriate to compute the cosmic SN rate (i.e. weighted 
over the different morphological types) in arder to compare i t with the high redshift 
observations. 
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Chapter 5 

Dynamical evolution of Blue 
Compact galaxies- Single-burst 
models 

There is a coherent plan in the universe, though I don't know what it's a plan far. 

- Fred Hoyle-

5 .l Introd uction 

In this chapter and in the following we investigate the dynamical and chemical evolution in 
gas-rich dwarf galaxies. There is a generai consensus that intense bursts of star formation 
influence the dynamical and chemical behaviour of ISM, mostly owing to the feedback 
between Supernova explosions and stellar wind and the ISM itself, which could lead to the 
formation of a galactic wind. 

Inside this scenario of "galactic wind dominated evolution" we can differentiate two 
pictures (Skillman 1997): a "strong form" and a "moderate form". For the strong form, 
according to pioneering works of Larson (1969; 1974), we may believe that in smaller 
galaxies, with reduced potential wells, galactic winds could remove a substantial fraction 
of the ISM, thus allowing the transition between Dwarf Irregulars and Dwarf Ellipticals. 
The "moderate form" of galactic wind dominated evolution corresponds to the picture 
proposed by De Young & Gallagher (1990), in which they supposed that the formation of 
"galactic chimneys" in dwarf galaxies direct metal-enriched ejecta from Supernovae and 
stellar winds out of the disk of the galaxy. Owing to this dynamical effect, simple "closed 
box" model of chemical evolution failed in simulating the chemical behaviour of this kind 
of galaxies. 

As pointed out in the introduction, a possible solution is the so-called "differential 
wind" model (Pilyiugin 1993; Marconi, Matteucci & Tosi 1994), in which the metal-enriched 
ejecta (mostly from Type II supernovae explosions) are easily lost through galactic winds, 
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whereas most of pristine gas remains trapped inside the gravitational potential. Dynam-
ical simulations of starbursting dwarf galaxies (De Young & Heckman 1994; D'Ercole & 
Brighenti 1999, hereafter DB; MacLow & Ferrara 1999, hereafter MF) support this theory, 
because the metal-enriched gas produced during the starburst is ejected more easily than 
the pristine gas. With our approach we are able to test the "differential wind" scenario in 
an accurate way, following the evolution, in space and time, of several chemical elements 
of particular astrophysical interest (namely H, He, C, N, O, Mg, Si, Fe) . 

Moreover, all the hydrodynamical calculations of the evolution of dwarf galaxies do 
not consider the energetic contribution of SNela. This kind of Supernovae originates in 
binary systems of intermediate-mass stars, with moderately long lifetimes (more than 30 
Myr), whereas Type II supernovae act in shorter time-scales. We include chemical and 
energetic feedback from SNela by using results of Chapter 4. This contribution is likely to 
be of fundamental importance for the late evolution of these galaxies. 

In this Chapter we study the effect of a single, instantaneous starburst on the dynami-
cal and chemical evolution of a gas-rich dwarf galaxy, whose potential well is dominateci by 
a dark matter halo. We follow the dynamical and chemical evolution of the ISM by means 
of an improved 2-D hydrodynamical code in cylindrical coordinates, coupled with detailed 
chemical yields originating from type II SNe, type la SNe and single low and intermediate 
mass stars (IMS). In particular we follow the evolution of the abundances of H, He, C, N, 
O, Mg, Si and Fe. 

This chapter is mostly taken from the article "Dynamical and chemical evolution of 
gas-rich dwarf galaxies" , by Recchi, Matteucci & D'Ercole (2001), published in MNRAS. 

5.2 Assumptions and equations 

5.2.1 The gravitational potential and the gas distribution 
We focus on the galaxy IZw18 which is a well-studied, very metal-poor BCD galaxy. This 
galaxy has been extensively described in the introduction. In spite of new findings about 
stellar population in IZw18, this object is one of the best candidates to compare with a 
single-burst model, although our model cannot reproduce the real galaxy in detail. 

Many ingredients play an important role in the dynamical evolution of the ISM: the 
galactic structure (stellar component, gaseous component, dark halo), the energy and mass 
injection rate of newly formed stars and the size of the starburst region. 

We model the ISM of IZw18 assuming a rotating gaseous component in hydrostatic 
isothermal (Tg = 103 K) equilibrium with the galactic potential and the centrifugai force. 
The potential well is the sum of two components. The first is given by a spherical, quasi-
isothermal dark halo truncated at a distance rth, in arder to obtain a finite mass: 

(5.1) 

where r JR2 + z2 and rch is the core radius of the dark component (we are using 
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Table 5.1: Galactic parameters 

M*(M0) Mhalo(M0) Rc*(pc) Rt*(pc) Tch(pc) Tth( kpc) 

6 x 105 6.5 x 108 233 1000 700 10 

cylindrical coordinates). Note that this dark matter distribution has a flat profile in the 
centre. Cosmologica! N-body simulations in a cold dark matter (CDM) scenario (Navarro, 
Frenk & White 1996), show a centrai profile characterized by a power-law cusp. However, 
recently Bordello & Salucci (2001) ha ve shown that rotation curves in dwarf galaxies, 
as well as in spirai galaxies, are consistent with a flat centrai dark matter distribution. 
According to values found in literature for the total mass of IZw18 (Lequeux & Viallefond 
1980; van Zee et al. 1998b) , the halo mass is assumed to be 6.5 x 108 M0 . Since we do not 
take into account the self gravity of the gas, in order to reproduce the oblate distribution 
of gas inside IZw18 (van Zee et al. 1998b), we introduce a fictitious 'stellar' component 
described by an oblate King stellar profile: 

(5 .2) 

where Re* and Zc* are the core radius along the R-axis and the z-axis respectively. This 
profile is truncated at the tidal radii Rt* and Zt*' in order to obtain a finite mass M* = 6 x 
105 M0 . This structure is flattened along the z-axis and we assume Re* l zc* = Rt* l Zt* = 5 
and Rt*l Re* = Zt*l Zc* = 4.29. All the structural parameters of our galactic model are 
summarized in Table 5.1. 

Although this structure is rather flat, its potential is rounder. The gas settled in 
such a potential assumes an oblate structure resembling that of the ISM of IZw18 in a 
region R ::; l Kpc and z ::; 730 pc, which we call "galactic region". We note however that 
the elongation is also due to the assumed rotation of the gas which is responsible for the 
flaring at large radii (see Fig. 5.1, upper panel). Details ofhow to build such an equilibrium 
configuration can be found in DB. The lower panel in Fig. 5.1 shows the resulting column 
density of the ISM. 

We ran several models varying the gas mass and the burst luminosity. We discuss in 
detail three of them, Ml , M2 and M3 (see Table 5.2). We also describe model MC, similar 
to Ml , in which heat conduction is allowed. The atomic number density of the neutral 
ISM is defined as ng = ~' where p is the ISM mass density and f1, c:::- 7111 is the mean 
mass per particle of the fully ionized gas, assuming a primordial abundance. 
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Table 5.2: ISM parameters 

M o del Mburst(M0) Mg(M0) ng0 (cm-3) Eb(erg) 

M1 6 x 105 1.7 x 107 1.81 1.5 x 1053 

M2 3.6 x 105 1.7 x 107 1.81 1.5 x 1053 

M3 6 x 105 4.6 x 106 0.49 4 x 1052 

Mg is the ISM mass inside the galactic region defined in the text, Mburst is the mass 
of the stars formed during the burst and ngo is the centrai atomic number density. 
Eb is the binding energy of the gas inside the galaxy. 
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Figure 5.1: Upper panel: initial gas density profiles. The density scale is logarithmic 
and is indicated in the strip in the upper part of the figure. Lower panel: column 
density of the initial ISM seen edge-on (dashed line) and face-on (solid line). 
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5.2.2 The hydrodynamical equations 

To describe the evolution of the gas we solve the time-dependent, Eulerian equations of 
gasdynamics with source terms, that we write in the form: 

o p 
8t +V'· (pv) = ap*, (5.3) 

ori · · 
ot +V'. (lv)= atp*, (5.4) 

o m 
ot + V' . (m ® v) = pg - (l - l) V' é + a p* v*' (5.5) 

~;+V' · (r:;v) = -(J- l)r:;\7 ·v- L+ ap* (Eo + ~v2), (5.6) 

where p, m and r:; are the density of mass, momentum and internai energy of the gas, 
respectively. The parameter 1 = 5/3 is the ratio of the specific heats, g and v are the 
gravitational acceleration and the fiuid velocity, respectively. The source terms on the 
r.h.s. of equations 5.3-5.6 describe the injection of total mass and energy in the gas due to 
the mass return and energy input from the stars. In our simulations the burst is located 
in the centre of the galaxy, therefore both energy sources (SNell and SNela) and mass 
return are concentrateci inside a small centrai sphere of ,...... 40 pc of radius. We treat both 
sources as continuous, although the SNia rate is rather low (,...... 1.6 Myr-1). However, 
an a posteriori analysis of our results, following MacLow & McCray (1988), reveals that 
the continuous energy input assumption is stili valid during the SNia stage. V being the 
volume of the starburst region, p* = MburstfV, where Mburst is the total mass of stars 
formed during the burst (see next section). v* is the circular velocity of these stars, and 
a(t) = a*(t) + asNn(t) + asNia(t) is the sum of specific mass return rates from stars and 
SNe, respectively (see next section). Eo is the injection energy per unit mass due to the 
stellar winds and to SN explosions (see next section). Finally, L= nenpA(T) is the cooling 
rate per unit volume, where for the cooling law A(T) we follow the approximation to the 
equilibrium cooling curve given by Mathews & Bregman (1978). A more sophisticated 
treatment of cooling emission in an optically thin plasma has been made by Sutherland & 
Dopita (1993). We have considered also a metallicity-dependent cooling curve, described 
in section 5.3.1 (model MLbis). 

ei represents the mass density of the i element, and ai the specific mass return rate 
for the same element, with 2::~ 1 ai =a. Eq. 5.4 represents a subsystem of N equations 
which follow the hydrodynamical evolution of N different ejected elements (namely H, He, 
C, N, O, Mg, Si and Fe). This enables us to calculate the abundance of the ejecta relative 
to the pristine ISM. 

To integrate numerically the eqs. 5.3- 5.6 we use a 2-D hydrocode, based on the originai 
work of Bedogni & D'Ercole (1986). We adopt a non-uniform cylindrical axisymmetric grid 
whose meshes expand geometrically. The first zone is ,6.R = ,6.z = 5 pc and the size ratio 
between adjacent zones is 1.03. 
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5.2.3 The starburst 

For the sake of simplicity we focus on a single, instantaneous, starburst event located at 
the centre of the galaxy. The stars are all born at the same time but they die and restore 
material into the ISM according to their lifetimes. 

Here we describe the main assumptions about the IMF, stellar lifetimes and nucle-
osynthesis prescriptions adopted to calculate a* and asN. 

Mass return 

We adopt the Salpeter (1955) IMF in the mass range 0.1 - 40 M8 . The normalization 
constant Ao, introduced in Chapter 3 (eq. 3.2) is obtained from: 

ro AoM-1.35dM = Mburst· 
lo.1 

(5.7) 

With Mburst = 6 x 105 M8 we get a mass of"' 1.5 x 105 M8 for the stars with masses larger 
than 2 M8 , in agreement with the estimate of the stellar content in 1Zw18 by Mas-Hesse & 
Kunth (1999). Since the stellar yields are calculated only for stellar masses not larger than 
40 M8 (Woosley & Weaver 1995), we adopt this value as a upper limit in eq. 5.7. Given 
the very low number of stars more massive than this limit, the chemical and dynamical 
evolution of the gas is not affected by this choice. 

We assume that all the stars of initial mass between 8 and 40 solar masses end their 
life-cycle as type II supernovae. The SNII rate is thus defined as: 

RsNn(t) = cp(M)IMI, (5.8) 

where M represents the mass of the dying stars at the time t. This equation is analogous 
to eq. 3.8 in the case of an instantaneous starburst. The mass return rate from SNII is 
then given by: 

( ) RsNn(t)~M 
l:YSNII t = · 

Mburst 
(5.9) 

Here ~M is the mass restored into the ISM by a star of initial mass M, and is defined as 
M- Mrem, where Mrem is the mass of the stellar remnant. 

In terms of single elements we have: 

i ( ) RsNir(t)~Mi 
asNII t = M ' 

burst 
(5.10) 

where ~Mi is the mass restored by a star of mass M in the form of the specific elementi. 
The specific mass return from stars with M < 8 M8 is given by: 

a*(t) = cp(M)IMI~M, 
Mburst 

(5.11) 

and: 
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a~(t) = cp(M)IMI~Mi, 
Mburst 

(5.12) 

where, again, M is the mass of the dying stars at the time t. 
To calculate the time derivative of the mass in eqs. 5.8, 5.11 and 5.12, in analogy with 

Padovani & Matteucci (1993), we adopt the formula 4.5 for low and intermediate-mass 
stars (M < 8 M0 ) an d the formula: 

t( M) = 1.2M-L85 + 0.003 Gyr (5.13) 

for stars more massive than 8 M0 . 

To obtain the quantity ~M appearing in eq. 5.9 and eq. 5.11 we took into account 
the results of WW for massive stars (M ~ 10 M0 ) and RV81 for low and intermediate 
mass stars (0.8 ~ M/M0 ~ 8), which give the mass restored into the ISM by the stars at 
the end of their lifetime. For the range 8 M0 ~ M ~ 10 M0 we have adopted suitable 
interpolations between the previous two sets of data. 

In WW the total ejected masses (processed and unprocessed) are given for each chemi-
cal element. In general, however, in nucleosynthesis papers only the 'yield' is given, namely 
the fraction in mass of a given element i which is newly formed and ejected by a star of 
initial mass M, the quantity PiM· In this case, the ejected total masses are computed in 
the following way: 

(5.14) 

where Xi is the originai abundance of the element i in the star. This is the case of the 
yields of RV81. 

From the tables of WW ( which contain also the products of explosive nucleosynthesis) 
and RV81 we have derived several relations between the initial stellar mass and the mass 
restored into the ISM in the form of chemical elements for single stars of masses between 0.8 
and 40 M0 , obtained by fitting the tabulated values with an eighth degree polynomial. The 
results are shown in Figs. 5.2-5.4 for different initial chemical compositions and different 
mixing length parameters. This enables us to obtain the temporal behaviour of a~(t) and 
a~NI1 (t) for each elementi. The total mass ejection rates obtained by summing over all the 
chemical elements are: asNII (t) ex C 0·27 an d a* (t) ex C 1.36 ( see also Ciotti et al. 1991). 

Finally, in analogy with eq. 5.9 we define the specific mass return from the SNeia as: 

( ) 1.4 RsNia(t) 
asNia t = M , 

burst 
(5.15) 

an d: 

i ( ) RsNia(t)~Mi 
asNia t = M ' 

burst 
(5.16) 

where the mass ejected by each SNia is assumed to be 1.4 M0 (the Chandrasekhar mass). 
According to the results of the previous chapter, we assume single degenerate model ( model 



62 

20 

IO 

'0 IO 

6 
::t 

CHAPTER 5. SINGLE-BURST MODELS 

CASE A (Z=O, o:Rv=O) 

0.4 

0.3 
'0 
6 

ii!: 0.2 
':il 

O. l 

00.16 
':il l 0.1 

0.00 

0.2 

'0 0.16 

6 
':il. O. l 

0.00 

0.3 

'0 
~0.2 

i 

Figure 5.2: Yields from massi ve and intermediate stars (data taken from WW and 
RV81 yields) together with our fits ( eighth degree polynomial best-fittings) for the 
case A. Mej is the total mass of gas ejected by the star and corresponds to !:1M as 
defined in the text. 

GR83). This kind of supernova explosion occurs only after the death of stars of initial 
mass less than or equal to 8 M0 , which is "' 29 Myr after the burst. The Type la SN 
rate RsNia(t) following an instantaneous starburst episode is given by eq. 4.2. We adopt 
a fraction of systems giving rise to Type la SN explosions A = 0.006. Actually Type la 
SN have not been observed in BCD galaxies, thus we can not calibrate our adopted rate 
with observative values, as we made in Chapter 4, and we adopted this low value for A 
as a conservative hypothesis. There are indications of a dependence of the fraction of 
binary systems with the metallicity, in the sense that in low-metallicity environments the 
number of binary systems is reduced (de Donder & Vanbeveren 2001). Moreover, with our 
assumed rate, SNela contribute by"' 60 per cent of the total iron production after 15 Gyr, 
in agreement with predictions for the solar neighbourhood (Matteucci & Greggio 1986) . 
Thus our assumed SNela rate seems to be reasonable. 

In summary, stars in different mass ranges contribute to galactic enrichment in a 
different way: 

l. For low and intermediate stars (0.8 M0 ~ M~ 8 M0 ) we use the RV81 nucleosyn-
thesis calculations for a value of the mass loss parameter rJ = 0.33 (Reimers 1975) 
and the mixing length aRv = O and aRv = 1.5. The initial chemical composition is 
either Z =O or Z = 1/100 Z0 . If aRv -=/=O, intermediate-mass stars can produce ni-
trogen in a 'primary' way during the third dredge-up episode, in conjunction with the 
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Figure 5.3: Yields from massive and intermediate stars for the case B. 
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Table 5.3: Nucleosynthesis prescriptions 

Case Z aRv 

A O O 
B O 1.5 
c o.o1 Z0 o 
D o.o1 Z0 1.5 

Z is the abundance of the unprocessed gas. If Z =O, we assume a mass fraction of 
hydrogen X = 0.77 and consequently a mass fraction of helium Y = 0.23. The solar 
abundances adopted are taken from Anders & Grevesse (1989). 

hot-bottom burning, during the thermal-pulsing phase occurring when these stars 
are on the asymptotic giant branch (see section 3.2.3). 

2. For massive stars (M > 10 M0 ) we adopt the case B in the WW nucleosynthesis 
results, focusing our attention on the models with Z =O and Z = 1/100 Z0 . These 
stars are responsible for the production of the a-elements (0, Mg and Si) and for 
part of the iron. Moreover, massive stars can also produce primary N, as suggested 
by Matteucci (1986). In the nucleosynthesis prescriptions of WW there is some 
primary N from massive stars but is negligible. Other authors (Heger & Langer 
2000; Meynet & Maeder 2001) suggested that rotation in massive stars can produce 
an efficient mixing in the stellar structure and thus a significant amount of primary 
nitrogen. However, even in these models the bulk of nitrogen is stili produced in 
intermediate-mass stars, in particular in the mass range 5 M0 ~ M ~ 7 M0 . The 
stars in the mass range 8 M0 ~M~ 10 M0 produce mainly He and some C, N and 
O. 

3. For type la SNe we follow the results of Nomoto, Thielemann & Yokoi (1984; hereafter 
NTY) adopting their model W7. In this model, every type la SN restores into the 
ISM "' 1.4 M0 of gas. Most of this gas is ejected in the form of Fe ("' 0.6 M0 ) and 
the rest is in the form of elements from C to Si. 

In Table 5.3 we present a brief summary of the nucleosynthesis prescriptions adopt-
ed in our models. Note that each of these cases can be adopted for the three different 
hydrodynamical models. Thus, for instance, hereafter with model M1B we intend the 
hydrodynamical model M1 with the chemical option B. 

Energy input 

The energy input into the ISM due to the stellar activity is taken into account in eq. 
5.6 through the term t:o = 3kTo/2!-L, where k is the Boltzmann constant. The injection 



5.3. SIMULATIONS 65 

temperature can be written as: 

(5.17) 

where kT*, kTn and kT1a are the energy per unit mass in the ejecta of stars, SNeia and 
SNeii, respectively (see e.g. Loewenstein & Mathews 1987 for more details). 'Tlii and 'Tlla 
represent the efficiency with which the energy of the stellar explosions is transferred into 
the ISM for SNeii and SNeia, respectively. We have extensively described this process 
in Chapter 2. We assume that 1051 erg of mechanical energy are produced during the 
explosion of both types of supernova. However, we assume rn1 = 0.03; only 3 per cent of 
the energy explosion is available to thermalize the ISM, while the rest is radiated away. This 
prescription is taken from Chapter 2 and from the work of Bradamante et al. (1998), who 
studied in detail the chemical evolution of blue compact galaxies. Actually, some debate 
is present in literature about the efficiency of the SNII in heating the ISM in starbursts. 
We stress however that the real values of the thermalization efficiencies of SNia and SNII 
are impossible to assess because the actual uncertainties about the local "microphysics" 
( evaporation, drag, interaction SNR-cloud, etc.) make useless an explicit calculation of the 
"true" efficiency value based on simple formulae. In section 5.3.1 we consider two limiting 
cases in which the thermalization efficiency of type II SNe is substantially higher than 
0.03. In a first model (model ML) rn1 increases linearly with time and in a second model 
(model MT) 'Tlii = l. These two models however are not successful in describing IZw18, as 
discussed in section 5.3.1. 

For the SNia explosions, instead, we assume 'Tlla = l because the SNRs expansion occur 
in a medium already heated and diluted by the previous activity of SNII (see Chapter 2 
for a more detailed discussi o n about this point). 

It is worthwhile to note that we neglect the energetic contribution of stellar winds from 
massive stars, according to the results of Bradamante et al. (1998) who showed that the 
injected stellar wind energy is negligible relative to the SN energy in this kind of galaxies 
and to the results of Leitherer et al. (1999) . This is mostly a consequence of the low initial 
metallicity adopted (Z = O or Z = 0.01 Z0 ), because the mass loss from stars strongly 
depends on their metallicity (see e.g. Portinari et al. 1998 and references therein). 

5.3 Simulations 

5.3.1 Dynamical results 

Our reference model is Ml. In addition, we ran two other models, M2 and M3, which have 
the same potential well (see Table 5.2). In model M2 the mass Mburst of gas turned into 
stars is halved in comparison with Ml. In this case two competing effects are expected. On 
one hand, half of the metals are produced and the resulting increase in the metallicity of 
the ISM is expected to be lower; on the other hand, the galactic wind luminosity powered 
by SNe is also halved, stellar ejecta are expelled less effectively from the galaxy and the 
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enrichment of the galactic ISM tends to be higher. Two competing tendencies are also 
present in model M3 which has nearly one fourth of the ISM mass in comparison with 
Ml. In this case the stellar ejecta mixes with less gas and the metallicity of this gas is 
thus expected to become higher than in M1, but in this case the wind is favoured and less 
metals are retained by the galaxy, resulting in a lower chemical enrichment. We also show 
model MC, similar to M1, to study the action of heat conduction. 

As stated in section 5.2.2, we will briefiy describe other models with thermalization 
effi.ciencies 1JII f=. 0.03: a model (model ML), in which the thermalization efficiency of type 
II supernovae is monotonically increasing with time, a model (model MLbis), similar to 
model ML, but in which the cooling function is metallicity-dependent and finally a mode! 
(mode! MT) with rnr = l. 

In order to discuss the hydrodynamical behaviour of the gas we recall briefiy a few 
results about bubble expansion in stratified media (Koo & McKee 1992, and references 
therein). The density gradient of the unperturbed ISM being much steeper along the z 
axis, the expansion of the outer shell occurs faster along this direction (see Chapter 2). A 
bubble powered by a constant wind with velocity Vw, mass loss rate M and mechanical 
luminosity Lw = 0.5MV; is able to break out from a gaseous disc if Lw > 3Lb, where the 
criticalluminosity is Lb is given by the formula 2.26, namely Lb = 17.9poH;trc3. 

In our models the effective scale height Hetr rv 300 pc. If the wind luminosity is larger 
than Ln rv 0.35mLb, where m= Vwfc0 , the wind blows directly out ofthe planar medium, 
at least in directions dose to the axis. If, instead, Lw ~ Ln the formation of a jet is possible, 
in which the wind is shocked and then accelerateci again to supersonic speeds through a sort 
of de Lavai nozzle createci by the shocked ambient medium. Kelvin-Helmholtz instabilities 
tend to distort the nozzle, and stable jets can exist only for f3 = eh/ co ~ 30, where eh is 
the cavity sound speed (Smith et al. 1983). 

Model Ml 

For model M1 Lb = 2.8 x 1036 erg s-1. Actually, Lw is not constant in our simulations. 
However, as a representative value, for the wind powered by SNell we have Lw rv 2 x 1038 

erg s- 1 (cf. Fig. 5.13) and m rv 300, thus the bubble carved by this wind is able to break 
out. Note that Lw < Ln, so that a jet-like structure is expected. As shown in Fig. 5.5, 
a jet actually propagates with a shock velocity Vs rv 3 x 106 cm s-1 after 30 Myr. This 
figure also shows that the bubble shell on the symmetry plane has reached the maximum 
allowed value (Koo & McKee 1992) Rmax = 0.72Hetr(Lw/ Lb) 116 

rv 440 pc. 
The SNII wind lasts a relatively short time (29 Myr), and is then replaced by a weaker 

SNia wind with Lw rv 2 x 1037 erg s-1 (cf. Fig. 5.13) and m rv 200. The existing jet cannot 
be sustained by this wind and is inhibited before breaking out. The bubble as a whole 
stops to grow, and the incoming shocked wind pushes a large fraction of the hot SNII ejecta 
against the dense and cold cavity walls. Thus most of these ejecta would be located dose 
to the cavity edge. The thermal evolution of these ejecta is difficult to assess. Given the 
spread of contact discontinuities due to the numerica! diffusion, the ejecta partially mixes 
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with the cold wall of the cavity, so that a large fraction of these metals cools off. Actually, 
as discussed by DB, several physical processes, such as thermal conduction and turbulent 
mixing, produce a similar effect. In model MC we consider explicitly heat conduction, but 
neglect the turbulent mixing (Breitschwerdt & Kahn 1988, Kahn & Breitschwerdt 1989, 
Begelman & Fabian 1990, Slavin, Shull & Begelman 1993) which is very complex and nearly 
impossible (and probably even meaningless out of a fully 3D simulation) to implement into 
the code. 

The bubble inflated by the SNia wind is likely to break out through a nozzle. We note, 
however, that the gas distribution in front of the bubble along the z direction is modified 
by the expansion of the outer shock generated by the previous SNII activity; although the 
powerful SNII wind is ceased, this shock continues to expand with increasing velocities 
(Vs ,...., 107 cm s-1 at t = 342 Myr) because of the steep gradient of the unperturbed 
ISM density profile. At these shock velocities, the post-shock gas cools quickly and its 
temperature is T = 103 K (the minimum allowed in our computations) everywhere with 
the exception of a 'rim' behind the shock, where T ,...., 3 x 105 K. The density gradient of the 
upwind gas experienced by the SNia bubble is shallower, and the break out is contrasted. 
This can be seen in Fig. 5.6, where the hot bubble is shown to grow very little up to 
t,...., 300 Myr. 

The gas in the bubble radiates inefficiently because of its low density (n ,...., 3 x 10-4 

cm-3 ) and its temperature is,...., 2 x 106 K. Shears are present at the contact surface between 
hot and cold gas, which is thus Kelvin-Helmholtz unstable. For this reason the cavity is 
irregularly shaped at this stage. 

Subsequently, since the surrounding cold gas is in expansion, the hot gas is finally 
able to break out carving a long tunnel. This tunnel has the de Laval nozzle structure, 
with the transverse section increasing with z. We note the presence of Kelvin-Helmholtz 
instabilities at the wall of the nozzle. This is due to the fact that f3 ,...., 30, so the nozzle is 
only marginally stable. 

The shocked wind is accelera t ed again to supersonic speeds through this nozzle (ve-
locities V,...., 4 x 107 cm s-1 and Mach numbers M ,...., 8). When the jet is well developed 
(t= 342 Myr in Fig. 5.6), the minimum radius of the nozzle is Rn ,...., 100 pc. 

The acceleration of the cold shell in front of the jet causes it to be disrupted by the 
Rayleigh-Taylor instabilities, and the hot gas leaks out . Contrary to the previous works 
where the SNia activity was not considered, at these late times the central galactic region 
is not yet replenished by the cold surrounding gas. Taking into account the Type la SN 
rate (eq. 5.17), we stress that this will happen after,...., 2 Gyr, when Lw = 2Lb. 

In Fig. 5.13 we have plotted mass, energy and luminosity budget inside the galaxy. 
From the central panel of this figure we note that the energy of SNe never becomes larger 
than the binding energy, although some gas is definitively lost from the galaxy, as it is 
apparent from the numerical simulation. This indicates that ballistic arguments cannot be 
adopted properly to calculate ejection efficiencies. In fact, an element of fluid can acquire 
energy at the expense of the rest of the gas through opportune pressure gradients, thus 
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Figure 5.5: Density contours and velocity fields for the model M1 at different epochs, 
during the SNII activity. The density scale (logarithmic) is given in the strip on top 
of the figure. In order to avoid confusion, we draw only velocities with values greater 
than 1/10 of the maximum value. This is true also for Figs. 5.6- 5.12. 

increasing its velocity beyond the escape velocity. 
The thermal energy shows in particular two drops at t"" 30 Myr and at t"" 160 Myr. 

The second drop refl.ects a decrease in the hot gas content, while the first one cannot be 
associateci at any particular hot gas loss. In fact this drop coincides with the discontinuity 
SNII/SNia, when the specific energy injection falls by a factor "" 10. Thus the thermal 
content of the bubble decreases via radiative cooling, although its temperature remains 
larger than 2 x 104 K, which is the threshold adopted to define hot regions in the upper 
panel of Fig. 5.13. The fall-off at t "" 160 Myr is instead due to the presence of large 
eddies which move part of the hot gas outside the galaxy. We finally point out that at the 
beginning of the SNII activity the X-ray emission is absent (see lower panel of Fig. 5.13) 
because the energy injection is not able to rise the cavity temperature over T = 7 x 105 K, 
which is the threshold adopted to define the X-ray emitting gas. 

Model M2 

In this model, Lb is the same as in M1, but Lw is a factor of 0.6 lower. The dynamical 
evolution is rather similar to that of the previous model. Obviously the bubble is smaller 
at the end of the SNII activity. Quite surprisingly, however, the nozzle carved by the 
SNeia breaks out earlier than in Ml. Note that in this case Lw/ Lb < 10, and the nozzle 
is stable and well shaped. Actually, this condition is equivalent to the condition f3 ~ 30 
expressed above (Koo & McKee 1992) and, for this model, we find f3 "" 25. Kelvin-
Helmholtz instabilities are present, but they are carried away by the fl.ow before they can 
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Figure 5.6: Late evolution of Model Ml at different epochs. 
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Figure 5. 7: Early evolution of model M2 
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Figure 5.8: Late evolution of Model M2 
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Figure 5.9: Early evolution of model M3 
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Figure 5.10: Late evolution of Model M3 
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Figure 5.11: Early evolution of model MC 
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Figure 5.12: Late evolution of Model MC 
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Figure 5.13: Energy, luminosity and mass budget inside the galaxy for model Ml. 
Hot regions are defined as the regions where T> 2 x 104 K. Lx indicates the emission 
from gas with T > 7 x 105 K (emission in the X-ray band), while Ltot is the total 
emission. 
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grow significantly. Less energy is dissipateci by the turbulence and is more easily channelled 
through the nozzle. 

Model M3 

Because of the lower ISM density, we have Lb = 7.5 x 1035 erg s-1 for this model, so that 
Lw > Ln during the SNII stage. In this case the galactic wind breaks out rather vigorously, 
and the evolution of the gas is similar to that found in other theoretical works (Suchkov 
et al. 1994, De Young & Heckman 1994, MF, DB). A prominent lobe is formed, which is 
similar to that described by MacLow, McCray & Norman (1989) in their fig. 2. The shell 
accelerates and becomes Rayleigh-Taylor unstable, expelling the hot interior. The breakup 
occurs at the polar cap, where the ISM has the lower density and pressure. The hot gas 
which blows out of the bubble produces the jet-like structure visible in Fig. 5.9. Note 
that the outer shock initially is rather slow (Vs "' 5 x 106 cm s-1 ), and then accelerates 
somewhat up to Vs = 1.6 x 107 cm s-1. Thus, also in this model the shocked gas never 
reaches high temperatures and most of the lobe volume is cold. 

Fig. 5.10 shows the late dynamical evolution of the gas. The gas flow expands along a 
conica! configuration, inside a solid angle which remains constant during all the simulation. 
The ISM outside this funnel remains substantially unperturbed. Actually, the aperture of 
the eone in our model is evidently dictated by the assumed structure of the ISM and could 
be not realistic. However, given that no falling back or fountain is expected by the expelled 
materia! which is kept in expansion by the SNeia, the final chemical characteristics of the 
gas inside the galaxy are not affected by the exact structure of the 'chimney' . 

Concerning the distribution along the z direction, the lobe of outflowing gas can be 
grossly divided in three regions. The most external one, far from the galaxy, is bounded by 
the outer shock and hosts mainly shocked, low-density external medium. The inner region 
is filled with gas ejected by SNeia and low-mass stars. Between these two regions there is 
the gas of the 'first' bubble (where the ejecta of SNII are present), which is quickly cooled 
to low temperatures. At t "' 150 Myr, the shell of the small bubble breaks, like the first 
one, and the hot gas flows forward into the lobe rising its temperature up to 106 K. 

Just before breaking out, the superbubble reaches the edge of the galaxy even along 
the R-axis, pushing out all the unprocessed gas present, and almost all the galaxy is covered 
by the hot cavity. As the breakout occurs, the bubble shell shrinks slightly and part of 
it comes back into the galactic region producing the rise of the mass of hydrogen and the 
other elements (cf. Fig. 5.18). This happens in coincidence with the pressure decrease in 
the SNia hubble following the rupture of the unstable shell, as discussed above. 

Model MC 

In Figs. 5.11 and 5.12 we show model MC, identica! to model M1 but with the heat 
conduction activated. In order to take into account the thermal conduction, we solve the 
heat transport term through the Crank-Nicholson method which is unconditionally stable 
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and second order accurate (see DB for more details). In this model the cavity is less 
extended than in M l because of the increased radiative losses due to the evaporation front. 
During the SNII stage the hubble never extends beyond Heff· Thus the "nose" present 
in Ml does not develop, and the hubble has a more round aspect (Fig. 5.11). Thermal 
conduction smooths temperature inhomogeneities and the cavity is more regularly shaped 
also at later times (see Fig. 5.12). Less energy is dissipated through eddies, and the final 
break out is slightly anticipated compared to model Ml. The resulting outflow is stable 
and well-shaped. The fraction of cold ejecta does not change substantially compared to 
model Ml (a discussion about this point is given below). 

Model ML and MT 

Although the assumption of a low thermalization efficiency of Type II SNe is based on 
accurate physical calculations (cf. Chapter 2), we stress that the sharp transition between 
the low thermalization efficiency of Type II SNe and the high value for the Type la ones, 
could be unphysical. As described in Chapter 2, numerica! simulations of the evolution of 
SNR in cloudy media (Melioli 2000) could argue in favour of a sharp transition between an 
initial phase with low thermalization efficiency and a late phase in which radiative losses 
are negligible, but nevertheless two limiting cases in which 7JII increases linearly with time 
and in which 7JII = l could be interesting to study. 

We assume in model ML a simple linear growth of the thermalization efficiency for 
Type II SNe 1JII with time; starting from zero initial value, the thermalization efficiency 
reaches the maximum value rn1 = l at the transition between SNeii phase and SNela phase, 
i.e. the lifetime of an 8 M0 star (,....., 29 Myr). 

We ran model ML for about 70 Myr. The resulting superbubble expansion at different 
times is shown in Fig. 5.14. As evident from this figure, after an initial slow evolution of 
the superbubble, a breakout occurs around ,....., 22 Myr, the supershell accelerates and the 
following evolution is very fast (a t t ha t moment the thermalization efficiency is 1JII "" O. 7). 
After ,....., 30 Myr more than 90 % of the gas is escaped outside the galactic regions. The 
extension of the supershell is around 10 Kpc, more than 10 times the dimension of the 
observed shells in IZwl8 (see following section for more details). 

Finally we rana model (model MT, not shown here) similar to Ml, but with 1JII = l. 
The galaxy is almost devoided of gas already after ,....., 12 Myr (a part for the tenuous galactic 
wind). The time-scale for the galactic replenishment (the SNia wind cannot preserve an 
empty region so large) is at least Rh/co,....., 200 Myr. Actually, due to the retarding effect of 
the centrifugai force, in our simulation most of the galaxy is replenished after ,....., 450 Myr. 
The age of the (last) burst occurred in IZwl8 is estimated to be ::; 27 Myr (see below), 
thus its actual content of gas rules out the possibility of a high 1JII, either 1JII monotonically 
increasing with time, or 7JII = 1.. Note that our assumption that all energy injection 
occurs in the centrai region leads to the most effective gas removal for a given luminosity 
(Strickland & Stevens 1999). 
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Figure 5.14: Density contours and velocity field for model ML at different epochs. 

Model MLbis 

As described also in Chapter 2, Sutherland & Dopita (1993) have calculated in detail the 
cooling function of an optically thin plasma in collisional equilibrium as a function of the 
metallicity. We have approximated the cooling curves of Sutherland & Dopita with simple 
analytical formulas and the resulting best-fitting curves are shown in Fig. 5.15. The light 
lines are the originai calculations of Sutherland & Dopita ( the same lines shown in Fig. 
2.2), whereas the heavy lines are our polynomial best-fittings. 

With our chemo-dynamical approach we are able to calculate the metallicity distri-
bution in space and time, thus we are in the condition to calculate the energy radiated 
in each grid point in a very accurate way. We implemented this algorithm in our chemo-
dynamical code and we thus ran a model, similar to model ML, but with the cooling 
function metallicity-dependent, just to study the effect of this dependence on the global 
dynamical evolution of the system. The results of this simulation are shown in Fig. 5.16. 

Comparing Fig. 5.14 and Fig. 5.16 we can note that in model MLbis the breakout is 
slightly anticipated (it occurs at t,...., 21 Myr). The reason is that the metallicity reached in 
the shell is slightly under-solar, thus less radiative losses are expected in model MLbis (and 
more energy is available to sustain the galactic wind). The late evolution of models ML 
and MLbis are rather similar. The reason is that the temperature of the funnel is rather 
high (T,...., 107 K) and in this phase bremsstrahlung processes dominate. As evident in Fig. 
5.15, the effect of metallicity for temperatures larger than 107 K is almost negligible. 
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Figure 5.15: Cooling curves of optically thin plasmas in collisional equilibrium as a 
function of metallicity. Light curves are the originai calculations of Sutherland & 
Dopita (1993) , whereas the heavy curves are our polynomial approximations. 
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Figure 5.16: Density contours and velocity field for model MLbis (i.e. with the 
metallicity-dependent cooling function) at different epochs. 
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ISM ejection efficiencies 

It is useful to define the efficiency of gas removal from the galaxy. This efficiency cannot 
be unambiguously defined as in the case of ballistic motions because of dissipative effects 
which may play a very important role (DB) . For this reason we simply define the efficiency 
!IsM by dividing the mass of the gas which has left the galaxy by the total mass of the ISM. 
In a similar way we calculate the efficiency in the ejection of materia! from SNII UsNir), 
intermediate-mass stars (frMs) and SNia (fsNra)· 

The upper panels of Fig. 5.18 show the masses of the different elements removed 
from the galaxy as functions of time. The relative proportions between masses of different 
elements are essentially those expected by a Salpeter IMF andare not substantially affected 
by selective dynamicallosses. For the model M1B, we point out that the masses of metals 
lost from the galaxy declines after reaching a maximum at t,......, 200 Myr. This maximum is 
mirrored by a minimum in the masses of metals inside the galaxy. This behaviour is due 
to the fact that, at this time, the large hot blob visible in Fig. 5.6 (second panel) extends 
over the galactic edge (R direction) thus inducing a large loss of ISM (mostly H and He). 

W e calculate the efficiency a t t ,......, 200 Myr an d a t the end of the simulation (t ,......, 375 
Myr), obtaining UrsM, fsNir, fsNra, !IMs) = (0.43, 0.38, 0.25, 0.38) and UrsM, fsNir, fsNra, 
!IMs) = (0.07, 0.17, 0.20, 0.26), respectively. Thus, at t,......, 200 Myr the products of the SNII 
and IMS have been ejected more easily than the products of SNeia. This is of course due 
to the fact that SNia materia! is located in a region closer to the galactic centre. After the 
break up all the efficiencies decrease, and in particular fsNII shows the greatest reduction. 
In fact, the SNII ejecta inside the galaxy are 'incorporated' into the cold, dense shell of the 
cavity and do not experience any substantial further dynamical evolution (see discussion 
in section 5.3.1 and Fig. 5.6); at the break out the bubble shrinks and its walls recede 
entirely in the galaxy, increasing its content of SNII ejecta. Contrary to the expectations, 
the higher efficiency is given by !IMs instead of fsNia· This is due to strongly unsteady 
behaviours of the nozzle wall. 

In model M2, where a nearly steady fiow is obtained, we actually have fsNn < !IMs < 
fsNia· At t ,......, 300 Myr it is UrsM, fsNir, fsNra, frMs) = (0, 0.06, 0.32, 0.12) in this model. 
For this model the difference in efficiencies between the total gas and metals is particularly 
striking and indicates that the differential galactic wind assumption, adopted in several 
one-zone chemical models, is a natural outcome in this scenario. In particular we note 
that at late times the galaxy is almost completely replenished by gas. In fact, as evident 
in Fig. 5.8, the nozzle has a rather small section (Rn ,......, 85 pc) and the volume of the 
cavity is negligible compared with the galactic volume. The more regular hydrodynamical 
behaviour refiects also in the more regular temporal trend of the ejected masses. Note that, 
as expected, in M2 the galactic wind starts later in comparison with Ml. 

Model M3 predicts of course the maximum amount of metals lost and is also the 
first in which the break out occurs. The striking minimum in the metal contents of the 
galaxy occurring at t ,......, 130 Myr is due to the dynamical behaviour of the bubble shell, as 
discussed above. The efficiencies for the model M3 a t the end of the simulation (t ,......, 4 70 
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Myr) are (!IsM, fsNn, !sNia, !IMs) = (0.77, 0.85, 0.97, 0.87). 

5.3.2 Instantaneous versus delayed mixing 

In the previous models a large fraction of the stellar ejecta cools quite soon and a rapid 
mixing is expected given the relatively short diffusion time at these temperatures (for a 
comparison of the diffusi o n times in the different ISM phases, see for example Tenori o-Tagle 
1996). This is an important point in view of the confrontation of the results of our models 
with the observable abundances ofiZwl8 (cf. section 5.3.3), and deserves some discussion. 

Rieschick & Hensler (2000), for instance, presented a chemo-dynamical model of the 
ISM of a dwarf galaxy in which the metal enrichment undergoes a cycle lasting almost l 
Gyr. This model is based on the scenario described in Tenorio-Tagle (1996). In this scenario 
the breakout is inhibited and the SNII ejecta (SNeia are not considered), mixed with hot 
evaporateci ISM, are located inside a large cavity which extends above (and below) the 
galactic disc. Typical parameters of this cavity are the linear size d > l kpc, the density 
ne = 10-2 cm-3 and the temperature Te = 106 K. After the last SN explosion, strong 
radiative losses occur. However, given the density and temperature fluctuations in the hot 
medium, cooling acts in a differential way. This leads to condensation of the metal-rich 
gas into small molecular droplets (Re ,....., 0.1 pc, Mc ,....., l M 0 ) able to fall back and settle 
on to the disc of the galaxy. With the next exploding stellar generation, the droplets are 
dissociateci and disrupted, and their gas is eventually mixed in the HII regions. 

Here we point out some caveat concerning this scenario which should be taken into 
account. 

Thermal conduction- Thermal conduction, if not impeded by magnetic fields andjor 
plasma instabilities, introduce, together with radiati ve losses, the characteristic Field length 
(Begelman & McKee 1990, Lin & Murray 2000) , already introduced in Chapter 2: 

( 
3/'i,(T)T ) 1

/
2 

ÀF = n2f3(A(T) 

where /'i,(T) = 6 x 10-7T 2·5 erg cm- 1 K-1 is the classica! thermal conductivity (Spitzer 
1956) and n the gas density. The cooling rate scales linearly with the metal content ( of 
the gas ( ( = l for salar abundance). The parameter {3 takes into account the possibility 
that the cooling gas may be out of ionization equilibrium; Borkowski, Balbus & Fristrom 
(1990) have shown that {3 may be as high as 10 through conductive fronts. 

Clouds undergo evaporation unmodified by radiative losses if they are sufficiently 
small, Re < ÀF. Assuming Te = 106 K and ne = 10-2 cm-3 , Tenorio-Tagle obtains 
Re < 10 pc for the radius of the overdense zones at the beginning of their implosion. 
Adopting {3 = ( = l and A = 1.6 x 10-18T-0·7 ergs cm3 s-1 for 105 K ~ T ~ 107·5 K 
(MacLow & McCray 1988) , we obtain ÀF ,....., 138 pc. Even assuming {3 = 10, ÀF ,....., 44 
pc remains larger than Re. Thus the rate of conductive heat input exceeds that of the 
radiative losses and the cloud collapse is inhibited. This result derives from the generai 
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property of the evaporation to stabilize thermal instabilities (Begelman & McKee 1990). 
Actually, Tenorio-Tagle obtained Re rv 10 pc as a lower limi t for the radius value of clouds 
able to implode. As a consequence, perturbations with a size larger than Àp can actually 
grow. A non negligible fraction of gas mass would condense only for a rather flat size 
spectrum of the fluctuations. 

We point out that, even if droplets actually form, they evaporate in a time Te = 
Mc/ M. Droplets have rather small final radii of order 0.1 pc (Tenorio-Tagle 1996). In this 
case they undergo the saturated evaporation M = 1.22 x 10-14T 2·5 Rca-518 g s-1, where 
a= 3 x 1018 (T/1.54 x 107) 2/(nRc) is the saturation parameter (Cowie, McKee & Ostriker 
1981). For Mc rv l M 0 we have Te rv 40 Myr, comparable to the dynamical time Td (see 
below). Thus all the droplet materia!, or at least a large fraction of it, returns into the hot 
phase before reaching the galactic plane. 

Drag disruption - Suppose that thermal conduction is impeded and that droplets with 
final Re rv 0.1 pc actually form and fall toward the galactic plane. During their descent the 
droplets experience a drag reaching a terminai speed Vi rv (xRc/d) 0·5Vc, where x= 105 is 
the ratio of the droplet density to the hot gas density, d rv l kpc is the droplet distance 
to the galactic plane, and Ve is the circular velocity of the halo potential. The motion of 
the droplet relative to the hot gas leads to mass loss through Kelvin-Helmholtz instability. 
For wavelengths À rv Re the stripping time-scale is Ts rv Rcx0·5 /Vi = T d (Re/ d) 0·5 (cf. 
Lin & Murray 2000), where Td = d/Ve is the dynamical time. The droplets are thus 
disintegrateci before they settle to the galactic plane, returning to the hot diluted phase. 
Larger droplets may not be able to attain their terminai velocity, but even in this case we 
have Ts/Td rv x0·5 fic/d < l. 

As an aside, we note that, ifa large fraction of the hot gas becomes locked into droplets, 
the pressure of the remaining diluted phase reduces and the cavity shrinks. Whether 
the hubble deflates slowly or suddenly and producing turbulence depends on the droplet 
formation efficiency. Thus, the scenario depicted by Tenori o-Tagle of a nearly steady ho t 
cavity with size of > l kpc waiting for the onset of radiative cooling could be incorrect. 
Part of the droplets could be overrun by the edge of the imploding hubble, undergoing an 
even faster stripping. 

Let us consider now the results shown in the present chapter. Contrary to the scenario 
sketched above, the ejecta cool rapidly without leaving the galaxy ( until the break-out, 
which occurs at late times) and without undertaking a long journey before mixing with 
the ISM. How much are these results reliable? MacLow & McCray (1988) showed that 
a conductive hubble expanding in a uniform medium becomes radiative (i.e. radiates an 
energy comparable to the thermal energy content of the shocked wind) after a time: 

when the cavity radius is: 
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Far t > tR the bubble goes out of the energy conserving regime, although a fully momentum 
conserving regime is never attained. Considering model Ml, we assume f3 = ( = l, L3s = 2 
and n = 1.8 cm-3 , and we obtain tR = 12.6 Myr and RR = 310 pc. Thus, in the case of 
a uniform unperturbed medium the bubble interior would cool quite early, when it is still 
well inside the galaxy. 

Mac Low & McCray also considered the expansion in a stratified medium. Equating 
the radius of a spherical bubble to approximatively one effective scale height Hetr they 
define the dynamical time: 

(5.18) 

Then the ratio of cooling to dynamical time-scales is: 

tR = 8_22n -35/33 L 20/33 ( Hetr ) -
5

/
3 

(/3() -35/22, 
tn 38 lOOpc 

(5.19) 

(note that the numerica! coefficient in this expression slightly differs from that obtained by 
Mac Low & McCray). Far model Ml we obtain tR/tn""' 1.08 during the SNII stage. Thus 
a non negligible fraction of the wind luminosity is radiated away (see also Fig. 5.13), and 
the break out does not occur. Far Model M3, where n ""' 0.5, we have tR/tn ""' 4.2, and 
the situation, in principle, is less clear-cut (see, however, below in this section) . 

Although models Ml, M2, M3 do not take explicitly into account heat conduction, yet 
they obtain results in agreement with the above scenario. In fact, as pointed aut in section 
5.2.3, numerica! diffusion simulates thermal conduction originating spurious radiati ve losses 
which otherwise would be absent. Of course, this spurious cooling does not reproduce 
quantitatively the same amount of radiation lost through a real heat conduction front, 
and the fraction of cold ejecta obtained in our models could be larger than the correct one. 
Some algorithms may be conveniently adopted to reduce this effect. Consistent advection 
(Stone & Norman 1992) is implemented in our code and helps in reducing somewhat the 
diffusion, making it consistent far all the advected quantities (mass, momentum, energy). 
We also made tests modifying the cooling algorithm in presence of unresolved contacts, 
following Stone & Norman (1993). Although the fraction of cold ejecta reduces of 15 per 
cent, most of the metals (r-v 80 per cent) remain cold. We point aut, however, that in 
presence of a unresolved conduction front, the above algorithm may lead to an excessive 
reduction of the radiative losses (see below). 

In any case the intrinsic diffusion of the code may be alleviateci but not eliminateci by 
algorithms as those described. In principle, more realistic models can be dane explicitly 
adding the physical terms which produce diffusion. Far this reason we also ran model MC, 
where the heat transfer is included. In this model the amount of cold metals does not 
change appreciably. However, although model MC is useful to understand the stabilizing 
effect of heat conduction on a turbulent flow, it turns aut to be inadequate to obtain 
the correct cooling rate at the conduction front. Consider the temperature profile of a 
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"standard" bubble Tb(l- r/rb) 215 (Weaver et al. 1977), where Tb = 106 K is the centrai 
temperature, and rb = 300 pc is the bubble radius. The cooling curve maximum occurs at 
T "' 2 x 105 K. This temperature is found at r /rb = 0.98, i.e. at a distance of 6 pc from 
the cold shell. At a distance of 300 pc the mesh size is "' 15 pc, and the conduction front 
is not resolved properly. Thus, we also ran models MCH and MCHH (not shown here) 
with heat conduction and with a uniform grid with mesh sizes of 2 and l pc respectively. 
These models were computed only up to the end of the SNII activity because of the large 
number of grid points involved. 

The four panels in Fig. 5.17 show the profiles along the galactic plane (z = O) of 
several quantities for models Ml, MC, MCH and MCHH at nearly 30 Myr. As expected, 
the resolution of the temperature profile is not improved in MC and the temperature jump 
remains unresolved. In MCH, instead, this jump extends over 2-3 meshes and in MCHH 
over 4-5, as expected. The fraction of cold ejecta is 0.95, 0.95, 0.93, 0.92 for Ml, MC, 
MCH, MCHH respectively. Despite the greater accuracy, the fraction of cold ejecta in 
MCH and MCHH is only few percent lower than in Ml. This occurs because the bubble 
is "genuinely" radiative, and a high spatial resolution may slightly delay the cooling, but 
cannot avoid it. 

W e stress once more (cf. section 5.2.3) that i t is very difficult to give the correct 
description of the contact discontinuity at the outer edge of the hot cavity, for the presence 
of complex hydrodynamical phenomena occurring there. These phenomena tend to produce 
a finite thickness of the contact, giving rise to a substantial cooling otherwise absent. The 
correct evaluation of such a cooling is however very difficult to assess. Even restricting 
ourselves to the simple case of heat conduction, the possible lack of ionizing equilibrium 
and the numerica! diffusion both increase radiative losses. The first effect is physical and 
could be described solving step by step the time dependent set of ionization equations. The 
second is a spurious result due to numerica! diffusion of the code which must be reduced 
as much as possible. We believe that our convergence test (cf. fig. 5.17), as well other ID 
tests not shown here, indicates that our results are significative. We are aware of the fact 
that more refined simulations may produce somewhat different values of the cooled mass 
of the ejecta, but we think that the large fraction of resulting cooled ejecta is a genuine 
result. 

As pointed out above, equation (5.19) gives an ambiguous prediction about the be-
haviour of M3. We therefore ran also this model on a uniform grid with 2 pc resolution (up 
to t= 30 Myr) adding heat conduction. The overall dynamics of the superbubble remains 
the same, and the fraction of cold ejecta turns out to be 6 per cent lower than in the low 
resolution model. We thus conclude that the results obtained by our models are reliable. 

At the end of this section we mention the effects expected in the case of a non-
uniform initial ISM. Actually, gas clouds are embedded in the pervasive diffuse gas of the 
galaxy. However, a correct numerica! treatment of the interaction between these clouds 
and the ambient gas introduces enormous complications in the description of the involved 
physics and needs full 3D computations with a huge number of meshes. We here just make 
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Figure 5.17: Density (heavy soli d lines), ejecta ( dashed lines) an d temperature (light 
solid lines) profiles for models Ml (first panel starting from top), MC (second panel), 
MCH (third panel) and MCHH (bottom panel) near the conduction front, along the R 
direction, after "" 30 Myr. The diamonds superimposed to the temperature profiles, 
indicate the mesh points of the grid for each numerica! simulation. 
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some simple considerations following McKee, Van Buren & Lazareff (1984). These authors 
describe the behaviour of a hubble generateci by an O star and expanding in a cloudy 
medium. Because of the flux of ionizing photons emitted by the star, the nearby clouds 
undergo photoevaporation and accelerate away through the racket effect. Essentially no 
cloud survives up to a radius Rh, and the gas density inside this radius increases to a value 
0.5nm, i.e. half of the mean density the cloud gas would have if it were homogenized. 
The wind hubble evolution depends on the value of L* = Lw/Lst, where Lst = 1.26 x 
1036 (8l9/nm) 113 and 849 is the rate at which the star emits ionizing photons in units of 
1049 ç 1. For weak winds (L* « l) the hubble radius is smaller than Rh and it evolves 
"normally" (Weaver et al. 1977). For moderate winds (L* ,...., l) the hubble expands to 
the edge of the cloud distribution because photo-evaporated gas induces radiative losses 
reducing the pressure. Finally, for L* ~ l the hubble rapidly engulfs a number of clouds 
and radiates away most of its internai energy. This scenario cannot be directly applied to 
a star burst as a whole. In fact clouds are also present inside the star formation region, 
partially screening the flux of ionizing photons escaping from this region. However, even 
assuming that this effect is negligible, in our model L* ,...., 3. We in fact computed 849 

running remotely at the site http:/ fcoaticook.stsci.edu (Leitherer et al. 1999) a burst 
model tailored on that assumed here. The number of UV photons produced by massive 
stars remains nearly constant (849 = 584 s-1) up to 5 Myr, and then drops as C 4 . For 
nm = 1.8 cm-3 dose to the galactic disc, we have Lst = 7 x 1037 erg s-I, lower than Lw. 
Of course, along the z direction Rh could move much further, but the ionizing flux starts to 
decline rather soon, and the cloud distribution remains nearly unaffected. Thus the hubble 
is expected to become radiative sooner than in the case of a smoothly distributed ISM. 

In conclusion, in the scenario of our models, most of the metals actually cools off in a 
few Myr. It is worth noting that this result depends essentially on the assumption of a low 
heating efficiency of SNIIs. In models ML, MT, MLbis (sect. 5.2.2), the break out quickly 
occurs and the metals have no time to cool. In fact, following Eq. 5.19, in this case the 
hubble results to be adiabatic and not radiative. Thus the SN efficiency value is crucial, 
and a future paper will be devoted to it (D'Ercole & Melioli, in preparation). 

5.3.3 Chemical results 

In Fig. 5.18 the evolution of the element abundances and masses in the form of the various 
elements for the models MlB, M2B and M3B is shown. It is interesting to note that the 
mass of the lost metals for the model M3B is larger than that retained from the galaxy, 
whereas it is the contrary for models MlB and M2B. This means that the initial conditions, 
namely the assumed burst luminosity and gas mass in the galaxy, are playing a very crucial 
role in the development and evolution of the galactic wind. The abundances are calculated 
as [Z/H], where Z indicates the abundance of the following elements: O, C, N, Mg, Si and 
Fe, relative to the salar abundances of Anders & Grevesse (1989), and as 12+log(Z/H), 
which is the notation normally used for the abundances in extragalactic H n regions. These 
abundances are derived in the following way: for the galactic abundances we have averaged 
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in the previously defined galactic region (approximatively an ellipsoid with major semi-axis 
of l Kpc and minor semi-axis of 730 pc), whereas for the abundances leaving the galaxy 
the integral is made over the rest of the grid. 

The o:-elements show a very similar evolution and this is due mostly to their common 
origin. The o:-elements are, in fact, mainly produced by massive stars (see Figs. 5.2-5.4), 
and thus their abundances inside the galaxy grow in the first 6-7 Myr - the time interval 
where most of massive stars die - then show a slowly decreasing trend, with however a 
little maximum around 100 Myr. This behaviour is related to the dynamics of gas flows 
described before. 

The evolution of iron is not too different with respect to the evolution of the o:-
elements although this element is substantially produced by SNela. This is due to the fact 
that at the end of our simulations the iron produced by SNela is only rv 30 per cent of the 
total, because the bulk of SNela appears at later times. The evolution of N shows a sharp 
increase at around 29 Myr which corresponds to the lifetime of a 8 M0 star, which is the 
first star producing a substantial amount of N (of primary origin). For times less than 29 
Myr the N production is negligible. 

5.4 Discussion 

We want to compare now our models with observational data found in literature for the 
galaxy 1Zwl8. 

5.4.1 Morphology and dynamics 

As described in the introduction, 1Zw18 has a 'peanut-shaped' main body, consisting of 
two starbursting regions (Dufour et al. 1996). The Ho: emission is bipolar-shaped along 
a direction orthogonal to the main body, and show clear evidences of shell structures. In 
fact a prominent shell stretches 15 arcsec (720 pc) north-northeast from the northwest H n 
region and bright Ho: emission extends symmetrically south-southwest from the NW region 
(Martin 1996) . Moreover a partial shell of 3.6 arcsec of diameter (173 pc) protrudes from 
the north-west side. The HI velocity field (van Zee et al. 1998b; Viallefond et al. 1987) 
shows a significant velocity gradient along minor axis, suggesting a flow in this direction 
(Meurer 1991). 

W e first note that the distance of 720 pc between the shells and the NW H II region is 
quite compatible with models Ml, M2, M3 (in these models, after 31 Myr, the hubble has 
covered a distance of rv 600-800 pc along the z-axis). Martin, starting from geometrica! 
considerations, found a shell speed of 35- 60 Km s-I, and in our model Ml, after 31 Myr, 
the velocity of the outer shock along the z-axis is approximatively 30 Km s-1 , in agreement 
with the observations. We note instead that the model MC does not develop an outflow 
along the z direction (see Fig. 5.11), and this is due to the fact that the hubble never 
extends beyond Heff, as explained in section 5.3.1. Actually, the uncertainties on the 
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Figure 5.18: Time evolution of several quantities for the models MlB, M2B and 
M3B (first, second and third column, respectively). The upper panels show the 
evolution of the mass of various elements outside the galaxy, while the masses inside 
the galaxy are shown by the second raw of panels. The third and the last raws of 
panels illustrate the behaviour of the ISM abundances (relative to the sun and by 
number, respecti vely). 
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real value of Heff in IZw18 are significant and a small reduction of Heff could lead to the 
formation of an outfiow also for model MC. 

These comparisons between observation and theory depend strongly on the adopted 
distance ofiZw18. In a recent work, Izotov et al. (2001b) found that the distance ofiZw18 
should beat least 15 Mpc, significantly larger than the distance generally adopted for this 
galaxy. With this new distance, Color-Magnitude Diagram (CMD) studies give an age, 
derived from the main sequence turn-off, of,....., 15 Myr for the main body. 

5.4.2 Chemical abundances 

In Table 5.4 the abundance ratios log(C/0), log(N/0), log(Si/0) as well as 12+log(O/H) 
predicted by our models are reported. At the beginning of section 5.3.1 we described several 
factors which affect the metal content of the ISM. From an inspection of Fig. 5.18 and 
Table 5.4 we conclude that a reduction in the burst luminosity produces a reduction in the 
total abundances, while a decrease in the ISM mass leads to an increase of the metallicity. 

In Table 5.4 the observed abundances of IZw18 are also reported. However, only the 
model M1 (cases A,B,C,D) should be compared with IZw18, since the total mass and the 
gas mass of this model have been chosen to match this galaxy. Before proceeding in the 
discussion of our results, we point out that the abundances shown in Table 5.4 referto the 
whole gas into the galaxy, while the comparison with the data should be valid only for the 
cold (T < 2 x 104 K) phase. In fact, chemical composition of stellar winds and supernovae 
ejecta are mainly measured through the relative intensities of visual [O n], [O m], [S n] 
and [N n] forbidden lines compared to H and He recombination lines, but this approach is 
sensitive only to emission from photo- or shock-ionized gas at ,....., 10000 K (Kobulnicky & 
Skillman 1997). 

However, although the metal abundances in the ho t regions are qui te large, reaching 
also extrasolar values (cf. Fig. 5.21), in our models the majority of the metals is in the 
cold gas phase. Thus the abundances in Table 5.4 are essentially the same as those in the 
cold gas, and their comparison with the observed metallicities is meaningful. Note that, 
in making such a comparison, we suggest that the present time burst in IZw18 can be 
responsible of the observed chemical enrichment in the H II regions. This is in agreement 
with the arguments illustrateci in section 5.3.2, and at variance with previous suggestions 
of different authors (see e.g. Larsen, Sommer-Larsen & Pagel 2001). Recent observations 
(Pettini & Lipman 1995; van Zee et al. 1998b; Levshakov, Kegel & Agafonova 2001), 
although uncertain, indicate an oxygen abundance in the H I regions of IZw18 comparable 
with that in the H II regions, in agreement with our predictions. 

Table 5.4 reports the abundances of our models after 31 Myr. The lifetime of a 8 M0 
star is approximatively 29 Myr, according to eq. 5.13. Therefore, since at Z =O secondary 
N is not produced and primary N from massive stars is negligible, only for ages larger 
than 29 Myr we can expect some N which is the one produced in a primary fashion by 
IMS during the third dredge-up episode. As one can see from Table 5.4, the abundances 
and abundance ratios predicted by the yields for Z = O and aRv = 1.5 (model M1B) 
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Table 5.4: Predicted abundances in the galactic region after 31 Myr for models M1, 
M2, M3. We also show the results for model MC (with nucleosynthetic prescriptions 
B), in order to emphasize the similarities with model M1B. Only models M1 and MC 
should be compared with IZw18. These values are compared with some abundances 
found in literature for IZw18. 

1112+log(O/H) log C/0 log N/0 log Si/O l Fonts Il 
7.12 -0.47 -5.24 -1.40 M1A 
7.12 -0.58 -1.52 -1.40 M1B -- -- --
7.51 -0.57 -1.46 -1.29 M1C 
7.51 -0.63 -1.33 -1.29 M1D 
6.90 -0.49 -5.02 -1.40 M2A 
6.90 -0.58 -1.61 -1.40 M2B 
7.36 -0.54 -1.31 -1.30 M2C 
7.36 -0.58 -1.24 -1.30 M2D 
7.67 -0.49 -5.22 -1.38 M3A 
7.67 -0.59 -1.60 -1.38 M3B 
7.97 -0.64 -1 .90 -1.26 M3C 
7.97 -0.71 -1.61 -1.26 M 3D 
7.12 -0.58 -1.49 -1.39 MC 

7.24 -0.54 -1.54 - DH 
7.18 -0.77 l- 0.74 -1.60 -1.46/ - 1.48 IT 

7.166/7.183 -0.691 -1.574 - ICF 
7.17/7.26 - -1.54/ - 1.60 - SK 
7.17/7.26 -0.63/- 0.56 -1.56/- 1.60 - G97 

- - - -1.52 G95 

References: DH: Dufour & Hester (1990); IT: Izotov & Thuan (1999) ; ICF: Izotov 
et al. (1999); SK: Skillman & Kennicut (1993); G97: Garnett et al. (1997); G95: 
Garnett et al. (1995). 
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are in good agreement with those measured in IZw18, thus we could conclude that the 
abundances in this galaxy are compatible with single-burst models, but only if the burst 
age is of the order of 31 Myr. In fact, for times shorter than that the N abundance is 
too low and for longer times the agreement worsens. Another possibility is a substantial 
production of primary nitrogen in massive stars, as stressed in section 6.3.2. 

The abundance of C and particularly the predicted C/0 ratio in model M1B is in very 
good agreement with observations at variance with previous works (Kunth, Matteucci & 
Marconi 1995). The difference between the low abundance of 12 C predicted by Kunth et al. 
{1995) and here is, in our opinion, due to the fact that the total amount of stars produced 
there was smaller (Mburst = 2 x 105 M0 ) and less in agreement with the observations than 
that produced here (Mburst = 6 x 105 M0 ), therefore we predict higher abundances for all 
the elements. In addition, the yields for massive stars used here are different from those 
used in Kunth et al. (1995) (those of Woosley 1987). It is also worth mentioning that the 
estimateci ages for the present burst in IZw18 are between 15 and 27 Myr (Martin 1996) in 
good agreement with our suggestion, although other authors suggest ages as short as 3- 5 
Myr (Mas-Hesse & Kunth 1999; Izotov et al. 1999; Stasinska & Schaerer 1999). 

In order to simulate the effect of a low but continuous star formation (Legrand 1999), 
we compute the expected ISM abundances for a preenriched gas with Z = 0.01 Z0 and 
we show in Table 5.4 the abundances for this case at an age of 31 Myr (cases C and D) . 
The results for the C case show that at an age of 31 Myr the abundance of oxygen is too 
high; the results at the end of the simulation (375 Myr for model M1) give better values 
for oxygen and N/0 but they predict a too high CjO. If one assumes then Z = 0.01 Z0 

and aRv = 1.5 (case D), the agreement worsens at any age since one predicts a too high 
N/0 ratio while the rest is practically unchanged. Therefore the single-burst hypothesis 
seems to give good agreement with observations as long as primary N production in IMS 
is considered. We cannot really exclude a low but continuous star formation regime before 
the present one, or at least we cannot exclude a star formation which enriched only slightly 
the ISM. In other words, the preenrichment should be less than Z = 0.01 Z0 . From the 
previous discussion, it arises that the best age for the burst in IZw18, in the case of a 
single starburst episode, should be around 31 Myr. If we consider instead another burst 
of star formation before the present one, as suggested by Aloisi et al. (1999), the global 
dynamical evolution of the system is thought to substantially change and thus, in order to 
have predictions, detailed numerica! simulations are needed. This will be the argument of 
the next chapter. 

At an age of"' 31 Myr, the abundance gradient in a region of 600 pc is almost flat, at 
least if the galaxy is seen edge-on (see Fig. 5.19), in agreement with what is observed in 
IZw18 (Legrand 1999). Actually, ifa bipolar-shaped expanding hubble is present in IZw18, 
the inclination of the symmetry axis with respect to the normal to the observer would be 
very small (Martin 1996, suggested an inclination of 10°). 

Finally, in Fig. 5.20 we show the predicted [a/Fe] vs. time and vs. [Fe/H] for the 
gas inside and outside the galaxy, corresponding to the results of Models M1B, M2B and 
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Figure 5.19: Abundance gradients for oxygen (solid line) and iron (dotted line) after 
31 Myr, for the model M1B. 

M3B. The interesting feature of this figure is that the [a/Fe] ratios in the gas outside the 
galaxy are lower than those in the gas inside the galaxy. This is due to the fact that Fe, in 
particular that produced by type la SNe, is lost more efficiently than a elements. 

We shall also note in these two figures the peculiar behaviour of silicon relative to the 
other a-elements. Silicon is, in fact, synthesized by SNela at variance with what happens 
forO and Mg, which are mainly produced by SNeii (see Gibson, Loewenstein & Mushotzky 
1997). This is the reason for the relatively low and fiat [Si/Fe] ratio as a function of [Fe/H] . 

5.5 Conclusions about single-burst models 
We have studied the dynamical and chemical evolution of a dwarf galaxy as due to the 
effect of a single, instantaneous, point-like starburst occurring in its centre. We adopted 
galactic structural parameters which resemble those of IZw18, the most unevolved dwarf 
blue compact galaxy known locally. We ran different models, which differ for the burst 
luminosity and the ISM mass. We considered the mass and energy inputs from the single 
low and IMS, the SNeii and the SNeia (white dwarfs in binary systems) and we followed 
the evolution of the gas and its chemical abundances (H, He, C, N, O, Mg, Si and Fe) in 
space and time for several hundreds Myr from the burst. 

Our results can be summarized as follows: 

l. The starburst can inject enough energy into the ISM to trigger a metal enriched 
galactic wind: the metals synthesized and ejected through supernova explosions leave 
the galaxy more easily than the unprocessed gas. This result is not new since it has 
already been suggested by previous works (e.g. MF and DB). However, our new 
result is that the SNia products have the largest ejection efficiency (more than the 
products of type II SNe) , with the consequence that the [a/Fe] ratios in the gas 
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Figure 5.20: Predicted [a/Fe] vs. time and vs. [Fe/H] for models MlB, M2B, M3B 
(first , second and third raw respectively) for both expelled gas and ISM. 
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Figure 5.21 : Abundance evolution in hot and cold regions for the model M1B. The 
threshold temperature is 2 x 104 K. 

outside the galaxy are predicted to be lower than those inside. This is due to the 
fact that SNela produce a substantial fraction of iron. 

2. The energy injection in the ISM by SNII has a rather low efficiency. Instead, the 
energetic contribution of SNela, in spite of their relatively small number (a total 
of 240 SNela against 4800 SNeii) , has important consequences in the dynamical 
behaviour of the galaxy. Since the SNia explosions occur in a medium heated and 
diluted by the previous activity of SNeii, the thermal energy of the explosions is 
easily converted into kinetic energy and so the gas reaches quickly the outer regions 
of the bubble along the galactic chimney. DB showed that after the end of SNII 
activity, a fraction of the gas tends to recollapse toward the centrai region of the 
galaxy, achieving the threshold density for a new star formation event (N(HI) ~ 
1021 cm-2, Skillman et al. 1988; Saito et al. 1992) in "' 0.5-1 Gyr. With the 
energetic contribution of SNela, it is not possible to reach, at least for the time 
considered in our simulation, such a threshold in column density (it can be obtained 
only after many Gyr). 

3. One single burst, occurring in a primordial gas, with an age of"' 31 Myr reproduces 
quite well both the dynamical structures and the abundances in IZw18. This value is 
consistent with other independent age estimates for the burst (Martin 1996). From 
the nucleosynthetic point of view the age of 31 Myr ensures that there is enough 
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time for the primary N from IMS to be produced and ejected. The adopted yields 
for massive stars (Woosley & Weaver 1995) include some primary N, but its amount 
is negligible. This is just the best-fit in the case of a single-burst model, but an 
instantaneous starburst with an age of "" 31 Myr could be ruled out by the study 
of the Spectral Energy Distribution (SED) in IZw18 (Mas-Hesse & Kunth 1999). 
The problem of the age of IZw18 will be discussed with more detail in the following 
section. 

4. At variance with previous studies we find that the majority of metals (in mass) are 
found in the cold gas. In fact, mainly because of the low SNII effi.ciency, the wind 
superbubble remains several hundreds of Myr inside the galaxy before the break out 
occurs. Moreover, the superbubble becomes radiative after a few Myr, and most 
of the SNII ejecta cool without leaving the galaxy (SNia ejecta, instead, are shown 
to be vented more easily). Given the relatively short mixing time, the abundances 
predicted by our models for the cold gas are those that should be compared with 
the abundances observed in IZw18. Actually, they are in very good agreement with 
the observed ones. This result supports the common assumption made in chemical 
evolution models of an instantaneous mixing. 



Chapter 6 

Dynamical evolution of Blue 
Compact galaxies- Double-burst 
models 

There is a theory which states that if ever anybody discovers exactly 
what the Universe is for and why it is here, 

it will instantly disappear and be replaced by something even more bizarre and inexplicable. 
There is another theory which states that this has already happened. 

- Douglas Adams -

6 .l Introd uction 

The results of the previous chapter suggest that a single starburst episode with an age of 
'"" 30 Myr, occurring in a primordial gas (namely zero initial metallicity) in a galaxy model 
resembling IZw18 may account far most of chemical and dynamical properties observed 
in this object. This is our best model if we consider single, instantaneous episodes of star 
formation, but nevertheless we did not exclude the presence of underlying older stellar 
populations, which polluted only slightly the ISM (less than 1/100 Z0 ). 

IZw18 has been imaged in the optical by Hubble Space Telescope (HST) by two 
different groups (Hunter & Thronson 1995; Dufour et al. 1996), both finding a resolved 
population of young massive stars but no evidence far old stars. Actually, their data 
analyses were not sufficiently deep to allow old stars to be detected. Recently, Aloisi, 
Tosi & Greggio (1999, hereafter ATG) reanalysed these data, finding evidences of a stellar 
population of asymptotic giant branch stars, with an age of some hundreds Myr. Òstlin 
studied the resolved stellar population in the near infrared with NICMOS onboard HST, 
confirming the presence of an old stellar population (he suggested an age of some Gyr 
far the older stars). ATG concluded that, in arder to reproduce the Colour-Magnitude 
Diagram (CMD) of IZw18, two major episodes of star formation are needed: an older one, 
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with an age of some hundreds Myr, and a younger, more intense burst of star formation 
(7-10 times stronger than the previous one), occurred,...., 20 Myr ago. 

In this chapter we intend to test the hypothesis of multiple starburst episodes, sepa-
rated by a quiescent period, with our chemo-dynamical model. In order to investigate this 
hypothesis, we performed some numerica! simulations to study in detail the dynamical and 
chemical evolution of a gas-rich dwarf galaxy experiencing two single, instantaneous bursts 
of star formation. 

6.2 Mode! description 

The dark matter content and ISM initial distribution of our model are the same as in model 
M1 described in the previous chapter (see Table 5.1 and Table 5.2) andare chosen in order 
to match the observed values of 1Zw18. 

We assume that the first burst of star formation produces instantaneously 105 M8 of 
stars, distributed according to a Salpeter IMF, with an upper mass limi t of 40 M8 and a 
lower mass limit of 0.1 M8 . We followed the dynamical and chemical evolution of the first 
burst up to 300 Myr (model M300) and up to 500 Myr (model M500), solving the set of 
gasdynamical equations in two dimensions (eq. 5.3-5.6). According to the results of ATG, 
who suggested that at least the younger stars should have formed following a flat IMF, 
we considered also an IMF (model M300F) with a slope x= 0.5. Also for this model, the 
evolution of the first burst of SF is followed up to ,...., 300 Myr. The model parameters are 
showed in Table 6.1. 

As in the previous chapter, the adopted set of yields is Woosley & Weaver (1995) case 
B for massive stars, whereas for intermediate-mass stars (IMS) we consider both the results 
ofRV81 (case R), and the more recent set ofyields by van den Hoek & Groenewegen (1997; 
hereafter VG97) (case V) which has been successfully tested in chemical evolution models 
of the Galaxy (Chang et al. 1999; Romano et al. 2000). One of the main differences 
between these two models is the assumption about the mass loss scaling parameter 'TJAGB 

(Reimers 1975): in RV81 most of the models are calculated assuming 'TJAGB = 1/3, while 
VG97 assume higher mass loss efficiencies, resulting in lower CNO yields (VG97, their fig. 
3) . Nucleosynthetic assumptions are summarized in Table 6.2. Concerning type la SNe, 
as in the previous chapter we adopt the yields of NTY, case W7. 

We adopted for the first burst of star formation a primordial chemical composition 
(namely zero initial metallicity) and a mixing length parameter for intermediate-mass stars 
aML different from zero, in order to produce a significant fraction of primary nitrogen in 
intermediate-mass stars. 

The initial abundances of the second stellar generation are simply the abundances of 
the cold gas in the centrai region (a sphere of,...., 200 pc ofradius) at the onset of the second 
burst (see Table 6.1). The chemical prescriptions relative to massive stars for this second 
burst are common to all the models (Woosley & Weaver 1995, case B, Z= 1/100 Z0 ). Even 
if the mean metallicity of the ISM at the onset of the second burst is slightly different for 
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Figure 6.1: Initial gas density profiles ofmodel M300. The density scale is logarithmic 
and varies linearly between -29 and -23.5. 

the various modeis (see Tabie 6.1), this has a negiigibie effect on the finai yieids produced 
by massive stars (see e.g. Matteucci 1996). Concerning the IMS, yieids are computed 
taking into consideration the metallicity of the coid gas in the centrai region (see Tabie 
6.2), because the metallicity effect in this case is not negiigibie. 

We follow the evoiution, in space and time, of severai chemicai eiements of particuiar 
astrophysicai interest (nameiy H, He, C, N, O, Mg, Si, Fe). The SN (both SNia and 
SNII) rates and the energetic prescriptions ( expiosion energy, thermaiization efficiencies) 
are those adopted in the previous chapter far the "standard" modei M1, nameiy rm = 0.03 
and Tfia = l. The reason of this choice is wideiy described and discussed in Chapter 2 and 
in Chapter 4. 

After the end of the evoiution of this first burst (300 Myr or 500 Myr, depending on 
the modei), we check if some fraction (we assume 10 %) of the mass of coid gas present 
inside the centrai region, is abie to produce a second burst of star formation, nameiy we 
check if the coiumn density of the coid gas is iarger than a threshold value (around 1021 

cm-2 , Skillman et al. 1988; Sait6 et al. 1992). We ran the simulations far"' 150 Myr from 
the beginning of the second burst far all the models M300, M300F and M500. 
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Figure 6.2: Column density of the ISM seen edge-on ( dashed line) an d face-on (solid 
line) a t the onset of the second burst. 

Table 6.1: Model parameters for the second burst 
Mode! Onset II burst (Myr) IMF slope ~t (Myr) log NH (cm-2 ) M!1 (M0) zi (Z0 ) 

M300 300 -2.35 159 -21.5 5.8 x105 1/50 
M300F 300 -1.5 171 -21.8 4 x105 1/40 
M500 500 -2.35 154 -21.4 6.25 x105 1/100 

Notes: .6. t is the duration of the simulation for the second burst; NH is the peak of 
column density in the central region at the onset of the second burst, M~1 is the mass 
of stars formed in this episode of SF and Zi is the mean metallicity in this region. 

Table 6.2: Chemical prescriptions 

Case SNII yields 

R WW (Z = 1/100 Z0 ) 

V WW (Z = 1/100 Z0 ) 

IMS yields SNia yields aML f/AGB 

RV81 
VG97 

NTY 
NTY 

1.5 0.333 
2.0 4 

References: WW Woosley & Weaver 1995 (models with Z=0.01 Z0 ); RV81 Renzini 
& Voli 1981; VG97 van den Hoek & Groenewegen 1997; NTY Nomoto, Thielemann 
& Yokoi 1984 
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6.3 Results 

6.3.1 Dynamical results 

Model M300 

Owing to the low luminosity of the first burst (,....., 3 x 1037 erg s-1 during the SNII phase, 
a factor ,....., 10 lower during the SNia phase), after 300 Myr the galactic wind still does not 
develop. A col d, dense shell with dimensions ,....., 200 x 100 pc forms an d outside this regio n 
the ISM is practically unperturbed (see Fig. 6.1). Inside the centrai region, after 300 Myr, 
5.8 x 106 M0 of gas, most of which is cold, are present. The mean metallicity inside this 
region is ,....., 1/50 of salar metallicity, while in the whole galaxy (roughly an ellipsoid with 
dimensions 700x1000 pc), the gas is more diluted (the mean abundance is,....., 1/500 Z0 ). 

Most of the metals in the star formation regio n are cold (more t han 99 % of metals ha ve T< 
2 x 104 K). This is because the superbubble evolution is slow an d no shell rupture occurs. 
For this reason the internai cavity could cool significatively (see Chapter 5). 

The column density in the centrai region largely exceeds the threshold of 1021 cm-2 

(see figure 6.2). Therefore a new SF event can develop with a pre-enrichment of 1/50 Z0 . 

Assuming an efficiency of SF of 0.1, we form in this second burst,....., 5.8x105 M0 of stars, 
which lead to the correct value of massive stars deduced for IZw18 by assuming an episode 
of continuous star formation lasting 13 Myr (Mas-Hesse & Kunth 1999). 

We assume, in this second burst, a thermalization efficiency slightly higher than that 
adopted for the first burst (and in previous chapter): in particular we assume 'Tlii = 0.05. 
Actually the very centrai regions are hot and rarefied, owing to the activity of the first 
generation of stars, thus a higher value of this efficiency could be expected. We should 
however consider that star formation is expected in the cold and dense shell rather than in 
the centrai region, where the gas is depleted. Therefore, the physical conditions of the shell 
suggest a value of the thermalization efficiency around 0.05 (see Chapter 2, in particular 
eq. 2.33). 

In Fig. 6.3 the dynamical evolution of this model is shown. Owing to the thermo-
dynamical conditions of the centrai region and the value of the thermalization efficiency, 
the impact of the energetic input of the second generation of stars on the ISM dynamics 
is rather vigorous, compared to model Ml. Already after 30 Myr a breakout occurs and 
the gas produced by this second generation of stars is easily channelled along the galactic 
chimney. 

The most relevant dynamical results of single-burst models described in Chapter 5 
were a selective loss of metals, in the sense that metals produced during the burst were 
ejected more easily than the gas originally present, and a fast cooling of metals, due to the 
slow evolution of the superbubble. In this model the selective loss of metals is confirmed: 
a t the end of the simulation (,....., 150 Myr after the onset of the second burst) ,....., 75 % 
of pristine (not processed through stars) ISM is lost, while the galaxy loses ,....., 87% of 
the metals produced in the first generation of stars and ,....., 92 % of those produced in 
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the second generation. Note that these ejection efficiencies are rather high compared to 
ejection efficiencies as a consequence of single starburst events. It is commonly believed 
that Supernova-driven galactic winds are not so effective in removing pristine gas (see 
Chapter l for bibliographic references about this point). This is true in the presence of 
single bursts of star formation, but in the presence of sequential bursts, the impact of a 
star formation episode is enhanced. 

Differences between ejection efficiencies of SNia and SNII products are stili present 
(SNia products are easily channelled along the galactic funnel) but this effect is less evident 
compared to the single- burst model. The impact of the second burst on the dynamics of 
the ISM is strong; a breakout occurs and a significant part of the hot gas produced during 
the second starburst is lost along the chimney. The products of the first generation of stars 
are almost cold, as we have already mentioned. After ,....., 20 Myr the fraction of cold metals 
inside the galactic region is around 77%, while in the single- burst model, with a slower 
evolution, this fraction were around 95%. 

Model M500 

We now follow the hydrodynamical evolution of the first burst of star formation up to ,....., 
500 Myr. The evolution in this first phase is the same as in model M300. The cavity is 
only slightly narrower and more elongated along the polar axis; consequently the bubble 
slightly defiates and part of the pristine gas outside the bubble moves toward the centre, 
along the R-direction. Owing to this, the gas mass in the star forming region is a little 
larger than in model M300 (,....., 6.25 x 106 M0 ) and the metallicity is reduced (Z ,....., 1/100 
Z0 ). The mass of stars formed in this second burst is then 6.25 x 105 M0 . 

Also after the onset of the second burst, the evolution of this model is similar to that 
of model M300; a breakout quickly occurs (after ,....., 30 Myr) and the metals produced in 
this second burst are easily lost. Approximatively 80 % of metals are in a cold phase after 
20 Myr, while if we consider only products of the second generation of stars, this fraction 
reduces to 70 %. The fraction of pristine ISM ejected in this model is 63.6%, whereas for 
the second generation of stars these ejection efficiencies are 90.6% for the metals produced 
by SNell and 96.1% for those produced by SNeia. 

Model M300F 

In this model, owing to the fiatter IMF, more SNell are produced. At the end of the first 
burst less gas is present in the centrai region (around 4 x 106 M 0 ). The stellar population 
is strongly biased toward massive stars and around 80 % of the total stellar mass is in 
form of stars more massive than 2 M0 (more than twice of what measured by Mas-Hesse 
& Kunth 1999). The total number of type II SNe is around 1.3 x 104 , which is three times 
the number of SNell for model M300. 

In Fig. 6.4 the temporal evolution of model M300F is shown. At the onset of the 
second burst (left panel), a weak galactic wind is already present, at variance with model 
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Figure 6.3: Density contours and velocity fields for model M300 at different epochs 
( the t ime labelled o n top of each panel refers t o the t ime elapsed sin ce the beginning 
of the second burst). The density scale (logarithmic) is given in the strip on top of 
the figures. The lower panels show the whole evolution of the system, whereas the 
upper panels are a zoom in the centrai regions. As in Fig. 5.5 and following, in 
order to avoid confusion, we draw only velocities with values greater than 1/10 of 
the maximum value. This is true also for Fig. 6.4 
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Figure 6.4: Density contours and velocity fields for model M300F at different epochs. 

M300, in which most of the ISM is unperturbed (Fig. 6.1). This is due t o the fact t ha t the 
mean luminosity of the first burst is three times higher than in model M300 ("" 1038 erg 
s-1 during the SNII phase). The impact of the second burst of SF is thus rather vigorous 
and already after "" 15 Myr a breakout occurs. 

The luminosity of the second burst is rather high and consequently the ejection effi-
ciencies, computed at the end of the simulation, are dose to unity. In particular, 81% of 
the unprocessed gas, 86.7% of metal produced by the first generation of stars and 93.9% of 
the metals produced by the second stellar generation are ejected out of the galactic region. 

6.3.2 Chemical results 

The evolution of Carbon, Nitrogen and Oxygen for model M300 ( cases R and V) and 
for model M300F (case V only), compared to the results of the single- burst model Ml 
described in previous section, is shown in Fig. 6.5. We have plotted also the evolution 
of N/0 for a model (model NP) , similar to model M300 R, but in which we assumed an 
"ad hoc" production of primary nitrogen from massive stars, as described below. The 
abundances shown in this plot refer to the abundances of the cold (T < 2 x 104 K) gas 
inside the galactic region extending for l Kpc in the radiai direction and for 700 pc in the 
vertical direction. 

The superimposed dashed area represents the abundances observed in IZw18 H II 
regions; the same of Table 5.4 (Dufour & Hester (1990); Skillman & Kennicutt (1993); 
Izotov et al. (1997); Garnett et al. (1997); Vilchez & Iglesias-Paramo (1998); Izotov & 
Thuan (1999)). As extensively described in section 5.4.2, the single- burst model Ml, 
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Figure 6.5: Evolution of O, C, N for the single-burst model (left panels) and models 
M300 and M300F (right panels). In the bottom-right panel we show the evolution of 
N/0 fora model (model NP) in which we assumed an "ad hoc" production ofprimary 
N in massive stars. The superimposed dashed areas represent the observative values 
found in literature for 1Zw18 (see text and Table 5.4. for references). Left panels 
represent the evolution of the single-burst model, with yields by RV81 (solid line; 
equivalent to the evolution of model M1) and VG97 (dotted line). In the right panel 
the solid line represent the evolution of model M300 with RV81 yields (case R) 1 the 
dotted line the VG97 yields (case V) 1 while the dashed line is the evolution of model 
M300F1 with nucleosynthesis prescriptions by VG97 (case V) 



102 CHAPTER 6. DOUBLE-BURST MODELS 

occurring in a primordial gas, at an age of ,...., 31 Myr (case R) can reasonably reproduce 
the abundances measured in IZw18. However, as evident in Fig. 6.5, the correct N/0 ratio 
would last only fora very short time (of the arder of a couple of Myr) since for t~ 31 Myr 
the N/0 ratio will start to increase, due to the N produced by intermediate and low mass 
stars, outside the permitted observational range. 

In model M300, at the onset of the second burst, the metallicity in the central re-
gian is ,...., Z0 j50, and a very good agreement with the observed abundances is obtained, 
especially for the O abundance and the C/0 ratio, for a larger range of burst ages. The 
yields of VG97 produce substantially less CNO elements, compared to what is obtained by 
RV81. Therefore, the evolution of nitrogen is strongly affected by the choice of nucleosyn-
thetic prescriptions, whereas the oxygen evolution is almost identica!, because O is mostly 
produced by Type II SNe. 

As shown in Fig. 6.5, for the model M300 we find two solutions reproducing the N/0 
abundance observed ratio. The first is around 5-6 Myr after the beginning of the second 
burst and is almost independent on the adopted nucleosynthetic prescriptions. The second 
solution predicts a larger burst age and depends on the adopted set of chemical yields: 
in the R case, the N/0 ratio observed in IZw18 is reproduced after a time between 20 
and 40 Myr from the onset of the second burst, whereas if we apply VG97 nucleosynthesis 
prescriptions (case V), we need an age between ,...., 45 and ,...., 70 Myr to fit the observed 
abundance ratios. The M300F model with a fl.atter IMF produces much more oxygen in 
the first burst and indicates that the only possible solution is an extremely short age of the 
second burst (around 4 Myr, in agreement with the results of Mas-Hesse & Kunth, 1999). 

These results depend also on the thermalization efficiency, in the sense that if we 
assume higher rnr, the galactic wind is stronger an d more metals are lost through the 
galactic chimney, thus diminishing the abundances inside the galaxy. In the limiting cases 
in which rnr = l or in which rnr is linearly increasing with time, we have shown that the 
galaxy is quickly devoided of gas, at variance with what is actually observed in IZwl8. 
Thus the thermalization efficiency could be higher than the assumed value, but not high 
enough to devoid the galaxy of gas. 

It is worth noting that we assumed mainly secondary N production from massi ve stars, 
as implied by the adopted yields of WW, and this means a slow growth of N with time. 
Izotov & Thuan (1999) and Izotov et al. (2001a) found that some low metallicity BCDs 
show a constant NjO ratio as a function of OjH. The sample of BCD galaxies in which 
Izotov & Thuan noticed this constant N/0 ratio is still poor (four or five objects at most) 
and a possible exception is the very metal-poor BCD galaxy HS 0822+3542, which has a 
rather high N/0 (log (N/0) = -1.4, Kniazev et al. 2000), but the errar in this kind of 
measurements are huge, thus the hypothesis of Izotov & Thuan is still reasonable. This 
result, if confirmed, can be interpreted as due to the fact that N formassi ve stars is mainly 
a primary element, as suggested by Matteucci (1986). 

In Fig 6.5 (bottom-right panel) we have plotted the evolution of N/0 fora model in 
which we assumed only primary production of nitrogen from massi ve stars. This possibility 
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seems to be suggested by some stellar evolution models with rotation (see for example 
Heger & Langer 2000). However, precise yields calculations do not seem to exist, thus we 
adopt some "ad hoc" prescriptions in order to reproduce the observed N/0 in IZw18. In 
particular, we assume that nitrogen production in massive stars is 1/1000 of the initial 
mass of the star, for the whole range 8 ...;- 40 M0 both in the first and in the second burst. 
The resulting N/0 evolution as a function of time is rather flat and consistent with the 
nitrogen abundance observed in low-metallicity BCD galaxies. 

The evolution of the C/0 ratio at the onset of the second burst is different compared 
to the behaviour of the N/0 ratio. In particular, all the models shown in Fig. 6.5 seem 
to fall to a constant C/0 value (around -0.9) at the beginning of the second burst, then 
rising with different slopes, at variance with what happens with the N/0 evolution. The 
reason for this is that carbon is produced also in massive stars, thus the C/0 ratio after 
the onset of the second burst is mostly due to the massive stars produced by the second 
stellar generation, whereas the level of N is only determined by the IMS produced during 
the first burst . 

In Fig. 6.6 the evolution of carbon, nitrogen and oxygen for model M500, case R, 
is shown. For this model we obtain good agreement between values found in literature 
and numerica! results fora burst age around 6 Myr or between,....., 40 Myr and,....., 120 Myr 
since the beginning of the second burst. The results of this model slightly differ from 
those of model M300; in particular the evolution of nitrogen appears to be flatter than in 
model M300. In fact, at the onset of the second burst, the first generation of stars stili 
produces and ejects metals into the ISM and the production of nitrogen due to the first 
starburst is larger for model M300. Moreover, the differences in the initial distribution of 
the ISM and in the luminosity of the starburst in models M300 and M500, have dynamical 
consequences, which can explain the different N/0 behaviours. In particular, after ,....., 150 
Myr the ejection efficiency of N is ,....., 0.91 for the M500 model and ,....., 0.85 for the M300, 
thus most of N produced in model M500 is lost and the evolution of N/0 flattens. 

In Fig. 6.7 the [a/Fe] ratios for model M300, case R, compared to the single-burst 
model M1B is shown. The [0/Fe] in the two-burst case are always lower outside than 
inside the galaxy, but the effect is less evident than in the one-burst case. Note that, after 
the first burst in model M300, no outflows are expected, thus no metals are present in the 
external region. The evolution of the [0/Fe] ratio in the model M500 is shown in Fig. 6.8. 

As evident from these figures, the overabundance of a-elements lasts only for the first 
20-30 Myr after the second burst and the maximum overabundance is of the order of 0.4 
dex, which is in good agreement with some observations (Izotov et al. 1997 give [0/Fe] = 
0.39 ± 0.09). Recently, Levshakov et al. (2001) with their mesoturbulent approach, found 
higher overabundances of a elements (they found [Si,Ar/Fe] = 0.7 ± 0.1). Since there 
are some indications that WW yields of iron are overestimated by a factor of 2 (Timmes, 
Woosley & Weaver 1995), we tried to calculate ajFe ratios with reduced iron yields from 
massive stars and the results for [Mg/Fe] and [Si/Fe] evolution are shown in Fig. 6.9. As 
shown in this figure, after the second burst , the overabundances of Si and Mg are larger 
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Figure 6.6: Evolution of O, C, N for model M500. The time is calculated from the 
onset of the second burst. As in Fig. 6.5, the superimposed dashed areas represent 
the observative values found in literature for IZw18 

than 0.6 dex. and last until"' 30 Myr after the onset of the second burst. 
As mentioned in the introduction, IZw18 provides useful informations about the pri-

mordial helium abundance, because BCDs are the least chemically evolved galaxies known, 
so they are supposed to contain very little helium processed by stars after the big bang. 
Indeed, in our models, the variations of the helium mass fraction are at maximum of the 
order of l %, thus confirming the robustness of this approach in determining the primordial 
4He abundance. 

6.4 Conclusions about Double-burst models 
The main conclusions derivable from our examined cases of instantaneous starbursts can 
be summarized as follows: 

• in most of the explored cases the wind develops only during the second burst and 
the newly formed metals are ejected more efficiently than the pristine gas (mostly 
H), thus confirming previous results (Recchi et al. 2001; D'Ercole & Brighenti 1999; 
MacLow & Ferrara 1999). At variance with these works (in which single episodes 
of star formation are considered), we find that as a consequence of multiple star 
formation episodes, a significant fraction even of the pristine ISM is lost by the 
parent galaxy. 

• Among metals, the iron-peak elements (mostly produced by type la SNe) are lost 
more efficiently than those produced by type II SNe (biased wind), due to the higher 
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chemical evolution during the first burst for model M300. 
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Figure 6.9: [Mg/Fe] and [Si/Fe] vs. time for the single- burst model (upper panel) 
and for model M300, case R and M300F, case R (lower panel), calculated with halved 
Fe yields from massive stars. Dashed lines represent the chemical evolution of the 
magnesium, while solid lines are the evolution of silicon. 

efficiency in energy transfer by type la SNe, which explode in an already hot and 
rarefied medium. However this effect, already found in single-burst models described 
in the previous chapter, is milder in the case of 2 bursts, since SNell in the second 
burst are also likely to transfer more energy into the ISM. 

• The predicted chemical abundances for the gas which remains inside the galaxy are 
in very good agreement with the abundances of 1Zw18, especially for what concerns 
the C/0 and N/0 ratios. The agreement with the data of 1Zw18 is definitively 
better for the case with 2 bursts than with only one, thus confirming the presence 
of old underlying stellar populations (ATG, Òstlin 2000). These results are in good 
agreement with observations either when using the chemical yields from IMS by 
Renzini & Voli (1981) or those by van den Hoek & Groenewegen (1997). 

• Our results suggest that a first weak burst of star formation, occurred more than 300 
Myr ago, followed by a more intense one, best reproduces the properties of 1Zwl8. In 
particular, in the framework of standard nucleosynthesis in massive stars we find two 
solutions for the age of the second burst : l) an age of some tens of Myr ( depending on 
the nucleosynthetic prescriptions adopted) and 2) an age of 4 - 6 Myr. This second 
solution is in good agreement with the spectral energy distribution models studied 
by Mas-Hesse & Kunth (1999). However, other studies of the stellar populations in 
1Zw18 suggest burst ages ranging from 10 to 20 Myr (ATG, Òstlin 2000). Moreover 
dynamical studies suggest an age of 27 Myr. If we assume that massi ve stars produce 



6.4. CONCLUSIONS ABOUT DOUBLE-BURST MODELS 107 

only primary N, the situation changes since the right N/0 ratio is achieved after 3-4 
Myr even after the first burst. Therefore, in this case we cannot use the N/0 as a 
cosmic dock. However, the assumption of massive stars producing only primary N 
is perhaps too extreme. 

• Models with a fl.at (x= 0.5) IMF produce much more oxygen after the first burst of 
star formation compared to models with Salpeter (1955) IMF. For these models the 
only possible solution is a second burst of a very short age (around 4 Myr), again in 
agreement with Mas-Hesse & Kunth (1999). 

• The [o:/Fe] ratios in the two burst case are always lower in the gas lost through the 
wind than in the gas which remains bound to the galaxy, thus creating an asymmetry. 
However this effect, already present in the one burst case, is here less strong. The 
[o:/Fe] inside the galaxy is predicted to be higher than solar (overabundance of o:-
elements) during the first 30 Myr from the burst. In particular, we predict a value 
of [0/Fe],--.+0.4 dex when the standard yields are adopted and a value of [0/Fe] 
""' +0. 7 - 0.8 dex when the Fe in massi ve stars is artificially lowered by a factor of 
two, since the Woosley & Weaver (1995) yields for Fe seem to be overestimated. The 
last value of [0/Fe] is in very good agreement with the abundance analysis ofiZw18 
by Levshakov et al. ( 200 l) . 

The above results referto the case of two subsequent instantaneous bursts of SF, the 
most common scenario usually attributed to the evolution of BCDs. Until recently, in 
fact, BCDs were supposed to undergo short and intense bursts of star formation, separat-
ed by long quiescent intervals, whereas dwarf irregulars and giant irregulars appeared to 
have a more continuous SF activity (see e.g. Tosi 1999). For this reason, the vast major-
ity of chemical evolution models for BCDs (e.g. Matteucci & Tosi 1985, Pilyugin 1993, 
Bradamante et al. 1998) were computed assuming burst durations of 108 years or less, as 
in this chapter. 

Nowadays, however, there is increasing evidence that also BCDs have rather a gasping 

SF, with long episodes of activity, separated by short quiescent intervals, if any. This 
continuity has been hypothesized by a few authors (e.g. Carigi et al. 1995, Legrand 2000), 
and has been supported by observations when the Hubble Space Telescope has allowed 
to resolve faint single stars even in galaxies outside the Local Group. A gasping SF, of 
course, is not an intense SF constant over the galaxy lifetime (which would be impossible 
for many BCDs which have gas consumption time-scales of the order of one or few Gyrs 
at most). The application of the method (e.g. Tosi et al. 1991) of synthetic CMDs to 
derive the SF history in relatively distant BCDs has provided fundamental information on 
the evolution of these systems. Deep CMDs have been obtained from HST optical and 
infrared photometry of several BCDs by different groups ( e.g. Aloisi et al. 1999, Schulte-
Ladbeck et al. 2001, Tosi 2001) and have provided similar scenarios for the SF histories of 
the examined objects: the SF activity has started long ago (in all cases, at least as long 
ago as given by the maximum lookback time corresponding to the depth of the available 
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photometry), but has been very intense only in a few galaxies. Standard episodes have a 
duration of several 108 years and tend to overlap each other with no real quiescent phases 
in between, or fairly short ones (lasting only 5-10 Myr). 

There are instead other galaxies for which a single, almost instantaneous starburst 
episode is more likely (e.g. NGC1569, Origlia et al. 2001). The question is still open 
and the next fundamental step for a better understanding of the chemical evolution of 
BCD galaxies is to take into account the effect of long-lasting SF episodes on the ISM 
of this kind of objects. This is an ongoing project, but for the moment we can only 
follow instantaneous starbursts with our chemo-dynamical models. It is possible to to take 
advantage of dynamical results obtained in Chapter 5 and 6 and to apply these results on 
purely chemical evolution models. This is what has been done in Chapter 7. 



Chapter 7 

Chemical evolution of Blue 
Compact galaxies 

Heavier than air ftight machines are impossible 

- Lord Kelvin, President of the Royal Society, 1895 -

7 .l Introd uction 
As mentioned in the previous chapter, with our chemo-dynamical models we are not (yet) 
able to simulate star formation regimes extended in time. The evolution of severa! dwarf 
irregular galaxies are characterized by a gasping star formation history (Tosi 2001) and 
even in the galaxies (mostly BCD) with a bursting star formation history, the duration of 
the star formation activity is often non-negligible. 

W e compute purely chemical evolution models for BCD by adopting some of the results 
obtained with the chemo-dynamical models described in Chapter 5 and 6. We explore the 
effect of continuous star formation during starburst as well as the effect of more than two 
bursts of star formation on the chemical evolution of these objects. 

7.2 The sample 

There are a lot of high-quality abundance data of BCD galaxies in literature, mostly thanks 
to the work oflzotov and Thuan (Izotov & Thuan 1999; Izotov, Thuan & Lipovetsky 1997; 
Izotov, Thuan & Lipovetsky 1994) , but also works of Masegosa, Moles & Campos-Aguilar 
(1994), Garnett et al. (1997), Skillman, Kennicutt & Hodge (1989) and the recent review 
of Kunth & Òstlin (2000) are extremely useful. 

In Table 7.1, we put, where available, data found in literature about the total H I 
mass (second column), total dynamical mass (third column), oxygen abundance (fourth 
column), N/0 abundance ratio (fifth column), oxygen to iron ratio [0/Fe] (sixth column) 
helium mass fraction Y (seventh column) and references adopted (eighth column). [0/Fe], 
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as usual, indicates the oxygen to iron abundance ratio (in mass), relative to the solar value, 
i.e. [0/Fe) = log (0/Fe) - log (0/Fe)G. In some cases, only the Helium number fraction 
Y = He/H is available in literature. To convert this value into helium mass fraction Y, we 
use the formula: 

y = 4y[l- 20(0/H)) 
l +4y ' 

(7.1) 

(Pagel et al. 1992). 

7.3 The model 
In this section, we summarize the characteristics of our chemical evolution model. Most 
of basic ingredients of chemical evolution models have been described in Chapter 3. We 
use a model, based on the originai work of Bradamante et al. (1998), but with several 
improvements o n the light of the results of our chemo-dynamical models ( Chapter 5 an d 
6). 

7.3.1 Model parameters 

We consider a model with a total luminous mass at the present time te = 15 Myr: 
ML(tc) = 109 M0 . We consider also a dark matter halo with total mass Md· The dark 
matter halo substantially affect the potential well of our model, thus the development of 
galactic winds (see eq. 3.17). We adopt dark matter / luminous matter ratio R = 10, 
which is a rather standard value in BCD galaxies and is valid also for IZwl8 (see Chapter 
l an d Table 7.1). W e use a classical Salpeter IMF in the mass range 0.1 - 100 M0 . The 
assumptions for the stellar lifetimes are those indicated by Padovani & Matteucci (1993), 
already used in Chapter 4 and 5 (eq. 4.5 and 5.13). 

7.3.2 Stellar chemical yields 

Here are summarized our adopted nucleosynthesis prescriptions: 

• for low and intermediate-mass stars (0.8 M0 ::; M ::; Mup) we adopt the nucleosyn-
thesis calculations by Renzini & Voli (1981) for a value of the mass loss parameter 
'fJ = 0.33 (Reimers 1975) and the mixing length parameter aRv = 1.5. Mup is the 
mass limit for the formation of a degenerate carbon-oxygen core and the standard 
value (without convective overshooting) is Mup = 8M0 . 

• For massive stars (M > 8 M0 ) we adopt Woosley (1987) nucleosynthesis compu-
tations, but adopting the relationship between the initial mass M and the He core 
mass MHe from Maeder & Meynet (1989). In this way we can account for mass loss 
in massive stars. We adopt Woosley (1987) nucleosynthesis computations instead of 
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Table 7. 1: Abundances in BCD galaxies 
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0.242 ± 0.007 3 
0.231 ± 0.016 3, 7, 17 
0.253 ± 0.008 l, 7 

0 .2407 ± 0.0034 10 
0.262 ± 0 .0 14 11, 12 
0 .262 ± 0.027 16 

0.237 19, 20 
19, 20 

0.255 ± 0 .014 8, 22 

References: (l) lzotov & Thuan ( 1999); (2) Pustlinik et a l. (2001); (3) Jzotov et al. (1997); (4) lzotov et a l. (1994); (5) van Zee et al. 
(1998b); (6) Kniazev et al. (2000); (7) Thuan et al. (1999); (8) Thuan & Martin (1981); (9) van Zee , Haynes & Giovan nelli (1995); 
(10) Fricke et al. (2001); (11) van Zee , Skillman & Salzer (1998a); (12) Kobulnicky & Skillman (1996); (13) Schulte-Ladbeck et al. 
(1999); (14) Thuan, lzotov & Foltz (1999); (15) Stavely-Smith, Davies & Kinman (1992); (16) Thuan, lzotov & Lipovetsky (1996); 
(17) Papaderos et al. ( 1996); (18) Papaderos et a l. (1994); (19) Taylor et al. (1995); (20) Masegosa, Moles & Campos-Aguilar 
(1994); (21) Taylo r et a l. (1994); (22) Pagel et a l. (1992) 
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those of Woosley & Weaver (1995), adopted in chapter 5 and 6, because the upper 
mass limit in the former case is 100 M0 . 

• for Type la SNe we adopt the popular model of C deflagration of C-0 white dwarfs 
triggered by accretion of material from a companion star. For the explosive nucle-
osynthesis products, we adopt the prescriptions of Nomoto, Thielemann & Yokoi 
(1984) and Thiememann, Nomoto & Hashimoto (1993), their model W7. 

7.3.3 Energetics and gas flows 

According to the results of Chapter 2 and to the assumptions adopted in Chapter 5, we 
consider a low thermalization efficiency for Type II SNe (rnr = 0.03) and a high value for 
SNela (ma = 1). In these models we consider also the energetic contribution of stellar 
winds from massive stars, through the equation 3.14. Assuming standard values for the 
density, temperature and luminosity of the stars responsible for the stellar winds, we obtain 
a value for the thermalization efficiency by stellar winds rJw = 0.03 (cf. eq. 2.37 and eq. 
2.38). 

We consider an accretion term, as indicated in eq. 3.9. The time-scale for this infall 
of gas is T = 5 -108 yr and the chemical composition of the infalling gas is assumed to be 
primordial. 

For what concerns gas loss via galactic winds, according to the results of this thesis 
work and to the models of Marconi et al. (1994) and Bradamante et al. (1998), we consider 
differential winds, in the sense that metals are lost more efficiently than pristine gas. At 
variance with the assumptions of Bradamante et al. (1998), we have found with our chemo-
dynamical simulations that the ejecta from Type la SNe and intermediate-mass stars are 
lost from the parent galaxy more easily than Type II SNe ejecta. Our assumptions for the 
ejection efficiencies ofvarious chemical elements Wi are summarized in Table 7.3. The larger 
ejection efficiencies are those of Fe (mostly produced in Type la SNe) and N (produced in 
intermediate-mass stars), and this is consistent with the dynamical results of chapters 5 
and 6. 

7.4 Results 
In Figs. 7.1-7.3 the chemical evolution of 12 + log(O/H) vs. log(N/0) for models with 
single or double short starburst episodes are shown. Data points are taken from Table 7.1. 

In Fig. 7.1 we show results of single-burst models with duration 10 Myr (model1a10), 
20 Myr (1a20) and 50 Myr (1a50). Although the wide range of oxygen abundances observed 
in BCD galaxies can be explained by different burst durations, these single-burst models 
seem t o be unfit to justify the nearly flat trend of log(N j O) a t low metallicities (Izotov & 
Thuan 1999). This behaviour seems to suggest that nitrogen production at low metallicities 
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Table 7.2: Model parameters 

Il Model l nb tb (Gyr) tltb (Gyr) r (Gyr - 1) 'TJII 

l alO l 14.98 0.01 2.5 0.03 
la20 l 14.98 0.02 2.5 0.03 
la50 l 14.98 0.05 2.5 0.03 
lalOO l 5 0.1 2.5 0.03 
lblOO l 5 0.1 l. O 0.03 
lclOO l 5 0.1 5.0 0.03 
la500 l 15 0.5 l. O 0.03 
2al0 2 14.97 - 14.99 0.01 2.5 0.03 
2a20 2 14.94- 14.98 0.02 2.5 0.03 
2a50 2 14.85 - 14.95 0.05 2.5 0.03 
2al00 2 14- 14.9 0.1 0.2 0.03 
2bl00 2 14- 14.9 0.1 0.5 0.03 
2c100 2 14 - 14.9 0.1 l. O 0.03 
2dl00 2 14- 14.9 0.1 2.5 0.03 
2a500 2 10- 15 0.1 - 0.5 l. O 0.03 
2bl0 2 14.97 - 14.99 0.01 0.5 0.03 
2c10 2 14.97 - 14.99 0.01 5.0 0.03 

3a500 3 5 - 10- 15 0.1 - 0.1 - 0.5 l. O 0.03 
6a500 6 l - 5 - 7.5 - 10 - 12.5 - 15 0.1- 0.1 - 0.1- 0.1- 0.1- 0.5 l. O 0.03 

nb: number of bursts; tb: burst age(s); tltb: burst duration; r: star formation efficiency; 'T}n: 

thermalization efficiency for Type II supernovae; 'TJia: thermalization efficiency for Type la 

supernovae. 

Table 7.3: Differential winds 

Chemical element 

Hydrogen 
Helium 
Carbon 
Oxygen 
Nitrogen 

lron 

Ejection efficiency 

WH = 0.5 
WHe = 0.5 
wc = 0.87 
wo = 0.84 
WN = 0.94 
WFe = 0.97 
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'TJia Il 
l 
l 
l 
l 
l 
l 
l 
l 
l 
l 
l 
l 
l 
l 
l 
l 
l 
l 
l 
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-- model 1a10 
--- model 1a20 

- --- model 1a50 
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12 + log(O/H) 

Figure 7.1: Evolution of log(N/0) vs. 12 + log(O/H) for single-burst models with 
burst duration 10 Myr (solid line), 20 Myr (dotted line) and 50 Myr (dashed line). 

is essentially of primary origin even for massive stars (Matteucci 1986). Primary nitrogen 
production in low-metallicity environments can be obtained in the presence of fast rotation 
(Meynet & Maeder 2001), but also in this case primary nitrogen is thought to be produced 
mainly by intermediate mass stars with initial masses between 5 and 7 M0 . Concerning 
the N/0 abundance ratio, as already noted in sec. 6.3.2, the flat trend is valid only in a 
very limited subsample of BCD galaxies, whereas in galaxies with 12 + log(O/H) > 7.6 
there is a high scatter of values. We can note in Fig. 7.1 and in table 7.1 an exception: 
the recently discovered BCD galaxy HS 0822+3542, the third most metal-deficient BCD 
galaxy after IZw18 and SBS 0335-052, has a high N/0 abundance ratio, of the order of 
log (N/0) ~ - 1.4 (Kniazev et al. 2000). The authors claimed that the uncertainties in 
the flux of [N n]>..6583 are large, in fact the error-bars in Fig. 7.1 are huge. In any case, in 
order to draw firm conclusions about the evolution of N/0 in low-metallicity galaxies, we 
need more statistics. 

Figs. 7.2 and 7.3 show the evolution of models with two short bursts with varying (a) 
burst durations (Fig. 7.2) (b) star formation efficiency (Fig. 7.3). In this case we observe 
a nearly flat N/0 evolution after the second starburst episode. This is due to the fact 
that the two starburst episodes are rather close to each other, thus nitrogen released by 
intermediate-mass stars formed after the first starburst episode and oxygen formed during 
the second starburst by massive stars, are evolving at about the same rate. We note that 
in all these cases the duration of the starburst episodes are too short and no galactic winds 
are developed. Moreover we remind that in real astrophysical situations galactic winds 
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8.5 

Figure 7.2: Evolution of log(N/0) vs. 12 + log(O/H) for double-burst models with 
varying burst duration !:ltb: 10 Myr (solid line), 20 Myr (dotted line) and 50 Myr 
( dashed line). 
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Figure 7.3: Evolution of log(N/0) vs. 12 + log(O/H) for double-burst models of 
short duration (!:ltb = 10 Myr) with varying star formation efficiency: r = 0.5 
Gyr- 1 (dotted line), r = 2.5 Gyr-1 (solid line) and r = 5.0 Gyr- 1 (dashed line) . 
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Figure 7.4: Evolution of log(N/0) vs. 12 + log(O/H) for single-burst models of 
relatively long duration with varying star formation efficiency: r = 0.5 Gyr-1 ( dotted 
line), r = 2.5 Gyr- 1 (solid line) and r = 5.0 Gyc1 (dashed line). 

along the polar axis could develop in flattened galaxies even when the binding energy of 
the gas is larger than the thermal energy supplied by stellar winds and supernovae. 

In Fig. 7.4 we can observe the effect of differential winds on the chemical evolution 
of BCD galaxies. We consider single bursts of star formation occurring at an earlier epoch 
(i.e. occurring 10 Gyr ago) and with a relatively long duration (1:1tb = 100 Myr). In this 
case, when the galactic wind develops, the abundance of O is reduced ( oxygen is ejected 
more easily than hydrogen), but also the N/0 abundance ratio begins to decrease, and 
this is stili related to the different ejection efficiencies of various chemical elements (see 
table 7.3). The high nitrogen content in BCD galaxies like Mrk 996 or Mrk 1089 can be 
explained as due to the contribution of a relatively old stellar population. 

In Fig. 7.5 we have plotted the evolution of double-burst models of relative long 
duration (1:1tb = 100 Myr), with different values for the star formation efficiency. All the 
models but the first one (model 2a100, with a star formation efficiency r = 0.2 Gyr-1 ), 

develop a galactic wind, thus, with our assumptions, the galactic wind can occur only when 
the burst duration is large enough (1:1tb 2:: 100 Myr). For the same models we show also the 
evolution of [0/Fe] as a function of 12 + log(O/H) (Fig. 7.6). Iron is mostly produced in 
Type la SNe, whereas almost all the oxygen is produced in massive stars. Thus, after some 
tens of Myr, no more oxygen is produced and the evolution of the tracks in this diagram is 
almost vertical. When the galactic wind develops, oxygen is slightly reduced owing to the 
biased wind. Iron is heavily replenished by Type la SNe, thus the effect of selective loss of 
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Figure 7.5: Evolution of log(N/0) vs. 12 + log(O/H) for double-burst burst models 
of relatively long duration with star formation efficiency r = 0.2 Gyc1 (solid line), 
r = 0.5 Gyc1 (dotted line), r = 1.0 Gyr-1 (dashed line) and r = 2.5 Gyc1 (long-
dashed line). 

7 7 .5 8 8 .5 
12 + log(O/ H) 

Figure 7.6: Evolution of [0/Fe] vs. 12 + log(O/H) for double-burst burst models of 
relatively long duration with star formation efficiency r = 0.2 Gyr-1 (solid line), r = 
0.5 Gyr-1 (dotted line), r = 1.0 Gyr-1 (dashed line) and r = 2.5 Gyr-1 (long-dashed 
line) . Symbols as in Fig. 7.5 



118 CHAPTER 7. CHEMICAL EVOLUTION OF BLUE COMPACT GALAXIES 

-1 

o 
"'-.. z 
~ 

tlll ..s 
-1.5 

- 2 

6.5 

-- model 1a500 
- -- model 2a500 

model 3a500 
model 6a500 

7 7.5 8 
12 + log(O/H) 

8.5 

Figure 7.7: Evolution of log(N/0) vs. 12 + log(O/H) for single (solid line), double 
(dotted line), triple (dashed line) and sixfold (long-dashed line) burst models of 
relatively long duration with star formation effi.ciency r = 1.0 Gyc1 (see table 7.2). 

iron is not evident in these models. The large spread of [0/Fe] ratios found in literature, if 
real (the measurement of iron lines in BCD galaxies is rather uncertain), could be due to 
differences in the evolutionary phases of the galaxy: while the star formation is ongoing, 
the oxygen abundance is rather high, whereas during interburst phases the [0/Fe] ratio 
falls down. 

Finally, in Fig. 7.7, we show the effect of single (dotted line), two (solid line), three 
( dashed line) or six (long-dashed line) starburst episodes of relatively long duration. With 
the exception of the single-burst model, the other models develop a biased wind, thus 
giving rise to a sort of cycle in the N/0 vs. 0/H evolution, composed of four phases: (a) 
the oxygen increases when the star formation is ongoing; (b) when the star formation is 
no more active, nitrogen increases owing to the ejecta of low- and intermediate-mass stars 
with long lifetimes; (c) when the galactic wind develops, both the oxygen abundance and 
the N/0 abundance ratio decrease, owing to the different ejection efficiencies; (d) when 
a new star formation event occurs, the production of oxygen is larger than the O lost by 
differential winds, whereas the nitrogen losses are not yet compensateci by the ejecta of the 
new generation of stars until intermediate-mass stars begin to die. 

In Fig. 7.8 we show the evolution of the Helium mass fraction Y as a function of 
the oxygen gas content for the models la500, 2a500, 3a500 and 6a500. The assumed 
primordial Helium abundance is 0.24, thus the helium mass fraction variation is of the 
order of few per cent. This value of the primordial Helium abundance is taken by Izotov & 
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Figure 7.8: Evolution of Helium mass fraction Y vs. 12 + log(O/H) for single (solid 
line), dou ble ( dotted li ne), triple ( dashed li ne) an d sixfold (long -dashed li ne) burst 
models of relatively long duration with star formation efficiency r = 1.0 Gyc1 (see 
table 7.2). 

Thuan (1999). In chapter 5 we assumed a different value for the primordial He, but that 
choice did not influence the dynamical results presented in that chapter. Despite the huge 
error-bars in the measurements of helium in these BCD galaxies, the evolution of Y in our 
models seems to be consistent with the observed values found in literature, in particular for 
model 6a500. We can conclude that the large spread of values can be justified by different 
number of bursts, whereas the differential wind hypothesis is fundamental to justify the 
non-linear evolution of Y as a function of O, as pointed out by other authors (Pilyugin 
1992; Bradamante et al. 1998). 

7.5 Conclusions 

The main conclusions we can draw after this study of chemical evolution models in gas-rich 
dwarf galaxies can be summarized as follows: 

• Bursts of star formation with duration shorter than 100 Myr do not develop a galactic 
wind. In this formulation, larger burst ages simply produce more stars (and thus 
more energy available to drive galactic winds), whereas in more refined dynamical 
models, in the burst is extended in time, the dynamical impact is reduced. 

• The large spread in the N/0 vs. 0/H diagram (Matteucci 1996), observed in BCD 
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galaxies with relatively high metal content (12 + log(O/H) > 7.6) can be explained 
as due to different star formation efficiencies, which means also different wind effi-
ciencies, different burst ages or differences in the burst durations. In particular, in 
models with more than one burst of star formation, we expect relatively high N/0 
abundance ratios during interburst phases and a lower value when the star forma-
tion is ongoing. The wide spread of [0/Fe] abundance ratios as a function of 0/H 
could be due to the same mechanism, i.e. oxygen abundance is high when the star 
formation is active, whereas during quiescent phases iron is released by Type la SNe, 
thus the [0/Fe] ratio falls down. 

• In the subsample of metal-poor dwarf galaxies, a nearly fiat trend of N /0 abundance 
ratios as a function of 0/H has been observed (Izotov & Thuan 1999; Izotov et 
al. 2001a), although the statistics of this subsample is still poor. Moreover, some 
recent finding of extremely metal-poor galaxies (Kniazev et al. 2000) can lead to the 
suggestion that a large spread of chemical abundance ratios exists also in metal-poor 
objects. 

• In arder to explain the (apparent) fiat distribution of N/0 in low metallicity objects, 
together with the "classica!" suggestion of primary production of nitrogen even in 
massive stars (Matteucci 1986; Chapter 6), we can suggest either a couple of bursts 
separated by a short quiescent period, or more extended bursts, in which a differential 
wind develops and in the following evolution, both the oxygen abundance and the 
N/0 abundance ratio decreases with time. 

• The Helium mass fraction increases slowly with time, starting from the salar value 
Y = 0.24. The values of the helium mass fraction in this kind of objects, taken 
from the literature, is reasonably well fitted by our chemical evolution models, in 
particular by those with a relatively high number of starburst episodes. 



Chapter 8 

Conclusions 

A t this distance, they couldn't hit an eleph .. . 

- Major- Generai John Sedgwick, commander of the Union Army during the Civil War. 
These had been his last words before dying during Spottsylvania battle, 1864. -

We have performed a series of numerica! simulations of the evolution of Dwarf Irregular 
and Blue Compact Dwarf galaxies after single or multiple bursts of star formation. After 
a starburst of relatively short duration, stars release energy into the ISM through stellar 
winds and supernova explosions. The energy supplied by dying stars can drive galactic 
winds, whose role is fundamental in both the chemical and dynamical evolution of galaxies. 

8 .l Thermalization efficiency 

In order to understand these processes, the first fundamental step is to analyze the impact 
of a single supernova explosion on the surrounding ISM. We have extensively analyzed 
the effect of the expansion of a single Supernova Remnant (SNR) or a wind-blown hubble 
in Chapter 2. We have found that the fraction of mechanical energy of the supernova 
explosion t ha t is converted into kinetic energy of the ISM ( the so-called "thermalization 
efficiency"), is strongly dependent o n the thermòdynamical conditions of the ISM in which 
the SNR is embedded. In particular, ifthe SN explosion occurs in a cold and dense medium, 
most of the initial blast wave energy will be lost by radiative cooling, whereas explosions 
occurring in hot and diluted media radiate less energy and more energy is available to 
trigger the galactic wind. If the starburst episode is short enough, we can thus assume that 
Type II supernovae explode in a dense and cold medium, thus having low thermalization 
efficiencies, whereas Type la SNe, originating in binary systems of intermediate mass, will 
explode when Type II SNe have already heated and diluted the surrounding medium, thus 
their thermalization efficiencies will be higher. 

121 
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8.2 Dynamical evolution of Blue Compact Dwarf 
galaxies 

W e ha ve analyzed in detail models of dynamical evolution of BCD galaxies as a consequence 
of single (Chapter 5) or multiple (Chapter 6) bursts of star formation. Given the importance 
of Type la SNe (almost ignored in previous similar works) for both the chemical and 
dynamical evolution of this kind of objects, Chapter 4 has been devoted to the study of this 
kind of SN explosions. We have found analytical solutions for simple star formation regimes 
( instantaneous bursts an d continuous star formation episodes) and for different models of 
Type la progenitors. In particular we have analyzed the classica! Single-Degenerate scenario 
(Whelan & Iben 1973), in which the explosion occurs when a White Dwarf reaches the 
Chandrasekhar mass after accreting material from a companion star ( either a red giant or 
a main sequence star) which fills its Roache lobe and the versions proposed by Greggio 
(1996) and Kobayashi et al. (1998; 2000). Greggio (1996) assumed that the efficiency 
with which the companion star accretes material onto the WD could be different from l, 
whereas the work of Kobayashi et al. (1998) is based on the model proposed by Hachisu, 
Kato & Nomoto (1996; 1999), in which the explosion can occur only when the accretion 
of material onto the WD is not too fast. Only limited regions in the plane donor mass -
orbital period allow SNia explosion. I n particular the authors found that a stellar wind 
produced by the WD helps in stabilizing the accretion of material from the donor star. For 
stars with metallicities less than [Fe/H] ~ - l the stellar wind is too weak, the accretion 
of material is not stable and the explosion cannot occur. 

Our results showed that the best prescription for Type la SNe is still the Single-
Degenerate model proposed by Whelan & Iben (1973) and extensively studied by Nomoto 
et al. (1984). With other assumptions (Greggio 1996; Kobayashi et al. 1998) we need 
a huge fraction of systems giving rise to Type la SN events in order to reproduce SNeia 
rates in agreement with observations in the solar neighbourhood. Moreover, models of 
Kobayashi et al. (1998; 2000) seem to be unfit to justify the change in slope in the [0/Fe] 
vs. [Fe/H] diagram in the solar vicinity. This "knee" occurs in fact at around [Fe/H] rv -

l, thus in the Kobayashi et al. model we cannot produce enough Type la SNe, because 
[Fe/H] rv - l is just the limit for the formation of the firsts Type la supernovae. 

We have defined a typical time-scale for the maximum enrichment from Type la SNe 
as the time in which SNia rate reaches a maximum and we have found that this time-scale 
strongly depends on the star formation history. In starburst galaxies this time-scale is 
around 40 - 50 Myr, in elliptical galaxies is of the order of 0.3 - 0.4 Gyr and finally in 
spirals, like the Milky Way, this value is around 4- 5 Gyr. 

W e have considered then detailed models of dynamical and chemical evolution of Blue 
Compact Dwarf galaxies after single or multiple starburst episodes. We have used an 
Eulerian 2-D hydrocode, in which several chemical evolution routines are implemented. 
With this kind of code, we are able to follow the evolution, in space and time, of several 
chemical elements of particular astrophysical interest (namely H, He, C, N, O, Mg, Si, Fe). 
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We focused on a galaxy model with structural parameters resembling IZw18, a very well 
studied, very metal-poor galaxy (the most metal-poor galaxy locally known). 

We found that, after a single, instantaneous starburst event, a galactic wind develops, 
in which metals are lost more efficiently than pristine gas, thus confirming the so-called 
"differential wind" hypothesis. We found however that metals produced by Type la su-
pernovae (not considered in previous similar works) are ejected more easily than Type II 
supernova products. This is due to the fact that, when Type la SNe begin to explode, the 
ISM has been already heated and diluted by the previous activity of Type II SNe, thus 
the mechanical energy of the explosion is easily converted into kinetic energy of the ISM. 
The main consequence of this "biased wind" is that [a/Fe] abundance ratios outside the 
galaxy are always lower than inside, and this has important consequences on the chemical 
enrichment of the intra-cluster medium. 

Another important result of our chemo-dynamical evolution models is that, after a 
single starburst event, most of metals are found in a cold phase already after ,...... 10 Myr. 
This is due to the fact that the thermalization efficiency of Type II supernovae is low, 
thus the evolution of the superbubble is initially very slow. The metals present inside 
the hot cavity have time to mix with the surrounding cold and dense shell, by means of 
thermal conduction and thermal instabilities occurring at the interface between hot cavity 
and cold shell. This result is rather new, because in classica! models of hubble evolution 
metal-enriched shocked wind and metal-poor shocked ISM are separated by a contact 
discontinuity and no mixing can occur between these two regions. Thermal conduction, if 
not impeded by magnetic fields, can affect the thermodynamical behaviour of the cavity 
and we can demonstrate that after a short time (of the arder of 10 Myr) the superbubble 
becomes radiative, i.e. radiates an energy comparable to the total thermal energy of the 
superbubble. This result could depend also on the numerica! diffusion, a unavoidable 
drawback of numerica! simulations. We checked our results with simulations with different 
spatial resolutions, as well as implementing numerica! routines which alleviate the problem 
of numerica! diffusion in contact discontinuities. This result is very important since it can 
justify the common assumption of Instantaneous mixing adopted in almost all the chemical 
evolution models. 

In chemical evolution models it is in fact commonly adopted that all the gas released 
by stars is instantaneously mixed with all the surrounding gas and is available for successive 
episodes of star formation. Some authors (Tenorio-Tagle 1996; Legrand 2000) believed that 
metals released by the ongoing starburst are hidden in a hot phase, thus are neither mixed 
with the surrounding unpolluted ISM, nor visible in the common optical spectroscopy. 
These hypotheses are based on the idea that shocked wind (metal-rich) cannot mix with 
the surrounding medium. On the light of our models, one can believe that, if the impact of 
star formation is not too strong, radiative losses are significative even in the hot cavity and 
metal-rich internai hubble can mix with the external cold shell through thermal instabilities 
and thermal conduction. 

Recent Color-Magnitude studies ofiZw18 both in the optical (Aloisi et al. 1999) and 
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in the infrared (Òstlin 2000) demonstrate that IZw18 has at least two stellar populations, 
a young population of red supergiants and an older population of asymptotic giant branch 
stars, with an age of at least some hundreds of Myr. We thus have performed models 
with two instantaneous starburst events separated by a quiescent period. These models 
substantially confirm major findings obtained in single-burst models (i.e. differential winds 
in which iron is lost more efficiently than other metals and the finding that most of metals 
are in a cold phase already after "' 10 Myr), but these effects are milder in double-burst 
models. Moreover, we can find from the analysis of these models some hints about the star 
formation history of IZw18. In particular our results suggest that a first weak burst of star 
formation with an age of 300-500 Myr, followed by a more recent star formation episode, 
best reproduces the properties of IZw18. We find two solutions for the age of the second 
burst: (a) an age of some tens of Myr, depending on the nucleosynthetic prescriptions 
adopted, (b) an age of 4-6 Myr, which is consistent with the spectral energy distribution 
models studied by Mas-Hesse & Kunth (1999). We have also suggested that, for models 
with a flat IMF (x= 0.5), as suggested by Color-Magnitude Diagrams (Aloisi et al. 1999), 
the only possible solution is a second burst with a very short age. 

As suggested in Chapter 6, the next step of this kind of research will be a more refined 
analysis of the star formation history of IZw18. Starting from results of CMD studies of 
IZw18, we will consider star formation rates extended in space and time, in which mixing 
and recycling processes are taken into account in a more refined way, together with a more 
refined treatment of the multiphase structure of the ISM. 

8.3 Chemical evolution of Blue Compact Dwarf 
galaxies 

In Chapter 7 we have studied chemical evolution models of BCD galaxies as a consequence 
of single and multiple bursts of star formation, with varying star formation efficiency, 
burst number and burst duration. In this kind of models we used these new prescriptions 
for the thermalization efficiency and we assumed that, when a galactic wind develops, 
metals are lost more efficiently than other elements. This result is consistent with most of 
dynamical simulations of the evolution of dwarf galaxies (MacLow & Ferrara 1999; D'Ercole 
& Brighenti 1999; Recchi et al. 2001) and is assumed in many chemical evolution models of 
BCD and Dirr galaxies, in order to explain the observed spread in He/H vs. 0/H and N/0 
vs. O /H relations. In particular, we assumed ejection efficiencies for the various chemical 
elements, consistent with our finding in dynamical simulations. 

With these assumptions for the energetics of these galaxies, we obtained that all sys-
tems with star formation episodes of duration longer than 100 Myr experience galactic 
winds. Selective winds, together with differences in star formation efficiencies and differ-
ences in the burst ages and burst durations, can explain the spread in the N/0 vs. 0/H 
diagram, as well as the spread observed in the [0/Fe] vs. 0/H one, although in the mea-



8.3. CHEMICAL EVOLUTION IN BCD 125 

surements of iron lines, uncertainties are still too high. lzotov & Thuan (1999) noted that 
in BCD galaxies of very low metallicities (i.e. 12 + log(O/H) < 7.6), N/0 abundance 
ratio is nearly constant. There are only few galaxies observed in this low-metallicity range 
and recently Kniazev et al. (2000) measured a relatively high N/0 abundance ratio in HS 
0822+3542, one of the most metal-poor galaxies locally know, thus the finding of Izotov & 
Thuan needs more statistics to be confirmed. This result, if true, could be justified either 
by a significative production of primary nitrogen in massive stars, as suggested first by 
Matteucci (1986), or by multiple bursts of star formation separated by quiescent periods, 
in which oxygen supplied by the ongoing episode of star formation and nitrogen supplied 
by more ancient stellar populations grow at nearly the same rate. There is another possi-
bility: if we assume that most of nitrogen is lost through galactic winds, whereas part of 
oxygen is trapped inside the galactic region, we can obtain a situation in which almost all 
the nitrogen produced by ancient bursts is lost, thus the N/0 abundance ratio stays nearly 
constant . 
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