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Riassunto

In questi ultimi anni, lo studio delle galassie ad alto redshift è un argomento in piena

evoluzione dal punto di vista osservativo; le survey fotometriche hanno consentito

osservazioni di galassie sempre più distanti e deboli con una crescente efficienza, per-

mettendo uno studio via via più approfondito dell’evoluzione galattica al variare del

redshift. Le osservazioni mostrano un Universo ad alto-z fortemente oscurato dalle

polveri: l’effetto della polvere é di assorbire la radiazione stellare nel range UV/ottico

dello spettro elettromagnetico e di riemettere tale radiazione nell’infrarosso, modifi-

cando quindi profondamente la forma delle distribuzioni spettrali di energia (SEDs)

delle galassie oscurate (Silva et al. 1998; Piovan et al. 2006b; Popescu et al. 2011),

e di ostacolare l’interpretazione dei loro parametri fisici fondamentali, quali l’età,

la metallicità, la funzione iniziale di massa (IMF), le popolazioni stellari (SSP), la

storia di formazione stellare. Solo tenendo conto dell’emissione proveniente da tutte

le lunghezze d’onda è possibile studiare le proprietà delle galassie per mezzo della

sintesi evolutiva di popolazione (EPS).

Ha quindi notevole importanza calcolare sequenze evolutive di modelli spettrali di

galassie di diverso tipo morfologico, includendo gli effetti della polvere, sia nell’universo

locale che ad alto redshift (Narayanan et al. 2010; Jonsson et al. 2010; Grassi et al.

2010; Pipino et al. 2011; Popescu et al. 2011): questo approccio ovviamente au-

menta la complessità del lavoro e porta in genere ad avere un numero molto più

elevato di parametri che influenzano i risultati delle simulazioni, da confrontare con

le osservazioni.

In questa tesi, gli effetti della polvere sulle galassie sono stati profondamente stu-

diati e analizzati sia dal punto di vista chimico che spettrofotometrico, per galassie

di diversi tipo morfologici, a vari livelli, cercando di migliorare il trattamento dell’ es-

tinzione, emissione, formazione ed evoluzione della polvere nelle nostre simulazioni.

In questo lavoro: (a) abbiamo introdotto e studiato gli effetti della polvere nelle

isocrone e nelle popolazioni stellari, introducendo un trattamento allo stato dell’arte

della fase di ramo asintotico delle giganti (AGB), per stelle di massa piccola e interme-

dia, considerando le shells di polveri circondanti tali oggetti; (b) abbiamo sviluppato

e testato modelli state-of-art di galassie di diversi tipi morfologici, (E, S0, Sa, Sb, Sc,



Sd e dischi), includendo tutti gli effetti locali e globali legati all’estinzione e emissione

delle polveri. Abbiamo presentato e testato i modelli in diversi sistemi fotometrici, sia

per l’Universo locale che ad alto redshif; (c) allo scopo di migliorare le informazioni

fornite dal codice chimico al codice di sintesi di popolazione, abbiamo sviluppato e

presentato una descrizione attuale dell’evoluzione e della formazione della polvere

nelle galassie a spirale, trattando in modo completo gli yields di polvere e i processi

di accrescimento/distruzione. Questo modello raffinato sarà poi in futuro utilizzato

come base per i modelli spettro-fotometrici, che includano un’interfaccia chimica più

avanzata. In particolare, la Via Lattea stato scelta come il laboratorio ideale per

studiare il ciclo della polvere (Zhukovska et al. 2008) e il susseguente impatto dello

stesso sulla formazione delle galassie, con l’obiettivo di (1) estendere il modello chim-

ico polveroso alle galassie ellittiche, di tipo intermedio e starburst e (2) interfacciarlo

al nostro codice spettro-fotometrico.



Abstract

During these last years, with the advent of modern telescopes and satellites, studies

about high redshift galaxies are topics in great development from an observational

point of view; photometric surveys permit observations of very far and faint galaxies

with bigger efficiency, thus allowing to study the galactic evolution with redshift.

Observations show a strongly obscured high-z universe featuring huge quantities of

dust (Omont et al. 2001; Shapley et al. 2001; Bertoldi et al. 2003; Robson et al.

2004; Wang et al. 2008; Wang et al. 2008; Gallerani et al. 2010; Micha lowski et al.

2010; Micha lowski et al. 2010). Dust absorbs the stellar radiation in the UV/optical

range of the electromagnetic spectrum and re-emits it in the IR, so it deeply changes

the shape of the observed spectral energy distributions (SEDs) of obscured galax-

ies (Silva et al. 1998; Piovan et al. 2006b; Popescu et al. 2011), hampering their

interpretation in terms of the fundamental physical parameters, such as age, metal-

licity, initial mass function (IMF), mix of stellar populations, star formation history

(SFH). Only taking into account all the spectral range of emission it is possible to

study the properties of galaxies by means of the evolutionary population synthesis

(EPS) models.

It is therefore mandatory to calculate evolutionary sequences of spectral models

for galaxies of various morphological types, including the effects of dust, both for the

local universe and high redshift objects (Narayanan et al. 2010; Jonsson et al. 2010;

Grassi et al. 2010; Pipino et al. 2011; Popescu et al. 2011): this approach leads to a

growing complexity and typically to a much larger set of parameters influencing the

results of the simulations to be then compared with the observations.

In this thesis, the effects of dust on galaxies have been deeply studied and con-

sidered in both chemical and spectro-photometric simulations of galaxies of different

morphological types at many different levels, trying to improve the treatment of dust

extinction, emission, formation and evolution in our models.

In this work: (a) we introduced and studied the effects of dust in isochrones and

SEDs of SSPs with an improved state-of-art treatment of the AGB phase in interme-

diate and low mass stars, taking into account circumstellar dust shells around them;

(b) we developed and tested state-of-art models of galaxies of different morphological



types, E, S0, Sa, Sb, Sc, Sd and disks, with the inclusion of all the local and global

effects of dust extinction and emission. We presented and tested the models in many

different photometric systems, both for the local and high redshift universe; (c) in

order to improve upon the information supplied by the chemical code to the EPS,

we developed and presented a state-of-art description of the evolution and formation

of dust in spiral galaxies, with a complete treatment of dust yields and dust accre-

tion/destruction processes. This refined model should be in future used to support

the spectro-photometric models with a more advanced chemical interface. In partic-

ular, the Milky Way has been chosen as the ideal laboratory to study the dust cycle

(Zhukovska et al. 2008) and its impact on the wider subject of galaxy formation, with

the target to later (1) extend the dusty chemical model to ellipticals, intermediate

type and starburst galaxies and (2) interface it to our spectro-photometric code.
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1.2 AGB-manqué stars for two metallicities: Z=0.05 (left panel) and Z=0.1 (right

panel). The isochrones are plotted with ages log(t/yr)= 10.26, 10.28, 10.30 (Z=0.05)

and log(t/yr)= 9.95, 9.98, 10.00, 10.02, 10.04, 10.08, 10.11, 10.15, 10.18 (for Z=0.1).

In the left panel, the red lines represent the pre-AGB manqué phase. In the right
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6.1 Upper panel: present-day radial profiles across the MW Disk for molecular hydrogen

σH2
(r, tG), neutral hydrogen σHI (r, tG), and total amount of gas σG (r, tG) obtained
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in left panel but for nH = 1 cm−3. Right Panel: The same as in left panel but for
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6.7 The same as in Fig. 6.6 but for the mixed grain model by Nozawa et al. (2003). The

meaning of all the symbols is the same as in Fig. 6.6. Left Panel: The masses of O,

Mg, Si and Fe in dust that survived to the reverse shocks for nH = 0.1 cm−3. Middle

Panel: The same as in left panel but for nH = 1 cm−3. Right Panel: The same as
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nH = 1 cm−3 and nH = 10 cm−3. Also, the original undestroyed yields by Nozawa
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and dashed line); Mg (triangles and dotted line); Si (six-pointed stars and dot-dashed

line); S (squares and continuous line); Ca (squares and continuous line) and Fe (five-
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6.10 The same as in Fig. 6.9 but for the mixed grain model of Nozawa et al. (2003),
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6.11 Condensation efficiencies for the elements C, O, Mg, Si, Ca, S and Fe in SNRs as

a function of the progenitor mass at varying the metallicity Z. We plot: C (empty

circles and continuous line); O (diamonds and dashed line); Mg (triangles and dotted
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line) and Fe (five-pointed stars and dashed line). . . . . . . . . . . . . . . . . . . . . 229



xiv LIST OF FIGURES

6.12 Dust ejecta for C, O, Mg, Si, and Fe, calculated by means of dust compounds of

Ferrarotti & Gail (2006) and Zhukovska et al. (2008) for AGB stars as a function of

the progenitor mass. Four metallicities are considered. The legend is as follows: C

(empty circles and continuous line); O (diamonds and dashed line); Mg (triangles and

dotted line); Si (six-pointed stars and dot-dashed line); S (squares and continuous

line) and Fe (five-pointed stars and dashed line). The dashed line without markers is

the total amount of dust in the ejecta. The vertical dashed line represents the 6 M⊙

upper AGB limit according to our set of yields Marigo et al. (1996), Marigo et al.

(1998), Portinari et al. (1998). Finally, the continuous line shows the total ejected

mass in dust and gas for what concerns the five elements we have considered in the
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6.13 Temporal evolution of the contribution to the abundance of dust by the four types

of grain (on which we distributed the single elements) and the three sources. All the

contributions have been properly corrected for the destruction of dust. Left panel:

results for an inner ring of the MW centered at 2.3 kpc. We show: silicates (continuous

lines), carbonaceous grains (dashed lines), iron dust (dotted lines) and, finally, other

grains bearing S, Ca and N (dot-dashed lines). For each group we distinguish the

net contributions from the ISM accretion, AGB and SNe, that is: ISM-C, AGB-C

and SNe-C for carbon grains, ISM-Sil, AGB-Sil and SNe-Sil for silicates, ISM-Fe,

AGB-Fe and SNe-Fe for the iron dust and finally, ISM-Ca/S/N, AGB-Ca/S/N and

SNe-Ca/S/N for the other grains. The two thin dashed lines represent the same

GDABBCBBB model but with 15% (upper dashed line) and 45% (lower dashed line)

of CO. In all cases ξCO = 0.30 as default value. Central panel: the same as in the

left panel but for the Solar Ring at 8.5 kpc. Right panel: the same as in the left

panel but for an outer ring at 15.1 kpc. Since the ratio σD/σH is lower, the scale of

the y-axis is shifted respect to the scales for the inner region and the Solar Ring in
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6.14 Temporal evolution of the contribution to the abundance of dust during the first 1.5

Gyr-2 Gyr. All the contributions have been properly corrected for the destruction

of dust. Left panel: results for the inner ring of the MW at 2.3 kpc. We show

for the SNe injection: silicates (thin continuous line SNe-Sil), carbonaceous grains

(thin dashed line, SNe-C), iron dust (thin dotted line, SNe-Fe) and, finally, other

grains bearing S, Ca and N (thin dot-dashed line, SNe-Ca/S/N). The thick lines

represent the total contribution from one source to the dust budget sub-divided in:

SNe (thick dashed line, SNe-tot), ISM (thick continuous line) and AGB (thick dotted

line). Central panel: the same as in the left panel but for the Solar Ring at 8.5 kpc.

Right panel: the same as in the left panel but for the outer ring at 15.1 kpc. . . . . 236
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6.15 Temporal evolution of the contribution to the dust budget in the Solar Neighbor-

hood during the first 1.5 Gyr-2.5 Gyr by type II SNe according to three different

prescriptions for the dust condensation efficiencies. All the contributions are already

corrected for the effect of dust destruction. We show: the contribution by accretion

of dust grains in the ISM (ISM-tot, continuous line); the total contribution by SNe

dust yields (SNe-tot, dashed line); the contributions by the different kind of SNa

dust grains, that is Silicates (SNe-Sil, continuous line), carbonaceous grains (SNe-C,

dashed line), iron dust grains (SNe-Fe, dotted line) and Ca/S/N generic dust grains

(SNe-Ca/S/N, dot-dashed line). Left panel: the results based on the Nozawa et al.

(2003),Nozawa et al. (2006), Nozawa et al. (2007) condensation efficiencies. Central

panel: the same as in the left panel but for the Dwek (1998) condensation efficiencies

and for the Pipino et al. (2011) efficiencies. Right panel: the same as in the left

panel but for the Calura et al. (2008) condensation efficiencies. . . . . . . . . . . . . 237

6.16 Temporal evolution of the contribution to the dust budget by type II SNe according

to three different prescriptions for the dust condensation efficiencies. The data refer

to the Solar Ring (continuous lines) and the innermost region of the MW (dashed

lines). All the contributions are already corrected for the effect of dust destruction.

We show: the contribution by accretion of dust grain in the ISM (ISM-tot) and the

total contributions by SNe (SNe-tot) and AGB stars (AGB-tot). Left panel: the

results for the Nozawa et al. (2003), Nozawa et al. (2006), Nozawa et al. (2007)

condensation efficiencies. Central panel: the same as in the left panel but for the

Dwek (1998) and Calura et al. (2008) condensation efficiencies. Right panel: the

same as in the left panel but for the Zhukovska et al. (2008) condensation efficiencies. 238

6.17 Temporal evolution of the contribution to the dust budget during the first 1.5 Gyr-2.5

Gyr by type Ia SNe for two prescriptions of dust ejecta and three different regions
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Kpc. The results for prescription based on Dwek (1998), Calura et al. (2008) are

represented with thin lines, whereas those for case based on Zhukovska et al. (2008)

are shown with thick lines. All the contributions are already corrected for the effect

of dust destruction. We show: the contribution by accretion of dust grain in the ISM

(ISM-tot, continuous lines); the total contribution by SNe dust yields (SNe-tot, type

Ia + type II SNe - continuous line); the contributions by the different kind of SNa

dust grains, that is silicates (SNe-Sil, continuous lines), carbonaceous grains (SNe-C,

dashed lines), iron dust grains (SNe-Fe, dotted lines) and Ca/S/N based dust grains

(SNe-Ca/S/N, dot-dashed lines). Left panel: the results for the inner ring. Central

panel: the same as in the left panel but for the Solar Ring. Right panel: the same

as in the left panel but for the outer ring. . . . . . . . . . . . . . . . . . . . . . . . . 240

6.18 Temporal evolution up to 13 Gyr of the contribution to the dust budget by type Ia

SNe for two prescriptions of dust ejecta and three different regions of the MW. We

show: the contribution by accretion of dust grain in the ISM (ISM-tot, continuous

lines); the total evolution of the iron-dust (Fe-tot, dashed lines); the contributions

by some of the SNa dust grains, that is silicates (SNe-Sil, continuous lines), iron

dust grains (SNe-Fe, dotted lines) and Ca/S/N based dust grains (SNe-Ca/S/N, dot-
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6.19 Temporal evolution of the contribution from AGB stars to the dust budget calculated

until the present age. All the contributions have been properly corrected for the

effect of dust destruction. Three regions of the MW Disk are considered as usual:

the inner ring (left panel), the Solar Ring (middle panel), and the outer region (right

panel). Thick lines represent our model A based upon Dwek (1998), whereas the thin

lines represent model B based upon Ferrarotti & Gail (2006). We show: the total

contribution by accretion of dust grain in the ISM (continuous lines) and the total

contribution by AGB stars (dashed lines); the contributions by the various kinds

of AGBs dust grains, in the specific: the iron-stardust (dotted lines); the silicates

(continuous lines), the carbonaceous grains (dashed lines) and Ca/S/N based dust

grains (dot-dashed lines). Left panel: The results for the inner ring. Central

panel: the same as in the left panel but for the Solar Ring. Right panel: the same

as in the left panel but for the outer ring. . . . . . . . . . . . . . . . . . . . . . . . . 242

6.20 Temporal evolution of the contribution from AGB stars to the dust budget calculated

until the present age. Three regions of the MW Disk are considered as usual: the inner

ring (left panel), the Solar Ring (middle panel), and the outer region (right panel).

Thick lines represent the model based upon Dwek (1998), while thin lines represent

the model based upon Ferrarotti & Gail (2006). We show: the total amount of dust

grains in the ISM (continuous lines) and the total amount of the various grain families,

where with total we mean AGB stardust plus SNe stardust plus accreted dust in the

ISM. In detail we show: the iron-stardust (dotted lines); the silicates (dot-dashed

lines), the carbonaceous grains (dashed lines) and Ca/S/N based dust grains (dotted

lines). Left panel: The results for the inner region of the MW Disk. Central panel:

the same as in the left panel but for the Solar Ring. Right panel: the same as in

the left panel but for the outer ring. . . . . . . . . . . . . . . . . . . . . . . . . . . . 243

6.21 The range of depletions is shown for those elements in our list that intervene in the

dust formation or are present in the ejecta by AGB stars and SNe (C, N, O, Ms, Si,

S, Ca and Fe). The insert shows in detail the depletions for C, N and O. Four values

are plotted for each element. Filled squares and circles represent the smallest and

largest depletion, respectively. The crosses determine the range for the depletion in

the Warm and Cool components of the Galactic Disk, according to Jenkins (2009)

and Savage & Sembach (1996). See Tab. 6.5 for more details. . . . . . . . . . . . . . 248

6.22 Temporal evolution of the contribution to the abundance of dust during the first 2

Gyr-3 Gyr in the Solar Ring at 8.5 kpc and for different IMFs. All the contributions

have been corrected for the destruction of dust. Nine IMFs have been considered:

Salpeter (thick dotted line), Arimoto (thick dot dashed line), Chabrier (thick con-

tinuous line), Kennicutt (thick dashed line), Larson (thin dotted line), Kroupa-2007

(thin dot-dashed line), Kroupa original (thin continuous line), the Scalo IMF (thin

dashed line) and, finally, the Larson IMF adapted to the Solar Ring (thin dashed

line). See Sect. 6.3 for more details. Left panel: temporal evolution of the total

contribution to the dust budget by SNe in the MW Solar Ring. The filled symbols

represent the instant when the contribution by ISM accreted dust equalizes the SNe

injected dust amount. Middle panel: time evolution of the total contribution to

the dust budget by AGB stars for the MW Solar Ring. The filled symbols represent

the instant when the contribution by AGB injected dust equalizes the ISM dust pro-

duction by accretion, while the empty symbols represent the instant (if eventually

it happens) when AGB dust equalizes the SNe injected dust. Right panel: time

evolution of the total dust budget for different IMFs. . . . . . . . . . . . . . . . . . . 253
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6.23 Temporal evolution of the contribution to the abundance of dust during the first 1-2

Gyr in the inner part of the MW disk at 2.3 kpc from the centre and for different

IMFs. All the contributions have been corrected for the destruction of dust. Nine

IMFs have been considered as in Fig. 6.22. See Sect. 6.3 for more details. The

meaning of all the symbols is the same as in Fig. 6.22. . . . . . . . . . . . . . . . . . 254

6.24 Temporal evolution of the dust budget in the Solar Ring during the early stages until

1.5-2.5 Gyr. Four SF laws are shown in the four panels: Schmidt, Talbot & Arnett,
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in the ISM (continuous lines), the amount of dust injected by AGB stars (thin dot-

dashed line), the total amount of SNe stardust (dashed line) also subdivided into the

various grain families, respectively, i.e. dotted line (iron-dust), silicates (continuous

line), carbonaceous grains (dashed line), and S/Ca/N based grains (dot-dashed line).
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various sources and the Schmidt law. Central-left panel: the same as in the left

panel but for the Talbot & Arnett law. Central-Right panel: the same as in the

left panel but for the Dopita & Ryder SF law. Right panel: the same as in the left
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varying the coefficient ν of the star formation law, namely the Dopita & Ryder SF

law, for three regions of the MW. The thin line is ν = 0.30 (low efficiency), while the

thick line is for ν = 0.70 (high efficiency). We show: the total amount of dust (from

accretion in the ISM plus dust ejected by SNe and AGB stars - continuous line); the

contribution by accretion of dust grain in the ISM (dotted line); the total contribution

by SNe (dashed line); the contribution by AGB stars (dot-dashed line). Left panel:

the results for an inner ring of the MW. Central panel: the same as in the left panel

but for the Solar Ring. Right panel: the same as in the left panel but for an outer
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6.26 Temporal evolution of the contribution to the dust budget up to the present age at

varying the coefficient ν of the star formation law from 0.30 to 0.70. The meaning of

the symbols is the same as in Fig. 6.25. Left panel: the results for an inner ring of

the MW. Central panel: the same as in the left panel but for the Solar Ring. Right

panel: the same as in the left panel but for an outer MW ring. . . . . . . . . . . . . 258

6.27 Temporal evolution of the dust production during the early phases of the MW evo-

lution at varying the accretion model used to describe dust formation in the ISM.

Three regions have been considered as usual: an inner one (left panel), the Solar Ring

(middle panel), and an outer region (right panel). Thick lines represent model A

based upon Dwek (1998) and Calura et al. (2008), whereas thin lines represent model

B based upon Zhukovska et al. (2008). For AGB (dot-dashed line) and SNe (dashed

line) we only show one line as the contribution is fixed. We show: the total amount

of dust grains in the ISM (continuous lines) and the total amount of accreted dust in

the ISM (dotted lines). Left panel: The results for an inner region. Central panel:

The results for the Solar Ring. Right panel: The results for an outer region. . . . . 259

6.28 Temporal evolution of the dust production in the MW up to the present age at varying

the accretion model used to describe dust formation in the ISM. Left panel: The

results for the inner ring. Central panel: The same but for the Solar Neighborhood.

Right panel: The same but for the outer ring. . . . . . . . . . . . . . . . . . . . . 260
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6.29 Temporal evolution of the dust production in the MW up to the present age at varying

the accretion model used to describe dust formation in the ISM. In this plot we put

into elements the contribution of individual element to the total dust budget. Left

panel: The results for an inner ring of the MW. Central panel: The same but for

the Solar Ring. Right panel: The same but for an outer ring of the MW. . . . . . 261

6.30 Depletion of C, N, O, Mg, Si, S, Ca and Fe in the ISM as observed in the Solar

Ring. The observations are compared with the models at varying three important

parameters, namely the IMF, the SF efficiency ν, and the mass accretion time scale

τ . For the IMF we consider : the recent Kroupa IMF (left panels), the classical

Salpeter one (central panels) and the Larson IMF adapted to the Solar Ring (right

panels). These IMFs are all described in Sect. 6.3). Four cases are considered for ν,
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6.31 Depletion of C, N, O, Mg, Si, S, Ca and Fe in the ISM as observed in the Solar Ring

compared with models calculated with enhanced yields of Mg. The observational data

is compared with the models at varying of the IMF (three choices), the efficiency of

the star formation ν (four choices) and the infall timescale τ (three choices). The

meaning of the symbols is the same as in Fig. 6.11.1. . . . . . . . . . . . . . . . . . . 264

6.32 Temporal evolution of the metallicity Z and the iron abundance [Fe/H] in the Solar

Neighborhood for a wide sample of models. Data are taken from Ibukiyama & Arimoto

(2002) (dark stars: photometric [Fe/H]; light stars: spectroscopic [Fe/H]), Ramı́rez

et al. (2007) (squares: sample of thin and thick disk stars). Open squares represent

the metallicity of the solar system and of present-day ISM (Gail et al. 2009). Left

panel: six models are represented, at varying the IMF, the efficiency of the star
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6.33 Evolution of the elemental abundances in the Solar Ring as measured by a sample of

F and G stars vs the simulations. The evolution of [A/H] vs. [Fe/H] is represented for

C, O, Mg, Si, S and Ca. Data from: O from Chen et al. (2000) , Meléndez & Barbuy

(2002), Reddy et al. (2003), Gratton et al. (2003), Akerman et al. (2004), Cayrel

et al. (2004), Jonsell et al. (2005), Soubiran & Girard (2005); C from Meléndez &
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6.34 Evolution of the Mg abundance in the Solar Neighborhood as measured in a sample of

F and G stars. The yields have been slightly corrected for the Mg under-abundance.

This corrected abundance is the same as in Fig. 6.31. . . . . . . . . . . . . . . . . . 273

6.35 Evolution of the elemental abundances in the Solar Neighborhood as measured in a

sample of F and G stars. The evolution of [A/Fe] vs. [Fe/H] is shown for six elements

of interest, that is C, O, Mg, Si, S and Ca. For the sake of comparison we plot the

results by Zhukovska et al. (2008) for the SN yields by Woosley & Weaver (1995)

where Mg and Fe have been corrected to get a better agreement with the observations

(the thick dotted line), and the yields by Nomoto et al. (2006), the thin dotted line.

The meaning of the symbols for the observational data is the same as in Fig. 6.33. . 274

6.36 Evolution of the Galactic abundances of [Mg/H], [Fe/H], [C/H], [Si/H], [O/H], [S/H],

[Ca/H] and [N/H] as a function of the galacto-centric distance for different types of

abundance indicators. In all the diagrams we present the evolution of the radial gra-

dient from the age at which the Sun was formed (thin lines) to the current age (thick

lines). The elemental abundances are measured in the following sources: O and B

stars, Field Red Giants (RGs), HII regions, open clusters and Cepheid variables. The

sources have been divided into two or three groups/panels, depending on the available

ones for that element, in such a way to examine the gradients from different sources.

The following models are considered: Kroupa IMF, τ = 3 and ν = 0.3 (continuous

thin black and thick red lines); Kroupa IMF, τ = 6 and ν = 0.7 (continuous thin blue

and thick magenta lines); Salpeter IMF, τ = 3 and ν = 0.3 (dotted thin black and

thick red lines); Salpeter IMF, τ = 6 and ν = 0.3 (dotted thin blue and thick magenta

lines); Larson Solar Ring IMF, τ = 3 and ν = 0.3 (dashed thin black and thick red

lines), and finally Larson Solar Ring IMF, τ = 6 and ν = 0.3 (dashed thin blue and

thick magenta lines). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 275

6.37 Temporal evolution of the radial contribution to the abundance of dust by the four

types of grain among which we distributed the single elements (that is silicates, car-

bonaceous grains, iron dust grains and generic grains embedding Ca, N or S) and

the three sources of dust, namely SNe, AGB stars and accretion in the ISM. All the

contributions have been properly corrected for the destruction of dust. Five ages are

represented from the early stages to the current time. Upper left panel: the radial

contribution of the four types of dust grains to the total dust budget at 0.1 Gyr. We

show: silicates (continuous lines), carbonaceous grains (dashed lines), iron dust (dot-

ted lines) and, finally, generic grains containing S, Ca and N (dot-dashed lines). For

each group we distinguish the net contributions from the ISM accretion, AGB and

SNe, that is: ISM-C, AGB-C and SNe-C for carbonaceous grains, ISM-Sil, AGB-Sil

and SNe-Sil for silicates, ISM-Fe, AGB-Fe and SNe-Fe for the iron dust and finally,

ISM-Ca/S/N, AGB-Ca/S/N and SNe-Ca/S/N for the other grains. In all cases the

abundance of CO is fixed to ξCO = 0.30 taken as the reference value. For the last two

ages we also show for the ISM the results for ξCO = 0.15 and ξCO = 0.45. Upper

Central panel: the same as in the upper left panel but for 0.5 Gyr. Upper Right

panel: the same as in the upper left panel but for 1.0 Gyr. Lower Left panel: the

same as in the upper left panel but for 5.0 Gyr. Lower Right panel: the same as

in the upper left panel but for 12.8 Gyr. Since the ratio σD/σH grows at varying age,

the scale of the y-axis is continuously shifted according to the value of the plotted data.276
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6.38 Temporal evolution of the logarithmic radial abundance of dust σD
i (rk, t), in [M⊙pc−2],

for all the elements belonging to our set and involved into the process of dust forma-

tion, that is C, N, O, Mg, Si, S, Ca and Fe. All the contributions have been properly

corrected for the dust destruction. Nine ages are represented from the early stages

to the current time, that is 0.1, 0.2, 0.5, 1, 2.5, 5, 7, 10 and 12.8 Gyr, assuming that
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Introduction

In the fascinating subject of the origin and evolution of galaxies, the interstellar dust

is acquiring a primary role because of its growing importance in the observations

of the high-z Universe (Omont et al. 2001; Shapley et al. 2001; Bertoldi et al.

2003; Robson et al. 2004; Wang et al. 2008; Wang et al. 2008; Gallerani et al.

2010; Micha lowski et al. 2010; Micha lowski et al. 2010) and the theoretical spectro-

photometric, dynamical, and chemical modelling of galaxies (Narayanan et al. 2010;

Jonsson et al. 2010; Grassi et al. 2010; Pipino et al. 2011; Popescu et al. 2011).

Indeed, the evidence of highly obscured QSOs and galaxies already in place at

high-z leads necessarily to a new generation of theoretical models where dust is a

key ingredient that cannot be neglected, if we want to obtain precious clues on the

fundamental question about when and how galaxies formed and evolved.

First of all, dust absorbs the stellar radiation in the UV/optical range of the elec-

tromagnetic spectrum and re-emits it in the IR, so deeply changing the shape of the

observed spectral energy distributions (SEDs) of obscured galaxies (Silva et al. 1998;

Piovan et al. 2006b; Popescu et al. 2011); second, it strongly affects the production

of molecular hydrogen and the local amount of UV radiation in galaxies thus playing

a strong role in the star formation process via the cooling mechanisms (Yamasawa

et al. 2011). The inclusion of dust in the models leads to a growing complexity and

typically to a much larger set of parameters influencing the results of the simulations

to be then compared with the observations.

Dust takes part to the long debated question about the origin and formation of

galaxies, e.g.: when galaxies became obscured to the stellar light? What is the stellar

formation rate of primordial galaxies? For what concerns the observations of galaxies

of the local Universe, there are two main circumstances in which dust interacts with

the stellar light, meaning that it locally influences the stellar spectra.

For a certain fraction of their life (at the beginning and in the first evolutionary

phases of star life), very young stars are embedded in their parental MCs. Even if

this period is short, its effect on the light emitted by these stars cannot be neglected

as a significant fraction of light is shifted, by interstellar dust located between the

1
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observer and stars, from the UV-optical to the IR region of the spectrum. One can

observe directly light from young stars when the first-born, massive stars evolve and

their strong stellar winds and mass loss, intense ionizing radiation fields and final

explosions as type II SNe will eventually destroy the MCs in which they are embed-

ded. The time scale for this process to occur is supposedly similar to the lifetime of

the most massive stars in the population.

Moreover, low and intermediate mass stars, during the AGB phase may form an

outer dust-rich shell of material obscuring and reprocessing the radiation emitted by

the underneath stars. The final effect, in all these cases, is the absorption of the

stellar light in the UV-optical and the re-emission of a great amount of this light in

the NIR-MIR-FIR.

Stars and dust are so tightly interwoven not only locally (stars-MCs, stars-circumstellar

dust shell), but also globally (stars, gas and dust mixed in the galactic environment)

because they are the main components of galaxies.

The old stars, AGB stars and young stars are all mixed in the interstellar medium

which pervades every galaxy in different way depending on its morphological type

and its evolutionary history. In disc galaxies, with active mild star formation, dust

is partly associate to the diffuse ISM, party to the molecular regions with stars for-

mation and partly to the circumstellar envelopes of AGB stars with evenly balanced

contribution from all the three kinds of source; the presence of dust is more spec-

tacular in galaxies with strong star formation. In starburst galaxies, the situation

is the same but now the key role is played by the region of intense star formation.

In elliptical galaxies, which show weak emission in FIR (IRAS ), dust is essentially

associated to AGB stars of small mass that continuously lose mass refueling the ISM

of gas and dust.

From these considerations, it appears clear that dust plays an important role in

relation to the formation and evolution of galaxies; it affects the observed SED of a

galaxy, hampering its interpretation in terms of the fundamental physical parame-

ters, such as age, metallicity, initial mass function (IMF), mix of stellar populations,

star formation history (SFH).

In this thesis, the effects of dust on galaxies have been deeply studied and con-

sidered in both chemical and spectro-photometric simulations of galaxies of different

morphological types at many different levels, trying to improve in the treatment of

dust extinction, emission, formation and evolution in our models.� We introduced and studied the effects of dust in isochrones and SEDs of SSPs
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with an improved state-of-art treatment of the AGB phase in intermediate and

low mass stars, taking into account circumstellar dust shells around them. AGB

stars must be included very carefully in population synthesis models, since the

contribution of stars on the upper AGB can be very important;� we developed and tested state-of-art models of galaxies of different morpholog-

ical types, E, S0, Sa, Sb, Sc, Sd and disks, with the inclusion of all the local

and global effects of dust extinction and emission.� We presented and tested the models in many different photometric systems,

both for the local and high redshift universe;� in order to improve upon the information supplied by the chemical code to the

EPS, we developed and presented a state-of-art description of the evolution and

formation of dust in spiral galaxies, with a complete treatment of dust yields

and dust accretion/destruction processes. Indeed, three main basic ingredients

enter the problem influencing the total dust budget and the kind of mixture of

the dust grains: the types and amounts of dust injected by AGB stars and SNe

and the accretion and destruction processes of dust in the interstellar medium

(ISM). They govern the relative abundances of the gas and dust components

of the ISM of a galaxy. This refined model should be in future used to support

the spectro-photometric models with a more advanced chemical interface. In

particular, the Milky Way has been chosen as the ideal laboratory to study

the dust cycle (Zhukovska et al. 2008) and its impact on the wider subject of

galaxy formation with the target to later (1) extend the dusty chemical model

to ellipticals, intermediate type and starburst galaxies and (2) interface it to

our spectro-photometric code.

The outline of this thesis is as follows.

In Chapter 1 the building blocks of the evolutionary population synthesis mod-

els, namely isochrones and SSPs, are presented, and the main improvements we

introduced - the possibility of choosing between different kind of IMFs and the new

physically consistent treatment of the AGB phase for low and intermediate mass

stars, starting from the work of Weiss & Ferguson (2009) - are discussed. The effects

of the circumstellar dust shells around AGB stars on stellar radiation are considered

using a suitable library of dusty SEDs of AGB stars, whose features are described in

this chapter.

In Chapter 2, it is reviewed the method adopted to perform synthetic photometry

fin order to derive magnitudes and colors of four different kinds of theoretical models,

starting from their SEDs: stars, isochrones, single stellar populations and galaxies



4 INTRODUCTION

of different morphological type. This process can be done both in the local and high

redshift universe: the evolution of SEDs with the redshift can be made applying the

K-correction and the E-correction to the rest-frame models, as shown in the chapter

presenting galaxy models. A global overview of the different telescopes and satellites,

instruments and surveys, whose broad-band photometric systems are included in our

database, is presented.

In Chapter 3, we apply our isochrones and SSPs to the study of star clusters in or-

der to validate them and trying to put in evidence the effect of the dust shells around

AGB stars, in order to examine the effect of (1) the improved TP-AGB and (2) the

new library of dusty AGB stars. At this purpose, in particular we take into account

data from the Small and Large Magellanic Cloud (SMC and LMC), that allow to

compare SSP models for the metallicities where the effect of dust shells should be

stronger.

In Chapter 4, we discuss our theoretical model of galaxies of different morpholog-

ical types, considering their physical components, the spatial distribution of stars

and ISM and the evaporation of the MCs. Moreover, a general description of the

structure of the Fortran code which perform the model SEDs is given, together with

the discussion about the role accomplished by every subroutine.

In Chapter 5 we present our models of galaxies of different morphological type,

taking into account the effects of dust emission and extinction, both for the local

and high redshift universe. A quick summary about the dust properties and the

mixture adopted into these models is also provided. The main characteristics of the

SEDs and their evolution with the redshift are described. The models are tested

with observational data of the local universe and with photometric data from recent

surveys.

In Chapter 6, we simulated the formation, evolution and composition of dust in the

MW, both locally in the Solar Ring and radially along the Galactic Disk. We build up

a detailed dusty chemical model starting from the pioneering study by Dwek (1998)

and taking into account the more recent ones like Zhukovska et al. (2008). The

theoretical model we are building up stems from the basic one with infall by Chiosi

(1980), however updated to the more recent version with radial flows of matter and

presence of a central bar developed by Portinari & Chiosi (2000). The model follows

the evolution of the abundances in dust and gas of a number of elements involved in

dust, includes star-dust injection and the formation/destruction of dust. The model

stands upon the best prescriptions available in literature concerning star-dust yields,

dust accretion, destruction and condensation in the AGB winds and SNe explosions.

The main observational test is made by the data on element depletion provided

by the Solar Ring of the MW, to which we will compare our results. At the same

time, obviously, classical constraints about abundances in stars, SNa rate, surface
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densities, radial gradients and so on are checked to be satisfied to get a fully consis-

tent picture.

Finally, in Discussion, we discuss the main results, and some future plans are drawn.
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Chapter 1

Isochrones and SSPs

The definition of evolutionary track, for a star of fixed mass M and chemical compo-

sition µ, is the path that the star follows across the theoretical H-R diagram during

its evolution.

The evolutionary track is therefore a curve that instantaneously identifies the tem-

perature and luminosity of a star.

Using these tracks, one can compute isochrones, which are the loci of the same

age for stars of different masses. It is worth recalling that the precise shape of an

isochrone depends on the properties of the underlying evolutionary tracks, while the

relative number of stars in different portion of the isochrone is governed by the as-

sumed Φ(M) (IMF) and the lifetimes of the stars present in the isochrone in different

evolutionary stages.

By integrating the contribution of each isochrone element along the whole isochrone,

and coupling the isochrones with libraries of stellar spectra and an IMF, one can de-

rive the spectral energy distribution, SED, of an SSP of any age and metallicity.

The SSP, single or simple stellar populations, depending on the authors, assumes

that all stars are coeval and share the same chemical composition.

The SSP SEDs have great astronomical interests: first, they are used to test prop-

erties of globular clusters, since these are the simplest stellar populations in nature,

while complex systems like galaxies, which are made up by various stellar genera-

tions, are modelled by convolving the SEDs of the SSPs with a suitable star formation

history.

SSPs are the building blocks ingredients either for EPS classical models (Arimoto

& Yoshii 1987; Bressan et al. 1994; Silva et al. 1998; Buzzoni 2002; Bruzual &

Charlot 2003; Buzzoni 2005; Piovan et al. 2006b), or for galaxy models from cosmo-

chemo-dynamical simulations, like the ones presented in Tantalo et al. (2010). The

different and sequential steps that have to be followed in order to obtain the spectral

energy distribution for a galaxy (of different morphological types, like elliptical and

7
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disk ones) by means of the EPS are well visualized in the Fig. 1.1, that we show in

order to present the global glance at the problem:

Figure 1.1: From the libraries of stellar models and spectra to galaxies’ models.

It is clear how several ingredients are required in order to simulate the SEDs

of galaxies of different morphological types: libraries of stellar tracks, libraries of

stellar spectra and a chemical code able to simulate in some way the history of star

formation and chemical enrichment of the galaxy. Also, it is worth noticing that

this scheme, already not so simple, does not include dust. The introduction of the

dust with its effect on stellar spectra and the emission in the infrared, adds further

complications to the problem, like the introduction of a geometry where sources and

dust are distributed, the physical description of the interaction of the dust with

stellar radiation and the problem of the origin and formation of the dust itself.

1.1 Isochrones: details

Stellar evolutionary tracks and isochrones are key inputs for a wide range of astro-

physical studies; they are essential to the interpretation of photometric and spec-

troscopic observations of resolved and unresolved stellar populations, like the simple

age-dating of star clusters, up to the derivation of star formation histories of resolved

galaxies and the modelling of their spectrophotometric evolution (as proved in the

Chap. 5).
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Many groups have published large grids of stellar isochrones, covering a wide range

of stellar parameters (age, mass, metal content and so on) to became useful in stel-

lar population synthesis of galaxies. For instance the Geneva database of stellar

evolution tracks and isochrones (Lejeune & Schaerer 2001), the various release of

stellar tracks and isochrones from Padua (Bertelli et al. 1994; Girardi et al. 2002;

Marigo et al. 2008; Bertelli et al. 2008), the BaSTI database from Teramo (Pietrin-

ferni et al. 2004; Pietrinferni et al. 2006; Cordier et al. 2007) and the Dartmouth

database (Dotter et al. 2008), just to mention a few widely used in literature.

For this work, large grid of isochrones of different metallicities (Z=0.1, 0.05, 0.02,

0.004, 0.008, 0.0004, 0.0001) with initial helium content going from 0.23 up to 0.480

according to the enrichment law ∆Y/∆Z=2.5 and with fine age spacing have been

calculated. The underlying stellar models are those of the classical Padova Library

calculated with convective overshooting and widely applied to galaxies, described in

Alongi et al. (1993), Bressan et al. (1993), Fagotto et al. (1994a), Fagotto et al.

(1994b), Fagotto et al. (1994c), Girardi et al. (1996). All evolutionary phases, from

ZAMS up to the stage of PN formation or central C-ignition are included, as appro-

priate to the mass of the last living star of age t. The isochrones span the age range

from 3 × 106 yr to 15 Gyr for all the metallicities, with the exception of the Z=0.05;

we decided to extend the range of ages up to 20 Gyr in order to show the onset of

the AGB manqué stars for this metallicity.

AGB manqué stars

The evolution of high metallicities stars of low mass is a subject of interest because

of their potential ability to provide correct explanation of the UV-excess observed in

elliptical galaxies (Bressan et al. 1994). The high metallicity (Z⊙) low-mass stars,

after a normal He-burning phase (red-HB), skip the standard TP-AGB and soon

after the early AGB phase is completed, proceed toward the WD regime: these stars

are called P-EAGB. At even (3Z⊙) high metallicities, the old HB stars of normal

mass (0.55-0.6 M⊙) can spend a significant fraction of the core He-burning phase at

high Teff and skip the entire AGB phase to directly evolve toward the WD regime.

These stars are named Hot-HB and AGB-manqué and they play a crucial role in

the UV-upturn of massive elliptical galaxies (Greggio & Renzini 1990; Castellani &

Tornambe 1991; Bressan et al. 1994). For a given MHB , both the lower hydrogen

content in the envelope, and the enhanced CNO processing in the H-burning shell,

because of the high metallicity, concur to burn out the envelope much faster than in

stars of the same mass but lower metallicity and hence helium content. The Fig. 1.2

shows isochrones corresponding to models of these types, for two values of metallic-
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ity, Z=0.05 (left panel) and Z=0.1 (right panel). The isochrones are plotted with

ages log(t/yr)= 10.26, 10.28, 10.30 (Z=0.05) and log(t/yr)= 9.95, 9.98, 10.00, 10.02,

10.04, 10.08, 10.11, 10.15, 10.18 (for Z=0.1).
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Figure 1.2: AGB-manqué stars for two metallicities: Z=0.05 (left panel) and Z=0.1 (right

panel). The isochrones are plotted with ages log(t/yr)= 10.26, 10.28, 10.30 (Z=0.05) and log(t/yr)=

9.95, 9.98, 10.00, 10.02, 10.04, 10.08, 10.11, 10.15, 10.18 (for Z=0.1). In the left panel, the red lines

represent the pre-AGB manqué phase. In the right panel, every isochrone is drawn in a different

color, from the ZAMS up to the stage of PN formation.

The isochrones used in this study present some significant improvement compared

to the classical ones of Padova stellar evolutionary tracks and isochrones 1, that up

to now have been used to calculate dusty SSP SEDs and then SEDs for galaxies of

different morphological types - see for instance Piovan et al. (2006a), Piovan et al.

(2006b) -. The main improvements introduced in the calculation of these isochrones

are:� the possibility of choosing between different kind of IMFs. The considered IMFs

are: Salpeter (Salpeter 1955), Larson (Larson 1998), - with different parameters

for the Milky Way disk or for Solar Neighbourhood (Portinari et al. 2004a) -

Kennicutt (Kennicutt 1998), the original Kroupa IMF (Kroupa 1998), a revised

and more recent version of this IMF (Kroupa 2007), Chabrier (Chabrier 2003),

Scalo (Scalo 1986), Arimoto (Arimoto & Yoshii 1987). In Sect. 1.1.4, there is

a summary of this topic.� the treatment of the AGB phase for stars of different masses is now more

physically consistent, allowing to distinguish between C-rich and O-rich AGB

stars and with improved opacities. It starts from the work of Weiss & Ferguson

1http://pleiadi.pd.astro.it/



1.1 Isochrones: details 11

(2009). These AGB stars are obtained with full evolutionary calculations with

GARSTEC (see Sect. 1.1.3) and allow to greatly improve upon the previous

dusty models by Piovan et al. (2003), where it was not possible to follow

the evolution of the C and O surface abundances and the C/O transition was

artificially adapted from Marigo & Girardi (2001) models.

Isochrones of metallicity Z=0.1 and Z=0.0001

For the highest metallicity included in our list, that is Z=0.1, we can not introduce

the new description for the AGB stars, since the highest metallicity included in the

Weiss’ database is Z=0.04. Therefore, for stars in this evolutionary phase, we cannot

distinguish the O-rich surface composition from the C-rich one. It follows that we

can not introduce for the subsequent SSPs calculation (or eventually for the calcu-

lation of the colors of these isochrones in color-magnitude diagrams) the new dusty

AGB libraries, presented in Sect. 1.5. We plan to improve upon this point when

evolutionary models of AGB stars for this metallicity will be available. Even if, for

this metallicity, the effect of AGB manquè or Hot-HB stars is strong and appears

earlier than in the Z=0.05 case, that is about at 8.5 Gyr, still many stars follow the

AGB path. We expect that these stars develop a thick envelope due to the high

abundance of metals available to be included into dust in the shell around the cool

star that will be very obscured. In consequence of this missing information on the

metal richest stars, we must pay attention that in the case of objects reaching very

high metallicities, our description of the MIR-FIR emission by SSP could lack the

contribution of these deeply attenuated AGB stars. It would be interesting therefore

to produce a database of isochrones at varying the initial mass function and with a

complete AGB description, able to span th whole metallicity range from Z=0.0001

up to the high value Z=0.1, in order to examine in a more consistent way the prop-

erties of objects very enriched in metals, like for example giant ellipticals (Bressan

et al. 1994). In the same way as for the highest metallicity, we miss the required

information for the lowest metallicity tracks (Girardi et al. 1996) with Z=0.0001: in

this latter case we simply adopt the nearest AGB models with Z=0.0001 by Weiss &

Ferguson (2009), being confident that there is a small difference in Z and we do not

expect huge differences between the models. Indeed, the behaviour of the tracks is

more regular that in the opposite case at very high metallicity.

In this section we focus on the new isochrones calculated considering the new treat-

ment of the asymptotic giant branch phase. Extended sets of isochrones are presented

in the theoretical HR diagrams (Fig. 1.3): we show three values of metallicity, namely

Z=0.02 (solar value), Z=0.004 (metallicity normally adopted for the Small Magel-
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Figure 1.3: Isochrones in the theoretical HR diagram, considering all the evolutionary phases,

starting from the zero-age-main sequence up to the stage of PN formation or central carbon ignition,

depending on the initial stellar mass. Three metallicities are considered: Z=Z⊙, Z=ZSMC , Z=ZLMC .

The isochrone are plotted with ages covering the interval from log(t/yr)=6.70 up to 10.18.
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lanic Cloud) and Z=0.008 (metallicity normally adopted for the Large Magellanic

Cloud). The isochrones are drawn in different colors according to their evolutionary

phase; the evolution of the single star of a certain mass is followed starting from the

ZAMS (continuous red lines), going through the RGB base (continuous cyan lines),

the RGB phase (continuous green lines), the RGB tip and/or the beginning of the

HB (continuous blue lines), up to the TP-AGB phase (the path through the AGB

with stars having O-rich surface abundances is in black while the C-rich case with

C/O>1 is in magenta) and, finally, the stage of PN formation, drawn in dotted ma-

genta lines. As it is well known, not all the stars follow the whole sequence; this

depend on their initial mass. Independently of the chemical composition, stars can

be classified into three categories according to their initial mass, evolutionary history,

and final fate: low-mass stars, intermediate-mass stars, and massive stars. Since the

isochrones are plotted with ages from log(t/yr)=6.70 to 10.18, both the three mass

intervals are represented. It is in particular interesting to notice the intermediate

mass range, which develops the most prominent AGB path. By means of the new

opacities (Weiss & Ferguson 2009), the path of the isochrone extends toward low

temperatures.

In the Figs. 1.4, 1.5, 1.6 are shown the isochrones for all the analyzed values of

the metallicity (in addiction to the above Z, also Z=0.05, Z=0.0004 and Z=0.0001)

but zooming in the region of the early AGB (E-AGB) and thermally pulsing AGB

(TP-AGB), since the main improvement that we introduce in our calculation is the

detailed description of the AGB phase, together with the possibility to investigate

the surface composition for the AGB stars, and to distinguish between the O-rich

surface and C-rich surface. This is a fundamental improvement that allows us to cou-

ple to the models the new library of dusty AGB stars presented in this thesis. Even

if there are many models of synthetic and real-time AGB calculations, few models

in literature are able to include really updated description of the AGB. For instance

Bertelli et al. (1994) did not include Third Dredge-Up (TDU) effect and Hot Bot-

tom Burning (HBB). Also the opacities were not calculated for variable (O-rich or

C-rich) chemical mixtures, but only for solar scaled composition. Only more recent

work (Marigo 2002; Marigo et al. 2008; Ventura & Marigo 2009) have been able to

take into account all of these point in detail, but or they are synthetic sets or AGB

stars or the set of models have been limited in the mass and metallicity coverage. In

particular, Weiss & Ferguson (2009) has been the first to take into account all the

crucial points about TDU, HBB and modified opacities according to the continuous

effect of the TDU. In our plot, the beginning and the end of each evolutionary phase

is indicated with a little star; for the sake of illustration, we show only few ages in

order to avoid a too crowded figure. The age range is adapted for every Z, depending

when the TP-AGB phase starts. Thus:



14 Isochrones and SSPs� Z=0.05: from log(t/yr)=7.78 to 10.30;� Z=0.02: from log(t/yr)=7.90 to 10.18;� Z=0.004, Z=0.008 and Z=0.0004: from log(t/yr)=8.10 to 10.18;� Z=0.0001: from log(t/yr)=8.00 to 10.18.

The above trend is expected and it is due to the way the increase in metallicity for

the isochrones is treated. When Z increase, passing from Z=0.0001 up to Z=0.05,

the helium content also increases and it goes from 0.23 up to 0.480, (∆Y
∆Z =2.5), while

the hydrogen content decrease. According to the fuel consumption theorem (Renzini

& Buzzoni 1986): ”the contribution by any Post Main Sequence evolutionary phase

to the total luminosity of a simple stellar population is proportional to the amount

of nuclear fuel burned in that phase”. Also the duration of the single phase is pro-

portional to the amount of nuclear fuel burned in that phase: so, higher metallicity

stars, with lower hydrogen content, have a shorter main-sequence phase and they

reach the AGB phase earlier than stars of lower metallicity.

All these isochrones are calculated considering the Salpeter law as IMF: even if we

can choose between different laws, varying the IMF in the calculation of isochrones

reflects only in the way the different bin of masses are populated; the change in the

IMF is much more evident when calculating SEDs of SSPs, as it will be shown later.

The following considerations can be made:
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Figure 1.4: Isochrones in the HR diagram, zooming in the region of the E-AGB and TP-EAGB for

two metallicity values of the original tracks. The isochrones are plotted with ages log(t/yr)=7.90 to

10.18 for Z=0.02 (solar value) and log(t/yr)=7.78 to 10.30 for Z=0.05 (see Sect. 1.1 for explanations):

the youngest are top/left). Pre-TP-AGB phases end when the blue stars appear, while on the TP-

AGB the surface O-rich and C-rich configurations are drawn in black and magenta lines, respectively.
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-Solar and super-solar metallicities, i.e. for Z ≥ 0.02: These stars usually have

C/O<1, even if a late transition to the C-rich phase may take place due to the final

dredge-up events, in agreement with the observations. The transition occurs only for

some isochrones of intermediate age and solar metallicity (while there is no transition

in the super-solar case) and it happens at very low Teff in the final stages of the

TP-AGB phase, while the isochrones of super-solar metallicity show only the O-rich

surface. The youngest isochrones, as expected, present the longest AGB path in the

diagram. In the oldest isochrones of both metallicities (lower part of the paths in the

diagram), the dredge-up is not operating and the TP-AGB phase simply align above

the previous early-AGB phase. These isochrones increase in luminosity and bend to

the left at their upper end, due to the progressive thinning of the stellar envelope.
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Figure 1.5: As in the Fig. 1.4, but for Z=0.004 and Z=0.008. The isochrone are plotted with ages

log(t/yr)=8.10 to 10.18 for both values of Z.

-Sub-solar metallicities, i.e. for 0.004 ≤ Z < 0.02: These stars show an extended

C-rich phase which starts even at younger ages. This is due to the activation of the

ON cycle,which converts O into N, in such a way that the C/O ratio is predicted to

increase above unity (Ventura et al. 2002; Marigo et al. 2008). The development

of the C-rich surface, moreover, starts at higher effective temperatures (compared to

isochrones of solar metallicity), because the lower molecular concentrations in stars’

atmospheres (Marigo et al. 2008).

-Low metallicities, i.e. for Z < 0.004: the features described for isochrones of

moderate metallicities are here more evident: the transition to C-rich surface starts

at even higher effective temperatures and the majority of the ages show exclusively

the C-star phase: only few isochrones of intermediate ages show a previous O-rich

surface. Our results can be compared with the ones by Marigo et al. (2008): with
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Figure 1.6: As in the Fig. 1.4, but for Z=0.0001 and Z=0.0004. The isochrone are plotted with

ages log(t/yr)=8.00 to 10.18 for Z=0.0001 and log(t/yr)=8.10 to 10.18 for Z=0.0004.

some differences there is a general good agreement between the most refined synthetic

models available in literature and the results obtained with Weiss & Ferguson (2009)

full evolutionary models: in particular, the agreement is ultimately due to the fact

that both of them include modern recipes to scale the opacities in agreement with the

C/O mixture of the atmosphere. For example the lowest temperatures reached by

the AGB stars are similar and the trend of the partition between C and O stars with

the metallicity is more or less the same. In any case it is worth noticing that, at the

level of galaxies, the ultimate target of this thesis, what matters is the consistency

of the general scheme in terms of different metallicities and O-rich/C-rich paths and

not the specific detail. In particular, since we want to introduce dust around AGB

stars, it is crucial a proper evolution and splitting between the O-rich and C-rich

phase and a realistic description of the mass-loss, in order to correctly connect dust

grains to the underlying star and obtain a realistic optical depth of the envelope.

1.1.1 Asymptotic Giant Branch stars: an introduction

As already explained, we introduce in our isochrones and hence SEDs of SSPs a new

treatment of the Asymptotic Giant Branch stars, starting from the work of Weiss &

Ferguson (2009).

For populations with an age of a few hundred million to about 2 billion years, the

contribution of intermediate mass stars cannot be ignored. Because of their high

luminosity they contribute significantly to the integrated light, and due to their low

surface temperatures, they dominate the spectra and colors in the near infrared.

All stars in the mass range from about 0.8 M⊙ to ∼ 6-8M⊙ (the upper limit changes

depending on the authors: both long tradition Padua or Garching models set this
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limit to the conservative value of 6 solar masses) will become AGB stars.

The AGB is the last nuclear burning phase of stellar evolution for stars of this mass

range: this phase is very short compared with other evolutionary phases, lasting less

than 1% of the main sequence lifetime.

AGB stars are evolved objects: they are found in the high luminosity and low-

temperature region of the HR-diagram. Indeed, these objects have evolved through

core H and helium burning and they are sustained against gravitational collapse by

alternate H-shell and He-shell burning.

AGB stars undergo thermal pulsations (the explosive ignition of the He-rich shell),

that cause the convective mixing of C-rich gas with the outer stellar envelope. After

repeated thermal pulses a star can evolve from an O-rich giant to a C-rich star: this

process occurs when C/O ratios ≥ 1.

During the TP-AGB phase, the He-burning shell becomes thermally unstable

every 105 years or so, depending on the core mass. The energy provided by the TP

drives the convective zone in the He-rich inter-shell region, that mixes the products

of the He nucleo-synthesis. The stars is expanding and the He-shell is pushed out

to cooler regions where it is almost extinguished: the convective envelope can move

inwards (in mass) to region previously mixed by the the flash-driven convective zone.

This phenomena is known as the third dredge-up (TDU) and it is the responsible

for enriching the surface in 12C and other products of He-burning, as well as heavy

elements. Following the TDU, the star contracts and the He-shell is re-ignited,

providing most of the surface luminosity for the next inter-pulse period.

This cycle of inter-pulse-thermal pulse-dredge-up can occur many times during

the AGB phase, depending on the initial stellar mass and its composition, as well as

on the mass-loss rate.

In intermediate-mass AGB stars (M & 4M⊙) the convective envelope can dip into

the top of the H-shell, and the nuclear burning can occur at the base of the convective

envelope: this event is called hot bottom burning (HBB) and can dramatically change

the surface composition. Indeed, the convective turn-over time of the envelope is ≈ 1

year, hence the whole envelope will be processed a few thousand times for inter-pulse

period.

1.1.2 Synthetic models and full evolutionary models

The Padova and BaSTI stellar model libraries have included the TP-AGB with up-

dated recipes - see for instance Marigo et al. (2008) and Cordier et al. (2007) - by

making use of synthetic AGB-models.

Up to now, synthetic AGB-models try to predict basic stellar parameters, L(t),

Teff (t) and stellar yields, without resorting to calculations of full models, but using
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relationships obtained from full calculations. However, they are by no means merely

reproducing the full models: they are using basic properties, (the mass of the helium

core or the luminosity of the helium shell) as function of time as input for calculations

of mass loss, effective temperature, envelope composition and even nucleo-synthesis

at the bottom of the convective envelope. All synthetic models depends on results

from full stellar modelling, because they can treat effects like the third-dredge up or

mass loss as an additional property, which is then usually calibrated by comparison

with observed AGB-star samples.

The new asymptotic giant branch model calculated by Weiss & Ferguson (2009)

include the latest physical ingredients, and they are obtained for a large variety of

stellar compositions. Apart from the aspect of updated constitutional physics and

more extensive chemical composition, these models take into account a consistent

treatment of C enrichment of the envelope due to the third dredge-up (TDU) and

related opacities. This includes influence on the opacities, which has been shown by

Marigo (2002) to be crucial for stars’ temperature.

This, in turn, is the most important parameter for dust-driven mass loss, which

dominates the late AGB evolution and the transition to the post AGB.

Mass Loss

The evolution along the AGB is characterized by the internal nuclear processes, lead-

ing to increasing luminosities and larger stellar radii, and by strong mass loss due to

stellar winds, which depends on mass, radius, luminosity and chemical composition of

the envelope. Mass loss in one of the turning aspect of AGB evolution: it determines

how and when the TP-AGB phase ends, what yields can be expected from these kind

of stars, and it influences possible nuclear reactions at the bottom of the convective

envelope. The most widely used formulas used for the AGB evolution calculations

are those by Vassiliadis & Wood (1993) and Bloecker (1995). For instance in the old

dusty models of the Padova group by Piovan et al. (2003), the Vassiliadis & Wood

(1993) mass-loss formula was adopted to describe wind and super-wind phase.

For his investigation, Weiss & Ferguson (2009) used the following mass loss pre-

scriptions: as the basic formula, for the RGB evolution and pre-AGB evolution, the

Reimers (1975) relation is used:

Ṁ = −4 × 10−13 (L/L⊙)(R/R⊙)

(M/M⊙)
ηR (1.1.1)

This is consistent with the adopted mass-loss by Bertelli et al. (1994) and com-

panion papers and it is important to secure some consistency between the GARSTEC

and Padua models, together with similar compositions of the stellar initial models

entering the calculations based upon Grevesse & Noels (1993). Once on the AGB,
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observed mass loss rates are higher than the Eq. 1.1.1 would indicate: in this case,

for carbon-rich chemical compositions, (in which nearly all oxygen is bound in CO,

and the excessive carbon gives rise to carbon-based molecules and dust) the mass

loss rate by Wachter et al. (2002):

log ṀAGB = −4.52 + 2.47 log

(
10−4 L

L⊙

)
(1.1.2)

−6.81 log

(
Teff

2600K

)
− 1.95 log

(
M

M⊙

)

For the case of oxygen-rich stars, (C/0 < 1), the empirical fitting formula by van Loon

et al. (2005), obtained from dust-enshrouded oxygen-rich AGB stars, is considered:

log ṀAGB = −5.65 + 1.05 log

(
10−4 L

L⊙

)
− 6.3 log

(
Teff

3500K

)
(1.1.3)

As a star leaves the AGB, Teff increases: using hydro-simulations of dust envelopes

around evolving post-AGB stars, Schönberner & Steffen (2007) show that the strong

mass loss should deal with effective temperatures of 5000 or 6000 K: this behavior is

reproduced keeping the AGB-wind mass loss rates until the pulsation period P has

decreased to 150 day. From there to P = 100 days, taken to be the beginning of the

post AGB phase, a linear transition to the post AGB wind is done. From there on,

Weiss used the Eq. 1.1.1 or, if the rate is larger, the radiation-driven wind formula:

ṀCSPN = −1.29 × 10−15L1.86 (1.1.4)

Opacities

The carbon-enhancement of the stellar envelopes (due to the TDU) is consistently

treated by using opacity tables at varying the C/O-ratio and by employing theoret-

ical mass loss rates for carbon stars.

The outer envelope structure of AGB stars depends considerably on the opacities;

carbon-enriched molecular opacities reduce effective temperatures significantly, and

they lead to much better agreement of the colors of the synthetic populations with

the observations. The possibility to compute the opacities for any chemical compo-

sition is a huge advantage: the effects detected in the models help to account for a

number of observational properties of carbon stars.

Therefore, new opacity tables have been prepared for C-enhanced mixtures. For

high temperatures, OPAL-tables for atomic opacities (Iglesias & Rogers 1996) were

obtained from the OPAL-website 2, and for low temperatures new tables for molec-

ular opacities were generated following Ferguson et al. (2005). In all cases, the

2http://physci.llnl.gov/Research/OPAL
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chemical compositions of low- and high-T tables agree and tables from the different

sources are combined (Weiss & Schlattl 2008).

For the absorption properties, one has to know which molecules are present in

cool stellar matter. The spectra of cool giant stars of spectral types M, S and C, are

dominated by totally different molecular absorption bands in the visual and infrared,

depending on which, carbon or oxygen, is the most abundant element.

The key point is the C/O ratio, because of the high binding energy of the molecules:

oxygen rich stars (C/O ratio less than ≈ 1) show strong bands of TiO, VO, H20, while

for carbon rich stars basically all O is bound in CO, and they show large absorption

features of C2, CN, SiC and some HCN and C2H2 (formed from the remaining car-

bon).

So, the C/O-ratio is more important than the absolute carbon abundance in the stel-

lar mixture: the additional opacity tables were produced as a function of a variable

C/O-ratio for different (X, Y, Z)-mixtures. As said, the increase in carbon leads to

lower effective temperature (Marigo 2002), mainly by the increase in total metallicity

and this effect is crucial to reproduce observational data. The opposite happens if

the metallicity is fixed: an increase in C/O can initially lead to lower opacities and

higher effective temperatures as compared to a solar-scaled mixture.

1.1.3 Linking Padua and GARSTEC models

The metallicities of the models available in Weiss & Ferguson (2009) are five, that

is Z=0.05, 0.02, 0.004, 0.008, 0.0004. The ideal case would be to have a perfect

match between the metallicities of the Padova evolutionary tracks and the GARSTEC

tracks, however this is not possible for all the cases. In particular the extreme

(lowest and highest) metallicities of the Padua set, that is Z=0.0001 and Z=0.1

are not available. For the highest value we need to wait for new models matching

that metallicity: the presence of the AGB-manquè and Hot-HB stars makes things

too cumbersome to allow us to extend in some way the models for Z=0.05 to the

highest value. For Z=0.0001 we adopt the AGB models of Z=0.0004 suitably adapted

to the case: the more regular evolutionary behaviour allows this match as a first

approximation (keeping in mind our ultimate purpose of galaxy models and therefore

the need for a complete database) until AGB tracks of similar metallicity will be

available. Up to now we do not consider the case for an α-enhanced metal mixture

but only the solar-scaled one and for each metallicity 11 initial masses between 1 and

6 M⊙. The masses are: 1.0, 1.2, 1.5, 1.6, 1.8, 2.0, 2.6, 3.0, 4.0, 5.0, 6.0 M⊙.

For all of them, Weiss & Ferguson (2009) have been able to follow the evolution

of stars starting from the ZAMS and continued as far as possible with the aim of

reaching the white dwarfs cooling tracks.
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These calculations have been made using the GARSTEC code, that is able to follow

low-mass stars through the core helium flash and many thermal pulses on the AGB

without human intervention, because of the numerical improvements introduced in it.

Nevertheless, towards the end of TP-AGB phase, convergence problems can occur.

For more details about the properties of the code, see Weiss & Schlattl (2008).

For every star mass, lifetimes on the main sequence, the RGB (considered as the time

between the end of the central hydrogen and the beginning of the central He-burning),

the core helium burning, until the onset of the first thermal pulse are provided. These

lifetimes agree with those of the Padova library (Bertelli et al. 1994; Girardi et al.

2000).

The standard procedure to include the AGB evolution is the smoothing procedure:

thermal pulses are smoothed in order to guarantee a safe calculation of the isochrones

(Bertelli et al. 1994; Girardi et al. 2002; Bertelli et al. 2008). This procedure has

always been adopted in the different versions of the Padova libraries of isochrones,

carefully smoothing the AGB paths, with good results obtained along the years.

As an example of this, in the Figs. 1.8 and 1.7 is shown the evolutionary track for

a star of M=4M⊙. The thermally-pulsing phase is evident: over-imposed, we show

the smooth function used in both cases.

Some comments are worth to be made about the reasons for which it is common use

to ”clean” the pulses:� in theory it would be possible, but in practice it is numerically very cumber-

some, to interpolate between the oscillating L-Teff paths of stars of different

mass. The AGB is extended over a very short time-scale (Weiss & Ferguson

2009) and the interpolation between L-Teff pulses would require a too much

thinly spaced time-step, corresponding to infinitesimal mass changes.� Star clusters have a small number of AGB stars, as expected according to

the short duration of the double shell H-He nuclear burning phase: observing

clusters we do not expect therefore in any way to be able to reconstruct, in some

observational color-color or color-magnitude diagram, the path covered by the

pulses. Let us suppose now that we are observing a galaxy with a population

much bigger than a cluster: it may happen in this case that we have a lot of

AGB stars in our empirical HR diagram so that in principle we could hope to

see the path described by the AGB stars. What in practice would happen is

that stars of different masses would overlap each other with their own pulses

and the result would be a stream containing all the AGB stars of different mass

just taken in a different part of their AGB path, vanishing any effort to see the

outline of the pulses.
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required to connect the simulations to the observations, have not, in general, a

very refined grid in Teff and g, in order to obviously keep the dimension of the

library acceptable. Therefore, even preserving the pulses in the interpolations

(or for example adding the pulses a posteriori to the isochrone by getting the

pulse profile from the properties of the stars, like core-mass and so on) and

assuming to have enough observed AGB stars, it would not be possible to

cover the very thin spacing in Teff with the library of stellar spectra. All the

effort would be simply lost dealing with a library that has not enough coverage

in temperature and gravity.

Maybe, the only way by which it could be interesting to keep the pulses is to pro-

duce HR ”empirical” diagrams (HRD) directly from the stellar evolutionary tracks.

Only in this precise case, we could eventually expect some differences using tracks

with pulses as input of the HRD simulator instead of artificially ”cleaned” tracks.

For example, the highest AGB masses could be sampled out of the AGB stream with

a luminosity higher than the tracks ”smoothed”, if you put a high mass AGB star

in the synthetic HRD when it is in the L-peak. In some way the region of the HRD

where AGB stars could be sampled, would be larger. For most of the mass range, in

any case, pulses of different masses would overlap even in the Montecarlo simulations

vanishing any difference between the ”cleaned/not cleaned” cases.

What we really need is in any case the general trend for the AGB phase to be

included in a realistic way in the population synthesis models for galaxies and not

to reproduce some specific object.

According to the previous arguments, for every mass, before interpolating between

the evolutionary tracks in order to calculate the isochrones, the TP-AGB tracks have

been ”cleaned” of their variations due to the TP phase.

The smoothing procedure is computed using the MATLAB smooth function that

suitably allowed us to perform the whole procedure, while an extrapolation to masses

lower than 1M⊙ has been adopted. Indeed, the lower mass considered when calcu-

lating evolutionary tracks is 0.6 M⊙: we extend the results obtained by Weiss &

Ferguson (2009) until 0.8 M⊙ trying to scale consistently all the physical variables

(luminosity, Teff , time-scales) obtained for the 1 M⊙. For even lower masses, than

never reach the C-rich phase, a simple description is adopted in agreement with

Bertelli et al. (1994) and Piovan et al. (2003).

To summarize, the following steps have been taken in order to include a more phys-

ically consistent treatment of the TP-AGB phase in our isochrones :� For every stellar mass involved in the AGB evolution and for all the available

metallicities, we calculated the beginning, the duration and the end of all the
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evolutionary phases of interest (starting from the MS, up to the end of the TP

phase), in order to carefully select the TP-AGB phase;� As discussed in Weiss & Schlattl (2008) and summarized here, the major part

of the models, but not all, evolved to the very end of the AGB, defined as the

point when the model leaves the AGB towards hotter Teff and the pulsation

period has dropped below 100 days. In most cases, for the lower masses, the

models evolved to virtually the end of the phase, but for the highest masses

(typically 5 and 6 M⊙) this is not true: in such cases, due to the amount of mass

loss and the size of the remaining envelope, Weiss & Ferguson (2009) gives an

estimate of the TPs and time still needed to complete the TP-AGB phase. We

used this estimate of the number of missing TPs in order to evaluate correctly

the TP-AGB lifetime for all the masses of our interest not completely evolved.� Using the MATLAB computing language, we plotted for every mass, the differ-

ent model properties (M/M⊙), age (yr), Ṁ, log(L/L⊙), log Teff , log g, Xc, Yc,

Mc1, Mc2, Cs and Os. In order: current mass of the star, age of the model in yr,

mass-loss, luminosity, effective temperature, gravity, central abundances of hy-

drogen and helium, mass of the core under the hydrogen or the helium shells,

surface abundances of carbon and oxygen). Finally we used the smoothing

procedure in order to reproduce every property. At this purpose we used the

MATLAB cftool (Curve Fitting Toolbox) and in particular the Smooth Options

Loess, that is a locally weighted scatter plot smooth. These method use linear

least squares fitting, and a a second-degree polynomial. The span parameter,

that is the number of data points used to compute each smoothed value is suit-

ably varied. For all locally weighted smoothing methods like loess, if the span is

less than 1, it is interpreted as the percentage of the total number of data points.

For the physical variable not oscillating there is no need to smooth the data and

the span can be adapted to low values in such a way to keep the shape and the

form of the original data for that track. See the MATLAB Help or the online

http://www.mathworks.it/help/techdoc/index.html documentation for more de-

tailed information and examples about this point.� Once selected and smoothed the AGB part of the tracks, we carefully selected

the start and end of the E-AGB, the end of the TP-AGB and the eventual

O-rich/C-rich transition. This is required if we want that the interpolations

between different masses when calculating the isochrones keep the correct C-

rich and O-rich partition. We connected for every stellar mass the TP-AGB

part by Weiss & Ferguson (2009) to the end of the E-AGB phase of the evolu-

tionary tracks in Bertelli et al. (1994) and, finally,
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available metallicities, considering different laws for the IMF.

The following point should be underlined. Two different sets of evolutionary tracks

are connected. In principle the best solution would clearly be to use a completely

coherent set of tracks from the highest to the lowest mass and able to cover all

the evolutionary phases. This is not possible in our case because Bertelli et al.

(1994) miss the post E-AGB evolution, while Weiss & Ferguson (2009) calculated

the evolution only in the AGB range of intermediate mass stars, lacking therefore

the lowest masses and high-mass stars evolving in type II SNe. Another good solution

would be to use the end of the E-AGB of the Bertelli-Fagotto models as input in the

GARSTEC model to calcolate the TP-AGB evolution. But this required to organize

a priori the work with this specific idea to complete the classical set of Bertelli tracks

with full evolutionary AGB path and it has not be done. We had to adapt to the

best possibility, trying to minimize the errors. Indeed, we carefully checked that,

with some exceptions, the shift we had to apply to connect the Weiss & Ferguson

(2009) TP-AGB to the end of the Bertelli et al. (1994) E-AGB were not too high but

of the order of 5-10 % in the masses and of few percent in the logarithmic scales of

temperature and luminosities that is acceptable, once considered our final target of

galaxy models. The timescales for the AGB evolutionary paths in GARSTEC models

has been correctly joined to the end of Bertelli E-AGB. Finally, it is worth noticing

that the GARSTEC code is son of the Padova code (and this latter one is an improved

version of the original R. Kippenhanh code; Cesare Chiosi - private communication

about the history of this stellar evolution codes), that the two codes use similar initial

compositions (Grevesse & Noels 1993) for the stars and the same mass-loss recipe up

to the AGB (Reimers 1975) and so no, allowing for some confidence that the results

are not so dramatically different and in first approximation can be connected. We

scaled luminosity, Teff , core mass, envelope mass of the GARSTEC tracks in order

to match the end E-AGB values.

In Figs. 1.7 and 1.8 we can see two example of the adopted smoothing procedure

for a star of 4 M⊙ and solar metallicity. In particular on the left panels we can see

the details of the smooth for the TP-AGB part of the track.

1.1.4 The Initial Mass Function

The initial mass function specifies the distribution in mass of a newly formed stellar

population and it is frequently assumed to be a simple power law (for example, the

well known Salpeter law). Together with the time-modulation of the star-formation

rate, the IMF dictates the evolution and fate of galaxies and star clusters - for a

review of the subject, see Kroupa (2002a) -.
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Figure 1.7: The evolutionary track for a star of M=4 M⊙ and Z=0.02, with a zoom on the AGB

phase. Superimposed to the track, the smooth function used in this case.
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Figure 1.8: As in Fig. 1.7, but here the evolution of the luminosity along the track for the same

star of solar metallicity is considered.

Brown dwarfs and very low mass stars whose lifetimes are longer than the age of the

Universe, in practice lock up forever the chemical elements present in the ISM at the

age of their birth, whereas intermediate and high mass stars of short life continuously

enrich the environment with the products of thermonuclear reactions, thus driving

the chemical evolution of the host system. The same stars in this mass ranges are

also the factories of star-dust to be injected into the ISM by SNe explosions and

strong stellar winds.

The adoption of an IMF has many effects worth being mentioned here, at the level

of (1) isochrones; (2) SEDs of SSPs and (3) star-dust injection in the ISM. All of

them are interesting for the purposes of this thesis. Let us start from the last point.
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A different slope of the IMF in the intermediate-high mass range would imply a

different relative population of the stars contributing to the dust yields. Second, the

net yield of metals and dust per stellar generation varies. According to its definition

- see for instance Tinsley (1980a), Pagel (1997) and Portinari et al. (2004b) - the net

yield is the the amount of metals globally produced by a stellar generation over the

the fraction of mass locked up in living stars and remnants. Therefore, efficiency of

metal and dust enrichment depends not just on the amount of metals produced per

unit mass involved in star formation but on the ratio between this and the mass that

remains locked in remnants or ever-lived low mass stars. The locked-up fraction, is

therefore as crucial to the metal and dust enrichment as is the absolute number of

the high-mass stars directly responsible for the production of star-dust itself. In a

given model of fixed total mass, it is clear that an IMF bending down steeply at

low masses will lead to a different locked up fraction with respect to a power-law,

low-mass oriented IMF. The metal and dust production is accordingly affected.

Since IMFs are proportional laws, they are normalized assuming that the total mass

encompassed by the IMF from the lower, ML, to the upper, MU , mass limit of stars

is equal to 1 M⊙.

What are these limits? Normally the upper limit can be equally choose as 100 or

120 M⊙, because there are few high mass stars, compared to the whole population

of stars. The lower limit, instead, is a delicate issue, because if one decreases this

limit, the amount of low mass stars increases, with respect to the number of high

mass stars. This effect reflects on the study of the integrate light of the single stellar

populations, since SSPs less luminous (for mass unity) can be created. One solar

mass of SSPs with more very low mass stars will be less luminous.

To take into account this question, following Talbot (1975) and Bressan et al.

(1994), we use the parameter ζ, which describes the fraction of total mass in form of

stars stored in the IMF above a given mass M∗. M∗ is the minimum mass contributing

to the nucleo-synthetic enrichment of the ISM over a timescale of the order of the

galaxy life:

ζ =

∫MU

M∗
φ (M) dM

∫MU

ML
φ (M) dM

. (1.1.5)

This equation, at varying ζ and for fixed MU and M∗, can be reversed numerically

to determine the lower limit ML of the distribution. To an IMF with a bigger low

mass limit, more massive stellar populations correspond; when the SSPs fluxes are

normalized to 1 M⊙, less luminous SSPs are obtained. The tail of the sequence cor-

respond to stars that contribute in an efficient way to the whole population mass but

they do not contribute, in practice, to the luminosity of the whole stellar population.

These are objects with lifetimes extremely long, eventually longer then the Hubble
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time; they will not leave the main sequence.

The effect of different IMFs on SEDs and isochrones will be also discussed later with

the results of the calculations. We shortly present now the IMFs we have included

in our calculations of isochrones and hence SSPs. For the purposes of our study the

IMF is assumed to be constant in time and space.

The IMFs included in our model are:� The Salpeter IMF. Salpeter-like IMFs are very popular. These are an extension

over the desired mass range of the original Salpeter IMF Salpeter (1955). This

IMF is φ (M) = CSM
−1.35 with CS depending on the value of ζ. For a mass

range [0.1 − 100]M⊙ (Portinari et al. 2004b) we have Cs = 0.1716 and a

ζ = 0.3925.� The Kroupa IMF. In a series of papers Kroupa revised and updated the power-

law IMF with a set of continuous multi-slope power-laws (Kroupa et al. 1993;

Kroupa 2001; Kroupa 2002a; Kroupa 2002b; Kroupa 2007).

In the following we consider two cases.

First, the IMF derived by Kroupa (1998) for field stars in the Solar Neigh-

bourhood. This IMF is typical of models of chemical evolution of disk galaxies

(Boissier & Prantzos 1999; Boissier & Prantzos 2000; Prantzos & Boissier 2000;

Hou et al. 2008).

φ (M) =





CKr1M
−0.5 ML ≤M < 0.5M⊙;

CKr2M
−1.2 0.5M⊙ ≤M < 1M⊙;

CKr3M
−1.7 1M⊙ ≤M < MU .

(1.1.6)

For ML = 0.1M⊙ and MU = 100M⊙, we obtain ζ = 0.405.

Second, the Kroupa (2007) IMF, where taking as lower and upper limits ML =

0.01M⊙ and MU = 100M⊙ we get ζ = 0.38, slightly lower than in the above

Kroupa (1998), because of the lower limit extended to brown dwarf regime.

φ (M) =





CK1M
0.7 ML ≤M < 0.08M⊙;

CK2M
−0.3 0.08M⊙ ≤M < 0.5M⊙;

CK3M
−1.3 0.5M⊙ ≤M < 1M⊙;

CK4M
−1.7 1M⊙ ≤M < MU .

(1.1.7)� The Larson IMF. Larson (1998) proposed an IMF in which the relative per-

centage of very low mass stars and sub-stellar objects is decreased due to the

presence of an exponential cut-off. As a consequence of this there is a negligi-

ble contribution to the locked-up mass, and in contrast a very high net yield
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per stellar generation, and a high production of metals and dust. The Larson

(1986) IMF is

φ (M) = CLM
−1.35 exp

(
−
ML

M

)
. (1.1.8)

This IMF recovers the Salpeter IMF at high masses, whereas at low masses the

exponential cut-off determines the steep downfall after the peak mass MP =

ML/1.35 = 0.25M⊙. For a typical mass range [0.01 − 100]M⊙ we have ζ =

0.653 thus allowing for a high number of intermediate-high mass stars. For the

present aims, we will simply keep ML constant with time or metallicity.

We also consider the possibility for a modified Larson IMF adapted to the Solar

Neighbourhood, in which the slope in the power-law factor for the high mass

range has the value M−1.7, according to Scalo (1986) and in agreement with

recent IMFs proposed by Kroupa (see above). In this last case with the same

mass range [0.01 − 100], we have ζ = 0.5, lower than the other case.� The Chabrier IMF. Along the line of thought of Larson (1998), Chabrier (2001)

proposes:

φ (M) = CCM
−2.3 exp

[(
−
MC

M

)1/4
]
. (1.1.9)

The two parameters in Eq. 1.1.9 are tuned on local field low mass stars and

the functional form is proved to be valid down to the brown dwarfs regime

Chabrier (2002). With a mass range [0.01 − 100]M⊙ and MC = 716.4 we get

CC = 40.33 and ζ = 0.545, not as high as in the Larson IMF, but still leading

to high net yield and low locked up mass fraction.� The Kennicutt IMF. The Kennicutt (1983) IMF is used in literature to describe

the global properties of spiral galaxies and it is inspired by the observations

of Hα luminosities and equivalent width in external galaxies (Kennicutt et al.

1994; Portinari et al. 2004; Sommer-Larsen 1996). With a mass range [0.1 −

100]M⊙, we get ζ = 0.59.

φ (M) =

{
CKe1M

−0.4 ML ≤M < 1M⊙;

CKe2M
−1.5 1M⊙ ≤M < MU .

(1.1.10)� The Arimoto IMF. This top-heavy IMF has been suggested by Arimoto & Yoshii

(1987) to simulate elliptical galaxies and is introduced just for the sake of

comparison as an extreme case: φ (M) = CAM
−1.0. With a mass range [0.1 −

100]M⊙, we get ζ = 0.5.
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mass range [0.1 − 100]M⊙, we get ζ = 0.32.

φ (M) =

{
CScaM

−1.35 ML ≤M < 2M⊙;

CScaM
−1.7 2M⊙ ≤M < MU .

(1.1.11)

It is worth recalling that IMF with slope (1.6 ∼ 1.7) in the high mass range,

i.e. steeper than the Salpeter value like this one, are widely used in literature

in chemical models of the Milky Way even with dust (Matteucci & François

1989; Chiappini et al. 1997; Chiappini et al. 1997; Dwek 1998; Romano et al.

2000; François et al. 2004; Calura et al. 2008).

In the Tab. 1.1, we summarize the mass ranges and the ζ for the different types of

IMFs.

Table 1.1: Mass ranges and the ζ for the different types of IMFs.

IMF Minf Msup ζ

Salpeter 0.1 100 0.3925

Larson 0.1 100 0.653

Kennicutt 0.1 100 0.59

Kroupa (original) 0.1 100 0.405

Chabrier 0.1 100 0.545

Arimoto 0.1 100 0.5

Kroupa 2002-2007 0.01 100 0.38

Scalo 0.1 100 0.32

Larson Solar Neighbourhood 0.01 100 0.5

1.2 Single (or Simple) Stellar Populations

The most elementary population of stars is the so-called Single (or Simple, depend-

ing on the authors) Stellar Population, consisting of stars born at the same time

in a burst of star formation activity of negligible duration, with the same chemical

composition.

SSPs are the basic tool to understand the spectro-photometric properties of more

complex system like galaxies: galaxies are not SSPs because stars of different metal-

licity and age are present.

However, a complex population can always be expanded in a series of SSPs: the stel-

lar content of a galaxy can be modelled as the convolution of many SSPs of different
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composition and age, each of which is weighted by the rate of star formation at the

age at which it was born.

As said before, by integrating the contribution of each isochrone element along

the whole isochrone, the integrated spectral energy distribution, SED, sspλ(τ
′

, Z) of

a SSP of any age and metallicity has been derived. This is given by:

sspλ(τ
′

, Z) =

∫ Mu

Ml

Φ(M)fλ(M, τ
′

, Z)dM (1.2.1)

where fλ is the monochromatic flux of a star of mass M , metallicity Z(t) and age

given by τ
′

. Φ(M) is the IMF. The integrated sspλ(τ
′

, Z) refers to an ideal SSP of

total mass 1 M⊙ whose component stars distribute in mass according to the IMF

over the range [Ml −Mu].

The total luminosity of a SSP is obtained by integrating sspλ(τ
′

, Z) over the whole

range of wavelengths:

LSSP (τ
′

, Z) =

∫ ∞

0
sspλ(τ

′

, Z) (1.2.2)

In more detail, the various steps by which the theoretical SED of an SSP is derived

are the following:

(a) given an age, the corresponding isochrone in the HRD is divided in elemental

intervals small enough to assure that the luminosity, gravity, and Teff in them are

nearly constant (the isochrone is approximated to series of virtual stars, for each of

which we know the spectrum);

(b) in each elemental interval the star mass spans a suitable range ∆M fixed by the

evolutionary rate, therefore the number of stars per elemental interval is proportional

to the integral of the initial mass function (IMF) over the range ∆M (the differential

luminosity function);

(c) finally, the contribution to the flux at each wavelength of the spectrum by

each elemental interval is weighed on the number of stars in it and their luminosity.

To summarize, the basic ingredients of the SSP SEDs are the isochrones and their

path in the theoretical HRD, in turn functions of the initial chemical composition.

For the details about the set of isochrones used for this work and its characteristic see

Sect. 1.1), the IMF (in our case, we included many IMF to choose from, presented in

Sect. 1.1.4), and a library of stellar spectra for different values of Teff , gravity, and

chemical composition. We used two libraries of stellar spectra. The first one is for

objects which are not embedded into dust and it is from Lejeune et al. (1998), which

stands on the Kurucz (1995) release of theoretical spectra, however with several

important implementations. For Teff < 3500 ◦K the spectra of dwarf stars by

Allard & Hauschildt (1995) are included and for giant stars the spectra by Fluks
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et al. (1994) and Bessell et al. (1989), Bessell et al. (1991) are considered. Following

Bressan et al. (1994), for Teff > 50000 ◦K, the library has been extended using

black body spectra. The library of stellar spectra for dusty stars, in practice AGB

stars, will be discussed in detail in the next sections.

1.3 SEDs of SSPs

An extended grid of SEDs of SSPs has been calculated, according to the set of

isochrones whose features have been presented in the Sect. 1.1.

Here we underline again the crucial points:� the SSPs are based, up to the pre-TP-AGB phase, on the isochrones by Bertelli

et al. (1994) up to the E-AGB and for the PN phase;� the treatment of the TP-AGB phase is done following the work of Weiss &

Ferguson (2009) (see Sect. 1.1.3);� the stellar models extend from the ZAMS to either the stage of PN formation

or central carbon ignition, depending upon the mass of the most evolved star

in the isochrone;� in low mass stars, passing from the tip of red giant branch (T-RGB) to the

HB or clump, mass-loss by stellar winds is included according to the Reimers

(1975) rate with η=0.45;� the mass loss law adopted during the AGB phase is presented in Sect. 1.1.2;� SSPs are presented (see Sect. 1.1.4) for nine different prescription for the IMF:

four power-laws (Salpeter, Arimoto & Yoshii, Kennicutt, and Kroupa 1998),

three exponential-laws (Larson - for Milky Way disk or for solar neighbourhood-

and Chabrier) and a multi-slope power laws (Kroupa 2007 and Scalo).� The effect of the circumstellar dusty shells around AGB stars on stellar radi-

ation are now considered using a suitable library of dusty SEDs of AGB stars

(see 1.4).

1.3.1 A comparison with the old SSPs

Before considering the effect of circumstellar dusty shells around AGB stars, in this

section we compare the old SSPs as computed starting from the work of Bertelli et al.

(1994) and the new database of SSPs, elaborated for our purposes, now considering

as only improvement the inclusion of the TP-AGB phase from Weiss & Ferguson

(2009).
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Figure 1.9: Left panel: comparison of the flux of our new SSPs and the flux of the old SSPs, vs.

λ, at varying the age of the stellar population. The considered ages and metallicity are indicated.

Right panel: the same but now the comparison of the cumulated fluxes, up to the end of the AGB

phase and of the PN phase, for few selected ages.
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Figure 1.10: The same as in Fig. 1.9, but for Z=0.004

On the left panel of the Figs. 1.9, 1.10, 1.11, we present the residual values in the

UV-optical range, while in Fig. 1.13 we show the residual values for the optical-near

IR range where AGB emit most of their light. We take into account the differences

between the flux of the old (indicated in the Figs. as Flux Bertelli) and the new

(Flux Weiss) SSPs as a function of the wavelength (at varying the age of the stellar

population), for different values of Z.

On the right panel of the same Figs. 1.9, 1.10, 1.11, we show the residual values now

analyzing the cumulated fluxes, up to the end of the AGB phase or of the PN phase,

for few selected ages. In contrast to what one would expect, the main differences

between SSPs stand on the UV region, up to 0.3 µm, while from 0.5 µm up to the
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Figure 1.11: As in figure 1.9, but for Z=0.008.
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Figure 1.12: Left panel: comparison of the flux of our new SSPs and the flux of the old SSPs, vs.

λ, at varying the age of the stellar population for two metallicities, namely Z=0.004 and Z=0.008.

The range of wavelengths most suitable to observe eventual differences due to the AGB-phase only

is considered.

IR range (where AGB stars emit most of their light) the residual values are virtually

zero at all ages as it can be easily seen from Fig. 1.13.

This is a good proof that there is consistency between the two set of SSPs, as

differences are quite small, above all for young ages and in the near IR part of the

spectra, where databases are distinct, due to the different treatments of the AGB

phase. The differences in the UV range, instead, are due by the distinct mass loss rate

adopted during the AGB phase by Bertelli and by Weiss (and hence, in our work).

The old set of SSPs consider the Vassiliadis & Wood (1993) formula; in our code,

as discussed in Sect. 1.1.2, the mass loss rate is by Wachter et al. (2002), Eq. 1.1.3

or the empirical fitting formula by van Loon et al. (2005), Eq. 1.1.3, depending on
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the chemical compositions of the stars. For the same star of a fixed initial mass,

the adoption of distinct mass loss rates produce, when the thermally pulsing phase is

completed, stars with different final core masses; hence, the corresponding associated

PN is different leading to the observed differences. This is evident when observing

the right panel of the Figs. 1.9, 1.10, 1.11: the cumulate fluxes up to the end of

the AGB phase do not contribute at the residual values, while the inclusion of the

contribution from the PN phase change the residual values up to the 30%. Moreover,

this effect increases at decreasing ages, as expected: higher mass stars experience a

larger mass loss rate and the final core mass may result different.
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Figure 1.13: The same as in the left panel of the Fig. 1.9, but in this case we considered the

residual values as a function of age, at varying the λ, for Z=0.02 (left panel) and Z=0.004 (right

panel).
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Figure 1.14: As in Fig. 1.13, but for Z=0.008.

The Figs. 1.13 and 1.14 present the residual values (normalized differences between

the flux of our SSPs and the flux of the old ones), vs. age, at varying the reference
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wavelength, for different values of Z (as usual, we focus on Z=0.02, Z=0.004 and

Z=0.008). For all these cases, we do not consider the effect of circumstellar dusty

shell around AGB stars; so, we expect that these cool M and C stars emit the

majority of their flux in the range ∼ 1-4 µm (the inclusion of dust shift the emission

toward longer wavelengths). The agreement is very good, and the two set show a

few percents of differences, that start at about log(t/yr)=9. This suggest us that

the when comparing SSPs for what matters the total amount of flux emitted without

dust, there is in practice not much difference between the two sets. In particular for

the youngest ages with the most massive AGB stars (log(t/yr)>9) and the strongest

emissione the agreement is even better. This is ultimately due to a similar duration

of the AGB for the Padua and GARSTEC models. Indeed, we expect that most of

the differences will appear in the path in the HRD (new opacities allow for AGB

tracks extended toward low temperatures), in particular once dust is included. To

conclude this section, we show in the Fig.1.15 the theoretical [V − K] color as a

function of age for our SSPs and for the old SSPs in the range 0.1 to 15 Gyr, for all

the considered values of the metallicity.
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Figure 1.15: Theoretical [V − K] color as a function of the age (from 0.1 to 15 Gyr), for the

indicated values of metallicity. Two different sets of SSPs are shown, the old SSPs (as Bertelli et al.

(1994)) and the new ones presented here (without considering the contribution of circumstellar dusty

shell around AGB stars), even if no remarkable differences can be appreciated and in practise they

are superimposed.

As it is evident, when looking at the integrated color, there is no difference between

the two kind of SSPs. There is only a little shift for Z=0.05 at t≥ 10 Gyr: new SSPs

show a redder color with respect to the old ones, but in practice this shift is so

small that it can be neglected. We show only one color, but the same considerations

hold when looking at other colors, for instance [B − V ] or [J − 8µm]. As already
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discussed, it proves that the inclusion of the AGB phase from Weiss & Ferguson

(2009) on the evolutionary stellar tracks of Bertelli has been done in a consistent

way: the evolutionary times ultimately agree, even if different mass loss rates have

been adopted in the two cases.

1.4 Circumstellar dust around AGB stars

AGB stars are one of the main sources of dust: it is safely known that low and inter-

mediate mass stars going through the AGB evolutionary phase are between the main

injectors of dust in the ISM. It is worth underlying that other evolutionary phases of

low and intermediate mass stars are not so crucial as dust factories: dust formation

in RGB and Early AGB stars is poorly efficient because of the not favourable wind

properties and the low mass loss rate (Gail et al. 2009). Indeed, as far as it concerns

the light travelling to the observer, in practice no effect of local obscuration of the

underlying radiation, due to the an eventual dust shell around, is usually considered

in HR diagram simulations or calculations of SSP SEDs. Only Thermally pulsing

AGB stars are expected to form dust in significant amount and be locally obscured

in such a way that we need to introduce the obscuration due to the circumstellar

dust shell around (Piovan et al. 2003).

TP-AGB stars have been the subject of an impressive number of studies based

on the theory of stellar evolution and going from synthetic models (see for example

Groenewegen & de Jong (1993), Marigo et al. (1996), Wagenhuber & Groenewegen

(1998), Marigo (2002), Izzard & Poelarends (2006), Marigo & Girardi (2007)) to full

calculations of evolutionary, even hydrodynamical, models (see for instance Herwig

et al. (1997), Karakas et al. (2002), Ventura et al. (2002), Herwig (2004), Weiss

& Ferguson (2009)). Also, dust formation on AGB stars has been the subject of

more and more refined and detailed models (Gail et al. 1984; Gail & Sedlmayr 1985;

Gail & Sedlmayr 1987; Dominik et al. 1993; Gail & Sedlmayr 1999; Ferrarotti &

Gail 2002; Ferrarotti & Gail 2006; Gail et al. 2009), able to calculate the amount

of newly formed dust in M-stars, S-stars and C-stars, along a sequence of growing

C/O ratio. This ratio determines the dust mixtures formed in the outflows (Piovan

et al. 2003; Ferrarotti & Gail 2006; Gail et al. 2009). AGB stars with C/O < 1 are

oxygen rich stars, that produce dust grains mainly formed by refractory elements,

generically defined as silicates, like pyroxenes and olivines, oxides like alumina and

maybe iron dust. When the C/O ratio is higher than one, we have carbon rich stars

on whose outflow carbon dust, SiC and maybe iron dust can condensate. SiC is

detected by means of the typical MIR feature. When C/O ≈ 1 then we get S-stars

where quartz and iron dust should form (Ferrarotti & Gail 2002). However the C-

rich or O-rich phases dominate, so that for example the contribution of eventual SiC
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produced during the S phase can be neglected compared to the SiC produced during

the carbon-star phase.

Depending on the initial mass, the metallicity and the complex interplay between

the third dredge-up and the mass-loss, the star will become or not carbon-rich. Typ-

ically, low mass stars are not able to become C-rich, because they loose the envelope

before that carbon overcomes the oxygen abundance, while intermediate mass stars

are able to reach C/O > 1, even if in some cases only for a short part of the TP-AGB

as it happens for the most massive AGB stars.

1.4.1 Modelling a dusty envelope

The problem of the radiative transfer in the dusty shells that form around AGB

stars has been addressed by many authors in literature (see the classical review by

Habing (1996) and references therein). The best approach would clearly be to cou-

ple the equations describing the radiative transfer through the dusty envelope with

the hydro-dynamical equations for the motion of the two components, dust and gas,

taking into account the interplay between gas, dust and radiation pressure. For the

purposes of this work, it is however enough to limit ourselves to solve the problem of

the radiative transfer through the envelope. Indeed our purpose is to build a library

of dusty SEDs to be used to quickly determine the effects of dust around AGB stars

on the emitted light, and not to study the dynamical behaviour of the outflows.

According to Ivezic & Elitzur (1997), the radiative transfer equation satisfies the

property of scale invariance: the physical dimension of any system can be increased

and decreased in an arbitrary way without affecting the radiative properties, as long

as optical depths and spatial variation of the opacity remain the same. Two systems

with different dimensions and absorption coefficients, but with the same total op-

tical depths and auto-similar distributions of opacities and “source functions” will

produce the same intensity of the radiation field. Rowan-Robinson (1980) first ap-

plied the radiative transfer scale invariance to the IR emission of a central source

surrounded by a dust shell. Subsequently, Ivezic & Elitzur (1997) presented a gen-

eral formulation of the problem in arbitrary geometry and distribution of dust, and

studied in detail the case of a spherical shell of dust heated up by a central source.

They also pointed out that the concept of scale invariance is particularly useful when

the absorption coefficient does not depend on the radiation intensity. Unfortunately,

as a consequence of this, the analysis by Ivezic & Elitzur (1997) cannot be applied

to emission or photo-ionization lines (where the absorption coefficient can depend on

the intensity of the radiation field via its effects on the level populations) but only

to the continuum of the radiation coming from dust heated by a central source.
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1.4.2 The optical depth

At the purpose to get the outgoing flux filtered through the circumstellar dust shell,

we apply the classical numerical code DUSTY by Ivezic & Elitzur (1997). Since the

original DUSTY code could not handle too a detailed wavelengths grid without be-

coming computationally very demanding, the latest freely available DUSTY version

- 2.06 - has been suitably modified in such a way to be able to handle a wide number

of wavelengths. In this way we have been allowed to cover with an acceptable compu-

tational effort: (1) the stellar part of the spectrum with the classical Kurucz-Lejeune

grid (Lejeune et al. 1998) and (2) the dusty part of the spectrum in the IR including

all the wavelengths for which the optical properties and features of the dust in the

envelope are available. The spherical symmetry approximation on which DUSTY

is based is adopted for the sake of simplicity. The key parameter that we need to

specify to solve the radiative transfer problem and to calculate the flux emerging

from the dust is the optical depth τλ of the shell which is defined as follows:

τλ =

∫ rout

rin

dτλ (r) =

∫ rout

rin

kλ (r) ρd (r) dr (1.4.1)

where kλ,d is the overall dust extinction coefficient per mass unit and ρd is the dust

mass density. In principle, they both depend on the radial distance r from the central

source. The integral is evaluated over the thickness of the shell from the innermost

to the outermost radius. If we now apply the continuity equation for the gas and

dust (Schutte & Tielens 1989; Piovan et al. 2003) we can recast the optical depth of

Eq. 1.4.1 as

τλ =

∫ rout

rin

kλ (r)
Ṁ (r) δ (r)

4πr2vd (r)
dr (1.4.2)

where δ is the dust-to-gas ratio in the shell. To proceed further, the mass-loss rate
˙M(r), the expansion velocity of the dust vd(r), the extinction coefficient kλ(r) and the

dust-to-gas ratio δ together with their radial dependence must be specified. Common

assumptions are the following ones (Groenewegen 1993; Bressan et al. 1998; Piovan

et al. 2003; Groenewegen 2006; Marigo et al. 2008): at any given time the rate

of mass-loss and the velocity are constant with r. The same holds for the optical

properties of the dust and the dust-to-gas ratio. The radial dependence is neglected.

With these simplifications and assuming that rout ≫ rin and rin ∼ rc we have

τλ =
δṀkλ

4πv∞rc
(1.4.3)

where v∞ is the terminal velocity of the wind and the condensation radius rc is used

as innermost distance from which dust starts to absorb the stellar radiation. We can
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assume with good approximation that vd (r) ∼ v∞ because of the small drift between

gas and dust (Groenewegen 1993). The extinction coefficient for unit mass kλ is in

general given by:

kλ =

∑
i niσi(a, λ)

ρd
=

∑
i niπa

2Qi(a, λ)

ρd
(1.4.4)

where the summation is extended over all the types of grain which populate the

envelope, σi and ni are the cross section and the number of grains for unit volume of

the i-th dust type, respectively. For the sake of simplicity only one typical dimension

a of the grain is assumed. If we make explicit ρd, the total mass density of the grains

for unit volume, as

ρd =
4

3
πa3

∑

i

niρi. (1.4.5)

where ρi is the mass density of one grain of dust type i assumed spherical, we can

finally get:

τλ =
3δṀ

16πv∞rc

∑
i niQi(a, λ)/a∑

i niρi
(1.4.6)

Starting from Eq. 1.4.6, introducing a single type of grains and properly normalizing

the various quantities, it is possible to easily recover the expression adopted by

Groenewegen (2006) for the optical depth. The inner radius of the shell can be

derived from the total luminosity conservation L = 4πR2
∗σT

4
eff = 4πr2cσT

4
d , thus

obtaining that (Marigo et al. 2008):

τλ = AdδṀv−1
∞ L−1/2 (1.4.7)

where Ad depends on the adopted mixture of dust:

Ad =
3

8
T 2

d

(σ
π

) ∑
i niQi(a, λ)/a∑

i niρi
(1.4.8)

Different kind of dust would imply different condensation temperature Td, thus lead-

ing to different radii rc. For the sake of simplicity and also adapting the model to the

DUSTY requirements, only a single condensation temperature will be adopted even

in the case of a multi-component dust shell. What we need is now to connect the

typical quantities defining the optical depth of the shell with the typical parameters

of a full stellar model calculated on the AGB according to the extensive database

by Weiss & Ferguson (2009). From the AGB models we can get the luminosity and

effective temperature of the star, L and Teff , the mass loss rate Ṁ , the metallicity

Z, the C/O ratio and the elemental composition of the star at the surface. These

physical inputs have to be connected to the ingredients entering the optical depth.
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To simulate the terminal velocity of the wind Bressan et al. (1998) and Piovan et al.

(2003) adopted, eventually slightly corrected, the simple recipes by Vassiliadis &

Wood (1993) and Habing et al. (1994). In this thesis we include the recent formula-

tion of the problem by Elitzur & Ivezić (2001), also adopted in Marigo et al. (2008).

They propose a general formula able to summarize their results for dusty winds:

v∞ =
(
AṀ−6

)1/3
·

(
1 +B

Ṁ
4/3
−6

L4

)−1/2

(1.4.9)

where the velocity is in Km s−1, Ṁ−6 is the mass-loss rate in units of 10−6 M⊙yr−1

and finally L4 is the luminosity of the AGB star in 104L⊙. The two parameters A

and B are defined as (Elitzur & Ivezić 2001):

A = 3.08 × 105T 4
c3Q∗σ

2
22Ψ−1

0 (1.4.10)

B =

(
2.28

Q
1/2
∗ Ψ

1/4
0

Q
3/4
V σ

1/2
22 Tc3

)−4/3

(1.4.11)

The meaning of the various parameters contained in A and B is the following one.

Tc3 is the dust condensation temperature in units of 103. Literature values range

from 800 K to 1500 K (Rowan-Robinson & Harris 1982; David & Papoular 1990;

Suh 1999; Suh 2000; Lorenz-Martins & Pompeia 2000; Lorenz-Martins et al. 2001;

Suh 2002). Our choice for the temperature is in the range from 1000 K to 1500

K depending on the dust mixture adopted and the C/O ratio (see below for more

details), thus in agreement with most of the literature and with similar works on

dusty AGBs by Groenewegen (2006) and Marigo et al. (2008). Q∗ is defined as an

average over the Planck function B(λ,Teff):

Q∗ =
π

σT 4
eff

∫
Q (a, λ)B (λ,Teff) dλ (1.4.12)

where Q (a, λ) is the sum of the absorption and scattering radiation pressure efficien-

cies, assuming isotropic scattering. The cross section σ22 is defined by the following

relation with the gas cross section:

σg = σ22 · 10−22cm2 (1.4.13)

where

σg = πa2

∑
i ni∑

i ni,g
=

3

4

AgmH

aρ
δ (1.4.14)

where ni,g is the gas numerical density, Ag ≃ 4/(4XH +XHe) is the mean molecular

weight of the gas (Marigo et al. 2008), mH is the atomic mass unit and ρ is the
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average mass density of the grains calculated on the eventual mixture of dust, given

by ρ =
∑

i niρi/
∑

i ni. The parameter Ψ0 is defined in Elitzur & Ivezić (2001) as:

Ψ0 =
QP (Teff )

QP (Td)
(1.4.15)

where the subscript P means an average over the Planck function of the absorption

efficiency, similar to the average that defines Q∗ in Eq. 1.4.12. It must be underlined

that in Elitzur & Ivezić (2001) the temperature of the star is assumed to be fixed

at 2500 K: in our case we will take into account the variation of Teff introducing

every time the temperature of the current stellar model. Finally, the last parameter

in Eqs. 1.4.10 and 1.4.11 is QV , the absorption efficiency in the visual.

1.4.3 Mass loss

Another critical parameter entering Eq. 1.4.6 for the optical depth is the mass-loss

along the AGB, that crucially influences the length of the AGB evolution and the gas

and dust yields. It is currently widely accepted and supported by hydro-dynamical

calculations that large amplitude pulsations are required for accelerating the mass

outflow from the stellar surface of AGB stars until the gas cools enough that refrac-

tory elements can condense into dust. Once dust grains are formed, they transfer

by collisions energy and momentum from the stellar radiation field to the gas so

that the flow velocity may grow enough to exceed the escape velocity (Gilman 1972).

Mass-loss grows with time until the so-called super-wind regime: the star quickly

evolves into a planetary nebula by stripping away all the envelope and leaving a bare

core that evolves in the HR diagram to high temperatures. A typical formulation

adopted in literature (Bressan et al. 1998; Piovan et al. 2003) is the Vassiliadis &

Wood (1993) one. Weiss & Ferguson (2009) adopts a different and more refined for-

mulation for the mass-loss rate depending on the C/O ratio. Indeed, for the oxygen

rich stars the van Loon et al. (2005) formula based upon dust-enshrouded oxygen-

rich AGB stars, while for carbon stars, the rate proposed by Wachter et al. (2002)

is adopted. The current mass-loss rate is available for each stellar model along the

evolutionary tracks and can be introduced into Eq. 1.4.6. The estimate of the mass-

loss is crucial, because according to Elitzur & Ivezić (2001) a minimum mass-loss

is required to form enough dust to be able to accelerate the gas beyond the escape

velocity. The minimum mass-loss is:

Ṁmin = 3 × 10−9 M2

Q∗σ2
22L4T

1/2
k3

(1.4.16)

where Tk3 is the kinetic temperature at the inner boundary of the shell that we
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simply put Tk3 ≈ Tc3. It may easily happen to have optically thin envelopes such

that Ṁ . Ṁmin, where dust is formed but according to Elitzur & Ivezić (2001) not

able to support the wind. We apply therefore the recipe proposed by Marigo et al.

(2008) and evaluate the expansion velocity by means of Ṁmin in such a way to still

have a v∞ to insert in the expression for τλ.

1.4.4 Dust-to-gas ratio

Another crucial parameter to be inserted into Eq. 1.4.6 is the dust-to-gas ratio. In

Piovan et al. (2003) the dust-to-gas ratio was obtained by simply inverting a relation

between velocity, luminosity and dust-to-gas ratio based upon the results by Habing

et al. (1994). However, along the years, more and more refined models of AGB

stars simulating the process of dust formation in the envelope have been presented in

literature (Gail et al. 1984; Gail & Sedlmayr 1985; Gail & Sedlmayr 1987; Dominik

et al. 1993; Gail & Sedlmayr 1999; Ferrarotti & Gail 2001; Ferrarotti & Gail 2002;

Ferrarotti 2003) until the recent paper by Ferrarotti & Gail (2006) presenting detailed

dust yields for O-rich and C-rich stars. Dust formation is usually described through

the concept of key species, where the key element is defined as the one least abundant

between the ones required to form the dust compounds which formation we want to

describe. This key species determines and controls the process of formation and for

AGB stars. The dust grains included in the detailed Ferrarotti & Gail (2006) models

are pyroxenes, olivines, quartz and iron dust for O-rich M-stars, quartz and iron

dust for S-stars with C/O∼1 and, finally, silicon carbide and carbonaceous grains for

carbon rich C-stars. For each one of them, according to the abundances adopted by

Weiss & Ferguson (2009) the key element will be silicon, iron or carbon, depending

on the grain type. Indeed, only the abundances of C and O may change during the

AGB evolution due to the third dredge-up and the HBB, while the abundances of

Mg, Si, S and Fe do not change. Introducing the key elements and the equations of

continuity for the two fluids gas and dust, the dust-to-gas ratio can be expressed as

(Ferrarotti 2003):

δ =
Ṁd

Ṁ − Ṁd

=

∑
i ṀXi

Ad,i

nd,iAi
fd,i

Ṁ −
∑

i ṀXi
Ad,i

nd,iAi
fd,i

(1.4.17)

where the summation is over all the dusty compounds. Simply, ṀXi is the abun-

dance of the i-th key-element in the wind, ṀXifd,i is the fraction of the key element

condensed into dust. Dividing by nd,iAimH, with nd,i number of atoms of the key el-

ements that we need to form one dust unit and Ai atomic weight of the i-th element,
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we get the number of dust units. Finally multiplying for the mass of one dust unit

Ad,imH we get the total mass of the i-th dusty compounds.

We need now to subdivide the AGB evolution in three region corresponding to

different C/O ratio: we follow Ferrarotti & Gail (2006) and define two critical carbon

abundances. We have ǫC,1 = ǫO − 2ǫSi and ǫC,2 = ǫO − ǫSi + ǫS where ǫ = X/A is

the abundance in mol g−1. We can therefore define two critical C/O ratios, that is

(C/O)1 = 0.9 and (C/O)2 = 0.97 that allow to subdivide the evolution along the

AGB in the three classes M-stars, S-stars and C-stars.

O-rich M-stars. O-rich AGB stars of M spectral type, characterized in our adopted

scheme by a C/O ratio minor than 0.9, show two typical features at 10µm and 18µm

either in absorption or in emission depending on the optical depth of the surrounding

envelope. These features are usually attributed to stretching and bending modes of

Si-O bonds and O-Si-O groups and clearly probe the existence of silicate grains in

the shell of matter around the star. Because of the strong bond between O and C

in the carbon monoxide, it is believed that all C will be blocked into CO molecules

and no C is available to the formation of dust grain with other elemental species of

low abundance. In contrast, the fraction of O not engaged in CO reacts with other

elements such as Mg and Si and forms various types of compounds, like pyroxenes

and olivines. Iron dust can accrete in the envelope as well. Applying Eq. 1.4.17 to

the specific case we get:

Ṁd = Ṁ

(
XSi

Asil

ASi
fsil +XFe

Airo

AFe
firo

)
(1.4.18)

where XSi and XFe are the mass fractions of the key elements involved (iron for

iron dust grains and silicon for silicates), ASi and AFe are the atomic weight and

Asil and Airo are the mass numbers of one typical unit of dust for silicates and

iron respectively (Zhukovska et al. 2008). According to the dust types included in

Ferrarotti & Gail (2006) we have that silicates includes olivines/pyroxenes/quartz:

fsil = fol + fpyr + fqu and the mean molecular weight of the mixture of silicates is

Asil = (Aolfol +Apyrfpyr +Aqufqu) /fsil. The total fraction of silicates is calculated

according to Ferrarotti (2003):

fsil = 0.8
Ṁ

Ṁ + 5 × 10−6

√
ǫC,1 − ǫC
ǫC,1

(1.4.19)

we still need to specify fol, fpyr and fqu. According to Ferrarotti & Gail (2001) the

mixtures crucially depends on the ratio between the abundances of Mg and Si that

is about 1.06 for the solar abundances (Zhukovska et al. 2008). For a typical M-star:

fol/fpyr=4 and fol/fqu=22. Finally for the iron dust:
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firo = 0.5
Ṁ

Ṁ + 5 × 10−6
(1.4.20)

S-stars. In our scheme we include S-stars for the range 0.90 ≤ C/O ≤ 0.97, that is

when C/O . 1. In this range the poorly available O allows for a dust mixture that

will be iron-dust dominated. The situation can be described again by Eqs. 1.4.18

and 1.4.20. The silicates are again subdivided with the same ratios as for M-stars

(Ferrarotti & Gail 2002), while the condensation fraction is lower than Eq. 1.4.19:

fsil = 0.1
Ṁ

Ṁ + 5 × 10−6
(1.4.21)

C-rich C-stars. Through continuous dredge-up of carbon into the envelope during

the thermally pulsing AGB phase, M-stars eventually reach a carbon abundance in

the outer layers larger than that of oxygen. According to the adopted scheme we start

to describe a C-rich environment of dust formation in the envelope when C/O ≥ 0.97.

When this occurs the formation of O-rich dust ceases and it is replaced by that with

C-rich compounds: the C-star phase begins. Therein after, the continuous formation

of C-rich dust makes the envelopes of these stars more and more optically thick. By

loosing mass at very high rates, they get enshrouded by thick envelopes that absorb

and scatter the UV-optical radiation into the IR and radio range. According to

Ferrarotti & Gail (2006) two kind of dust are included, that is: carbonaceous grains,

that are the natural product of such a C-rich environment and silicon carbide (SiC).

Indeed, almost all these stars show an emission feature at 11.3µm, due to SiC, whose

presence was predicted by Gilman (1969) and confirmed by Hackwell (1972) through

observations. Applying Eq. 1.4.17 to the C-stars case we get:

Ṁd = Ṁ

(
XC

ASiC

AC
fSiC + XCfcar

)
(1.4.22)

with obvious meaning of the symbols. In particular fcar and fSiC are evaluated fol-

lowing Ferrarotti (2003). That is for fSiC Eq. 1.4.20 is used while:

fcar = 0.5
Ṁ

Ṁ + 5 × 10−6

(
ǫC − ǫO
ǫO

)
(1.4.23)

Once the dust-to-gas ratio is specified we know all the parameters that enters the

Eq. 1.4.6 of the optical depth. Therefore we can proceed in the following way: once a

point of given (L,Teff ) belonging to a stellar evolutionary track or to an isochrone is

determined together with its properties we can connect the point to the corresponding

model of dusty AGB determining the final SEDs with dust effects included. In

particular, for every AGB theoretical point (from isochrone or evolutionary tracks)

we need: L, Teff , Ṁ, C/O ratio and the elemental abundances at the surface Xi.
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What we get at the end is the optical depth τ , the key-parameter of the problem

and hints about the mixture of dust formed in the envelope thus determining the

extinction coefficients Q to be used in the radiative transfer problem.

1.5 The library of dusty spectra

Since the end target is to get stellar spectra eventually modified by the effects of the

dust shell around the AGB star, the more correct way to face this problem would

be to real-time calculate for every model the corresponding SEDs to be used in the

model of interest (such as HR diagrams, or SEDs of SSPs), connecting the theoret-

ical inputs to the radiative transfer ones step by step. However, this way to face

the problem adopted in the SEDs of SSPs by Piovan et al. (2003) is very slow.

Indeed it depends on the computational time required to solve the radiative trans-

fer problem and the precision required: it can be acceptable only if the number of

models to be calculated is small, thus obviously in this latter case poorly describing

the isochrone/track. We choose in this work to sacrifice a bit the precision due to

the tight correlation between the physical quantities of the stellar model and the on

the spot solution of the radiative transfer problem, in order to obtain a much more

handy descriptions. This implies to a priori calculate a library of dust enshrouded

AGB stars trying to cover with an acceptable number of models the space of the

parameters.

We calculated two libraries of obscured SEDs, one for O-rich M-stars and one for

C-rich carbon stars, each of them made by 600 spectra. The space of the parameters

has been subdivided in the following way, eventually taking into account what could

be varied in the DUSTY input:

1. the optical depth τ obtained from Eq. 1.4.6 by means of the physical quantities

describing the stellar model underlying the dust shell. For each group (C-stars

and M-stars) we calculated a total amount of 25 optical depths, going from

0.000045 to 40 at the MIR reference wavelength that is chosen depending on

the dust mixture as it will be discussed below.

2. the profile of the input SEDs from the star embedded in the dusty shell and

heating the dust. Since the total luminosity is not a key parameter of the

radiative transfer problem we just need the normalized flux λ · Fλ in some

arbitrary units. The following libraries of stellar spectra have been adopted:

for the O-rich stars we use the Lejeune et al. (1997) library that for cool M-

stars includes the semi-empirical Fluks et al. (1994) spectra; for the C-rich stars

we select a suitable number of spectra from the recent Aringer et al. (2009)



46 Isochrones and SSPs

models of dust-free carbon stars. For the library of M-stars 6 temperatures are

selected, that is 2500 K, 2800 K, 3000 K, 3200 K, 3500 K and 4000 K. The

gravity g of the star does not enter the problems because it is not specified by

the Fluks et al. (1994) library that uses a sequence of semi-empirical spectra.

In the same way we selected 6 temperatures from the library by Aringer et al.

(2009), that is 2400 K, 2700 K, 3000 K, 3200 K, 3400 K and 3900 K. Since we

also have the possibility to choose the C/O ratio, we selected two values for

our library, that is C/O = 1.05 and C/O = 2. The mass and gravity used as

input are M = 2 M⊙ and g = 0.0. The metallicity is the solar one.

3. the dust composition to be adopted to describe the envelope.

C-stars. Several types of dust grains are confirmed by the observations in C-

rich AGB stars: in particular amorphous carbon (AMC), silicon carbide (SiC),

and magnesium sulphide (MgS), to mention the three main types. We rely on

the results by Suh (1999) and Suh (2000) that derived new opacities for the

AMC, that are consistent with the Kramers-Kronig dispersion relations and

reproduce the observational data. The models improve upon previous stud-

ies (Blanco et al. 1998; Groenewegen et al. 1998) and are characterized by

two components, SiC and AMC. Since the optical constants of MgS are not

measured for a sufficiently wide range of wavelengths (Suh 2000; Hony et al.

2002) the presence of MgS is neglected. AMC and SiC influence the outgo-

ing spectrum in a different way: while the effects of AMC propagate over the

whole spectrum, those of SiC are limited to the 11µm feature as observationally

indicated. Lorenz-Martins & Lefevre (1994) and Groenewegen (1995) suggest

that the ratio SiC to AMC decreases at increasing optical depth of the dusty

envelope. According to Suh (1999), for optically thin dust shells (τ10 ≤ 0.15)

where τ10 is the optical depth at 10 µm, the strong 11µ m feature requires

about 20% of SiC dust grains to fit the observational data; for dust shells with

intermediate (0.15 ≤ τ10 ≤ 0.8) about 10% SiC dust grains are needed, whereas

for shells with larger optical depths, in which the 11µm feature is either much

weaker or missing at all, no SiC is required. The optical constants of αSiC by

Pégourié (1988) are adopted to calculate the opacity for SiC and according to

the considerations above we consider two extreme compositions: the first one

with 100% AMC only, while the second one with 80 % AMC and 20% SiC.

The reference optical depth has been chosen as 11.33 µ m for the 100% AMC

mixture, while we adopt 11.75 µ m for the 80 % AMC and 20% SiC mixture.

M-stars. In the circumstellar environment of M-stars a wide number of dust

grains is formed: we limit the number of dust mixtures for the envelope trying

to describe what the so-called dust condensation sequence proposed by Tielens



1.5 The library of dusty spectra 47

(1990). According to this scenario, at increasing the mass-loss the dust com-

position changes going from dust rich in oxides of aluminium and magnesium

(like Al2O3, MgAl2O4 and (Mg,Fe)O) at low Ṁ, to a mixture with both oxides

and olivines, until a composition dominated by the silicates with amorphous

silicates and crystalline silicates at high Ṁ. This kind of sequence seems to

be able to reproduce the changes and the evolution observed in the shape of

the 10 µm feature. Even if this scheme is clearly matter of debate in literature

(van Loon et al. 2006), it is coherent with samples of stars of different metal-

licity, thus allowing to use it as a plausible scenario for the dust condensation

sequence in O-rich stars. Indeed, this simple scheme agree with observations of

M-type stars in the LMC with Z≃ 0.008 (Dijkstra et al. 2005), of evolved stars

in 47-Tuc at [Fe/H]≃ -0.7 (Lebzelter et al. 2006) (that is Z≃ 0.004 according to

the transformations by Bertelli et al. (1994)), of bulge stars (Blommaert et al.

2006) with metallicity more or less sub-solar (< [Fe/H] >≃ −0.19) and, finally,

of Galactic AGB stars (Heras & Hony 2005). Three possible compositions are

included: (1) a pure 100% Al2O3 with optical properties from Begemann et al.

(1997); (2) a mixed composition with 60% Al2O3 and 40% silicates with the

optical properties of these latter ones taken from David & Pegourie (1995); (3)

a full silicates model for high mass-loss rates, with two possibile choices for

the silicates. A full composition with optical properties from David & Pegourie

(1995) just for the sake of eventual comparison with other models (Groenewegen

2006) and a more elaborate description based upon the models and calculations

by Suh (1999, Suh (2002). Indeed, Suh (1999) presented optical constants that

satisfy both the Kramers-Kronig relation and the observed properties of O-rich

AGB stars. He adopted different silicates opacities at varying the 10 µm fea-

ture, namely cold and warm silicates. The model has been then refined in Suh

(2002) taking into account crystalline silicates through a so called crystallinity

parameter α, since in many AGB stars with high mass-loss rates, ISO hi-res

observations revealed the presence of prominent bands of crystalline silicates,

like enstatite (MgSiO3) and forsterite (Mg2SiO4) (Waters et al. 1996; Waters

& Molster 1999). The adopted opacity functions for these latter ones are taken

from Jaeger et al. (1998). Following Piovan et al. (2003), we adopt here

α = 0.1 for stars with low mass-loss rates and moderately optically thick shells

of matter (τ10 < 15), whereas for O-rich stars with high mass-loss rates and

very thick shells (τ10 > 15) we prefer the value α = 0.2. Finally, in all the

models the relative contents of enstatite (MgSiO3) and forsterite (Mg2SiO4)

are the same as in Suh (2002), i.e. we adopt the same relative contribution

for the two components. Finally, we took into account the recent results by

McDonald et al. (2011), who explored dust production in very metal poor stars
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Figure 1.16: Dusty AGB spectra as obtained with the radiative transfer code DUSTY. The input

parameters are: M-type underlying stars with Teff =2500 and L=3000L⊙, optical depth τ=0.004513

(left panel) and τ=0.022382 (right panel) and dust composition number 2 for O-rich stars with

60% Al2O3 and 40% silicates.

in ω Cen, going from about Z≃0.0002 to Z≃0.002. They found that metallic

iron seems to dominate dust production in metal-poor O-rich stars. According

to this we adopt a 100% iron mixture to simulate the envelope in metal-poor

stars with a thin shell of dust around. The optical properties for iron are taken

from Ordal et al. (1988). The following reference wavelengths are adopted for

the τ grid: 11.75 µm for both pure alumina oxides and oxides plus silicates,

while 10.20 µm is selected for both the pure silicates cases.

4. the temperature T on the inner boundary of the dust shell, that we select to be

1000 K or 1500 K depending on the kind of dust mixture (Piovan et al. 2003).

Finally, it is worth noticing the following detail about the luminosity of the stars

underlying the shell. For C-stars we kept the luminosity specified by Aringer et al.

(2009), while for M-stars, since the Fluks et al. (1994) empirical spectra do not

include any information about the luminosity but only the specific intensity, we

fixed the luminosity to L=3000L⊙. The library of dusty stellar spectra is therefore

calculated for a fixed luminosity of the underlying objects. This is not a problem,

since the luminosity does not affect the solution of the radiative transfer (Ivezic &

Elitzur 1997) and the shape of the outgoing SEDs. The flux will be therefore, when

required, scaled to the real luminosity of the AGB star we are going to model.

In Figs. 1.16, 1.16 and 1.16 we show six examples of results obtained with the

radiative transfer code DUSTY. In particular, we selected the following combination

of the input parameters: M-type underlying stars with Teff=2500 and L=3000L⊙,

optical depth going from the low value τ=0.004513 up to a thick envelope with
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Figure 1.17: The same as in Fig. 1.16, only for two different optical depths, that is τ=0.208266

(left panel) and τ=1.306290 (right panel)
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Figure 1.18: The same as in Fig. 1.16, only for two different optical depths, that is τ=6.000000

(left panel) and τ=30.000000 (right panel)
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Figure 1.19: Dusty AGB spectra at varying the optical depth for Carbon stars (left panel) and

M-stars Oxygen rich (right panel).

τ=30.000000 (right panel) and dust composition number 2 for O-rich stars with

60% Al2O3 and 40% silicates. In each figure, the upper panel shows the results

for two different gravities (g=-1.02 and g=0.5) of the input spectrum from the Fluks

et al. (1994) models. We apply an artificial shift for the sake of representation,

otherwise, the two spectra would be coincident. Indeed, as expected and verified,

there is no dependence from the gravity in the Fluks et al. (1994) spectra so that

it is not required to consider the gravity of the underlying star between the input

parameter. At growing the optical depth, the stellar features in the UV-optical-near

IR region disappear and a more and more featureless SED appears: this is ultimately

due to the smooth optical properties of the selected composition. The stellar light is

shifted more and more toward longer wavelengths at growing the optical depth: for

the lowest optical depths the input and output spectra are almost coincident, while

the effect of dust is clear for the highest τ values. In the lower panels we show:

xAtt (continuous line), the fractional contribution of the attenuated input radiation

to the total flux; xDs (dot-dashed line) the fractional contribution of the scattered

radiation to the total flux and, finally, xDe (dotted line) the fractional contribution

of the dust emission to the total flux. We can see from the sequence of figures

that, as expected, at growing the optical depth τ : (1) the fraction of not attenuated

or scattered light escaping the dusty shell decreases and (2) the dust contribution

becomes overwhelming already at τ ∼ 1.

Finally, in Fig. 1.19 we show a sequence of obscured AGB spectra, both for carbon

and oxygen rich stars. It is evident how the SEDs becomes more and more shifted

toward long wavelengths at growing the optical depth. In this particular case the

spectra with 100% AMC dust composition are shown as limit case with no feature
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of the SiC at 11.3µm. For the O-rich stars it is worth noticing that when the optical

depth is very high the silicate feature at 9.7µm becomes an absorption feature as

observed (Suh 1999; Suh 2002).

1.6 SEDs of SSPs with dusty AGB Stars

In the Figs. 1.20, 1.21, 1.22 we plot the SEDs of SSPs with or without dust around

AGB stars for different ages and for all the metallicities included in the database.
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Figure 1.20: SEDs Fν vs. λ for the SSPs with Z=0.0001 (left panel) and Z=0.0004 (right panel),

ages from 0.1 to 2 Gyr. The dusty circumstellar envelopes in AGB stars have been considered (red

continuous lines); the classical SSPs without dust are also shown (blue dotted lines). From the

bottom to the top the displayed ages are (from the oldest to the youngest): 2.0, 1.5, 0.95, 0.9, 0.8,

0.7, 0.6, 0.5, 0.4, 0.35, 0.325, 0.3, 0.25, 0.2, 0.15, 0.125, 0.1 Gyr.

The range of ages for the displayed SEDs is from 0.1 to 2 Gyr and it is meant to

represent the range of ages for young-intermediate ages of the stellar populations. In

Fig. 1.23 we show an old range of ages from 6 to 10 Gyr, that is meant to represent

what happens for old stellar populations. It is evident that for the old ages the effect

of dust around AGB stars is small, due to the effect of AGB stars of small mass with

small mass-loss and few pulses, not able to build a significant dust shell around the

embedded objects, whereas, as expected the effect is much more significant for the

youngest ages when AGB stars start to shine. Only for the highest metallicity of

Z=0.05 we have some significant effect of the dust around AGB stars. A better view

of the difference brought by dust is shown in Figs. 1.24, 1.25, 1.26, in which the new

and old SEDs are compared for a few selected ages in order to make the figures less

crowded. The differences are remarkable and hold for all metallicities.

In the old SSPs models without dust, the spectra do not extend into the medium and

far IR, but sharply decline for wavelengths longer than about 3-4 µm. The spectra
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Figure 1.21: As in the figure 1.20, but for Z=0.004 (left panel) and Z=0.008 (right panel).

of the new SSPs, instead, extend toward long wavelengths and there is a not at all

negligible amount of flux also in the MIR and FIR.
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Figure 1.22: As in the Fig. 1.20, but for Z=0.02 (left panel) and Z=0.05 (right panel).

The differences start at about 1 µm: in the IR range up to 3-4 µm the flux of dusty

SSPs is lower than the old one: this is due to the fact that dusty envelopes shift

the emission of M and C stars toward longer wavelengths. The amount of energy

shifted to longer wavelengths is larger for the young ages; indeed more massive and

luminous AGB stars are present. It is worth noticing the different IR spectrum

of the new SSPs, the evolution of the features of silicon carbide at 11.3 µm and

amorphous silicate at 9.7 µm in particular. Considering the different metallicities,

we can observe the following peculiarities:� Z=0.0004 and Z=0.0001. For stars of very low metallicity, as already discussed
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Figure 1.23: SEDs Fν vs. λ for the SSPs with Z=0.004 (upper-left panel) , Z=0.008 (upper-

right panel), Z=0.02 (lower-left panel) and Z=0.05 (lower-right panel) and ages from 6 to 10 Gyr.

The dusty circumstellar envelopes in AGB stars have been considered (red continuous lines); the

classical SSPs without dust are also shown (blue dotted lines). From the bottom to the top the

displayed ages are (from the oldest to the youngest): 6, 6.5, 7, 7.5, 8, 8.5, 9, 9.5, 10 Gyr.

in Sect. 1.1.1, the TDU is particulary efficient during the AGB phase in en-

riching the surface in 12C and other products of He-burning; hence, these stars

present a C-rich surface for most of their evolution. This dominion of dusty

C-rich stars leads to SEDs where for many ages, in particular for the youngest

ones, the silicon carbide feature is clearly visible. For the oldest ages however

amorphous carbon dominates and we obtain a featureless spectrum without

the 11.3 µ m feature. The poor amount of metals in the envelope does not

allow for high optical depths, in such a way that the amount of radiation that

is re-emitted in the MIR/FIR region is not so high as for higher metallicities.� Z=0.004 and Z=0.008 : for most of the ages, the spectrum does not show the

features due to amorphous and crystalline silicates, because the C-stars domi-
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Figure 1.24: Detailed comparison of SEDs for old SSPs (dotted lines) and new SSPs (continuous

lines) for Z=0.0001 (left panel) and Z=0.0004 (right panel). The considered ages are indicated

in the legend.

nate (the 11.3 µm feature of SiC is indeed prominent). This is quite different

from what was obtained in Piovan et al. (2003) where the O-rich phase at

these metallicities played a role determining an evolution of the MIR features

from O-rich to C-rich environment. In that case for intermediate ages, such

as 3 Gyr, the O-stars of low optical depth influenced the spectrum and the

9.7 µm feature could be seen in emission, while for the older ages, from 5 Gyr

onward, the O-stars dominated, so the spectrum became more articulated and

the features due to crystalline silicates started to appear at long wavelengths

in the IR. This switch of the feature does not happen anymore at these metal-

licities, simply because of the evolution of the C/O ratio predicted by Weiss &

Ferguson (2009) that leads to a different path. It must be observed that, com-

pared to Piovan et al. (2003) in general the amount of energy shifted is minor:

this is due to the lower optical depths, now more realistically connected to the

composition and mass-loss of the underlying star. The optical depths obtained

now are, however, in good agreement with those calculated in Groenewegen

(2006) for similar rates of mass loss.� Z=0.02. For the youngest ages, the luminosity interval in which C-stars appear

becomes in this case very small, and the stars at the AGB tip, with the highest

mass-loss rate and the highest optical depth, are O-stars. So, the SSP spectrum

becomes dominated by the 9.7 µm feature. it appears in emission and not in

absorption, as expected in envelopes with not high optical depth. No crystalline

silicates features appear, since, according to the models by Suh (2002) already

described, we need higher optical depths.
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Figure 1.25: As in the Fig. 1.24, but for Z=0.004 (left panel) and Z=0.008 (right panel).
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Figure 1.26: As in the Fig. 1.24, but for Z=0.02 (left panel) and Z=0.05 (right panel).� Z=0.05. AGB stars of super-solar metallicities show only the O-rich surface

(1.4, left panel) and do not reach the C-rich phase. At 0.3 Gyr, the SSPs

spectra show the presence of both amorphous silicates (at ∼ 10 µm) and fea-

tures due to cristalline silicate (∼ 30 µm) At increasing ages, we also see the

9.7 µm feature starting to appear in absorption. All of these is due to the high

optical depth, due to the increased dust-to-gas ratio.

1.6.1 Temporal evolution

To test how the presence of dusty shell around AGB stars would affect the theoretical

colors of our SSPs at varying the age of the stellar population, in this section we look

at the temporal evolution of some significant colors.

This is shown in the Figs. 1.27, 1.28 and 1.29 for the colors [B − V], [V − K]
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Figure 1.27: The integrated [B − V ] color of SSPs as a function of the age, in the range of ages

from 0.1 until 15 Gyr, for all the considered values of metallicity Z. The continuous lines represent

the color for the no dusty AGB SSPs, while the dotted lines are the dusty AGB SSPs.
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Figure 1.28: The same as in Fig. 1.27, but for the integrated [V −K] color.

and [J − 8µm], both taking (continuous lines) or not into account (dotted lines) the

effect of the circumstellar dusty shells around AGB stars. The age range goes from

the time at which the first AGB stars appears after the central He-burning until the

very old ages when the contribution of AGB stars to the integrate fluxes of the SSP

is very low. As already pointed out, the effect of circumstellar dusty shells around

AGB stars is that they absorb the radiation of these cool stars around 1-2µm and

re-emit it at longer wavelengths. Dust shifts the flux from J and K bands to longer

wavelength: this effect is stronger at shorter wavelength (J band) than at the longer
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Figure 1.29: The same as in Fig. 1.27, but for the [J − 8µm] color.

ones (like K band), and this is the reason why the J magnitude tends to increase more

than the K magnitude. In the Spitzer 8µm pass-band, we mostly see flux shifted

from AGB stars, since even the coolest AGB emit in a negligible way in that band

without dust around. For [V − K] color the effect is simpler because dust increases

only the K magnitude without changing the V magnitude (too at short wavelength to

be significantly affected by AGB stars) and thus producing bluer colors. As expected,

the effect of dust is quite undetectable in the UV/optical pass-bands. Indeed, the

[B − V] colors are in practice not sensible to the presence of dust.

1.7 SSPs colors at varying the IMF

As discussed before, the monochromatic flux of a single stellar population of age t

and metallicity Z at the wavelength λ is defined as:

SSPλ(t, Z) =

∫ MU (t)

ML

fλ(M, t, Z)Φ(M)dM (1.7.1)

where fλ(M, t, Z) is the monochromatic flux emitted by a star of mass M , age t and

metallicity Z; Φ(M)dM is the IMF; ML is the lower mass between all the stellar

masses of the population, while MU is the bigger stellar mass between all the stars

still alive at the age t. In the case of SSPs, the possibility of choosing between

different laws for the IMF have the following consequences:

1. when the upper and lower limit are decided, the mass range is determined and

also the whole mass of the stellar population, that is the integral of the IMF

between these two limits;
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2. as indicated from the Eq. 1.7.1, the IMF determines the number of stars with

masses in the range M to M + δM along the different bins of the isochrone.

So, changing the lower limit of the IMF, from one side increases the integrated mass

of the stellar population, from the other side rearrange the way stars populate the

different bins of mass along the isochrone. To a smaller value of the lower limit of

the IMF, more massive populations correspond; when the SSPs fluxes are normalized

to 1 M⊙, less luminous SSPs are obtained. The tail of the sequence corresponds to

stars that contribute in an efficient way to the whole population mass but they do

not contribute, in practice, to the luminosity of the whole stellar population.

Table 1.2: All the IMFs are normalized to the unit mass over the mass range of validity. The

following nine IMFs are considered: Salpeter, Larson, Kennicutt, original/old Kroupa, Chabrier,

Arimoto, new Kroupa multi-slope power law 2002-2007, Scalo and, finally, Larson adapted to the

Solar Neighbourhood. The upper mass limit is always 100 M⊙, whereas the lower limit is chosen

according to the discussion made in Sect. 1.1.4. In the table we show (1) the number of stars with

M¿1M⊙ which do not contribute to the chemical enrichment. We also sub-divided the two main

star-dust factories SNe and AGB stars, in such a way to have clear the way by which stars contribute

to the integrated light and to the chemical enrichment. All the masses are in solar units.

IMF M<1 1 1 ≤ M < 6 2 M ≥ 6 3

Salpeter 0.6075 0.2285 0.1640

Larson (Milky Way Disk) 0.3470 0.3568 0.2962

Kennicutt 0.4094 0.3883 0.2023

Kroupa (original) 0.5948 0.3016 0.1036

Chabrier 0.4550 0.3517 0.1933

Arimoto 0.5000 0.1945 0.3055

Kroupa 2002-2007 0.6198 0.2830 0.0972

Scalo 0.6802 0.2339 0.0859

Larson (Solar Neighbourhood) 0.5614 0.3130 0.1256

1Fractional mass of stars that do not contribute to the dust budget of stellar origin. 2Fractional

mass of stars that contribute to the star-dust budget via the AGB channel. 3Fractional mass of

stars that contribute to the star-dust budget via the type II SNæ channel.

As discussed in Sect. 1.1.4, the Kroupa multi-slope power law, the original Larson,

the Larson adapted for the Solar Neighbourhood and the Chabrier IMFs have as

lower limit 0.01 M⊙, while the remaining laws starts from 0.1M⊙. This feature is

graphically show in the Fig. 1.30, that illustrates the fraction in mass predicted

by different IMFs; moreover, it also reflects on the fractional mass of stars that

contribute (via the AGB channel or the type II SNe) or not to the star-dust budget,
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Figure 1.30: Fraction in mass predicted by different IMFs as indicated in the legend. The Salpeter

IMF is shown in both the panels for the sake of comparison and since it is widely used. All the

masses are in solar units and all the IMFs are normalized to the unity over the mass range of validity.
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Figure 1.31: Comparison between the new dusty SSPs, for a fixed age (in this case, t=10 Myr)

and metallicity (left panel: Z=0.02, right panel: Z=0.004) at varying the initial mass function

(as the legend indicates).

as we are going to analyze in the last chapter of this thesis.

Indeed, different IMFs influence in a crucial way the injection of dust into the ISM.

For every generation of stars, the relative amount of newly born massive objects able

to produce dust via the SNa channel and the amount of low and intermediate mass
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Figure 1.32: As in Fig. 1.31, but now the age is fixed at t=100 Myr.
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Figure 1.33: The same as in Fig. 1.31, but now the age is fixed at t=0.3 Gyr.

stars refueling the ISM with the dust produced through the TP-AGB phase both de-

pend on the IMF. This last one also determines the timescales of stardust injection

and the relative contribution by SNe and AGB stars. The Tab. 1.2 shows the mass

fraction in different mass intervals predicted by different IMFs. Some IMFs (like

those by Kroupa, Larson Solar Neighbourhood and Scalo) predict a small number

of SNe compared to others (like those by Larson, Kennicutt or Chabrier) that are

more generous in the number of massive stars and hence Type II SNe. Therefore

the Kroupa, Larson Solar Neighbourhood and Scalo IMFs predict a small number of

massive stars thus negatively influencing the amount of dust of stellar origin injected

into the ISM. Hence, the effects induced by variations in the IMF can be very large,

above all during the earlier stages of the evolution. In this sense, we can expect

that in high-redshift obscured galaxies with high SFR some IMFs may be not able
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Figure 1.34: The evolution with the wavelength λ of the ratio between SSPs fluxes predicted

by different IMFs. All the comparison are made using the Salpeter IMF as reference and the

association between the lines color and style and the IMF is the same that in the Fig. 1.31, as the

legend indicates. The considered age is t=10 Myr, while two values of the metallicity are taken

into account: on the left panel, Z=0.02, while on the right panel, Z=0.004. All the IMFs are

normalized to the unit over the mass range of validity.
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Figure 1.35: The same as in Fig. 1.34, but now the considered age is t=100 Myr.

to produce the amounts of observed dust if it is due mainly to stellar origin Draine

(2009). So, before dust by accretion in the ISM and dust injected by stars become

comparable, the effect of the IMF is very important, above all if the SFR is low: it

determines the amount of dust present in the galaxy. For a more detailed analysis of

this phenomenon, see the paper of Piovan et al. (2011b) or the related chapter in this

work. For what concerns the role played by AGB stars, IMFs richer in intermediate

mass stars (looking at the Tab. 1.2 we see that the Chabrier, Larson and Kennicutt

IMFs predict a greater fractional mass of stars that contribute to the star-dust bud-
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Figure 1.36: The same as in Fig. 1.34, but now the considered age is t=0.3 Gyr.

get via the AGB channel and therefore will be influenced by the dust shells around)

will produce bigger amounts of dust by AGB stars.

It is worth noticing that small differences in the Fig. 1.30, above all for M >

10M⊙, are very important and have a strong influence when the stellar population

is young and vice versa: indeed, if we look at the Fig. 1.34, we can see that the

IMF that forecast the greatest flux for the SSPs is the Arimoto one, followed by the

classical Larson and the Kennicutt ones (the Chabrier IMF is practically superim-

posed to the Kennicutt IMF), in agreement to what the Fig. 1.30 suggests. When

the age of the stellar population is t=0.3 Gyr (Fig. 1.36), the contribution of the

intermediate mass stars that enrich the total budget of stardust via the AGB chan-

nel is predominant: the governing IMF is the Kennicutt one, as expected also from

the Tab. 1.2: between 1 ≤ M < 6, this IMF predict the greatest amount of mass

fraction. Almost superimposed, we found the Larson and the Chabrier IMFs, whose

contribution to the fractional mass of AGB stars is trivial respect to the Kennicutt

one. The same trend is evident in Fig. 1.33 for Z=0.004, while for Z=0.02 we can

notice the effect of the Kroupa 1998, that we discuss later. These three IMFs are

clearly separated in Fig. 1.35: moreover, for these two values of age, the lower IMF

are the Salpeter and the Scalo: the Arimoto IMF, due to its 1/M trend, remains

high, even if the greater value of predicted mass fractions for this IMF is for low star

masses (M < 1M⊙). The Figs. 1.31 underline this issue: for both considered values

of metallicity, the greater flux is provided by the Arimoto IMF, followed by the usual

Larson and Kennicutt/Chabrier. The Scalo IMF predicts a very small fraction of

massive stars, favouring the greatest amount of low mass stars when compared to the

other IMFs: as the Tab. 1.30 show, there is the 68% of stars with M < 1M⊙. This

effect obviously reflects in a lower amount of flux for the stellar population when



1.7 SSPs colors at varying the IMF 63

this IMF is used to calculate theoretical SSPs (see for example both panels of the

Figs. 1.31, 1.32 and 1.33): as already discussed, this large quantity of low mass stars

in practice do not contribute to the luminosity of the stellar population but to the

whole mass.
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Figure 1.37: Theoretical [V − K] color as a function of age (from 0.1 to 15 Gyr) for SSPs, for

the indicated values of the metallicity. Nine different prescriptions for the IMF are shown: the

association between the lines color and style and the IMF is the same as in the Figs. 1.31, as the

legend indicates.
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Figure 1.38: As in Fig. 1.37, but for the J-[8µ m] color.

1.8 SSPs colors at varying the metallicity

Changing the metallicity do not influence the way the IMFs work; indeed, as the

Figs. 1.34, 1.35 and 1.36 illustrate, the ratio between the fluxes predicted for the

single stellar population at varying the IMFs (considering different ages) is quite the

same for both Z=0.02 and Z=0.004. There are some differences, but they are really

small. However, we point out that:� for t = 0.3 Gyr, the ratio between the Kroupa 1998 and the Salpeter IMF

passes from 1.2 (Z=0.004) to 1.3 (Z=0.02); this is also evident in the Fig. 1.33.

While for the other IMF the trend remain the same at varying the metallicity,

the Kroupa (1998) IMF shifts a certain amount of flux from the UV part of the



1.9 Time Evolution of the colors at varying the IMF 65

spectrum to the IR wavelengths. The use of this IMF in some way mimics the

effect of varying the metallicity of the stellar populations, in the sense we can

observe quite the same spectral features in the right panel of the Fig. 1.22,

where the integrated SEDs Fν vs. λ for Z=0.05 and for the equivalent values

of age are shown;� the same effect is observable in the Fig. 1.35 and 1.32, even if in a smaller way;� the effect is even smaller when looking at t = 10 Myr (Figs. 1.34 and 1.31).

Therefore, the influence of the metallicity is more evident at t=0.3 Gyr since the

contribution of AGB stars is dominant: the differences due to Z can be explained by

the fact that, as already discussed, the greater the metallicity adopted for the stellar

population is, earlier the AGB phase starts (see Sect. 1.1.1).

1.9 Time Evolution of the colors at varying the IMF

Let us analyze now the Figs. 1.37 and 1.38, where the theoretical evolution of two

color as a function of the age (from 0.1 to 15 Gyr) is considered. As usual, we show

all the IMFs. The following considerations can be applied:� as already pointed out, the evolution of the same color changes a lot when

varying the metallicity (see for instance Figs. 1.27, 1.28 and 1.29) and taking

into account or not the effect of circumstellar dust around AGB stars. All

the SSPs we are dealing with in this section are the already mentioned dusty

AGB SSPs. Therefore, the variation of the color due to the presence of dust

is particulary evident, if comparing two different values of metallicity. Indeed,

if we look at the right panel of the Fig. 1.37, we can clearly appreciate the

bump between 8.6 . log(t/yr) . 9.2, due to the development of the AGB phase,

particulary evident at Z=0.004 and Z=0.008 (see Sect. 1.1.1), and not present

for Z=0.02. For what concerns the effect of the IMF: the use of different laws

for the IMF does not influence that much the examined integrated colors of

the SSPs, with some exceptions: (a) for Z=0.02, when the AGB stars appear

(approximately for log(t/yr)=8), the Kroupa 1998 IMF differs from the others;

(b) for Z=0.004, the Arimoto IMF stands out of the other laws, forecasting a

redder [V − K].� When the J-[8µ m] color is taken into account, one has to remember that

dust shifts the flux from J, K and 8µm bands to longer wavelengths and this

effect is stronger at the shorter wavelength (J band) than at the longer ones

(8 µm band): the J magnitude tends to increase more than the K and 8 µm
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magnitudes. Now, the effect of different Z it is not so strong as in the previous

case, even if Z=0.004 again has redder colors than the solar case as discussed

before. Again, different IMFs do not change the evolution of the theoretical

color J-[8µ m] (obviously magnitudes depend much more on the IMF as it can

be seen from the plots with the fluxes of the SSPs), with the exception of the

Kroupa (1998) IMF.



Chapter 2

Synthetic Photometry and

photometric systems

2.1 Synthetic photometry

By synthetic photometry is intended the derivation of photometric quantities based

on stellar intrinsic (and mostly theoretical) spectra. One of the fundamental goals

of evolutionary population synthesis models is that of explaining the photometric

data, e.g. color-magnitude diagrams (CMDs), luminosity functions, color histograms

of stellar populations and/or integrated properties of unresolved stellar populations,

as we will show in Chap. 3.

In order to compare our theoretical work with observational data, however, the basic

output of stellar models – the surface luminosity L and effective temperature Teff

– must be first converted into the observable quantities, i.e. magnitudes, colors, in-

dices, so that more quantitative and qualitative interpretations can be made by the

observations.

In this chapter the method used to derive magnitudes and hence colors in different

photometric systems is presented. To derive the theoretical magnitudes and colors

we need to convolve the SEDs of the object of interest with the transmission curves

desired.

In Sect. 2.1.1 the objects for which magnitudes and colors are computed will be pre-

sented while in Sect. 2.5 the different telescopes and surveys, for whom photometric

systems are collected, are described.

2.1.1 Astrophysical objects of interest

We can calculate colors and magnitudes in different photometric systems (for a global

glance about the photometric systems included in our database, see Tab. 2.1) for four

67
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different kinds of objects, starting from their spectral energy distributions (SEDs):

stars, isochrones, single stellar populations (SSPs) and galaxies of different morpho-

logical type. This process can be done both in the local and in high redshift universe:

the evolution of SEDs with the redshift can be made applying the K-correction and

the E-correction to the rest-frame models, as shown in Chap. 5.

The astrophysical objects we are dealing with are:� Isochrones, which are the loci of the same age for stars of different masses.

See Chap. 1, where details about the construction of the isochrones, their

metallicities and the improvements we introduced are described in detail.� SSPs, single stellar populations, which are one of the building blocks of the

theoretical galaxy models. We deal with classical SSPs, which are already

free of their parental clouds: for these SSPs we do not take into account the

local effects of absorption/emission due to dust, but we consider the effect of

circumstellar dusty shells around the AGB stars, that, as explained in Sect.

1.4, absorb the NIR radiation emitted by cool stars and re-emit at longer

wavelengths. For a certain fraction of their life (at the beginning and in the

first evolutionary phases of the life of a star), very young stars are embedded

in the parental MCs. Even if this period is short, comparable to the lifetime of

the most massive stars, its effect on the light emitted by these stars cannot be

neglected as a significant fraction of the light is shifted by the interstellar dust

located between the observer and stars, from the UV-optical to the IR region

of the spectrum. Indeed, before the evaporation of the molecular clouds, dusty

SSPs are needed, in order to model in a correct way the final SEDs of the

galaxy. See Sect. 4.3 for a more complete explanation of this question and for

the discussion about the time scale for the evaporation of the MC;� Dusty AGB stars. The stars in the AGB evolutionary phase are, together

with SNe, one of the main dust factories injecting dust into the ISM. The library

of dusty spectra of M and C stars is presented in Sect. 1.4 and it has been

used in the photometric code to calculate both SEDs of SSPs and isochrones

in Optical/IR CMD.� Theoretical models of galaxies (including the effect of dust) of different

morphological types – elliptical galaxies, disc galaxies and intermediate-type

galaxies subdivided in different relative mass fractions between disk and bulge

–: see Chap. 4 for a detailed discussion of the topic (physical and chemical

frameworks, components of galaxy models and the treatment of the dust);
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2.2 Integrated magnitudes

In this section we describe the generic formalism to be applied in order to derive

apparent and absolute magnitudes in a lot of photometric systems. This formalism

has been presented in Girardi et al. (2002), in order to present generic equations

that, by just changing in a minimum way the input quantities, can be used in a wide

range of cases.

For a star, the spectral flux as it arrives at the Earth, fλ, is related to the flux at

the stellar surface, f s
λ, by:

fλ =

(
R

d

)2

f s
λ (2.2.1)

where R is the stellar radius, d is its distance. Once fλ is known, the apparent

magnitude mSλ
, in a given pass-band with transmission curve Sλ comprised in the

interval [λ1, λ2], is given by:

mSλ
= −2.5log

(∫ λ2

λ1
λfλSλdλ

∫ λ2

λ1
λf0

λSλdλ

)
+m0

Sλ
(2.2.2)

where f0
λ represents a reference spectrum that produces a known apparent magnitude

m0
Sλ

.

In this way f0
λ and m0

Sλ
completely define the zero-points of a synthetic photometric

system. In Eq. 2.2.2, the integrands λfλSλ are proportional to the photon flux (i.e.

number of photons by unit time, surface, and wavelength interval) at the telescope

detector.

This kind of integration applies well to the case of modern photometric systems that

have been defined and calibrated using photon-counting devices such as CCDs.

However, more traditional systems, like the Bessell-Brett one, have been defined

using energy-amplifier devices. In this case, energy integration, i.e.

mSλ
= −2.5log

(∫ λ2

λ1
fλSλdλ

∫ λ2

λ1
f0

λSλdλ

)
+m0

Sλ
(2.2.3)

would be more appropriate to recover the original system.

The difference between energy and photon integration is usually very small, unless

the pass-bands are extremely wide. Unless otherwise stated, in this thesis we will

adopt the integration of photon counts.

2.2.1 Bolometric corrections

The starting point, when calculating absolute magnitudes, are libraries of stellar

intrinsic spectra f s
λ, as derived from atmosphere calculations for a grid of effective
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temperature Teff , surface gravities g, and metallicities Z. In this thesis we use the

same library described in Piovan et al. (2006b).

Using the Eq. (2.2.1) and the Eq. (2.2.2), it is possible to calculate the absolute

magnitude MSλ
for a star of given Teff , g, Z, Fλ (the flux at the distance d = 10pc):

MSλ
= −2.5 log

[(
R

10pc

)2
∫ λ2

λ1
λFλSλdλ

∫ λ2

λ1
λF 0

λSλdλ

]
+m0

Sλ
. (2.2.4)

Since the quantities (Teff , g, [M/H]) are not enough to specify R, we have to elim-

inate R from the equations. So, we use the bolometric corrections:

BCSλ
= Mbol −MSλ

(2.2.5)

where the integrated absolute bolometric magnitude is derived from:

Mbol = Mbol,⊙ − 2.5 log

(
LSSPobject

L⊙

)
(2.2.6)

= Mbol,⊙ − 2.5 log(4πR2Fbol/L⊙)

with Fbol =
∫∞

0 Fλdλ = σT 4
eff total emerging flux at the stellar surface, and constants

adopted are: Mbol,⊙ = 4.72, L⊙ = 3.844 × 1033 erg s−1.

The final equation for the bolometric corrections for any set of filter transmission

curves Sλ is:

BCSλ
= Mbol,⊙ − 2.5 log

[
4π(10pc)2Fbol/L⊙

]

+2.5 log

(∫ λ2

λ1
λFλSλdλ

∫ λ2

λ1
λF 0

λSλdλ

)
−mS0

λ
(2.2.7)

Once BCSλ
are computed, stellar absolute magnitudes follow from:

MSλ
= Mbol −BCSλ

(2.2.8)

In this formalism, an extinction curve Aλ can be applied to all spectra of the stellar

library, so as to allow the derivation of bolometric corrections (and synthetic absolute

magnitudes) that already include extinction in a self-consistent way (see Eqs. 2.2.7

and 2.2.8). Hence, the extinction on each pass-band depends not only on the total

amount of extinction, but also on the spectral energy distribution of each star (Grebel

& Roberts 1995). Anyway, for the sake of simplicity, in the present work we will deal

with the case Aλ = 0.
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2.3 Reference spectra and zero-points

Photometric zero-points are meant to be the constant quantities that one should add

to instrumental magnitudes in order to transform them to standard magnitudes, for

each filter Sλ. In this work we do not make use of the instrumental magnitude,

and hence such constants do need to be defined. By ”zero-points” we refer to the

quantities in Eq. (2.2.2) and Eq. (2.2.3) that depend only on the choice of f0
λ and

m0
Sλ

. They are constant for each filter, and are responsible for the conversion of the

synthetic magnitude scale into a standard system.

As for these quantities, there are three different cases of interest:

2.3.1 VEGA magnitude systems

As first magnitude system, we have based the calibration on the reference spectrum

of Vega, and we will refer to this photometric system as the VEGA mag system.

The VEGA mag offers a good approximation to many of the conventional photo-

metric systems that use the spectrum of Vega to define the zero magnitude in any

pass-band. In broadband photometry, the relevant pass-band integral is calculated

first for the source spectrum of Vega, and the ratio of the two results is converted

into a magnitude.

As the name suggests, this system makes use of Vega (αLyr) as the primary cal-

ibrating star: the most famous among these systems is the Johnson, Bessell-Brett

(UBV RIJHKLMN filters) one, that can be accurately recovered by simply assum-

ing that Vega has V = 0.03 mag, and all the colors equal to 0. Other systems, like

the Washington and the HST/WFPC2 one, follow a similar definition (some colors,

however, are defined to have values slightly different from 0).

Calibrated empirical spectra of Vega are available (see for instance Hayes &

Latham (1975) and Hayes (1985)), covering the wavelength range from 3300 to 10500

Å, an interval that can be extended down to 1150 Åwhen complemented with IUE

spectra (Bohlin et al. 1990): they can be used to define VEGAmag systems in the

optical and ultraviolet regions.

Nowadays the wavelength range accessible to present instrumentation is much

wider, and a Vega spectrum covering the complete spectral range has become neces-

sary. Synthetic spectra as those computed by Kurucz (1993) and Castelli & Kurucz

(1994), fulfill this aim: in this case, the predicted fluxes at Vega’s surface, Fλ, are

scaled by the geometric dilution factor:

(R/d)2 = (0.5 θd/206264.81)2 (2.3.1)

where θd is the observed Vega’s angular diameter (in arcsec) corrected by limb dark-
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ening. Recently, composite spectra of Vega have been constructed by assembling

empirical and synthetic spectra together, in order to overcome and correct some

small deficiencies characteristic of synthetic spectra. This has the precise scope of

providing a reference spectrum for conversions between apparent magnitudes of real

(observed) stars, and physical fluxes.

In this work, we have introduced a new synthetic model for Vega, with Teff = 9550 K,

log g = 3.95, [M/H] = −0.5, and micro-turbulent velocity ξ = 2 km s−1, the spectrum

being provided by Kurucz webpage. 1

The initial wavelengths range was 90.00 nm < λ < 300009.49 nm: we have extended

this range up to λ = 1100000 nm, using a black-body spectrum. The resolution of

the adopted Vega spectrum is now R = 50000 nm.

These are fundamental aspects when calculating colors and magnitudes using more

recent photometric systems, which pass-bands (i.e. Herschel-SPIRE, PACS) can in-

clude the emission of very cool dust grains. The physical information on Vega are

taken from by Aufdenberg et al. (2006).

Once the synthetic model F V ega
λ is chosen, we need to re-scale it in order to obtain

fV ega
λ at the Earth’s surface. This is done using the dilution factor (see Eq. (2.2.1)):

(
R

d

)2

= 6.25 × 1017. (2.3.2)

If we assume that the apparent Vega colors are equal to 0 in all pass-bands ∆λ, we

would obtain Z∆λ = 2.5 log f∆λ,V ega, and Eq. (2.2.2) would become:

mV EGA,∆λ = Z∆λ − 2.5 log f∆λ (2.3.3)

= −2.5 log
f∆λ

f∆λ,V ega
.

2.3.2 AB magnitude systems

Monochromatic AB magnitudes in the AB system were initially defined, in the orig-

inal work by Oke (1964), as:

mAB,ν = −2.5 log fν − 48.60. (2.3.4)

This means that a reference spectrum of constant flux density per unit frequency

f0
AB,ν = 3.631 × 10−20 [erg s−1 cm−2 Hz−1] (2.3.5)

will have AB magnitudes m0
AB,ν = 0 at all frequencies ν. The zero-point value

is chosen for convenience so that Vega ABν magnitudes are about 0 in the Johnson

1http://kurucz.harvard.edu/stars/VEGA/
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V pass-band. This definition can be extended to any filter system, provided that

we replace the monochromatic flux fν with the photon counts over each pass-band

Sλ obtained from the star, compared to the photon counts that one would get by

observing f0
AB,ν :

mAB,ν = −2.5 log

( ∫
d(log ν)fνSν∫

d(log ν)f0
AB,νSν

)
(2.3.6)

otherwise expressed as:

mAB,ν = −2.5 log

(∫
d(log ν)fνSν∫
d(log ν)Sν

)
− 48.60 (2.3.7)

with fν expressed in erg s−1 cm−2 Hz−1. Passing to wavelengths we derive the AB

magnitudes:

mAB,λ = −2.5 log

[ ∫ λ2

λ1
(λ/hc)fλSλdλ

∫ λ2

λ1
(λ/hc)f0

AB,λSλdλ

]
(2.3.8)

where f0
AB,λ = f0

AB,νc/λ
2, and

λpivot =

√
fAB,ν

fAB,λ
c (2.3.9)

is the pivotal wavelength that permits the transformation between frequencies and

wavelengths.

2.3.3 ST magnitude systems

ST monochromatic magnitudes have been introduced by the HST team, and are

defined by:

mST,λ = −2.5 log fλ − 21.10 . (2.3.10)

In this way, a reference spectrum of constant flux density per unit wavelength

f0
ST,λ = 3.631 × 10−9 [erg s−1 cm−2 Å−1] (2.3.11)

will have ST magnitudes m0
ST,λ = 0 at all wavelengths. Similarly to the case of AB

magnitudes, this can be generalized to any pass-band system with:

mST,λ = −2.5 log

[∫ λ2

λ1
(λ/hc)fλSλdλ

∫ λ2

λ1
(λ/hc)f0

λSλdλ

]
. (2.3.12)

This situation can be reproduced in this formalism with the adoption of f0
λ = f0

ST,λ

and m0
ST,Sλ

= 0.



74 Synthetic Photometry and photometric systems

2.4 An important consideration about the definition of

magnitude

It is worth mentioning that some photometric systems make use of an unusual def-

inition of magnitudes, or at least different from the definitions presented here and

normally used (Girardi et al. 2002; Marigo et al. 2008). This problem arises only

when using the Vega mag system. For every photometric system included in this

thesis we analyze the reference article (see Tab. 2.1) in order to calculate magni-

tudes and then colors in a consistent way. Here we summarize the method used for

every photometric system:� AKARI/ASTRO-F, SPITZER, ISO, DENIS: we use the formula pre-

sented in Groenewegen (2006). The flux of the source is folded with the filter

curves and flux-densities and magnitudes are calculated from, following the

definition used by IRAS, ISOCAM and IRAC, see Blommaert et al. (2003):

mλ = −2.5 log

(∫
(λ/λ0)FλRλdλ)∫

Rλdλ

)
+m0 (2.4.1)

with the usual definition of the terms. The zero-points, m0, are calculated

from a reference spectrum for Vega. We refer to Groenewegen (2006) for the

information about the adopted flux densities for a zero-magnitude star, both

for SPITZER and AKARI filters.� TYCHO-2: we follow the formula presented in Máız Apellániz (2006).

Briefly, for a photon-counting detector, given the total system dimensionless

sensitivity function P (λ), the SED of the object fλ(λ), the SED of the reference

spectrum fλ,ref(λ) and the zero-point ZPp for the filter P , the magnitude is:

mP = −2.5 log

[ ∫
(P (λ)fλ(λ)λdλ)∫
P (λ)fλ,ref (λ)λdλ

]
+ ZPP . (2.4.2)� UKDISS: we follow the definition from Hewett et al. (2006). The mean flux

density, fλ(P ), in a broad pass-band defined by a dimensionless pass-band

throughput function, P (λ), is:

fλ =

∫
Pλfλ(λ)λdλ

Pλλdλ
(2.4.3)

where fλ(λ) is the flux density of the target object.� for the other systems, we use the Eq. (2.2.3).
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Moreover, as one can see from Tab. 2.1, not all the photometric systems consider

the three standard magnitude systems presented in 2.3. In order to avoid problems

with the Vega magnitudes – (a) the flux density that corresponds to m = 0 differs

at every wavelengths, and (b) the flux of Vega can become exceedingly small at

wavelengths outside the UV-near-IR regime– the most recent systems prefer to use

the AB magnitude system. This system is also called the spectroscopic magnitude

system, because with its constant zero-point, it is useable at any wavelength in pass-

bands of any width, and hence also for narrow band imaging and spectroscopy.

2.4.1 IRAS magnitudes

Same changes have been considered in our photometric code in order to deal with the

photometric system of IRAS. IRAS was the satellite that opened a new era for the

infrared astronomy: it increased the number of cataloged astronomical sources by

about 70%, detecting about 350000 infrared sources. The IRAS filters are very broad

(∆λ/λ ≤ 0.7) and the response of the system changes a lot with the wavelength. To

derive the theoretical IRAS monochromatic fluxes we convolved the SEDs of our

objects with IRAS transmission curves.

Following Bedijn (1987), the monochromatic flux is defined as:

Fλ =

∫
FλΦλdλ

∫ ( F a
λ

F a
0λ

)
Φλdλ

(2.4.4)

where Φλ is the instrumental profile, Fλ is the theoretical flux distribution, F a
λ is the

assumed flux distribution, that for IRAS bands is ∝ λ−1, and F a
0λ is the assumed flux

distribution referred to the central wavelength of the band as defined in Neugebauer

et al. (1984).

If the source has a profile with a shape different from the dependence ∝ λ−1, one

has to correct the flux using the so-called K factor given by:

K =

∫ (
Fν

Fν0

)
Φνdν

∫ ( F a
ν

F a
ν0

)
Φνdν

(2.4.5)

and to divide the monochromatic flux resulting from Eq. (2.4.5) by this factor.

2.5 Photometric Systems included in our database: an

overview

In this section we present a global overview of the different telescopes and satellites,

instruments and surveys whose broad-band photometric systems are included in our
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Table 2.1: Photometric systems:

Photometric system Filter names Wavelength Kind of References Additional information

range zero-points for filters

Bessell & Brett UXBXBV (RI)C 3000 Å– 15.6 µm Vega+AB Bessell (1990)

JHKLL′M Bessell & Brett (1988)

Tycho-2 VTBT 3500 – 6650 Å Vega+AB Máız Apellániz (2006)

JOHNSON1966 UBV RIJKLMN 3000 Å– 13.8 µm Vega+AB Johnson (1966)

SDSS ugriz 2980 – 11230 Å Vega+AB+ST Fukugita et al. (1996) details in Girardi et al. (2004)

UKIDSS ZY JHKs 7995 Å– 2.50 µm Vega Hewett et al. (2006) supersedes files distributed since 2006

2MASS JHKs 1.05 – 2.39 µm Vega+AB Cohen et al. (2003) supersedes Bonatto et al. (2004)

DENIS IJKs 6990 Å– 2.46 µm Vega+AB Fouqué et al. (2000) details in Cioni et al. (2006)

BATC all 15 filters 307 – 9936 Å AB Yan et al. (2000) supersedes files distributed since 2006

IRAS 4 filters 7 – 160 µm Vega+AB Neugebauer et al. (1984)

HST/WFPC2 all wide filters 1130 – 11000 Å Vega+ST+AB Holtzman et al. (1995) details in Girardi & Marigo (2007)

HST/ACS all WFC+HRC 2645 – 9130 Å Vega+ST+AB Sirianni et al. (2005) details in Girardi & Marigo (2007)

HST/NICMOS JHK-equivalent 0.94 – 2.50 µm Vega+ST+AB D. Figer, priv. comm. details in Girardi et al. (2002)

ISO SW1 − SW10, LW1 − LW11 3.05 – 15 µm Vega+AB ISOCAM Observer’s Manual Moro & Munari (2000)

XMM/OM U V B UVW1 UVW2 UVM2 3.04 – 6.99 µm Vega+AB priv. comm. XMM-Newton website

GALEX FUV NUV 1340 – 3010 Å AB priv. comm.

Spitzer all MIPS+IRAC 2.96 – 200 µm Vega+AB Spitzer website details in Groenewegen (2006)

AKARI all filters 1.6 – 201 µm Vega+AB AKARI website details in Groenewegen (2006)

WISE 4 filters 2.53 – 28.55 µm Vega+AB WISE website

HERSCHEL PACS and SPIRE filters 2.5 – 714.28 µm Vega+AB HERSCHEL website

VLT/VIMOS UBV RI 3310 – 9409 Å Vega+AB priv. comm. ESO website

VLT/ISAAC JHKs 1 – 2.3 µm Vega+AB priv. comm. ESO website

CFHT/MegaPrime u∗g
′

r
′

i
′

z
′

3000 Å– 11.1 µm AB Coupon et al. (2009)

MSSSO/CASPIR HJKn 14.4 – 23.82 µm Vega+AB priv. comm. McGregor et al. (1994)

ESO/WFI wide filters 3469 – 8590 Å Vega+AB ESO/WFI website supersedes Girardi et al. (2002)
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database. Their photometric systems can be used in order to calculate colors and

magnitudes, both in local universe and at high redshift. For the sake of clarity, they

will be divided into three categories: (1) surveys, (2) space-based telescopes and

(3) ground-based telescopes. Apart of the listed photometric systems, the most

common standard systems are also included: Tycho-2 BT and VT (Máız Apellániz

2006), the Bessel & Brett system (Bessell & Brett 1988; Bessell 1990), the first

known standardized photoelectric photometric system and its reviewed version of

1966 (Johnson 1966). Since they are well known and widely used, we will not enter

into more details for these photometric systems.

2.5.1 Astronomical surveys

An astronomical survey is a general map or image of a region of the sky, which lacks a

specific observational target. Alternatively, this may comprise a set of many images

of objects which share a common type or feature. Surveys are often restricted to

one band of the electromagnetic spectrum due to instrumental limitations, although

multi-wavelength surveys can be made by using multiple detectors, each sensitive to

a different region of the electromagnetic spectrum.

SDSS

The Sloan Digital Sky Survey or SDSS is a major multi-filter imaging and spectro-

scopic redshift survey. SDSS uses a dedicated 2.5-m wide-angle optical telescope

(located at Apache Point Observatory in New Mexico, United States), and takes

images using a photometric system made by five filters (u, g, r, i and z). Over

eight years of operations (SDSS-I, 2000-2005; SDSS-II, 2005-2008), it obtained deep,

multi-color images covering more than a quarter of the sky and created 3D maps con-

taining more than 930000 galaxies and more than 120000 quasars. Data collection

began in 2000, and has mapped over 35% of the sky, with photometric observations

of around 500 million objects and spectra for more than 1 million objects. The main

galaxy sample has a median redshift of z = 0.1; there are redshifts for luminous red

galaxies as far as z = 0.6, and for quasars as far as z = 5; the imaging survey has

been involved in the detection of quasars beyond a redshift z = 6. The telescope’s

camera is made up of thirty CCD chips each with a resolution of 2048 × 2048 pixels,

for a total of about 120 Mega-pixels. The chips are arranged in five rows of six chips.

Each row has a different optical filter with average wavelengths of 355.1, 468.6, 616.5,

748.1 and 893.1 nm, with 95% completeness in typical seeing to magnitudes of 22.0,

22.2, 22.2, 21.3, and 20.5, for u, g, r, i, z, respectively.
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COSMOS

The Cosmic Evolution Survey (COSMOS) is a Hubble Space Telescope (HST) Trea-

sury Project to survey a two square degree equatorial field with the Advanced Camera

for Surveys (ACS). It is the largest survey ever undertaken by HST, the project incor-

porates commitments from observatories around the world, such as the Very Large

Array radio observatory, the European Space Agency’s XMM-Newton satellite, and

Japan’s eight meter Subaru telescope. The primary goal of COSMOS is to study

the relationship between large scale structure in the universe and the formation of

galaxies, dark matter, and nuclear activity in galaxies. This includes a careful anal-

ysis of the dependence of galaxy evolution on environment. Details of the COSMOS

catalogue are described in Capak et al. (2007) and Mobasher et al. (2007). It covers

a 2 square degree area with deep panchromatic data and includes objects whose to-

tal i magnitudes (i′ or i∗) are brighter that 25. The COSMOS multi-band catalogue

embraces data from different telescopes, as listed in Tab. 2.2, and resents imaging

data and photometry for this survey that cover various photometric bands between

0.3 µm and 2.4 µm.

Table 2.2: COSMOS Survey: Telescopes and optical/IR bands

Telescope Filters Instrument λ Sensitivity

Å

CFHT u∗, i∗ 3200-1000

CTIO Ks 9000-25000

HST-ACS F814W (i-band) 4000-11000

KPNO Ks 9000-25000

SDSS u, g, r, i, z 3200-11000

Subaru BJ , VJ , g+, r+, i+, z+, NB816 (i-band) 4000-11000

GOODS

The Great Observatories Origins Deep Survey or GOODS is an astronomical survey

based on observations of two separate fields centered on the Hubble Deep Field North

(HDFN) and Chandra Deep Field South (CDFS) and includes ultra-deep images from

ACS on HST, from the mid-IR space-telescope Spitzer, as well as from a number of

ground-based facilities, as listed in Tab. 2.3. GOODS is intended to study the

formation and evolution of galaxies in the distant universe.



2.5 Photometric Systems included in our database: an overview 79

Table 2.3: GOODS database: Telescopes and optical/IR bands

Telescope Filters Instrument λ Sensitivity

Å

ESO-WFI U38 3100-4000

VLT-VIMOS U 3300-4000

ACS-HST B(F435W), V(F606W), 3400-11000

i(F775W), z(F850LP)

VLT-ISAAC J, H, KS 11000-24000

Spitzer - IRAC instrument 3.5, 4.5, 5.8, 8 µm 30000-100000

UKIDSS

The United Kingdom Infrared Telescope (UKIRT) Infrared Deep Sky Survey (UKIDSS)

started on May 2005 and is a set of five surveys of complementary combinations of

depth and area, employing the wavelength range 0.832.37 µm in up to five filters

Z,Y , J , H, K, and extending over both high and low Galactic latitude regions of the

sky. Four particular areas of investigation for UKIDSS are: ”the coolest and near-

est brown dwarfs, high-redshift dusty starburst galaxies, elliptical galaxies and galaxy

clusters at redshifts 1 < z < 2, and the highest-redshift quasars, at z = 7.” 2, The

survey instrument is the Wife Field Camera (WFCAM) on the UKIRT in Hawaii.

2MASS

Observations for the Two Micron All-Sky Survey (2MASS) began in 1997 and were

completed in 2001. The Two Micron All Sky Survey (2MASS) project was designed

to close the gap between current technical capability and knowledge of the near-

infrared sky. In addition to this, 2MASS provided direct answers to immediate

questions on the large-scale structure of the Milky Way and the Local Universe. The

optimal use of the infrared space missions, such as HST/NICMOS, the Space Infrared

Telescope Facility (SIRTF), and the Next Generation Space Telescope (NGST), as

well as the powerful ground-based facilities, such as Keck I, Keck II, and Gemini,

require a new census with vastly improved sensitivity and astrometric accuracy than

that previously available. To achieve these goals, 2MASS has uniformly scanned

the entire sky in three near-infrared bands to detect and characterize point sources

brighter than about 1 mJy in each band. 2MASS used two highly-automated 1.3 m

telescopes: each one was equipped with a three-channel camera, capable of observing

the sky simultaneously at J (1.25 µm), H (1.65 µm), and Ks (2.17 µm).

2http://http://www.ukidss.org//
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DENIS

DENIS is a deep survey of the Southern Sky in two near-infrared bands (J at 1.25

µm and K at 2.16 µm) and one optical band (I at 0.8 µm) simultaneously, using a

one meter telescope (ESO, La Silla). The survey started in 1996 and operations at

La Silla have been completed on 9 Sept. 2001. The main goal of the DENIS survey

(see Epchtein et al. (1994) for a complete introduction to DENIS) was to bridge the

gap between the optical surveys on Schmidt plates and the far-infrared IRAS survey.

Many aspects of astrophysics benefited from such a survey, particulary studies of

cool stars and heavily obscured regions.

BATC

The BATC (Beijing-Arizona-Taiwan-Connecticut) multi-color photometric survey

aims mainly at obtaining the spectral energy distribution information of galaxies

with redshift less than 0.5 (Xia et al. 2002), by using the 60/90 cm Schmidt Tele-

scope of Beijing Astronomical Observatory (BAO) with 15 intermediate-band filters,

which cover an optical wavelength range from 3200 to 9900 Å. These filters are

specifically designed to exclude most of the bright and variable night-sky emission

lines.

2.5.2 Space Telescopes

A space observatory is any instrument, such as a telescope, in outer space which

is used for observations of distant planets, galaxies, and other outer space objects.

This category is distinct from other observatories located in space that are pointed

toward the earth for the purpose of reconnaissance and other types of information

gathering.

IRAS

The Infrared Astronomical Satellite (IRAS) was the first-ever space-based observa-

tory to perform an all-sky survey at wavelengths ranging from 8 to 120 µm in four

broadband photometric channels centered at 12, 25, 60, and 100 µm. Launched on

January 25, 1983, its mission lasted ten months. This satellite has opened a new era

in modern astronomy: thousands of galaxies were detected to emit most of their light

in the IR. After IRAS several space infrared telescopes have continued and greatly

expanded the study of the infrared Universe, such as the Infrared Space Observatory

launched in 1995, the Spitzer Space Telescope launched in 2003, and the AKARI

Space Telescope launched in 2006.
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Hubble Space Telescope

The Hubble Space Telescope (HST) is a space telescope that was carried into orbit by

a Space Shuttle in 1990 and remains in operation. It is a 2.4 m reflecting telescope in

low Earth orbit and Hubble’s four main instruments observe in the near ultraviolet,

visible, and near infrared. The only one of NASA’s four Great Observatories (Hub-

ble, Compton Gamma-Ray Observatory, Chandra X-Ray Observatory, and Spitzer

Space Telescope) that is serviceable by Space Shuttle astronauts, Hubble has seen

its capabilities grow immensely in its sixteen years of operation. This has been the

direct result of the installation of new, cutting-edge scientific instruments and more

powerful engineering components. Replacement of aging or failed parts has been an

important part of servicing and has been responsible for the telescopes longevity. For

more information about the mission, see http://www.stsci.edu/hst/. HST’s cur-

rent complement of science instruments includes three cameras, two spectrographs,

and fine guidance sensors. Here we remember the main features of some of these.� STIS (Space Telescope Imaging Spectrograph): it can study objects across a

spectral range from the UV (115 nm) through the visible, red and the near-IR

(1000 nm). The main advance in STIS is its capability for two-dimensional

rather than one-dimensional spectroscopy: it can also record a broader span of

wavelengths in the spectrum of a star at one time. As a result, STIS is much

more efficient at obtaining scientific data than the earlier HST spectrographs.� NICMOS (Near Infrared Camera and Multi-Object Spectrometer): it detects

light with wavelengths between 0.8 and 2.5 µm.� ACS (Advanced Camera for Surveys): a camera designed to provide HST with

a deep, wide-field survey capability from the visible to near-IR, imaging from

the near-UV to the near-IR. The primary design goal of the ACS Wide-Field

Channel is to achieve a factor of 10 improvement in discovery efficiency, com-

pared to WFPC2.� COS (Cosmic Origins Spectrograph): it is designed to perform high sensi-

tivity, moderate- and low-resolution spectroscopy of astronomical objects in

the 115-320 nm wavelength range. It significantly enhances the spectroscopic

capabilities of HST at ultraviolet wavelengths, and provides observers with

unparalleled opportunities for observing faint sources of ultraviolet light.� WFC3 (Wide Field Camera 3): it was installed during the 2009 servicing mis-

sion. The WFC3 has two camera channels: the UVIS channel that operates

in the ultraviolet and visible bands, and the IR channel that operates in the
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infrared. The performance of the two channels was designed to complement

the performance of the ACS.

ISO

The Infrared Space Observatory (ISO) is an astronomical satellite that was opera-

tional between November 1995 and May 1998. It operated at wavelengths from 2.5

to 240 µm. With ISO deep MIR surveys for distant galaxies have been carried out

for the first time. ISO carried an array of four scientific instruments:� ISOCAM (Infrared Camera): a high-resolution camera covering 2.5 to 17 µm

wavelength with two different detectors.� ISOPHOT (Photo-polarimeter): an instrument designed to measure the amount

of infrared radiation emitted from an astronomical object. The very broad

wavelength range (from 2.4 to 240 µm) allowed to see the IR emissions of the

coldest astronomical objects, such as interstellar dust clouds.� SWS (Short Wave Spectrometer): a spectrometer covering the 2.4 to 45 µm.

Observations with this instrument provided valuable information about the

chemical composition, density and temperature of the universe.� LWS (Long Wave Spectrometer): a spectrometer covering the 45 to 196.8 µm.

This instrument did essentially the same as the SWS, but looked at much cooler

objects than the SWS did. Particularly cold dust clouds between stars were

studied with this instrument.

XMM

The XMM-Newton (X-ray Multi-Mirror Mission - Newton) is an orbiting X-ray ob-

servatory. It was launched by the ESA on 10 December 1999 and holds three X-ray

telescopes. Other instruments onboard are two reflection grating spectrometers, and

a 30 cm diameter Ritchey-Chretien optical/UV telescope. The original mission life-

time was two years, it has now been extended for further observations until 2012, and

technically could operate until 2018. OM is the Optical Monitor, an instrument on

XMM that allows simultaneous observations in both x-ray and optical / UV wave-

lengths. Examining objects in two different wavelengths at once gives a glimpse of

the different mechanisms behind black holes, AGN, gamma ray bursts, blazars and

quasars.
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GALEX

The Galaxy Evolution Explorer (GALEX) is an orbiting UV space telescope launched

on April 28, 2003. During its 29-month mission, which has recently been elongated,

it will make observations in UV wavelengths to measure the history of star formation

in the universe 80 % of the way back to the Big Bang. The spacecraft’s mission is to

observe hundreds of thousands of galaxies, with the goal of determining the distance

of each galaxy from Earth and the rate of star formation in each galaxy. Near- and

far-UV emissions as measured by GALEX can indicate the presence of young stars,

but may also originate from old stellar populations.

SPITZER

The SPITZER mission (Werner et al. 2004), launched on 25 August 2003, carries

a range of imaging filters that cover the near-, mid- and far-IR. This telescope first

detected high redshift (z > 1.5) sources in the MIR, and allowed the astronomers to

study the evolution of Star Formation across the Universe up to z ∼ 2. The main

results obtained by Spitzer are: (a) observations showed a strong luminosity evolution

between z = 0 and z = 1, almost constant between z = 1 and z = 2; (b) the formation

and evolution of galaxies has been a strong function of luminosity: IR luminosity

density of galaxies dominated by LIRGs at z < 2, but ULIRGs contribution increases

at high-z (Le Floc’h et al. 2005; Caputi et al. 2007); (c) 24-µm-selected samples

are rich in AGN. Dusty-obscured (optically faint) AGNs at z ∼ 2 are identified by

means of a silicate absorption feature at 9.7 µm. Spitzer carries three instruments

on-board:� IRAC (Infrared Array Camera): an infrared camera operating simultaneously

on four wavelengths (3.6 µm, 4.5 µm, 5.8 µm and 8 µm). The two shorter

wavelength bands (3.6 µm and 4.5 µm) for this instrument remain productive

after L-He depletion in the spring of 2009, at the telescope equilibrium tem-

perature of around 30 K, so IRAC continues to operate as the Spitzer Warm

Mission;� IRS (Infrared Spectrograph): an infrared spectrometer with four sub-modules

which operate at the wavelengths 5.3-14 µm (low resolution), 10-19.5 µm (high

resolution), 14-40 µm (low resolution), and 19-37 µm (high resolution);� MIPS (Multi-band Imaging Photometer for Spitzer): three detector arrays in

the far infrared, with capabilities for imaging and photometry in broad spectral

bands centered nominally at 24, 70, 160, and for low-resolution spectroscopy

between 55 and 95 µm.
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AKARI - ASTRO-F

AKARI (previously known as ASTRO-F or IRIS - Infra-Red Imaging Surveyor), was

launched on 2006 February 21, and started observations in May of the same year. The

primary purpose of the mission is to provide second-generation infrared catalogues

so as to obtain a better spatial resolution and a wider spectral coverage than the

first catalogues produced by the IRAS mission (Neugebauer et al. 1984). AKARI

has a 68.5cm cooled telescope, together with two focal-plane instruments, which

survey the sky in six wavelength bands from mid- to far-infrared: the Far-Infrared

Surveyor (FIS) and Infrared Camera (IRC). FIS will perform the all-sky survey with

4 photometric bands at the wavelength range of 65, 90, 140, and 160 µm, and uses

two kinds of array detectors. The IRC consists of three channels: the NIR channel

operates from 1.8 to 5.3 µm; the MIR-S channel works in 5.413.1 µm; and the MIR-L

channel covers 12.426.5 µm. All three channels are operated simultaneously.

WISE

Wide-field Infrared Survey Explorer (WISE) is a NASA infrared-wavelength astro-

nomical space telescope launched on December 14, 2009. WISE served as a replace-

ment for the Wide Field Infrared Explorer (WIRE), which failed within hours of

reaching orbit in March 1999. WISE surveyed the sky in four wavelengths of the IR

band, at a very high sensitivity. Its detector arrays have 5σ sensitivity limits of 120,

160, 650, and 2600 µJy at 3.3, 4.7, 12, and 23 µm. This is a factor of 1000 times

better sensitivity than the survey completed in 1983 by the IRAS satellite in the

12 and 23 µm bands, and a factor of 500000 times better than the COBE satellite

at 3.3 and 4.7 µm. On the other hand, IRAS could also observe 60 and 100 µm

wavelengths, which WISE does not.

HERSCHEL

The European Space Agency’s Herschel Space Observatory is a space observatory

that cover a spectral range from the far infrared to sub-millimetre. It carries a single

mirror of 3.5 m in diameter, that will collect long-wavelength radiation from some of

the coldest and most distant objects in the Universe. The spacecraft was launched

on 14 May 2009. Herschel carries three detectors:� PACS (Photo-detecting Array Camera and Spectrometer): an imaging cam-

era and low-resolution spectrometer covering wavelengths from 55 to 210 µm.

The spectrometer has a spectral resolution between R=1000 and R=5000. It

operates as an integral field spectrograph, combining spatial and spectral res-

olution. The imaging camera can image simultaneously in two bands (either
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6085/85130 µm and 130210 µm) with a detection limit of a few mJy.� SPIRE (Spectral and Photometric Imaging Receiver): an imaging camera and

low-resolution spectrometer covering 194 to 672 µm wavelength. The spec-

trometer has a resolution between R=40 and R=1000 at a wavelength of 250

µm and is able to image point sources with brightness around 100 mJy and

extended sources with brightness of around 500 mJy. The imaging camera has

three bands, centered at 250, 350 and 500 µm. It should be able to detect point

sources with brightness above 2 mJy and between 4 and 9 mJy for extended

sources.� HIFI (Heterodyne Instrument for the Far Infrared): a heterodyne detector

which is able to electronically separate radiation of different wavelengths, giving

a spectral resolution as high as R=107. The spectrometer can be operated

within two wavelength bands, from 157 to 212 µm and from 240 to 625 µm.

GAIA

Gaia (or Global Astrometric Interferometer for Astrophysics) is a ESA astrometry

space mission, and a successor to the ESA Hipparcos mission. Ariane space ex-

pects to launch Gaia for the ESA in March 2013. Gaia will compile a catalogue of

approximately one billion stars to magnitude 20. Its objectives comprise:� astrometric measurements, determining the positions, distances, and annual

proper motions of stars with an accuracy of about 20 µas at 15 mag, and 200

µas at 20 mag;� spectrophotometric measurements, providing multi-epoch observations of each

detected object radial velocity measurements.

Hence Gaia will create an extremely precise three-dimensional map of stars through-

out our Milky Way galaxy and beyond, and map their motions which encode the

origin and subsequent evolution of the Milky Way. The spectrophotometric mea-

surements will provide the detailed physical properties of each star observed, charac-

terizing their luminosity, effective temperature, gravity and elemental composition.

This massive stellar census will provide the basic observational data to tackle a wide

range of important problems related to the origin, structure, and evolutionary his-

tory of our Galaxy. Large numbers of quasars, galaxies, extra-solar planets and

solar system bodies will be measured at the same time. Gaia contains 3 separate

instruments:� the astrometry instrument (ASTRO), which is dedicated to measuring the an-

gular position of the stars of magnitude 5.7 to 20;
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over the 320-1000 nm spectral band, over the same magnitude 5.7-20;� the high-resolution spectrometer to measure the radial velocity of the stars by

acquiring high-resolution spectra in the spectral band 847-874 nm for objects

up to magnitude 17.

2.5.3 Ground-based telescope and their instruments

Ground-based observatories, located on the surface of Earth, are used to make ob-

servations in the radio and visible light portions of the electromagnetic spectrum.

The Earth’s atmosphere is opaque to ultraviolet radiation, X-rays, and gamma rays

and is partially opaque to infrared radiation: observations in these portions of the

electromagnetic spectrum are best carried out from a location above the atmosphere

of our planet (space-based telescopes). Most optical telescopes are housed within a

dome or similar structure, to protect the delicate instruments from the elements.

Very Large Telescope

The Very Large Telescope array (VLT) is the flagship facility for European ground-

based astronomy. It is made up of four separate optical telescopes organized in an

array formation. The array is complemented by four movable Auxiliary Telescopes

(ATs). They are built and operated at the Paranal Observatory. The VLT instru-

mentation programme includes large-field imagers, adaptive optics corrected cameras

and spectrographs, as well as high-resolution and multi-object spectrographs and cov-

ers a broad spectral region, from 300 nm to 24 µm. Let us present only two of these

instruments, whose filters are included in our list:� VIMOS (VIsible Multi-Object Spectrograph): a four-channel multi-object spec-

trograph and imager, allows obtaining low-resolution spectra of up to 1000

galaxies at a time;� ISAAC (Infrared Spectrometer And Array Camera): it is a cryogenic infrared

imager and spectrometer, observing in the 1 to 5 µm range.

CFHT/MegaPrime

The CanadaFranceHawaii Telescope is located near the summit of Mauna Kea moun-

tain on Hawaii’s Big Island and is one of the observatories that comprise the Mauna

Kea Observatory. Operational since 1979, the telescope is a Prime Focus/Cassegrain
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configuration with a usable aperture diameter of 3.58 m 3. CFHT hosts three state-

of-the-art instruments:� MegaPrime: it is an optical and near infrared instrument. The wide-field

imager, MegaCam , consists of 36 2048 × 4612 pixel CCDs, covering a full 1

degree × 1 degree field-of-view with a resolution of 0.187 µas per pixel;� WIRCam: it is an infrared mosaic of 4 detectors and 16 MegaPixels;� ESPaDOnS: it is a new échelle spectrograph / spectropolarimeter.

MSSSO/CASPIR

CASPIR is a near-infrared spectrometer/imager being built for the Mount Stromlo

and Siding Spring Observatories’ 2.3 m telescope. This telescope is operated by

the Australian National University (ANU) and it was constructed during the early

1980s. CASPIR provides direct imaging and spectroscopic capabilities in the 1-5 µm

wavelength range. For more information about the telescope and its instrumentation,

see McGregor et al. (1994).

MPG/ESO

The MPG/ESO telescope is a 2.2-m ground-based telescope at the ESO, in La Silla,

Chile. It has been operating since 1984. The telescope hosts three instruments:� WFI (Wide Field Imager): a focal reducer-type camera at the Cassegrain focus

with a field of view as large as the full Moon;� GROND(Gamma-Ray Burst Optical/Near-Infrared Detector): which chases

the afterglows of gamma-ray bursts;� FEROS (high-resolution spectrograph): it is used to make detailed studies of

stars.

We conclude this section with the Fig. 2.2, where the sensitivity and the bands of

some of the presented telescopes and missions are shown, and with the Fig.2.1 5,

that shows the 5 σ point source sensitivities of WISE and previous or planned all-

sky surveys. The planned wavelength range for the JWST is indicated. The dot size

shows the planned sky coverage.

3http://www.cfht.hawaii.edu/en/
5http://www.astro.ucla.edu/ wright/WISE/index.html
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Figure 2.1: Sensitivities of WISE and previous or planned all-sky surveys.
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Figure 2.2: Sensitivity and bands of the some telescopes/missions, going from IRAS (1983) to

WISE, Spitzer and Herschel.



Chapter 3

Star clusters: comparing results

with observational data

Much of our understanding of galaxy formation and evolution comes from the analysis

of stellar populations in galaxy of different morphological types, both in the present

and early universe. The main parameters of these stellar systems widely used are

ages and metallicities: the most efficient method to determine them for unresolved

stellar systems in photometric surveys (especially at high redshift) is to compare their

observed colors with the predictions of evolutionary population synthesis models -

see Bressan et al. (1994), Bruzual A. & Charlot (1993), Silva et al. (1998), Tantalo

et al. (1998), Buzzoni (2002), Bruzual & Charlot (2003), Buzzoni (2005), Piovan

et al. (2006a), Piovan et al. (2006b), Galliano et al. (2008), Galliano et al. (2008),

Popescu et al. (2011) -.

Evolutionary population synthesis models are based on SSPs. What usually is

done is to empirically calibrate the SSP models to observations of real star clusters

whose ages and metallicities have been determined independently, e.g., synthetic

color-magnitudes diagrams (CMDs).

In this chapter we will apply our SSPs to the study of star clusters in order to validate

them and in particular trying to put in evidence the effect of the dusty shells around

AGB stars. Indeed the remaining part of the Bertelli et al. (1994) isochrones up

to the TP-AGB has been tested and applied in an impressive number of papers, so

what really matters for the purposes of this thesis is to examine the effect of (1) the

improved TP-AGB and (2) the new library of dusty AGB stars. At this purpose, in

particular we will take into account data from the Small and Large Magellanic Cloud

(SMC and LMC), that allow to compare SSP models for the metallicities where the

effect of dust shells around should be stronger.

89
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3.1 The Magellanic Clouds

The globular cluster systems of the Magellanic Clouds provides a nice opportunity

to investigate the integrated photometry and the spectral behavior of stellar popula-

tions as a function of the age and chemical composition. They are excellent templates

for studies of stellar populations in external galaxies; moreover, they contain a sig-

nificant population of intermediate-age massive star clusters which are not easily

accessible in the Milky Way.

The Magellanic Clouds are close enough that star clusters within can be resolved

into individual stars by high spatial resolution imaging from both ground and space

based telescopes. Their empirical CMDs can be therefore used for detailed age cali-

bration. The star clusters are also populated enough that their integrated colors are

less sensitive to stochastic effects when compared to galactic open clusters.

One of the first study about integrated photometry for LMC clusters had been done

by van den Bergh & Hagen (1968), while previous efforts in near-infrared involved

Persson et al. (1983) and Ferraro et al. (1995). The NIR regime contains some very

important diagnostics for deriving the basic properties of stellar system; moreover,

it has been proved to be able to partially broke the age-metallicity degeneracy, par-

ticulary for stellar populations older than ∼ 300-400 Myr (Goudfrooij et al. 2001;

Puzia et al. 2002; Hempel & Kissler-Patig 2004; Pessev et al. 2006).

The outline of this chapter is as follows. We compare:� CMDs of LMC and SMC clusters and theoretical CMDs with the path of our

isochrones, both taking into account or not the contribution of the circumstellar

dusty shell around AGB stars;� broad-band colors of LMC and SMC clusters as a function of the cluster age,

and predicted theoretical colors os SSPs with dusty AGB or no dusty AGB.

3.2 Comparison with the observations: isochrones

In this section, we present the correlation between the colors of our isochrones (con-

sidering both the presence of dusty AGB and the classical AGB without the shell of

dust around) and the observations. The best available data for the AGB population

in galaxies is the data obtained from the extensive near and mid-infrared surveys of

the Magellanic clouds. The data are taken from the SAGE (Surveying the Agents

of Galaxy Evolution) catalogues (Blum et al. 2006; Bolatto et al. 2007), which

match IRAC (or MIPS) data with 2MASS photometry. The SAGE project consists

of Spitzer Space Telescope images of the Large Magellanic Cloud (SAGE-LMC) and

the Small Magellanic Cloud and Magellanic Bridge (SAGE-SMC), in addition to
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Spitzer spectroscopy of the dust composition in the Large Magellanic Cloud (SAGE-

Spec, 30 Doradus) and Small Magellanic Cloud (SMC-Spec). The SAGE project

webpage is http://sage.stsci.edu/. The survey is described in Meixner et al.

(2006).

In the Figs. 3.1, 3.2, 3.3, 3.6, 3.7, 3.8, we plot the color-magnitude diagram for the

Magellanic Clouds, considering the near- and mid-IR photometry and we superim-

pose our new and old isochrones, for different values of age, that are log(t/yr)=7.95,

8.10, 8.48, 8.60, 8.70, 8.90, 8.95, 9.18 and 9.30, corresponding to ages from t= 0.09

Gyr to 2 Gyr.

3.2.1 Large Magellanic Cloud

For the Large Magellanic Cloud, the old and new isochrones have been chosen with

a metallicity Z=0.008; we adopted a distance modulus of 18.5, following the value

most widely used in literature (Pessev et al. 2008).

The data are limited to a circular area of π square degrees centred on the LMC bar

(α2000 = 5h23m.5, δ = −6945
′

), in order to include thousands of bright AGB stars

and to exclude the presence of objects that do not belong to the cloud. Even with

this trick, in all the CMDs for the LMC we can observe a narrow vertical finger on

the left part of the CMDs, caused by foreground Milky Way stars and a contamina-

tion in the bottom right part, which consists of background galaxies. Moreover, in

the Figs. 3.3, the objects with roughly [3.6]-[8] & 2 (the vertical finger in the bottom

right part of the diagram) are not detected by 2MASS; they are likely background

galaxies and young pre-main sequence stars.

3.2.2 Small Magellanic Cloud

For the SMC, we choose to superimpose to the data, a selection of isochrones of

metallicity Z=0.004, in agreement with the average value estimated for the SMC; in

this case, the adopted distance modulus is 19.05 (Pessev et al. 2008). The contam-

ination of the objects which do not belong to the cloud is also visible in this case,

and, as for the LMC, in the Figs. 3.3 the objects with roughly [3.6]-[8] & 2 are not

detected by 2MASS.
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Figure 3.1: Comparison between the new (upper panel) and the old isochrones (lower panel)

(with Z=0.008) and the near- to mid- infrared data for the LMC. In particular, we show the

2MASS+IRAC [3.6] vs. J-[3.6]. The isochrones are drawn in different colors according to their

age: the ages are log(t/yr)= 7.95, 8.10, 8.48, 8.60, 8.70, 8.90, 8.95, 9.18 and 9.30 (the oldest are in

the bottom right part of the CMDs).

3.2.3 Discussion of the results

In all of these plots, the contribution of the dusty circumstellar shell around AGB

stars appears crucial. Without dust, the theoretical colors are not able to reproduce



3.2 Comparison with the observations: isochrones 93

0 2 4 6 8

4

6

8

10

12 Z=0.008

J−[8.0µ m]

[8
.0

µ 
m

] 

0 2 4 6 8

4

6

8

10

12 Z=0.008

J−[8.0µ m]

[8
.0

µ 
m

] 

Figure 3.2: The same as in the Fig. 3.1, but for 2MASS+IRAC [8] vs. J-[8].

the region in the color-magnitude diagrams where the AGB stars lie. The AGB

phase stops earlier and does not extend toward redder colors, as expected since there

is no dust included able to make redder the spectrum. In general, the range of ages

selected for the isochrones covers the region with the AGB stars, but in some cases

we do not have an exact match of one of the isochrones of our set with the main AGB

locus. The reason for this is that once the region populated by AGB stars has been

embedded between two isochrones of different ages, it is just a matter to use a more
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Figure 3.3: The same as in the Fig. 3.1, but for IRAC [8] vs. [3.6]-[8].

thinely spaced grid of ages to get the isochrone exactly matching the main AGB strip.

For our purposes, in order to get a general validation of the models, it is enough to be

sure that we can extend the path toward much redder colors and constrain the AGB

locus between the represented ages. There is no need to keep refining or extending

the grid of ages to get the best age reproducing the observational data. In particular

the following considerations hold:� at log(t/yr)=7.95 (the first value of range of ages considered, represented with

a yellow line on the upper-left, well visible in all CMDs except in Figs. 3.3 and

3.8), AGB stars are not present, because the isochrone is still too young and

the highest mass AGB star has still to reach the AGB evolutionary phase. The
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Figure 3.4: Comparison between the new (upper panel) and the old isochrones (lower panel)

(with Z=0.008) and the near-infrared data for the SMC. In particular, we show the 2MASS KS

band vs. J-[KS ]. The isochrones are drawn in different colors according to their age: the ages are

log(t/yr)= 7.95, 8.10, 8.48, 8.60, 8.70, 8.90, 8.95, 9.18 and 9.30 (the oldest are in the bottom right

part of the CMDs).

Figure 3.5: The same as in the Fig. 3.4, KS band vs. J-[KS ], but for the SMC. The isochrones

have been chosen with the metallicity Z=0.004.

most prominent near-IR stars are in this case red super-giants;� in the range 8.10≤ log(t/yr) ≤ 8.90 the TP-AGB phase is well developed: for

the metallicities under examination, the intermediate mass stars in the AGB

phase show an extended C-rich surface. The duration of the C-rich phase is

due to the interaction between dredge-up, low-temperature opacities and mass



96 Star clusters: comparing results with observational data

Figure 3.6: The same as in the Fig. 3.1, but 2MASS+IRAC [3.6] vs. J-[3.6] for the SMC. The

isochrones are of Z=0.004.

loss. The efficiency of the TDU increases with lower metallicities: indeed it is

pronounced for the values of Z we are considering (see also the Fig. 1.5). This

is the range of ages that best reproduce the red tail of C-rich stars.� in the range 9.18≤ log(t/yr) ≤ 9.30 the TP-AGB phase starts to decline: the

C-rich surface is less extended than before, even if its contribution to the red

tail is still important.

This physical behaviour is quite the same for both the isochrones of Z=0.004 and

Z=0.008; the main difference is the ∼0.5 mag shift of all the features, due to the

different distance of the two Clouds. Anyway the agreement between models and
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Figure 3.7: The same as in the Fig. 3.6, but 2MASS+IRAC [8] vs. J-[8].

observation is satisfactory for most of the CMDs and it is a significant step forward

toward a realistic description of dust around AGB stars. Similar results have been

obtained by Marigo et al. (2008) using synthetic models of TP-AGB and a library

of dusty spectra of AGB stars. It can be noticed that our isochrones, once coupled

with the library of dusty spectra, present a more regular behaviour in the CMDs

compared to Marigo et al. (2008) which also tends to extend toward redder colors

than us. This could be ultimately due to different optical depths adopted for the
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Figure 3.8: The same as in the Fig. 3.6, but for IRAC [8] vs. [3.6]-[8].

models, for instance due to different recipes for the mass loss rate, that crucially

influences the τ .

The only CMD for which the results are not enough satisfactory is the fully near

infrared CMD with 2-MASS results KS band vs. J-[KS ]. Our isochrones, partially in

agreement with the observations, tend to bend too early toward redder KS magni-

tudes, while it would be required to keep the KS magnitude more or less constant. It

is hard to track what could be the reason for this systematic bending toward redder



3.2 Comparison with the observations: isochrones 99

KS magnitudes, in particular since all the other NIR/MIR bands seems to behave

well: it may be for instance due to some unrealistic absorption effect in the KS band.

We plan in the future to investigate in a deeper way this specific point.

3.2.4 Comparison with data: integrated colors of SSPs

The Figs. 3.10 and 3.9 show the temporal evolution of theoretical colors for SSPs

with and without the contribution of dusty AGB stars. These colors are superim-

posed to optical and near-infrared colors of Large Magellanic star clusters, that are

taken from the database of Pessev et al. (2006) and Pessev et al. (2008).

Pessev et al. (2006) present integrated NIR magnitudes (J, H, Ks) and colors for

a large sample of star clusters in the LMC and SMC, using the data of the 2MASS.

These clusters are of well-known ages and metallicities, available in the literature

for the vast majority of the objects in the sample, and they can be safely used as

a calibration data set for SSPs models. In the globular clusters of the Magellanic

Clouds there are a lot of objects with ages in the range 0.3-3 Gyr; the integrated light

properties of these systems are heavily affected by AGB stars, that are extremely

luminous in the NIR and whose contribution to this part of the spectrum is in this

work widely investigated with and without dusty shells around AGBs. In Pessev

et al. (2008) these data have been combined with new photometry in such a way

to get nine additional objects: all these data form the largest database of integrated

near-NIR magnitudes and colors of LMC/SMC star clusters. Moreover, the 2MASS

data have been merged with optical photometry originating from the work of Bica

et al. (1996) and the compilation of van den Bergh (1981). The sample provides

optimal coverage of the age-metallicity parameter space of LMC/SMC star clusters.

For addiction information about the sample selection, data acquisition and reduc-

tion, see the papers from Pessev et al. (2006) and Pessev et al. (2008).

We want now to compare the predictions of our SSP models and the observed clus-

ters colors as a function of age. In such a way we should be able to evaluate the

performance of our models, to eventually determine the ages at which discrepancies

between data and models can occur. From these ages is then easy to recognize the

responsible stages of stellar evolution and the model ingredients that need further

attention and refinements. We will not have as main target to derive the properties

of the observed star clusters. Indeed, when a comparison between observations of

star clusters and theoretical predictions is performed, it is important to keep in mind

that the theory of SSPs assumes that clusters are massive enough that all the stellar

evolutionary phases are well sampled. Predictions of any model based on these as-

sumptions will match the observations only in the limit of a sufficiently large number



100 Star clusters: comparing results with observational data

7 7.5 8 8.5 9 9.5 10
−1

0

1

2

3

4

5

log(t/yr)

[V
−

K
] 

 

 log(t/yr)<8.00
8.00<log(t/yr)=9.00
9.00<log(t/yr)=9.50
9.50<log(t/yr)=10.00

Z=0.004
Z=0.008
Z=0.02

7 7.5 8 8.5 9 9.5 10
−1

0

1

2

3

4

5

log(t/yr)

[V
−

K
] 

 

 log(t/yr)<8.00
8.00<log(t/yr)=9.00
9.00<log(t/yr)=9.50
9.50<log(t/yr)=10.00

Z=0.0001
Z=0.0004

Figure 3.9: Upper panel: theoretical [V − K] colors of our SSPs, with (continuous lines) and

without (dotted lines) the contribution of circumstellar dust shell around AGB stars, as a function

of the age (from 0.01 until 15 Gyr). The following values of metallicity are considered as indicated:

Z=0.004 (blue lines), Z=0.008 (green lines), Z=0.02 (cyan lines). The SSPs are superimposed to

integrated colors of LMC star clusters, taken from the compilation of Pessev et al. (2006) and Pessev

et al. (2008); the data are plotted in different colors according to the age of the cluster, as indicated

in the figure. Lower panel: as in the upper panel, but we superimposed to the data SSPs of

metallicity Z=0.0001 (black lines) and Z=0.0004 (red lines).

of observed stars. In this sense, the spread in the intrinsic colors of clusters with

similar ages and metallicities can be ascribed to stochastic fluctuations in the num-

ber of bright stars residing in low population clusters. As already pointed out, the

star clusters of the Magellanic Clouds have a population of stars numerous enough

that their integrated colors are less sensitive to stochastic effects when compared
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Figure 3.10: The same as in Fig. 3.9, but in this case we show the theoretical and integrated

[J − K] color for both SSPs and the star clusters’ sample.

to galactic open clusters. The [V − K] color is presented in the Fig. 3.9: while on

the upper panel we superimposed to the data the SSPs of Z=0.004, Z=0.008 and

Z=0.02, on the lower panel we show the SSPs of Z=0.0001 and Z=0.0004. In Fig.

3.10, we do the same but now considering the [J − K] color. The data have been

selected (and hence plotted with different colors) according to their age (estimated

from the CMDs of the clusters, see the cited papers for further information) and

their metallicity: we decided to divided them into four age ranges (as shown in both

panels). All these clusters have [Fe/H] > −1.71, thus their are classified as metal-

rich clusters. The distribution of the individual points around the model tracks is

reasonably tight; there is a good agreement between the properties of the clusters
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and the model predictions, in particular if we consider the upper panels of both

figures, where appropriate metallicities for the Large Magellanic Cloud clusters’ are

taken into account. As it can be seen, there is a considerable difference between

dusty colors and no dust colors, as already discussed in Sect. 3.2.3; this discrepancy

starts when the first AGB appears, as expected, and it is more evident when looking

at the Fig. 3.10, where the infrared color is shown. Moreover, we can observe two

’bumps’ toward redder colors: the first is located at about 0.1 Gyr and it is due to

the pronounced effect of the AGB phase transition (which starts at a few hundred

Myr); the step increases the predicted colors since the increased flux in the near-IR

pass-bands. The second ’bump’ is located between 1 and 2 Gyr, and it is likely due

to the development of the RGB; this is more evident when a higher values of the SSP

metallicities are taken into account.

3.2.5 The color-color diagrams

We compared the time evolution of theoretical colors for SSPs with and without the

contribution of dusty AGB stars and the observed clusters colors as a function of

the age. It might be interesting now to compare and mix the integrated broad-band

colors of SSPs, whose AGB stars are enshrouded in dust shells, to those of a sample of

star clusters. Because of this we have analyzed the colors of young globular clusters

of the Magellanic Clouds.

Pietrzynski & Udalski (2000) presented age determinations for about 600 star clus-

ters belonging to the central part of the LMC. They are all younger than 1.2 Gyr

and hence the majority of them belong to the age range in which the AGB phase can

develop significantly contributing to the integrate light of the clusters. Moreover,

following the work of Piovan et al. (2003), we selected a small sample in which the

contribution to the total light by AGB stars is particulary strong. These photometric

data are derived from the 2MASS Second Incremental Data Release and the Image

Atlas, which contains 1.9 millions of images in the infrared bands J, H, Ks. The

integrated magnitudes have been calculated by Pretto (2002) and they are available

to us. We also considered the IR colors for the LMC and SMC clusters by Persson

et al. (1983) used by Mouhcine (2002). The Figs. 3.11, 3.12 and 3.13 show the two

color diagrams (respectively, [H-K] vs. [J-H], [H-K] vs. [V-K] and [J-K] vs. [V-K]).

In each diagram we show the data of Persson et al. (1983) for LMC (open circles)

and SMC (black stars), the data from Pretto (2002) (cross-shaped points). All the

data have been reddening corrected. The upper panel of the three figures show the

new SSPs with (continuous lines) and without (dotted lines) the contribution of the

dust shells, while on the lower panel we superimposed the classical SSPs (Bertelli’s

ones). For both kinds of SSP models, different metallicities are presented, namely
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Z=0.02 (magenta lines), Z=0.004 (cyan lines) and Z=0.008 (green lines), while the

age range is from 100 Myr (when the contribution of AGB stars begin to contribute

to the integrated light of the stellar population) until 15 Gyr (when all the interme-

diate and massive stars already evolved long ago from the AGB phase).

It is evident from the figures that the new dusty SSPs span the range of data much

better than both the old SSPs of Bertelli and the new SSPs with no dust around

the AGB stars: indeed the color obtained by the old SSPs are too red in [J-H] and

they span a narrower range, above all in [H-K]. On the contrary the new SSPs

have bluer [J-H] and [V-K] colors. The [V-K] color is particularly suitable to study

this evolutionary phase of the stellar populations: indeed the AGB phase transition

(occurring between the age of ∼200 Myr and ∼1 Gyr, that is log(t/yr)=8.30 and

log(t/yr)=9.17) causes abrupt changes in the near-infrared luminosity of the clusters

while producing only small changes in the optical. Our new SSPs extend toward blu

colors, approximately like the SSPs by Mouhcine (2002), as shown in Piovan et al.

(2003). The differences between our SSPs and the models of Mouhcine (2002) are

due to the adoption, in their models, of empirical spectra for O and C stars. In our

work, instead, we use theoretical models of M stars which are not able to reproduce

the empirical spectra as well as the empirical ones. More work is required to improve

the theoretical spectra of cool stars to be included in population synthesis studies.

It is also interesting to compare data and theory looking at the colors that can

help to break the well-known age-metallicity degeneracy while delivering photometry

with adequate signal-to-noise ratios, even if it is not our main target the precise

determination of the age and metallicity of the clusters.

For this reason, following the ideas fromPessev et al. (2008), we show a couple of

figures now considering the color combination [B-J] vs. [J-K], that have been proved

by Puzia et al. (2007) to be very good in age resolution, through the [B-J] color, while

the [J-K] is more sensible to the metallicity (except for the small age interval when

the AGB phase transition occurs, since [J-K] can show a modest age dependence).

We use the database by Pessev et al. (2006) and Pessev et al. (2008), that was

presented in Sect. 3.2.4. In this case we superimpose only the new dusty SSPs, but

now for all the available values of metallicities, as the legend on the panels indicates.

The age range for the SSPs is now from 10 Myr (there are not clusters younger than

this age) up to 15 Gyr. The age of the SSPs grow moving from left to right, when

looking at a single value of the metallicity. We do not consider here only the young

clusters of the LMC and SMC, as in the previous analysis, but we divide the sample

into two groups: the young clusters (t < 0.95 Gyr) and the old ones. Moreover, we

subdivide the clusters into metal-rich clusters (if [Fe/H] > −1.71), and metal-poor

ones.
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The following symbols have been adopted:� the open circles represents clusters younger than t < 0.95 Gyr; the contrary

when a stars is used;� the black symbols refer to metal-poor objects while the red ones to metal-rich

clusters.

The upper panel of the Fig. 3.14 shows the two color diagram for the star clusters in

the LMC, while the data for the SMC are plotted in the lower panel. While for the

LMC we can appreciate all the combinations between age and metallicity (with the

exception of young metal poor clusters), for the SMC the database offers only metal-

rich clusters for various ages and no metal poor objects. The separation between

the different age and metallicity ranges is evident: we can observe how our SSPs

are able to cover the data, particulary when looking at the region of the youngest

metal-rich clusters. Instead, our models fail in reproducing the old clusters of the

LMC (situated between 0.3 . [B − J ] . 0.6 and 2 . [J −K] . 5) that are mostly

older and metal-poor objects (even if some metal-rich clusters appear in this region).

We encountered some problem also in the region situated between 1 . [B− J ] . 1.3

and 2 . [J − K] . 3, populated by the oldest and metal-rich clusters. Of course

this partial disagreement with the observations suggests that some of the ingredients

of the models can be improved, for example about the cool stars part of the library

of stellar spectra in use. But it is important to remember, as already pointed out,

that stochastic fluctuations in the number of giant stars will cause the spread in

cluster colors at any ages and metallicity. This effect is obviously greater when the

SMC data are taken into account, considering that we are analyzing only a very

small number of clusters. The stochastic fluctuations can explain the disagreement

between data and theory in the mentioned range of colors; to exclude this, it will

be necessary to overcome this problem and to calculate composite cluster colors for

different age intervals.

3.3 Comparison with data: M31

To conclude this chapter we present a comparison between theoretical models and

data for M31.

M31, the Andromeda galaxy, is one of the galaxies of the Local Group and it is lo-

cated at around 778 kpc from the MW. Its distance modulus is 24.47 (Holland 1998;

Stanek & Garnavich 1998; McConnachie et al. 2005); M31 is an ideal local galaxy

to study Globular Clusters (GCs), since it is near and contains more GCs than all



3.3 Comparison with data: M31 105

the other Local Group galaxies combined together (Battistini et al. 1987; Racine

1991; Harris 1991; Fusi Pecci et al. 1993). The globular cluster system of M31 has

been studied since the beginning of extragalactic astronomy, by Hubble, in 1932: he

also presented the first catalogue of 140 GC candidates in this galaxy. After Hubble,

numerous lists of M31 GC candidates were published. For more details about this,

see the paper of Ma (2011): we only remember here the Bologna catalogue, which

contains 827 objects, classified into five groups by the authors’ degree of confidence.

Up to now, we focused on the central region of the LMC, besides the SMC. For M31,

instead, clusters belonging to the outer regions of the galaxy have been analyzed.

They can be useful to trace the substructures supposed to form in the outer region

of their parent galaxy. Indeed, the popular Λ cold dark matter model for galaxy

formation, forecast the presence of substructures located in the outer region, that

continue to grow from the accretion and the disruption of companions satellite.

We started from the photometric data in J, H and K from 2MASS imaging of 10

classical globular clusters in the outermost regions of M31, analyzed by Ma (2011)

(for more details about the data reduction see this paper). These data have been

combined with the V and I photometry. The sample of M31 halo globular clus-

ters is originally from Mackey et al. (2006), Mackey et al. (2007), who estimated

the metallicities, distance modulus and reddening values from their observed color-

magnitude diagrams built using the deep images obtained with ACS/HST. For what

concerns the ages of these clusters, they have been determined comparing the in-

tegrated photometric data with high resolution SSP models using the Padova-2000

metal poor evolutionary tracks and a Salpeter (1955) IMF, since their metallicities

are −2.14 < [Fe/H] < −0.70. In this section we use their age determinations and

uncertainties as a function of both [V − I] and [J −K] and we superimpose our new

dusty SSPs for all the available values of metallicity. The upper panel of the Fig.

3.15 shows the theoretical evolution of the [V-I] color of our SSPs as a function of

the age, while on the lower panel we focus on the [J-K] color. It is clear from the

figure that the [V − I] color is the most appropriate to reproduce the age and the

metallicity of these M31 clusters, since it varies steeply for ages older than 1 Gyr

when the metallicity (as in this case) is fixed. Moreover, the uncertainties associated

with the observational data are lower when looking at this color with respect at the

[J −K]. The last consideration we can do is that some clusters, according with the

age proposed in Ma (2011), show a very old age, that our SSPs can not reproduce,

since our models stop at 15 Gyr, chosen in such a way to agree with the current age

of the universe 13.7 Gyr plus some margin.
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Figure 3.11: The two color diagram [H − K] vs. [J − H] for young star clusters of the Magellanic

Clouds. The open circles are the LMC clusters selected by Mouhcine (2002) from the catalogue of

Persson et al. (1983), while the black stars indicate the same but for the SMC. The cross-shaped

points are few LMC clusters whose IR colors have been collected by Pretto (2002) using 2MASS

data. All the data have been properly reddening corrected. In the upper figure, the lines show

the color range spanned by the new SSPs with (continuous lines) and without (dotted lines) the

contribution of circumstellar dusty shell around AGB stars. Different values of the metallicity are

represented: Z=0.02 (magenta), Z=0.004 (cyan) and Z=0.008 (green). The range of ages for the

SSPs is from 100 Myr up to 15 Gyr. On the lower figure, we superimposed to the data the old SSPs

as computed by Bertelli et al. (1994) isochrones (hence without considering the new improvements

as explained in Chap. 1), for the same values of the metallicity and with the same age range as the

new SSPs.
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Figure 3.12: The same as in Fig. 3.11, but for [H − K] vs. [V − K] colors. The meaning of the

symbol is the same as in the Fig. 3.11.
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Figure 3.13: The same as in Fig. 3.11, but for [J − K] vs. [V − K] colors. The meaning of the

symbol is the same as in the Fig. 3.11.
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Figure 3.14: [B-J] vs. [J-K] color-color diagram for the star clusters of the LMC (upper panel)

and SMC (lower panel). Three combinations of age and metallicity are taken into account: the

open red circles represent young (t < 0.95 Gyr) and metal-rich ([Fe/H ] > −1.71) clusters, the red

stars represent old and metal-rich ones, finally, the black stars stand for old and metal-poor objects.

Superimposed to the data we show the new SSPs for different values of the metallicity, as the legend

indicates.
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Figure 3.15: Theoretical evolution of the [V-I] color of our SSPs as a function of the age (upper

panel) and of the [J-K] color (lower panel) again as a function of the age. SSPs for different values

of the metallicity are shown, as the legend indicates. The data and their uncertainties are from Ma

(2011).



Chapter 4

Galaxies

4.1 SED of galaxies of different morphological types

4.1.1 Physical components of galactic models

The most refined dusty galactic models available in literature contain three physical

components, following a classical scheme introduced in Silva et al. (1998) and then

adopted in many EPS models with dust Bressan et al. (2002), Piovan et al. (2006b),

Galliano et al. (2008), Popescu et al. (2011):� the diffuse ISM, made of gas and dust; the model for the ISM adopted in this

thesis is described in detail in Piovan et al. (2006a) and includes a state-of-art

description of a three component ISM made by graphite, silicates and PAHs,

the most widely adopted scheme for a dusty ISM.� the large complexes of MCs in which active star formation occurs. In our model

we do not take HII regions and nebular emission into account. Very young stars

are totally or partially embedded in these parental MCs and the SEDs emitted

by these stars are severely affected by the dusty MCs environment around them

and skewed toward the IR. The library of dusty MCs for which a ray-tracing

radiative transfer code has been adopted is presented in (Piovan et al. 2006a)

at varying the input parameters.� The populations of stars that are no longer embedded in their parental MCs.

These stars can be subdivided in the intermediate age AGB stars (with age

from about 0.1 Gyr to 1-2 Gyr) that are intrinsically obscured by their own

dust shells (Piovan et al. 2003; Marigo et al. 2008), and the old stars which

shine as bare objects, which radiation crosses only the diffuse galactic ISM and

there is no more local extinction. The effect of dust around AGB stars has

111
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been included ex-novo in our code in this thesis and is described in detail in

Chaps. 1 and 3, where new SEDs of SSPs have been presented and tested.

One of the three physical components, the stars already free from their dusty parental

environments, is always present, with the exception of extremely young models where

all stars are heavily obscured in the clouds where they are born. The galaxy models

stand on a robust model of chemical evolution that assuming a suitable prescription

for gas infall, IMF, star formation rate and stellar ejecta provides the total amounts

of gas and stars present at any age together with their chemical history (Chiosi

1980; Tantalo et al. 1996; Tantalo et al. 1998; Portinari et al. 1998; Portinari &

Chiosi 1999; Portinari & Chiosi 2000; Piovan et al. 2006b). In Chap. 1 we already

introduced the new set of IMF now available in the galactic code. It is obvious that

the IMF in usage must be the same in all the part of the model, starting from the

isochrones and SEDs to the chemical model. In particular, the chemical models have

been tailored (see later Chap. 6) in such a way to match the gross properties of

galaxies of different morphological type. In order to describe the interaction between

stars and ISM in building up the total SED of a galaxy, one has to know the spatial

distribution of gas and stars. This is made adopting a simple geometrical model for

each type of galaxy. The total gas and star mass provided by the chemical model

are distributed over the whole volume by means of suitable density profiles, one for

each component and depending on the galaxy type (spheroidal, disk and disk plus

bulge). The galaxy is then split in suitable volume elements to each of which the

appropriate amounts of stars, MCs and ISM are assigned. Each elemental volume

bin is at the same time source of radiation from the stars inside and absorber and

emitter of radiation from and to all other volume bins and the ISM in between. They

are the elemental seeds to calculate the total SED.

4.1.2 The spatial distribution of stars and ISM

In the classical EPS that do not consider the presence of dust,the SED of a galaxy

is simply obtained by convolving the SSPs spectra with the SFH (Arimoto & Yoshii

1987; Bressan et al. 1994; Tantalo et al. 1998). In the most refined models of

intermediate type galaxies with disk and bulge (and maybe even a halo), the galaxy

structure is mimicked by considering different SFHs for the various morphological

types and/or components of a galaxy, e.g. bulge and disk (Buzzoni 2002; Buzzoni

2005). This simple convolution is no longer suitable to be used when the ISM and

the absorption and IR/sub-mm emission by dust should be taken taken into account.

In particular, the emission requires a spatial description, whereas the only treatment

of the extinction could be simulated by applying a suitable extinction curve. In the

general case with dust extinction/emission (Silva et al. 1998; Piovan et al. 2006b)
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the spatial distribution of the ISM, dust and stars in the galaxy should be specified.

To this aim we start from the observational evidence that the spatial distribution

of stars and ISM depends on the galaxy morphological type of galaxy. The galaxy

classification starts from the Hubble sequence, and can be roughly simplified to three

main types: ellipticals, pure disks and disk plus bulge galaxies at varying the relative

weight played by the disk and the bulge. One has to consider therefore a different

geometrical description for various physical components. In our models we consider

three prototype distributions, i.e. a pure disk, a spheroid and combination of the

two to simulate: late-type galaxies (with no bulge), early-type galaxies (ellipticals),

and intermediate-type (with a more or less prominent bulge) galaxies, respectively.

All these models are characterized by a regular star formation history. No bursts of

star formation are included into the chemical model (for some examples of models of

starburst galaxies see Piovan et al. (2006b)).

Disk Galaxies

The mass density distribution of stars, ρ∗, diffuse ISM, ρM , and MCs, ρMC , inside

a disk galaxy (or in the same way in the disk component of a disk+bluge model)

can be represented by a double decreasing exponential laws so that the mass density

decreases moving away from the equatorial plane and the galactic center or both.

Taking a system of polar coordinates with origin at the galactic center [r, θ, φ], the

height above the equatorial plane is z = rcosθ and the distance from the galactic

center along the equatorial plane is R = rsinφ; φ is the angle between the polar vector

r and the z-axis perpendicular to the galactic plane passing through the center. The

azimuthal symmetry rules out the angle φ and therefore the density laws for the

three components are:

ρi = ρ0i exp

(
−r sin θ

Ri
d

)
exp

(
−r| cos θ|

zi
d

)
(4.1.1)

where ”i” can be ”∗”, ”M”, ”MCs”, that is stars, diffuse ISM and star forming

MCs. R∗
d, RMC

d , RM
d are the radial scale lengths of stars, MCs and ISM, respec-

tively, whereas z∗d , zMC
d , zM

d are the corresponding scale heights above the equatorial

plane. To a first approximation, we assume the same distributions for stars and star

forming MCs so that R∗
d = RMC

d and z∗d = zMC
d , thus reducing the number of scale

parameters. Distributions with different scale parameters for the three components

are, however, possible. The scale parameters are chosen taking into account on the

observations, depending on the objects one wants to model. For example, for the disk

of a typical massive galaxy like the MW one, one can assume that zd ≃ 0.3− 0.4kpc,

and derive Rd from observations about the distribution of gas and stars, or from

empirical relations, like the Im et al. (1995), log(Rd/kpc) ∼ −0.2MB − 3.45, where
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MB is the absolute blue magnitude. Typical values for Rd are around 5kpc.

The constants ρi vary with the time step. Let us indicate now with tG the age

of the galaxy to be modelled. For the gaseous components only the normalization

constants ρ0MC(tG) and ρ0M (tG) are required as both loose memory of their past

history and what we need is only the amount and chemical composition of gas at

the present time. This is not the case for the stellar component for which ρ0∗(t) is

needed at each time 0 < t < tG. In other words to calculate the stellar emission

we need to properly build the mix of stellar populations of any age τ ′ = tG − t, as

result of the history of star formation. The normalization constants are derived by

integrating the density laws over the volume and by imposing the integrals to equal

the mass obtained from the chemical model. In general, the mass of each component

Mi(t) is given by:

Mi =

∫

V
ρ0i exp

(
−
r sin θ

Ri
d

)
exp

(
−
r| cos θ|

zi
d

)
dV. (4.1.2)

The mass of stars born at the time t is given by Ψ(t),, and therefore ρ0∗(t) will be

obtained by using M∗ (t) = Ψ(t). MGAS (t) = Ψ(t), total mass of gas, is the result

of gas accretion, star formation and gas restitution by dying stars. The current

total mass MMC(tG) is a fraction of MGAS(t) and the remain MGAS(t) will form

MM (t). The double integral (in r and θ) is numerically solved for ρ0i(t) to be used

in Eq. 4.1.1. The galaxy radius Rgal is left as a free parameter of the model, thus

allowing for systems of different sizes and distributions of the components.

There is a final technical point to examine, i.e. how to subdivide the whole volume

of a disk galaxy into a number of sub-volumes so that the energy source inside each

of these can be approximated to a point source located in their centers. This requires

that the coordinates (r, θ, φ) are divided in suitable intervals. As far as the radial

coordinate is concerned, test experiments have indicated that subdividing the galaxy

radius in a number of intervals nr = 40-60 would meet the condition, secure the

overall energy balance among the sub-volumes, speed up the computational time

and yield numerically accurate results. The number of radial intervals is derived

by imposing that the mass density among two adjacent sub-volumes scales by a

fixed ratio ρj/ρj+1 = ζ, with constant ζ. Upon simple manipulations the above

relation becomes rj+1 = rj + η. Therefore, the radial grid is equally spaced in

constant steps given by Rgal/nr (Silva 1999; Piovan et al. 2006b). The grid for the

angular coordinate θ is chosen in such a way that spacing gets thinner approaching

the equatorial plane, thus allowing for more sub-volumes in regions of higher mass

density. We split the angle θ going from 0 to π in nθ sub-values. We need an odd

value for nθ so that we have (nθ - 1) /2 sub-angles per quadrant. Following Silva

(1999), the angular distance α1 between the two adjacent values of the angular grid
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is chosen in such a way that Rgal subtends a fraction f < 1 of the disk scale height

(zd); in other words α1 = arcsin(fzd/Rgal). Logarithmic angular steps are then

imposed ∆ log θ = [2/(nθ − 3)] log(π/2α1) where nθ is determined by the condition

that the second angular bin near the equatorial plan is gα1, with g < 3.. This implies

nθ = 2 log(π/2α1)/ log g + 3. The grid for the angular coordinate φ is chosen to be

suitably finely spaced near φ= 0 and to get progressively broader and broader moving

away clockwise and counterclockwise from φ = 0. The angular steps are spaced on the

logarithm scale. As a matter of fact, thanks to the azimuthal symmetry it is sufficient

to calculate the radiation field impinging on the volume V (rk, θk, φk = 0) from all

other volumes V (rk, θk, φk). A grid thinner at φ ≃ 0 than elsewhere guarantees the

approximation of point like energy sources at the center of the volume elements and

the conservation of the total energy in turn.

Early-type Galaxies

The luminosity distribution of early-type galaxies can be described by the density

profiles of Hubble, de Vaucouleurs and King (Kormendy (1977)). However, following

Fioc & Rocca-Volmerange (1997), we use a density profile slightly different from the

King law in order to secure a smooth behavior at the galaxy radius Rgal. We suppose

that the mass density profiles for stars, MCs, and diffuse ISM are represented by the

laws

ρi = ρ0i

[
1 +

(
r

ri
c

)2
]−γi

(4.1.3)

where again ”i” can be ”∗”, ”M”, ”MCs” (stars, diffuse ISM and MCs). r∗c , rMC
c ,

rM
c are the core radii of the distributions of stars, MCs, and diffuse ISM, respectively.

The exponents γ∗ and γMC can be 1.5 (Piovan et al. 2006b), while γISM is not well

known. Froehlich (1982), Witt et al. (1992), Wise & Silva (1996) suggest to adopt,

for the elliptical galaxies, γM ≃ 0.5−0.75 (coming from ρM ∝ ρn
∗ with n ≃ 0.5−0.3);

it means that the ISM is less concentrated toward the center with respect to the stars.

Here, we consider γM = 0.75. The density profile has to be truncated at the galactic

radius Rgal, which is a free parameter of the model. This would prevent the mass

M(r) → ∞ for r → ∞. In analogy to what already made for disk galaxies, the

constants ρ0∗(t), ρ0MC(tG), ρ0M (tG) can be found by integrating the density law

over the volume and by equating this value of the mass to the correspondent one

derived from the global chemical model:

ρ0i =
Mi

4π(ri
c)

3
∫ Rgal/ri

c

0 [x2/(1 + x2)γ ]dx
(4.1.4)
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where x = r/ri
c while ρ0i and Mi have the same meaning as in Sect. 4.1.2. The

integral is numerically evaluated and solved for ρ0i. Like in the case of disk galaxies,

the last step is to fix the spacing of the coordinate grid (r, θ, φ). The problem will

be simpler and the calculations will be faster than in the previous case because of

the spherical symmetry. The spacing of the radial grid is made keeping in mind the

energy conservation constrain. Also in this case we take a sufficiently large number

of grid points nr ≃ 40 − 60. The condition on the density ratio between adjacent

volumes, ρj/ρj+1 = ξ, will be constant, imply that:

ri = rc

√√√√
[

1 +

(
Rgal

rc

)2
]i/nr

− 1, (4.1.5)

where usually rc = r∗.The coordinate φ is subdivided into an equally spaced grid,

with nφ elements in total, and φ1 = 0, φ1 = 0. Since the distribution is spherically

symmetric, we do not need a thinner grid toward the equatorial plane. For the

azimuthal coordinate θ we adopt the same grid we have presented for disk galaxies.

Intermediate-type galaxies

Intermediate-type galaxies are characterized by the relative proportions of their bulge

and disk: they go from the early S0 and Sa where the bulge is big, to the late Sc and

Sd where the bulge is small or negligible. In our models, we take all this into account

by means of different SFHs for the disk and the bulge. Furthermore, both in the

bulge and disk we consider the three components (ISM, MCs and stars) in a realistic

way. In analogy to what already made for purely disk galaxies we adopt a system

of polar coordinates with origin at the galactic center (r, θ, φ) Azimuthal symmetry

rules out the coordinate φ. In the disk, the density profiles for the three components

are the double decreasing exponential laws of Eq. 4.1.1. Accordingly, we introduce

the scale lengths R∗
d,B, RM

d,B, RMC
d,B , z∗d,B , zM

d,B , zMC
d,B where the suffix B indicates that

now the scale lengths are referred to the disk-bulge composite model. In the bulge

the three components are distributed according to the King-like profiles defined in

Eq. 4.1.3, where now the core radii r∗c,B, rM
c,B, rMC

c,B are referred to the bulge. The

constants of normalization are derived in the same way described in Sects. 4.1.2 and

4.1.2. The two SFHs of disk and bulge are assumed to be independent and are simply

obtained from the chemical models where the mass of disk and bulge are specified.

The content in stars, MCs and ISM in a given point of the galaxy will be simply

given by the sum of the contributions for the disk and bulge. Owing to the composite

shape of the galaxy (a sphere plus a disk), we have to define a new mixed grid sharing

the properties of both components, i.e. those described in Sects. 4.1.2 and 4.1.2. Let

us indicate with RB the bulge radius and with Rgal the galaxy radius. The radial
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grid is defined in the following way. We build two grids of radial coordinates, rB,i

and rD,i, one for the disk and one for the bulge, in analogy to what we did in Sects.

4.1.2 and 4.1.2. As the grid of the bulge is not equally spaced, but thicker toward

the center of the galaxy, we take the coordinates ri,B of the bulge grid if ri < RB ,

while if ri > RB , we take the coordinates of the disk rD,i until Rgal. For the angular

coordinate θ we proceed in the same way. We build θi,B and θD,i, as in Sects. 4.1.2

and 4.1.2. In this case the disk grid is thinner toward the equatorial plane of the

galaxy whereas the bulge grid is equally spaced, so we take the coordinates θD,i of

the disk as long as θD,i+1 − θD,i < θB,i+1 − θB,i and θB,i elsewhere. The azimuthal

grid is chosen in the same way both for the disk and the bulge, since it is not related

to the distributions, both having azimuthal symmetry.

The elemental volume grid

Assigned the geometrical shape of the galaxies, the density distributions of the three

main components, and the coordinate grid (r, θ, φ) (the number of grid points for

the three coordinates is nr + 1, nθ + 1, nφ), the galaxy is subdivided into (nr, nθ, nφ)

small volumes V , each of which identified by the coordinates of the center riV =

(ri + ri+1)/2, θjV = (θj + θj+1)/2, φkV = (φk + φk+1)/2. Thereinafter the volume

V (riV , θjV , φkV ) will be simply indicated as V (i, j, k). The mass of stars, MCs, and

diffuse ISM in each volume are easily derived from the corresponding density laws

ρi(i, j, k) × V (i, j, k), where the pedix i stands for stars, MCs, and ISM in turn. By

doing this, we neglect all local gradients in ISM and MCs (gradients inside each

elemental volume). Since the elemental volumes have been chosen sufficiently small,

the approximation is fairly reasonable.

4.2 The spectral energy distribution

Given the main physical components of a model galaxy, their spatial distribution,

the coordinate system and the grid of elemental volumes, to proceed further one

has to model the interaction among stars, dusty ISM and MCs to simulate the total

SED emerging from the galaxy. Let us consider a generic volume V ′ = V (i′, j′, k′)

of the galaxy: it will receive the radiation coming from all other elemental volumes

V = V (i, j, k). The radiation traveling from one volume to another interacts with

the ISM comprised between any two generic volumes. Therefore one has to take

into account the energy that is both absorbed and emitted by the ISM under the

interaction with the radiation field. Two simplifying hypotheses are worth being

made here:

1. the dust contained in a generic volume V does not contribute to the radiation
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field impinging on the volume V
′

. This approximation stands on the notion

that, in first approximation, owing to the low optical depths of the diffuse

ISM in the MIR/FIR, dust can not effectively absorb in significant amount the

radiation it emits, except for high density regions such as complex of MCs,

for which dust self-absorption has already been taken into account (Piovan

et al. 2006a). Therefore, only stars and MCs will contribute to the incoming

radiation.

2. The radiative transfer from a generic volume V to V
′

is simply calculated by

means of the so-called effective optical depth defined by:

τeff =
√
τabs(τabs + τsca) (4.2.1)

The above relation stands on the following considerations: scattering increases

the absorption, however as photons are not destroyed, the effective optical

depth must be lower than the sum of the optical depths by scattering and

absorption but higher than the one by sole absorption (Rybicki & Lightman

1979). Although this expression for τeff has been derived for photons randomly

traveling across an absorbing diffusive medium, so that it would strictly apply

only to an infinite, homogeneous, isotropically scattering medium, we make use

of it here. This approximation has been shown to be acceptable, depending on

the view angle of the galaxy (Silva et al. 1998).

The total radiation field incident on V ′ is:

J(λ, V ′) =

nr∑

i=1

nθ∑

j=1

nφ∑

k=1

V [jMC(λ, V ) + j∗(λ, V )]

r2(V, V ′)
× e[−τeff (λ,V,V ′)] (4.2.2)

where the summations are carried over the whole ranges of i, j, k with i 6= i′ j 6= j′

k 6= k′; r2(V, V ′) is the value averaged over the volume of the square of the distance

between the volumes V and V ′; τeff as defined by Eq. 4.2.2, that becomes:

τeff (λ, V, V ′) =
√
σabs(λ)[σabs(λ) + σsca(λ)] ×

∫ V (i′,j′k′)

V (i,j,k)
nH(l)dl (4.2.3)

This integral represents the number of H atoms contained in the cylinder between

V and V ′. The two terms jMC(λ, V ) and j∗(λ, V ) are the emission by MCs and

stars per unit volume of V (i, j, k). They are evaluated at the center of the volume

element. Let us now define two kinds of SSPs:� classical free SSPs: they are already free of the parental cloud. For these SSPs

we do not take into account the local effects of absorption/emission due to
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dust in the local ISM. However, we introduced and calculated in these SEDs

the effects of the the dust shells around AGB stars. With the exception of this

additional point, they correspond to classical SSPs whose spectra have been

calculated using the isochrones and the spectral libraries. Here we stress that

they are not dusty free. Indeed, when dealing with galaxy models with dust,

different kinds of dust effects should be considered. For what concerns the

local dust, we consider: (a) the parental clouds in which very young stars are

embedded and (b) the circumstellar dust shells around low and intermediate

mass stars, during the AGB phase, when they form an outer dust-rich shell of

material obscuring and reprocessing the radiation emitted by underneath stars.

This latter effect of AGB stars has been properly included and analyzed, see

Chap. 1.� SSPs embedded in dusty MCs. In the early stages of their evolution we can

consider stars as still heavily obscured by their parental dusty MCs. The

libraries of these SSPs have been presented in Piovan et al. (2006a) as a

function of four parameters: (1) optical depth τ , (2) metallicity Z, (3) PAHs

ionization state (three possibilities, that is, PAHs ionized with full calculations

of the ionization state, neutral PAHs and ionization state of the PAHs as in

a mixture of Cold Neutral Matter, Warm Neutral Matter and Warm Ionized

Matter in the same relative proportions as in the MW) and, finally, (4) the

abundance of Carbon in very small grains. For these SSPs we adopt the library

by Piovan et al. (2006a) that for the input SEDs in the radiative transfer Ray-

Tracing code did not consider the contribution of dust around AGB stars. In

principle, we should calculate again with the Ray-Tracing technique new dusty

SEDs, now adopting as input the SEDs of this thesis with dust around AGB

stars. In practice, as first approximation, we can safely adopt the old database

and we do not expect that much difference because: (1) the region of the input

flux interested by AGB stars is not the region of the spectrum most involved in

the interaction with dust; (2) what matters is more the total luminous budget

of the stellar population underneath, than some differences in the shape of the

spectral input distribution (due in this case to the amount of energy transferred

in the FIR from the NIR); (3) even if the self-absorption of dust is included,

it plays a secondary effect unless very high optical depths are chosen for the

cloud.

Let us denote with fd the fraction of the SSP luminosity that is reprocessed by dust

and with t0 the time scale for this to occur, in such a way that:
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fd =





1 t ≤ t0

2 − t/t0 t0 < t ≤ 2t0

0 t ≥ 2t0

(4.2.4)

where t0 is a suitable parameter determining the evaporation time of the parental

MCs. Up to t0, young stars are completely embedded in the MC, then, when t0 < t ≤

2t0 they are partially embedded and this effect is simulated increasing the amount

of light that leaves stars and reach the observer without interact with the dusty

environment. Finally, when t0 ≥ 2t0 , the stellar light is free from the surrounding

dust (Silva et al. 1998). Accordingly, the fraction of SSP luminosity that escapes

without interacting with dust is ff = 1 − fd. The parameter t0 will likely depend

on the properties of the ISM and type of galaxy in turn. Plausibly, t0 will be of the

order of the lifetime of massive stars. The monochromatic luminosity of a free SSP of

given age τ ′ = tG − t , born at t, and metallicity Z for unit of SSP mass is therefore:

Lf
λ(τ ′, Z) =

∫MU

ML
Φ(M)fλ(M, τ ′, Z)dM
∫MU

ML
Φ(M)dM

(4.2.5)

Knowing the the monochromatic luminosity of the naked SSPs Lf
λ(τ ′, Z), the monochro-

matic luminosity of the dust enshrouded SSPs Ld
λ(τ ′, Z) has been derived as described

in Piovan et al. (2006a). The emission of stars and MCs per unit volume, jMC(λ, V )

and j∗(λ, V ) respectively, are given by:

j∗(λ, V ) =

∫ tG

2t0

ρ∗(t)L
f
λ(τ ′, Z)dt+

∫ 2t0

t0

(
t

t0
− 1

)
ρ∗(t)Lf

λ(τ ′, Z)dt (4.2.6)

e da:

jMC(λ, V ) =

∫ t0

0
ρ∗(t)L

d
λ(τ ′, Z)dt+

∫ 2t0

t0

(
2 −

t

t0

)
ρ∗(t)L

d
λ(τ

′

, Z)dt (4.2.7)

It is worth noticing that the luminosity of the MCs depends only on the luminosity

of the young embedded stars and not on the mass of the molecular gas in the MCs.

The factors (2− t/t0) and (1− (2− t/t0)) = (t/t0 −1) follows from the relations 4.2.5

and the definition of ff. Once calculated the incident radiation field J(λ, V ′) we can

obtain the emission per unit volume from the dusty ISM. At this point the azimuthal

and spherical symmetries of the galaxy models become very important. The emission

per unit volume from the dusty ISM calculated at the center of the volume elements

is the same everywhere, independently of the coordinate φ. Therefore it is enough
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to calculate the dust emission at φ = 0 for all the possible values of r and θ on this

”galaxy slice”. It is obvious that the symmetry will be lost when considering the

total emission from a certain volume element because owing to the adopted spacing

of the galaxy the elemental volumes are not equal. However, as long as we refer

to the emission per unit volume, the symmetry properties above allows us to avoid

tedious and lengthy numerical calculations. The total radiation field for unit volume

emitted by a single element is:

jTOT (λ, V ) = jMC(λ, V ) + j∗(λ, V ) + jISM (λ, V ), (4.2.8)

where jISM (λ, V ) is the radiation outgoing from a unit volume of the dusty diffuse

ISM and is given by the sum of the contributions from silicates, graphite and PAHs.

The total outgoing emission from the volume V is therefore given by jTOT (λ, V )×V ,

obviously different from volume to volume. The radiation emitted by each elemental

volume (nr, nθ, nφ) has to travel across a certain volume of the galaxy itself before

reaching the edge, escaping from the galaxy, and being detected by an external

observer. While finding its way out, the radiation is absorbed and diffused by the

ISM. The external observer will see the galaxy along a direction fixed by the angle

Θ, where Θ = 0 means that the galaxy is seen face-on, whereas Θ = π/2 means

that the galaxy is seen edge-on. To this aim, we need to determine the properties of

the cylinders of matter from the center of each element V to the edge of the galaxy,

along the direction Θ in order to calculate the amount of radiation emitted by the

galaxy along this direction. Therefore, the monochromatic luminosity measured by

an external observer is:

L(λ,Θ) = 4π

nr∑

i=1

nθ∑

j=1

nφ∑

k=1

V jTOT (λ, V )e[−τeff (λ,V,Θ)], (4.2.9)

where τeff (λ, V,Θ) is the effective optical depth between V (i, j, k) and the galactic

edge along the direction. For more details, see Piovan et al. (2006b).

4.3 Evaporation of Molecular Clouds

Before using the dusty SSPs SED in order to calculate the SED of the modelled

galaxy, we need to know how much time is needed at the MCs to evaporate and

transfer their gaseous matter to the surrounding ISM. As already described, the

”Ray Tracing” method has been used to solve the equation of radiative transfer and

to calculate extended libraries of SSP SEDs, taking into account the absorption and

scattering of the light due to the dust of the molecular clouds. However, this is not

an evolutionary model but a static one (once fixed a set of input parameters), since



122 Galaxies

we can not follow the evolution of the cloud. In the real case, however, the clouds

are destroyed on a timescale of the order of 10 Myr on average, typical lifetime of the

molecular clouds (Dwek 1998; Zhukovska et al. 2008). This is the expected trend

from an energetic point of view: the MC is swept away from the radiation emitted by

the underneath stars, that is from the energy coming from the SNe explosions and

stellar winds of massive stars. A simple way to simulate this process is to assume

that as the time goes on, the SSPs fluxes reprocessed by dust decrease, while on

the opposite the amount of flux not reprocessed and free of dust increases. It would

be interesting to consider in detail these physical effects and to relate them to the

amount of gas residing in the cloud, however it is beyond the purposes of this thesis.

For this reason we assume t0 as the time scale for the evaporation of the MC: it will

depend for example from the properties of the ISM and from the details of the star

formation process happening in the cloud. The combination between the density of

the surrounding medium, the young stars and the amount of energy they produce

determine the time scale. We expect it to be of the same order of the lifetime of

massive stars (the age range going from 3 up to 50-100 Myr), as indeed is the typical

MCs lifetime. Maybe, t0 will be near to the lowest value, the lifetime of the most

massive stars of the population, if we consider a low-density environment with a

moderate rate of star formation, as for instance it may happen in a typical spiral

galaxy. This kind of environment should be easy to be disrupted. On the contrary,

we expect t0 to be near to the upper value when we take into account a high-density

environment, like for example in star-burst galaxies, where a very obscured star

formation can occur in a high density ISM, more difficult to destroy.

The figures 4.3 and 4.2, show the gradual transition of SSPs of different metal-

licities: in the early stages of their evolution stars are embedded in the parental

molecular clouds and then they gradually start shining freely from the dust. The

ages represented in the plot are t=10, 20, 29.5 and 35 Myr and t0= 15 Myr. For

more information about the modelling of the SSPs, we refer to Piovan et al. (2006a).

Briefly, the following trend occurs:� when t=10 Myr stars are totally embedded in the MC (dotted lines in both

figures). Of course this depends upon the selected timescale t0. In this case it

is fixed at 15 Myr and dusty SSPs are therefore used until that age of the SSP;� when t=35 Myr SSPs are completely out of the MCs and the resulting SED has

a classical shape without the contribution of dust in emission and extinction

(dash-dotted lines);� for the other two ages the SEDs are a mix of the previous cases with a contri-

bution of both stars and dust. The dynamical process of a population of stars
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Figure 4.1: SSPs SEDs for Z=0.02 and t0= 15 Myr from t=10 Myr (dotted line) up to 35 Myr

(dash-dotted line). Two intermediate ages are also shown, that are 20 Myr (continuous line) and 35

Myr (dashed line).
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Figure 4.2: The same SSPs in Fig. 4.3 but for Z = 0.004.

from obscured to free is simulated with a suitable proportion of free and dusty

SEDs as described above (continuous and dashed lines).
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4.4 The Fortran Code

Our code, elaborated in Fortran 77 and now adjourned in Fortran 90, allows, as just

explained, the calculation of spectrophotometric models of galaxies of different mor-

phological type. The role of dust in the formation and evolution of galaxies is taken

into account in a state-of-art way, with the inclusion of the effects of dust at different

levels, going from shells of dust around AGB stars to dusty MCs and diffuse ISM.

The original version of the code was developed, presented and used to reproduce

some sample galaxies belonging to the local universe in Piovan et al. (2006a): more

in detail, it allowed to model the SED of a disk, elliptical and starburst galaxy, in

the local universe (that is, for z ∼ 0). The idea to develop further the code, however,

was to (1) build a code able to compute population synthesis models with dust not

only at the current age but also able to analyze the evolution of SEDs and (2) to

extend the morphological types to intermediate types made by disk and bulge. Now,

with the improvement introduced in this thesis, we are able to calculate models of

galaxies of many different morphological type, including the presence of dust in all

its effects, starting from the redshift of formation z = zform up to z = 0, taking

into account the modern cosmology. The code is made up of a series of routines and

every subroutine deals with a specific part of the galactic models. It worth to spend

some time in the description of the code, to underline the improvement added in

this thesis work in order to reduce the computational time and widen the number of

options available. Also, it is intention of the authors to make in the near future this

code publicly available for scientific use as an open source project. All the routines

are called by a main file (Galaxy2012.f90), that, at the beginning of the simulation,

reads the input parameters of the model (for example, the final age of the galaxy,

corresponding at z = 0, which change at varying the adopted cosmological frame-

works, the radius of the galaxy, the length scales of both stars and gas, the amount

of diffuse gas and the timescale of evaporation of the molecular clouds).

In this section we shortly present the main routines, remembering that the fol-

lowing steps are executed:

1. reading of the input chemical information (SFH and metallicity);

2. reading of the input SSPs fluxes (free SEDs and dusty SEDs);

3. calculations of the geometric grids (they change depending on the morpholog-

ical type of the modelled galaxy, as explained in Sects. 4.1.2, 4.1.2 and 4.1.2);

4. calculations of the normalized cylinder of matters between the elemental vol-

umes.
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5. calculation of the composite fluxes for each elemental volume and the fluxes

incident on the single volume elements;

6. calculation of the emission of dust, subdivided into PAHs, graphite and silicate;

7. calculation of the effects of the extinction and of the final radiation flux outgoing

toward the observer, for different inclinations of the object.

4.4.1 Main subroutines

Let us analyze briefly the main routines, following the order of call:� READSTARFO: this subroutine reads the information coming from the

chemical code, some of which are used as input of spectrophotometric sim-

ulations. Here we remember:

– M12: the baryonic asymptotic galactic mass, expressed in 1012M⊙;

– DM : the ratio between the masses of luminous ML and dark matter MD;

– RL/RD: the ratio between scale radii of luminous and dark matter;

– τ : the infall time scale;

– ζ: fraction of total stellar mass greater that 1 M⊙: it determines the lower

mass of the IMF (the upper value is 100 M⊙) if this option is selected.

Otherwise, it is possible to fix the lower limit to a value of 0.1 or 0.01 M⊙

depending on the IMF (Piovan et al. 2011b), since now several options

for the IMF are available. See also Sect. 1.1.4 for a detailed discussion of

this topic.

– ν: the SFR efficiency (related to the time scale of stellar formation tSF ∝

1/ν);

– tGal: the final age of the model. This age is fixed once the cosmological

frameworks is established. Since the normalization in the chemical code

depends on the final asymptotic mass and the star formation is adjusted

with an infall law normalized from 0 Gyr to tGal, it is necessary to correctly

specify the final age, when the galactic model will reach M12 as asymptotic

mass of primordial material accreted by infall;

– finally the following quantities, for every age of the chemical model: time

(expressed in Gyr), amount of gas (normalized at the asymptotic final

mass), metallicity of the gas, star formation rate, potential energy of the

gas, mass of living stars, total asymptotic mass, integral of the SFR, rate

of SNe (both types I and II, expressed in Gyr−1M−1
⊙ ) and, finally, mass

of remnants.
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The subroutine calculates the amount of molecular and diffuse gas in the galaxy

for every galactic age calculated by the chemical simulation. We deal with an

interstellar medium characterized by diffuse ISM and dense molecular clouds,

but up to now we do not have a physical description able to calculate step

by step the amount of gas singularly in both phases. The subdivision of the

amount of gas is a free parameter: clearly, this is a rude approximation but

this is the best actually one can do, till the possibility to follow the evolution

of the gas in dense and diffuse phases will be introduced. To keep realistic the

proportion of the two components we proceed in the following way: the input

parameter fixes the fraction of molecular gas at the peak of star formation.

According to this value, the amount of molecular gas in different ages with a

different star formation rate is scaled proportionally: indeed we assume plau-

sibly that the amount of molecular gas is proportional to the activity of star

formation at that time. Next, the total mass of the SSPs is calculated (as the

integral of the IMF between the upper and the lower mass values) and this

value is used as normalization factor for the SSPs fluxes.� READFLUSSI: It reads both kind of SSPs fluxes from the database, for dusty

e dust free SSPs, according to the selected IMF, it normalizes the fluxes and

checks for the conservation of the energy.� GRID: The geometrical characteristics of the modelled galaxy are taken into

account: a three-dimensional (r, θ, φ) grid is built, according to the morpholog-

ical type. In the case of disc model, a double-exponential distribution is used

(see Sect. 4.1.2): the grid for the angular coordinate θ is chosen in such a way

that spacing gets thinner approaching the equatorial plane, thus allowing for

more sub-volumes in regions of higher mass density. In the case of early-type

galaxies, a equally spaced θ grid is used. For the intermediate type galaxies, it

has been necessary to build a new mixed geometric grid sharing the properties

of both components (a central sphere surrounded by a disk). So two grids of

angular coordinates have been built: one for the disc (θB,i) and one for the

bulge, (θD,i). After this, we consider θD,i when |θD,i+1 − θD,i| < |θB,i+1 − θB,i|

and θB,i elsewhere. For more a detailed explanation of the geometric grids,

please refer to Sect. 4.1.2.

The CIL subroutine is included in GRID, in order to build the cylinders of

matter from each volume in the bulge or disk to the edge of galaxies along the

direction of view, in order to calculate the amount of extinguished radiation

emitted by the galaxy toward the observer.� BIRTH: With this routine the SFR, the mass of stars, the metallicity Z and
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the mass of molecular and diffuse gas are calculated, for the simulated age,

interpolating the information from the output file of the chemical code, read

by READSTARFO.� NORMALIZZO: All these distributions of matter are normalized, that is

calculated for ρ/ρ0. For a given instant of time, this subroutine calculates

the normalization constants ρ0,i of the matter, for gas and stars respectively.

The distribution of the matter depends on the galaxy models, as shown in Sect.

4.1.2: for an elliptical galaxy (or the bulge, for an intermediate type galaxy) the

subroutine ELLINTEGRAL is used, while for the disk DISKINTEGRAL

is called.� SILICATI: This subroutine calculates the properties of absorption and scat-

tering of silicate grains. The files of optical properties of silicates are read, and

the cross sections are calculated. This subroutine and the next one need a flag

in order to choose between different extinction curves, according to the abun-

dance of carbon or silicates. The subroutine GRAIN DISTR is used – kindly

made available by J. Weingartner in his webpage (http://physics.gmu.edu/joe/)

– (Weingartner & Draine 2001a). With this routine the abundance of grains of

a given size a is established and used to calculate the cross sections.� GRAFITE: This subroutine calculates the absorption and scattering prop-

erties of graphite grains, similarly to the routine SILICATE. An important

parameter is the upper limit of the PAH distribution, which is coincident with

the lower limit of the graphite distribution: the two populations do not overlap

as in Li & Draine (2001, Draine & Li (2001) and the PAHs are considered as the

small-size tail of the carbonaceous grains. The transition size has been fixed

at 56 Å thus allowing both PAHs and small, thermally fluctuating, graphite

grains to concur to shape the SED in the MIR. This limit is chosen in agree-

ment with the dimension at which Li & Draine (2001) set the transition mixing

the optical properties of PAHs and graphite. The exact value of the transition

size has in practice no influence on the extinction curve thanks to the similar

UV-optical properties of PAHs and small graphite grains. The same considera-

tions do not clearly apply to the IR emission, where a large population of PAHs

will produce a stronger emission in the MIR bands. We want to stress that

our approach is different from Weingartner & Draine (2001a) and Li & Draine

(2001), where PAHs and graphite grains are included in a single family of the

so called ”carbonaceous grains”, where the smallest grains have the PAHs op-

tical properties, the biggest grains have the graphite properties, and for the

intermediate dimensions a smooth transition from PAHs to graphite properties
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is adopted. Our treatment is necessary since our emission model deal sepa-

rately with PAHs and graphite, in order to speed up calculations Piovan et al.

(2006a).� PAHs: This routine, similarly to the previous two, calculates the cross sections

of PAHs. They can be either neutral and ionized: the relative percentage will

depend on the chemical composition of the ISM and on the incident radiation

field. For the purposes of this thesis, we follow the subdivision adopted by Li

& Draine (2001), that can reproduce the properties of the Milky Way. This

is achieved by a suitable combination of the ionization state of PAHs in the

Cold Neutral Matter (CNM), Warm Ionized Matter (WIM) Neutral and Warm

Matter (WNM). For consistency with the diffuse ISM, also in the case of dusty

SSPs, the model of mean ionization state of PAHs assumed is the one of the

Milky Way.

It should be noticed, finally, that the ionization state of the PAHs has no influ-

ence on the extinction in the UV /optical range and on the emission in the FIR

since (assuming the same distribution of the grains) the optical properties do

not depend on the state of ionization, at these wavelengths. The profiles of the

emission lines in the MIR, however, are affected by the adopted approximation

(Piovan et al. 2006a).� KERNEL: This is the fundamental routine of the spectro-photometric code.

Here we calculate:

– the radiation emitted, per unit volume, in the volumes of the sample slice

at φ = 0 (indeed we are getting advantage of the azimuthal symmetry),

for the stellar populations free from their parental MCs;

– the radiation emitted, per unit volume, in the volumes of the sample slice

at φ = 0, for the stellar populations still embedded in their parental MCs;

– the total radiation emitted, for unit volume, in the volumes of the sample

slice at φ = 0, for stellar population free from any kind of dust (in order

to calculate the original EPS without dust);

– the radiation incident on the sample slice at φ = 0, that comes from all

the other volumes of the galaxy;

Following the chemical evolution of the galaxy, the grid of SSPs is built. For this

purpose, we use the evolutionary history indicated by the chemical code that

will be characterized by different values of age and metallicity, corresponding

to different sets of SSPs.
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silicate emission is obtained, distinguishing between small and large grains.

A separation size between these two categories of grains has been considered:

smaller grains are subjected to temperature fluctuations, while larger grains

assumes an average temperature in equilibrium, due to their large heat capacity.

They re-emit the energy absorbed from the radiation field in the MIR/FIR.

Since the silicates, as well as graphite, have a ”smoothed” and extremely regular

emission profile, this has been calculated initially for a small set of wavelengths

– in the UV / optical wavelength, since no dust emission is detected here –,

while fully treated in the MIR/FIR/sub-mm, where the emission of dust is

mostly concentrated.� EQUILIBRIOGRA: This routine calculates the emission due to graphite

grains, in the same way the EQUILIBRIOSIL does for silicate grains.� EMISSIONEPAH: As already stated, we need to distinguish between neutral

and ionized PAHs. Their state ultimately depends on the physical and chemical

properties of the interstellar medium (temperature, hydrogen atoms density,

electron density and carbon atoms density). Then, the emission of PAHs is

calculated.� EXTINCTION: This routine calculates the outgoing galaxy luminosity, along

four inclinations. These are:

– the galaxy is seen face-on;

– the galaxy is observed at an angle of 30◦ respect to the z axis, perpendic-

ular to the equatorial plane of the galaxy, or 60◦ if measured respect to

the galactic equatorial plane;

– the galaxy is observed at an angle of 60◦ respect to the z axis, perpendic-

ular to the equatorial plane of the galaxy, or 30◦ is measured respect to

the galactic equatorial plane;

– the galaxy is seen edge-on.

The following monochromatic luminosity are calculated; they will be the out-

put:

– the total luminosity of the galaxy, taking into account all the extinc-

tion/emission effects of the dust;

– the luminosity of the stars only, taking into account only the extinction

effect due to the dust obscuring OB stars in the MCs;
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– the luminosity of the stars, without considering the effects of extinc-

tion/emission due to the interstellar dust: this is the classical evolutionary

populations synthesis without dust, often very useful for the sake of com-

parison;

– the luminosity of young and obscured stars in the regions of star formation;

– the luminosity of the diffuse interstellar medium, taking into account the

contribution of graphite grains and silicates only;

– the luminosity of the PAHs, both neutral and ionized ones.

– For the intermediate model (disk+bulge), the total luminosity of the bulge,

taking into account all the extinction/emission effects of the dust;

– For the intermediate model (disk+bulge), the luminosity of the stars of

the bulge, taking into account only the extinction effect due to the dust

obscuring OB stars in the MCs;

– For the intermediate model (disk+bulge), the luminosity of the stars of

the bulge, without considering the effects of extinction/emission due to

the interstellar dust (classical EPS);

– For the intermediate model (disk+bulge), the total luminosity of the disk,

taking into account all the extinction/emission effects of the dust;

– For the intermediate model (disk+bulge), the luminosity of the stars of

the disk, taking into account only the extinction effect due to the dust

obscuring OB stars in the MCs;

– For the intermediate model (disk+bulge), the luminosity of the stars of

the disk, without considering the effects of extinction/emission due to the

interstellar dust (classical EPS);� SCRITTURA: This last subroutine writes the outputs on formatted files.

4.4.2 Other subroutines

Beyond these subroutines, which are the building blocks of the galactic code, and

which are called directly from the main file, we need to use other subroutine. In this

section we briefly examine some of these:� BRACKET: this is a one-dimensional numerical interpolation subroutine,

used in combination with the STEFFEN one.� STEFFEN: This subroutine works jointly with the BRACKET one, and

performs one-dimensional non-linear interpolation of a function according to

Steffen (1990).
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gartner & Draine (2001a) law, once that the extinction curve and the size of

the grains for which we want to get the abundance are specified. In addition,

the distribution allows for possible changes in metallicity, using the dust-to-gas

ratio: since we still do not include in our simulations the model described in

the last chapter of this work, we simply scale the abundance of dust with the

metallicity (Piovan et al. 2006a). In particular, for solar and sub-solar metallic-

ities we can rely on the hints from the LMC and SMC about graphite/silicates

partition on a give metallicity. For metallicities higher than the solar one, the

amount of dust follows the law δ = δ⊙ (Z/Z⊙), keeping the solar partition

between carbonaceous grains and silicates (see Chap. 6).� Then, there is a group of routines used to calculate the ionization state of PAHs.

For all the details about the physics included in these routines see Draine &

Sutin (1987), Bakes & Tielens (1994) and Weingartner & Draine (2001c):

– JPZETA: it calculates the rate of photo-emission;

– JIZETA: it calculates the growth rate of positive ions;

– JEZETA: it calculates the growth rate of electrons;

– HNUPDTcalc: calculation of E = hνpdt, photo-detachment threshold

energy

– Ygrande: it calculates the yield due to photoelectric effect Y (hν,Z, a),

which depends on the energy of the incident photons, the atomic number

Z and the size of the grains a.

– HNUPETcalc: calculation of E = hνpdt, photo-emission threshold en-

ergy.� ZERBIS: This is a numerical routines from the Numerical Recipes (Press et al.

1992); it applies the bisection method to compute the zeros of a function.� FLUXMETAL: This subroutine interpolate the SSPs fluxes, considering both

age and metallicity.� INTEGRANDO: This subroutine multiplies the local star formation rate by

the local distribution of matter (considering the density at the center of the

volume as a constant throughout the volume, and multiplying by the volume,

instead of integrated on the volume itself) and the normalization constant

calculated with NORMALIZZO. In this way, we get the amount of newly

born stars in a given volume . Depending on the age of the stellar population

and in agreement with the evaporation/escaping time t0, dusty or dust-free

SSPs are then used.
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4.5 Improvements of the code

The original version of the code have been changed and improved in order to account

for our new purposes. A simple set of population synthesis models with dust, based

on Piovan et al. (2006a), Piovan et al. (2006b), has been developed in the past (Cas-

sarà 2008). As already stated, we simulated the spectral energy distribution (SED)

for galaxies of various morphological types, following the evolution of the SED from

the redshift of galaxies formation z = zform to the current z = z0, taking into account

modern cosmology. The main target in Cassarà (2008) concerned spectrophotomet-

ric models for only two basic types of galaxies, elliptical and disk ones, with rough

approximations for the main input parameters of the code. However, a more detailed

and systematic study of intermediate type galaxies was lacking, whereas these latter

ones are made up of a bulge and a disc with different masses and SFHs. The central

bulge contributes in a fundamental way to the whole galaxy emission and can be

either small or big along the Hubble sequence.

At the purpose to extend the model to disk+bulge galaxies, the galactic code have

been re-wrote and re-organized in order to obtain theoretical SEDs for intermedi-

ate type galaxies, very time consuming from the computational point of view. The

evolution and star formation history of the stellar populations of the bulge has been

simulated similarly to an elliptical galaxy, characterized by a short and significant

period of star formation activity, while for the disk we gathered the information com-

ing from the simulations of late-type galaxies (Piovan et al. 2006b). It was necessary

to build a new mixed geometric grid sharing the properties of both components (a

central sphere surrounded by a disk) and to build the cylinders of matter from each

volume in the bulge to the edge of galaxies along the direction of view, in order to

calculate the amount of radiation emitted by the galaxy toward the observer.

We remind here two important assumptions that allow to compute grids of coordi-

nates and fluxes of the SSPs a priori, before to run the full set of simulations from

z=zform to z=z0:� the IMF does not vary over time;� the geometry of the galaxy remains the same.

Obviously, the scale radius of the baryonic matter can change over time; however, this

approximation is acceptable since the chemical evolution of the galaxy is calculated

without assuming a geometric structure of the galaxy. Our input chemical models

do not supply information about the spatial distribution of stars and gas: the galaxy

is simulated as a mass point (Chiosi 1980). Some more advanced models have been

and are being developed (Tantalo et al. 1998; Portinari et al. 1998; Piovan et al.

2011a; Piovan et al. 2011b; Piovan et al. 2011c), in particular to include a chemical
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description of the abundance of dust. They will be described in detail in the last

part of this thesis, but they are still not interfaced with the galactic code, in order to

improve the description of the dust component. Also, it is likely that only coupling

the spectrophotometric code with n-body dynamical simulations the spatial evolution

of the distributions of scale radii can be followed. For our purposes, the invariance

of the geometric grid is adopted: we will just vary the normalization constants of

the distributions of stars and gas according to their time evolution. As for the IMF,

we can choose now between 9 different prescriptions, following what have been done

for the isochrones and SSPs (see Sect. 1.1.4 and Chap. 3 for a detailed analysis

about this point). Since at first, we want to check our models and compare them

with observations in order to validate them, we will not focus at the level of galaxies

simulations with the variation of the IMF, but we will stick on the Salpeter one

eventually varying the ζ parameter. The calculations of galactic models with different

IMFs will be treated in future works. Since we are dealing with evolutionary models,

the age of the galaxy is updated at each cycle depending on:� the difference between the current value of the SFR and the value of the SFR

at the age immediately before, in order to calculate more models when the star

formation history changes steeply, and vice-versa;� the time interval to which the current age of the galaxy belongs: the time

steps are a priori set to be more crowded within the first 0.5 Gyr, since the

star formation is peaked here and to a small age range, a large redshift range

corresponds.

In evolutionary sequences of galaxy models with dust, the computational speed

and the accuracy are no longer a secondary issue. So, the numerical part of the code

have been improved: (1) introducing, where possible, the Numerical Recipes routines

(Press et al. 1992); (2) using power-laws fits in order to calculate the emission

temperature of the big dust grains in thermal equilibrium with the incident radiation

filed. This temperature of equilibrium does not depend on the spectral shape of the

incident radiation field, but just upon the total budget of energy impinging on the

grains. This property allowed to introduce power-laws as a function of the grain

dimension and the impinging total energy; (3) the storage matrices S (Piovan et al.

2006b) to calculate the emission of the PAHs have been recalculated and better

stored, in order to fasten the calculation of the emission of the PAHs; (4) most of the

matrices are now dynamical and can adapt to the grids of age, elemental volumes

and wavelengths.

To conclude this section, we present a flow diagram (4.3) which shows the different

routines of the galactic code, in order of appearance, to summarize all the discussion.



134 Galaxies

Figure 4.3: Flow diagram: it schematizes the sequence call of the routines used in the evolutionary

population synthesis code with their dependence.



Chapter 5

Models of galaxies of different

morphological types

5.1 The composition of dust

In this chapter we present our models of galaxies of different morphological types,

taking into account the effects of dust emission and extinction, both for the local

and high redshift universe. To introduce this topic it is worth a quick summary

about the dust properties and the mixture adopted into the models: for a much

more extended analysis of this point and all the details about the calculations of the

emission/extinction effects, see Piovan et al. (2006a).

The physical properties of the interstellar grains are derived mostly analyzing the

dust extinction curves in the UV/optical region of the spectra and the emission spec-

tra in the infrared bands (from the near up to the far infrared), in different physical

environments. From the amount of information that can be obtained looking at the

effects of extinction and emission related to dust grains, it is possible to derive in

particular the features useful to constrain and define a quasi-standard model of in-

terstellar dust, made up of three components.

From the characteristic broad bump of the extinction curve in the UV at 2175 Å and

from the absorption features at 9.7µm and 18µm (Draine 2003), one can infer that

a two components model made of graphite and silicates is required.

The study of the emission adds further constraints. A population of VSGs has

been invoked to reproduce the emission observed by IRAS in the pass-bands at 12µm

and 25µm. Indeed, the VSGs temperatures can fluctuate well above 20 K if their

energy content is small compared to the energy of the absorbed photons (Leger &

Puget 1984; Desert et al. 1986; Dwek 1986; Guhathakurta & Draine 1989; Sieben-

morgen & Kruegel 1992; Draine & Li 2001; Li & Draine 2001).

Excluding that VSGs are made of silicates simply because the 10µm emission

135
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feature of silicates is not detected in diffuse clouds (Mattila et al. 1996; Onaka et al.

1996), most likely they are made of carbonaceous material with broad ranges of

shapes, dimensions, and chemical structures (see also Desert et al. (1986) and Li &

Mayo Greenberg (2002), for a discussion of this topic).

Emission lines at 3.3, 6.2, 7.7, 8.6, and 11.3 µm, originally named unidentified

infrared bands (UIBs), have been first observed in luminous reflection nebulae, plan-

etary HII regions and nebulae (Sellgren et al. 1983; Mathis 1990) and subsequently

also in the diffuse ISM with IRTS (Onaka et al. 1996; Tanaka et al. 1996) and ISO

(Mattila et al. 1996). There is nowadays general consensus that these lines owe their

origin to the presence of PAH molecules, vibrationally excited by the absorption of a

UV-optical photon (Leger & Puget 1984; Li & Draine 2001). Currently these spectral

features are commonly referred to as the aromatic IR bands (AIBs).

Based on these considerations, any realistic model of a dusty ISM, to be able to

explain the UV-optical extinction and the IR emission of galaxies, has to include at

least three components, i.e. graphite, silicates, and PAHs. Furthermore, while it

may treat the big grains as in thermal equilibrium with the radiation field, it has to

allow the VSGs to have temperatures above the mean equilibrium value. In order to

obtain the properties of a mixture of grains, we have to specify their cross sections,

their dimensions, and the kind of interaction with the local radiation field. For more

informations see Piovan et al. (2006a). We only summarize here the models that in-

spired our three dust components ISM, with graphite, silicates and PAHs. The cross

sections for graphite are from Draine & Lee (1984), for silicates are from Laor &

Draine (1993) and PAHs are from Li & Draine (2001), taking the latest releases from

the B. T. Draine webpage. The extinction curves and the distribution of dust grains

as a function of their dimension are taken from Weingartner & Draine (2001a). The

emission of graphite and silicates, both for thermally fluctuating VSGs and big grains

in thermal equilibrium, is based upon the classical paper Guhathakurta & Draine

(1989), while for PAHs we adapted Puget et al. (1985). Finally, the ionization state

of PAHs is calculated with the physical models by Draine & Sutin (1987, Bakes &

Tielens (1994, Weingartner & Draine (2001c).

5.2 The adopted chemical model: an introduction

A chemical code supporting EPS is needed to describe the evolution of the SFR and

the enrichment of the ISM in metallicity (and eventually in dust). The chemical

evolution of the galaxy is described using a classical chemical infall model (Lynden-

Bell 1975; Tinsley 1980b), originally developed in Padova by Chiosi (1980) in its latest

version one-zone with infall, for elliptical galaxies and disks Tantalo et al. (1998,

Piovan et al. (2006b). It has long been known that the closed-box model applied
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to study the chemical history of the solar vicinity fails to explain the metallicity

distribution observed among the old field stars, giving rise to the so-called G-Dwarf

Problem (Tinsley 1980b; Tinsley 1980a). The solution of the G-Dwarf dilemma are

models with infall, in which the total mass of the disk is let increase with time

at a convenient rate starting from a much lower value. With the current law of

star formation (proportional to the gas mass) the competition between gas accretion

by infall and gas depletion by star formation gives rise to a non monotonic time

dependence of the star formation rate which instead of steadily decreasing from the

initial stage as in the closed-box model starts small, increases to a peak value, and

then declines over a time scale which is a sizable fraction of the infall time scale.

The advantage of the infall model with respect to the closed-box one, is that the

metallicity increases faster, and few stars are formed at very low metallicity. Since

the excess of very low-metal stars is avoided, the G-Dwarf Problem is naturally

solved. In the following sections we will illustrate the main features and equations

of the infall models that support our spectro-photometric simulations.

5.2.1 Main features: elliptical galaxies or bulge of the intermediate

types

Applied to an elliptical galaxy, the infall model of chemical evolution can mimic

the collapse of the parental proto-galaxy from a very extended size to the one we

see today. As the gas falls into the gravitational potential well at a suitable rate

and the galaxy shrinks, the gas density increases so that star formation begins. As

more gas flows in, the more efficient star formation gets. Eventually, the whole gas

content is exhausted and turned into stars, thus quenching further star formation.

Like in the disk, the star formation rate starts small, rises to a maximum, and then

declines. Because of the more efficient chemical enrichment of the infall model, the

initial metallicity for the bulk of star forming activity is significantly different from

zero. It must be underlined that the collapse of the proto-galactic cloud can not be

modelled in a realistic dynamical way using a traditional chemical code: to simulate

the gas dynamics other technique must be used (see for instance Chiosi & Carraro

(2002), Springel et al. (2005), Merlin & Chiosi (2007), Gibson et al. (2007), Merlin

et al. (2010)). However, these models require a lot of computational time and do not

allow to easy explore the space of the parameters, even if they are very promising as

support of spectro-photometric simulations Tantalo et al. (2010). Hence our chemi-

cal model will be a static one: it aims at simulating in a simple fashion the formation

of the galaxy by collapse of primordial gas in presence of dark matter. The galaxy

is simulated as a mass point (Chiosi 1980): the model does not supply information

about the spatial distribution of stars and gas, that will be distributed according to
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suitable laws (see Chap. 4, where the distribution laws and the normalizations of

the physical quantities are explained in detail for the different morphological types).

Galaxies are described as one-zone open models made of two components, lumi-

nous material of mass ML(t) embedded in a halo of dark matter of mass MD, whose

presence affects only the gravitational potential of the galaxy and the binding energy

of the gas. In the infall scheme the mass of the luminous component increases with

time according to:
dML(t)

dt
= Ṁ0 exp(−t/τ) (5.2.1)

where τ is the accretion time scale: the time dependence of ML(t) is

ML(t) =
ML(TG)

[1 − exp(−TG/τ)]
[1 − exp(−t/τ)] (5.2.2)

The spatial distribution of the dark component with respect to the luminous one

is supposed to obey the dynamical models of Bertin et al. (1992) and Saglia et al.

(1992): the mass and radius of the dark component, MD and RD, respectively, are

related to those of the luminous material, ML and RL, by the relation:

ML(t)

MD
≥

1

2π
(
RL(t)

RD
)[1 + 1.37(

RL(t)

RD
)] (5.2.3)

The mass of the dark component is assumed be constant in time and equal to

MD = βML(TG) with β = 5. Furthermore, the binding gravitational energy of the

gas is given by :

Ωg(t) = −αLG
Mg(t)ML(t)

RL(t)
− G

Mg(t)MD

RL(t)
Ω′

LD (5.2.4)

where Mg(t) is the current value of the gas mass, αL is numerical factor ≃ 0.5, and

Ω′
LD =

1

2π
(
RL(t)

RD
)[1 + 1.37(

RL(t)

RD
)] (5.2.5)

is the contribution to the gravitational energy given by the presence of dark matter.

Following Bertin et al. (1992) and Saglia et al. (1992), we assume ML/MD = 0.2

and RL/RD = 0.2. Using these values for ML/MD and RL/RD, the contribution to

gravitational energy by the dark matter is Ω′
LD = 0.04 and the total correction to

the gravitational energy of the gas (Eq. 5.2.4) does not exceed 0.3 of the term for

the luminous mass. Assuming that at each stage of the infall process the amount

of luminous mass that has already accumulated gets soon virialized and turned into

stars, the total gravitational energy and radius of the material already settled onto

the equilibrium configuration can be approximated with the relations for the total

gravitational energy and radius as function of the mass (Saito 1979a; Saito 1979b) for
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elliptical galaxies whose spatial distribution of stars is such that the global luminosity

profile obeys the R1/4 law. In such a case the relation between RL(t) and ML(t) is:

RL(t) = 26.1 × (ML(t)/1012M⊙)(2−η) kpc (5.2.6)

with η = 1.45 - see also Arimoto & Yoshii (1987) -. Another useful quantity is the

volume density of gas ρg(t) given by:

ρg(t) =
3Mg(t)

4πRL(t)3
(5.2.7)

It is worth recalling that if dark and luminous matter are supposed to have the same

spatial distribution, Eqs. 5.2.4 and 5.2.5 are no longer required: the binding energy

of the gas can be simply obtained from:

Ωg(t) = ΩL+D(t)Mg(t)[2 − Mg(t)]. (5.2.8)

Basic equations

The complete formalism describing the chemical evolution of galaxies used to support

the photometric code, can be found in Tantalo et al. (1996). In the last chapter of this

thesis (see Chap. 6), this formulation will be expanded to a multi-zone system with

dust, in order to build a model of dust formation and evolution in galaxies. Here we

show only the final equation for the chemical evolution of the ISM considered as the

sum of dust and gas, and therefore simulated as a single component. The evolution

of the normalized abundance Gi of the i-th element is given by:

d

dt
Gi (t) = −χi (t)ψ (t) +

∫ t−τMB,l

0
ψ
(
t′
) [
φ (M)Ri (M)

(
−
dM

dτM

)]

M(t−t′)

dt′ +

+ (1 −A)

∫ t−τMB,u

t−τMB,l

ψ
(
t′
) [
φ (M)Ri (M)

(
−
dM

dτM

)]

M(t−t′)

dt′ +

+

∫ t−τMu

t−τMB,u

ψ
(
t′
) [
φ (M)Ri (M)

(
−
dM

dτM

)]

M(t−t′)

dt′ +

+ A

∫ t−τM1,max

t−τM1,min

ψ
(
t′
) [

f (M1)Ri (M1)

(
−
dM1

dτM1

)]

M1(t−t′)

dt′ +

+ RSNIESNI,i +

[
d

dt
Gi (t)

]

inf

−

[
d

dt
Gi (t)

]

out

. (5.2.9)

The first term at the r.h.s. is the depletion of the ISM because of the star formation

process that consumes the interstellar matter; the following three terms at r.h.s. are

the contributions of single stars to the enrichment of the element i, the fifth term
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is the contribution by the primary star of a binary system, the sixth term is the

contribution of type Ia SNe, the following term describes the infall of primordial

material, and finally the last one takes into account the eventual outflow of matter

at the onset of the galactic wind in elliptical galaxies. f (M1) is the distribution

function of the primary M1 mass in a binary system, between M1,min = MB,l/2 and

M1,max = MB,u. RSNI is the rate of type Ia SNe rate , while ESNI,i is the ejecta of

the chemical element i always in type Ia SNe. Further details on the calculation of

yields and the adopted formalism can be found in Chiosi & Maeder (1986), Matteucci

& Greggio (1986) and Portinari et al. (1998). For further analysis of this equation

of the chemical evolution, see Chap. 6 of this thesis where the model is expanded

specifically for disks. We conclude this section remembering that:� As for the IMF, we can choose now between 9 different prescriptions, following

what have been done for the isochrones and SSPs (see Sect. 1.1.4 and Chap.

3 for a detailed analysis about this point). Since at first, we want to check our

models and compare them with observations in order to validate them, we will

not focus at the level of galaxies simulations with the variation of the IMF,

but we will stick on the Salpeter one, eventually varying the ζ parameter. The

calculations of galactic models with different IMFs will be performed in future

works.� As for the Star Formation Rate, we adopt the classical Schmidt function

(Schmidt 1959). Other prescriptions can be used: for a more detailed dis-

cussion of this topic and a list of typical star formation laws, please refer to

Chap. 6.

5.2.2 Main features: disk galaxies or disk of the intermediate types

In the same way as for ellipticals, for disk galaxies or for the disks of intermediate

type galaxies, we adopt an open model, with continuous infall of primordial gas that

builds the disk gradually, as suggested by dynamical studies (Larson 1976; Burkert

et al. 1992). The galactic disk is not divided into concentric cylindrical shells, which

evolve independently, as for instance in Portinari & Chiosi (1999, Portinari & Chiosi

(2000). For the purposes of this analysis, where the chemical code essentially supports

the population synthesis, one-zone formulation is enough: the radial dependence is

no longer present and the disk is modelled as an adimensional object, without a

spatial extension in the radial direction (Talbot & Arnett 1971). Galactic disks are

comfortably described in terms of surface mass density σ(t), which depends on time

t, since in each ring the surface density is growing in time due to gradual infall of

gas. If we indicate with σg(t) the surface gas density, the gas fraction at any time
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t is the ratio: σg(t)/σ(t) while the surface star density is σs(t) = σ(t) − σg(t). In

closed models the total surface density is constant and the other quantities can be

normalized with respect to it; in open models it is suitable to normalize with respect

to the total surface density at the present age of the Galaxy tG, i.e. at the final age

of the model. So the normalized surface gas density is introduced:

G(t) =
σg(t)

σ(tG)
(5.2.10)

In each ring the gas is assumed to be chemically homogeneous, and the normalized

gas density for each chemical species i is:

Gi(t) = Xi(t)G(t) (5.2.11)

where Xi is the fractionary mass abundance of species i;
∑

iXi = 1 by definition.

The chemical evolution of the ISM is the evolution of the set of the Gis (for the

complete formalism, we refer to Portinari et al. (1998)). For disk galaxies, the infall

term is expressed using the mass surface density σ(t), gradually increasing due to the

infall of gas with rate ˙σinf (t). The contribution of the infalling gas to the evolution

of the (normalized) gas fraction G(t) is:

[
d

dt
G(t)

]

inf

=
σinf (t)

σ(tG)
(5.2.12)

and, for each single chemical species i :

[
d

dt
Gi(t)

]

inf

=
σinf (t)Xi,inf

σ(tG)
(5.2.13)

The rate of infall exponentially decreases with the time scale τ :

˙σinf (t) = Ae−
t
τ (5.2.14)

This formulation well reproduces the results of dynamical models (Larson 1976; Burk-

ert et al. 1992; Carraro et al. 1998), with the exception of the radial flows of gas.

The A term is obtained integrating with respect to time t and imposing that when

t = tGal the surface mass density σ(tG) is:

A
(

1 − e−
tG
τ

)
τ = σ(tG) (5.2.15)

For the complete formalism and the whole set of chemical equations, we refer to

Portinari et al. (1998).
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5.3 Models parameters for the bulges

Primary parameters of the elliptical models (or of the bulge component of interme-

diate type models) are:

1. The galactic mass ML(tGal). In the infall models it represents the asymptotic

value which the inflowing material reaches at the final galaxy age. The age

tGal is one of the input of the spectro-photometric code, and it is fixed once

the cosmological framework, and in particular the age of galaxy formation, is

established. In any case, galactic winds, halting the star formation process, in

practice fix the galactic stellar mass to the value already stored in stars at the

age of the gas ejection. For a detailed description of the galactic wind process

and effects on the masses of gas and stars, see Cassarà (2008). Our models have

been calculated for the following values of ML(tGal), to account for different

values of the LBulge/LTot ratio, needed to compare theoretical galaxy colors

with the observed ones:� 0.01765 × 1012M⊙;� 0.03510 × 1012M⊙;� 0.04500 × 1012M⊙;� 0.05500 × 1012M⊙;� 0.06450 × 1012M⊙;� 0.07260 × 1012M⊙;� 0.08160 × 1012M⊙;� 0.08450 × 1012M⊙;� 0.11800 × 1012M⊙;

The only model calculated as a full elliptical galaxy is the last one: the previous

values of mass are intended as the masses of the bulges of the intermediate type

galaxies. The corresponding disk masses are listed in Sect. 5.4. The final mass

value, for each models, is ∼ 1 × 1011M⊙, trying to follow the prescriptions of

Buzzoni (2005) to create a sample of models of disk+bulge galaxies.

2. The ratios RL/RD and ML/MD which fix the gravitational potential and the

effect of dark matter; as already described in Sect. 5.2.2, its value is 5;

3. The exponent k of the Schmidt function: all models have been calculated using

k = 1;
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4. The efficiency ν of the star formation rate. All bulge models have ν = 5, in

order to reduce the number of free parameters. Even if different values of ν

at varying the galactic mass can be used (Tantalo et al. 1996; Tantalo et al.

1998), we decided to fix it. It is worth noticing that in some way the effect

of the ν parameter is not expected to be as strong as in (Tantalo et al. 1996;

Tantalo et al. 1998) models, because the mass range that we are taking into

account is not as large as it was in those works. We are just taking what could

be an average mass of 1011 M⊙ for our galaxy models: not too big and not too

small.

5. The initial mass function (slope and ζ). The slope is kept constant at the

classical value of Salpeter, whereas ζ = 0.5. As pointed in Tantalo et al. (1996),

this is a good choice in order to get models with M/LB ratios in agreement with

the observational data and it allows also to be consistent with the super-solar

metallicities suggested in Buzzoni (2005) for the bulges in intermediate type

galaxies spectro-photometric models.

6. The infall time scale τ . Although the time scale of mass accretion is often

considered as a free parameter of the models, we assume τ = 0.3 for all the

models in order to reduce the number of free parameters.

7. The final age tGal: considering the ΛCDM model and the redshift of galaxy

formation z = zform = 8, we get tGal = 13.09 Gyr.

5.4 Models parameters for the disks

For disk galaxies or for the disk component in the intermediate types, we use the

following prescriptions:

1. The galactic mass ML(tGal). Models have been calculated for the following

values of ML(tGal), linked at the corresponding values of the bulge masses

presented in Sect. 5.3, in order to obtain a global mass for the intermediate

type galaxies of Mdisk +MBulge ≃ 1011M⊙ (see Sect. 5.3). It is worth noticing

that disk galaxies do not experience galactic winds, hence the star formation is

still active at the present age. We refer to Cassarà (2008) for a more detailed

analysis of the chemical evolution, in particular for what concerns the different

star formation histories which characterize both elliptical and disk galaxies.� 0.08700 × 1012M⊙;� 0.07360 × 1012M⊙;� 0.06650 × 1012M⊙;
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As for the elliptical case, we have only one pure disc galaxy (last case): the pre-

vious values of mass are intended as the masses of the disks for the intermediate

cases.

2. The exponent k of the Schmidt function: all models have been calculated using

k = 1;

3. The efficiency ν of the star formation rate. All disc models have ν = 0.35; in

Portinari et al. (1998), ν = 0.50. We have decided to reduce slightly this value

in order to account for the adopted disc metallicity in Buzzoni (2005). If more

elaborate star formation laws would be used to reproduce the star formation

in disc galaxies (Portinari & Chiosi 2000), this value would change in order to

keep the desired metallicity.

4. The initial mass function (slope and ζ). The slope is kept constant at the

classical value of Salpeter, whereas ζ = 0.17. This low value of the ζ = 0.17

parameter is necessary again in order to obtain the metallicities suggested in

Buzzoni (2005) for the disk, that is assumed with a metallicity equal or even

lower that the typical LMC one, that is Z . 0.008. Buzzoni (2005) assumes

Z ≈ 0.006.

5. The infall time scale τ . We assume τ = 3 in order to account for a more time-

extended star formation in disk galaxies (Portinari & Chiosi 1999; Portinari &

Chiosi 2000).

6. The final age tGal: considering the ΛCDM model and the redshift of galaxy

formation z = zform = 8 we get in the same way as for the disks tGal = 13.09.

5.5 SEDs of galaxies of different morphological types:

parameters

Details about the spectro-photometric code and the models of galaxies of different

morphological type, calculated by means of evolutionary population synthesis, can
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be found in Chap. 4, while for what concerns the meaning of all the input parameters

read by the main file of the spectro-photometric code Galaxy2012.f90, we refer to

Cassarà (2008). Here we summarize and discuss only the most important parameters,

distinguishing, as usual, between the bulge component of an intermediate type galaxy

(or the elliptical galaxy) and the disk component (or the disk galaxy):

Bulge component or Elliptical galaxy� rM
c : scale radius of the interstellar medium in King law, see Sect. 4.1.2: its

value is 0.5 kpc. Before the onset of the galactic wind, the gas is made up of

molecular clouds with active star formation and diffuse interstellar medium.

Indeed, we need the length scales of MCs, diffuse ISM and stars, which, for the

sake of simplicity, have the same value of 0.5 Kpc. For the effects related to

the variation of scale radii, see Piovan et al. (2006a).� r∗c/r
M
c : this parameter allows for the splitting up between the distribution

of gas and stars on two different scale radii. For our purposes, we suppose

that both components have the same spatial distribution; however, it could be

plausible a different distribution of diffuse gas after the onset of the galactic

wind (indeed it would be located more externally with respect to stars, see

Cassarà (2008) and Chiosi & Carraro (2002)).� γ∗: 1.5, see Sect. 4.1.2;� γMC : 1.5, see Sect. 4.1.2;� γgas: 0.75, see Sect. 4.1.2;� fgasmol: 0.8; this parameter fixes the amount of molecular gas present in the

galaxy at the age with the peak of star formation, with respect to the total gas.

This value is then used to scale proportionally the amount of MCs at different

ages of the evolution of the galaxy. Indeed, we assume that star formation

occurs in the cold MCs and therefore they should be dominant in the ISM at

the peak of SFR. For elliptical galaxies or bulges it has been used only before

the onset of the galactic wind, after which the star formation process halts.

After, no more star formation occurs.� t0: 30 × 106yr; we adopt this value since it is plausible that MCs in ellipticals

and bulges, where the star formation occurs, are embedded in a primordial

high-density environment. In consequence of this hence requiring more time to

disrupt this dense environment, respect to MCs of disk galaxies (Sect. 4.3).� ellfracgas: 0.015, as explained in details in Cassarà (2008).
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Disk component or disk galaxy� z∗d : 0.4 kpc, see Sect. 4.1.2;� zgas
d : 0.4 kpc, see Sect. 4.1.2;� R∗
d: 5 kpc, see Sect. 4.1.2;� Rgas
d : 5 kpc, see Sect. 4.1.2;� fgasmol: 0.6; as already explained, this parameter indicates the amount of

molecular gas (and then the amount of molecular clouds) present in the galaxy

at the age of the peak of star formation. We use this value following Piovan

et al. (2006b), who took into account estimates of the masses of H2 and HI/HII

obtained from observations of late-type galaxies in the local universe;� t0: 6×106yr, Sect. 4.3; for the disk components or disk galaxies, we consider a

shorter evaporation time scale than the one for elliptical galaxies, assuming that

the environment of star formation never reaches such high-densities. Again, we

follow the prescription of Piovan et al. (2006b) and we use the approximation

that the evaporation time scale of galaxies in the local universe will be the

same along the whole galaxies evolution. Indeed, the regular star formation of

disk galaxies suggests a time scale with small variation along the hubble time.

5.6 SEDs of galaxies of different morphological types:

results

5.6.1 SEDs at the tGal = 13.09 Gyr

In this section we present theoretical SEDs for galaxies of various morphological

types, taking into account the contribution of the different physical components to

the whole galaxy emission. The analyzed age is the final age of the models, that it,

t = tGal = 13.09 Gyr, calculated considering as redshift of formation zform = 8, in

the current cosmological framework.
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Figure 5.1: SED of the model elliptical galaxy of M = 1011M⊙ (black continuous line). We

represent also the emission of both graphite and silicate grains (red dot-dashed line), the emission

of PAHs (green dotted line), and the SED where only the extinction effect of the MCs is included

(yellow continuous line).

Respectively, these figures show:� Fig. 5.1: SED of the model elliptical galaxy of 1011M⊙(black continuous line).

We represent also the emission of both graphite and silicate grains (red dot-

dashed line), the emission of PAHs (green dotted line), and the old stellar

population extinguished only for the MCs effect (yellow continuous line);� Fig. 5.2: SED of the model S0a galaxy, with MBulge = 0.045 × 1011M⊙ and

MDisk = 0.0665 × 1011M⊙: as in the following section will be explained, the

morphological classification of our intermediate models have been done consid-

ering the theoretical [B − V ] and [U − B] colors. The luminosity of the same

physical components as in Fig. 5.1 is represented; for this model and the fol-

lowing three intermediate ones we can observe the contribution of the emission

of MCs (blue dashed line) due to the star formation still active in the disk.

This effect can not be appreciate in the case of an elliptical galaxy since the

galactic wind swept off the ISM hence stopping the star formation.� Fig. 5.3: SED of the model Sbc-Sab galaxy, with MBulge = 0.0351 ×M⊙ and

MDisk = 0.0736×M⊙. As in the previous figure, together with the global EPS

with the contribution of dust, we observe the emission of graphite and silicate
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Figure 5.2: As in Fig. 5.1, but for a S0a galaxy of Mtot = 1011M⊙. The meaning of the lines is

the same as in Fig. 5.1, but for S0a we can also appreciate the emission of MCs (blue dashed line),

which is lacking in the previous case since the onset of the galactic wind halted the star formation.

grains, the emission of PAHs, the old stellar population extinguished only for

the MCs effect (and not for the effect of extinction of the diffuse interstellar

dust) and, finally, the emission of MCs.� Fig. 5.4: SED of the model disk galaxy of 1011M⊙ with the contribution of the

different physical components at the whole galaxy emission.

It is evident that the shape of the SEDs of the various components gradually changes

passing from the elliptical model to the disk model: few differences can be observed

comparing the two intermediate galaxy types. These considerations hold for the

models at 13.09 Gyr (z=0):� For the elliptical model: the global emission (black continuous line) shows a

peak in the UV (thus reproducing the ultraviolet excess observed in elliptical

galaxies) and a weak IR peak, which is clearly due to a poor amount of dust

grains in the diffuse medium (there is no contribution of the molecular clouds at

the emission in the IR region since star formation has stopped). The extinction

effect is weak since at the final age of the galaxy small amounts of gas and dust

are present.� For the disk model: both the environments with the presence of dust, namely
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Figure 5.3: The same as in Fig. 5.1, but for a Sbc-Sab galaxy of Mtot = 1011M⊙. The meaning of

the lines is the same as in Figs. 5.1 and 5.2.
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Figure 5.4: The same as in Fig. 5.1, but for a disk galaxy of M = 1011M⊙. The meaning of the

lines is the same as in Figs. 5.1 and 5.2
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the diffuse interstellar medium and the star forming regions, contribute to the

IR luminosity in significant amount and both play a role in the extinction of

the UV/optical radiation;� For the intermediate types (disk plus bulge): the emission of the different

components is quite similar to those of the disk model. However, in the UV

region, the SED where the stellar population is extinguished only for the MCs

effect (yellow lines - taking into account only the effect of obscuration of young

stars) and the total emission (black lines) are in practice indistinguishable

for λ & 0.5µm, while as shown in Fig. 5.4 for disk model they are clearly

separate. This is ultimately due to the smaller amount of gas still present in

the intermediate model compared to the disk only model. Indeed in the former

case the galactic wind swept away all the gas in the bulge, whereas in the disk

the galactic wind is not active.

The contribution of the PAHs, silicates and graphite grains grows going from the

elliptical model to the disk model; this effect is due, as already pointed out, to the

small amount of dust and gas present in the elliptical galaxy at the final age, whereas

in disk galaxies (assuming, as already noted, the infall model and the Schmidt law

for star formation) the star formation continues until the present age. As a conse-

quence of this, at every age, spectro-photometric models will contain all the physical

components, as we have just seen: newly born stars still embedded in their parental

molecular cloud, stars of various ages and metallicities free from molecular clouds

and, finally, a substantial contribution of the diffuse ISM.

Some considerations about the galactic wind

When the thermal energy of the gas in the galaxy, heated by the SNe explosions, by

stellar winds and UV radiation from massive stars and cooled by radiative cooling

processes, equals or exceeds its gravitational potential energy:

Eth(t) ≥ Ωg(t) (5.6.1)

the phenomenon known as galactic wind occurs: in the chemical simulations, when

the thermal energy exceeds the binding potential energy, the star formation is stopped

and all the remaining gas at that time in the galaxy is ejected. This is obviously a

rude approximation of the real situation, since it implicitly assumes that:� the energy is immediately stored and distributed homogeneously in the gas;� the condition expressed by Eq. 5.6.1 occurs contemporaneously on the whole

gas content.
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This is not completely accurate because:

1. it is plausible that cavities and tunnels of hot gas can be formed (Matthews

& Baker 1971), and the distribution of energy injected into the gas is not

homogeneous;

2. the galaxy is a three-dimensional object, the gas is distributed throughout

the galactic volume: the onset of galactic wind will therefore be a gradual

phenomenon, which will concern particularly the gas located in the outer part

of the galaxy. The amount of gas which leaves the galaxy is therefore a fraction

of the total amount and it gradually leaves the galaxy in a continuous loss-

process rather than in a single episode.

When the galactic wind occurs?

Some assumptions about the distribution of baryonic and dark matter are required,

together with the efficiency of different heating and cooling processes, in order to

correctly (a) evaluate the total gravitational potential and (b) describe the thermal

evolution of the galaxy. The models in literature show that galactic winds typically

occur for tgw < 1 Gyr, later in massive elliptical galaxies and earlier in low mass

galaxies (Arimoto & Yoshii 1987; Bressan et al. 1994; Gibson & Matteucci 1997;

Tantalo et al. 1996; Tantalo et al. 1998; Chiosi et al. 1998). In our models of

elliptical galaxies, the star formation is virtually complete within the first Gyr when

the onset of the galactic wind occurs, in agreement with the values proposed in

literature. Indeed, the peak of star formation occurs, depending on the mass, within

0.50 Gyr - 1.0 Gyr. After the onset of the galactic wind we have no more star

formation and no more young stars embedded in MCs contributing to the total SED.

Anyway, the amount of gas still rise, because of the mass loss of AGB and RGB

stars, but star formation is in practice completed.

Disk galaxy: the effect of inclinations

Disk galaxies can be observed along different inclinations toward the observer. In

our models four inclinations are available and obviously, we expect the final SED

to be different according to the viewing angle. The available angles in the code are

described in Chap. 4. The choice of these values is arbitrary, but we wanted anyway

to cover with different cases the range between face-on and edge-on galaxies, extreme

cases included.

Differently from what happens for the models of elliptical galaxies which are sub-

jected to the spherical symmetry, the luminosity emitted from an edge-on spiral

galaxy will be heavily absorbed due to the equatorial dust lane between the stars
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Figure 5.5: SED of the model disk galaxies of M = 1011M⊙ for different viewing angles.

and the observer, and will present a pronounced peak in the IR region of the spec-

trum. The same galaxy seen face-on will show a less intense FIR emission and a more

intense emission in the UV/optical region compared to the edge-on model. The Fig.

5.5 shows the total emission of the model disk galaxy of 1011M⊙ according to different

inclinations. The SEDs for this galaxy show as expected, the opposite trend of the

IR emission and extinction in the UV-optical region (for the sake of illustrations, the

range of the y-axis in this figure is shorter than the y-axis of the corresponding Fig.

5.4). For λ ≥ 150µm, the edge-on emission of the dust is greater than the emission

at all the other inclinations. Vice-versa in the UV-optical region: as expected, for

the edge-on galaxy, the emission is lower than for the other inclinations. It is clear

that every time that we consider SEDs, colors or magnitudes of dust-rich galaxies

that are not spherically symmetric, thus introducing the dependence on the viewing

angle, the results are significantly different depending on the angle. For the same

model they span a range of possible SED and magnitudes.

5.6.2 Evolutionary models

While in Sect. 5.6.1 we analyzed the SEDs of modelled galaxies at the final age, now

we present evolutionary models, still considering galaxies of various morphological

types, namely elliptical, E-S0, S0, Sab, Sab-Sbc and disk (Sd) models. The panels of

Fig. 5.6 - upper panel: elliptical galaxy; middle panel: E-S0 galaxy; lower panel:

S0 galaxy - and 5.7 - upper panel: Sab galaxy; middle panel: Sab-Sbc galaxy;

lower panel: disk galaxy (Sd) - show how the total EPS emission of the models
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changes at varying the age along the Hubble time according to the morphological

type, assuming a redshift of formation of the galaxies zfor = 8 (corresponding to

13.09 Gyr at z = 0 with the current cosmological model).
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As we can see, for the elliptical model at t=0.085 Gyr, the emission is strongly

concentrated in the IR region of the spectrum: the large amount of dust present in

the galaxy at this age absorbs the young stars emission in the UV/optical region,

and it re-emits this luminosity in the IR. These young stars play a key role in the

early stages of galaxy evolution, because of intense star formation heavily obscured.

Immediately after the onset of the galactic wind, (which, we stress, it is supposed

to occur simultaneously for the entire gas content of the galaxy), the gas is swept

away and the star formation is halted. One can assume that the star formation is

virtually complete when t = tgw. We can therefore explain the SEDs of the elliptical

galaxy for the ages 2.55, 5.66 and 13.09 Gyr: they represent the aging of a stellar

population becoming older and older with a small diffuse gas and dust content. The

diffuse medium absorbs the stellar radiation in small amount, while the majority of

the emission is due to cool stars in the NIR region. For the S0 models, the presence

of a small disk component allows star formation to never stop. It follows that, even if

for t=0.085 Gyr the SED is quite similar to the elliptical galaxy model and dominated

from dust emission, for the other ages the SED is very different and the diffuse ISM

significantly contributes to the MIR/FIR emission. It is also interesting to observe

that the PAHs features appear only after a significant enrichment in metals: this is

due to the choice of the Weingartner & Draine (2001a) extinction curves. At low

metallicity we adopt their SMC flat curve with a poor or negligible contribution of

the PAHs. Finally, the UV emission is much stronger than in ellipticals, as expected,

since in S0 models there is a component (the small disk) never ending star formation.

In the Sab, Sab-Sbc and Sd (disk) model, we see that, since the disk mass is growing,

the amount of dust is growing as well and its effects are more and more pronounced.

The total emission increases with time, reaches a maximum in correspondence of

the peak of the star formation (both in the optical region and in the IR) and then

decreases with the decrease of the star formation rate, according to the typical SFH .

used as input for disks (Piovan et al. 2006b; Cassarà 2008). As already pointed out,

the star formation does not fall sharply as for elliptical galaxies: it reaches a peak

and then slowly declines, but it proceeds until the present age. It is worth noticing

that for t=0.085 Gyr, the spectral energy distribution is strongly located in two peaks

(FIR and UV); at increasing the age, the trend is smoothed since intermediate-age

and old stars contribute significantly to the 1µm emission. For the late type models

it is even more evident than for the S0, the behaviour of the PAHs features with the

metallicity: the low Z extinction curves introduced in our models and based upon

the SMC curve, produce high-z models with PAHs features not strong. Finally, for

the full disk model, there is not a phase in the early stages of the evolution where

the galaxy is dominated by the FIR emission. Indeed, we miss in this case the strong

and heavily obscured burst of star formation of the bulge. Along the whole evolution
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Figure 5.6: Time evolution of the SED of modelled galaxies of early morphological types - upper

figure: elliptical; middle figure: E-S0; lower figure: S0 - of M = 1011M⊙ for four significative

ages, as the legend indicates.
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Figure 5.7: Time evolution of the SED of modelled galaxies of late morphological types - upper

figure: Sab; middle figure: Sab-Sbc; lower figure: Sd-Irr (disk), of M = 1011M⊙ for four

significative ages, as the legend indicates.
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a more regular process of star formation unrolls.

5.7 Theoretical and observed galaxies colors

In this section we examine the theoretical colors obtained from SEDs of galaxies of

different morphological types and we compare our results with some observational

data available in literature.

In Buzzoni (2005), a set of evolutionary population synthesis models for template

galaxies along the Hubble morphological sequence has been presented. The models

account for the individual evolution of bulge, disk and halo components and they

provide basic morphological features, along with bolometric luminosity and color

evolution, between 1 and 15 Gyr.

Indeed, a tight relation exists between integrated colors and morphological type,

through the relative contribution of bulge and disk stellar populations (Arimoto &

Jablonka 1991). Ongoing star formation, in particular, is a key mechanism to modu-

late galaxy colors, especially at short wavelength (Larson & Tinsley 1978; Kennicutt

1998), while visual and infrared luminosity are better sensitive to the global star

formation history (Quirk & Tinsley 1973; Sandage 1986; Gavazzi & Boselli 1996).

The models of Buzzoni (2005) especially deal with the stellar component, which is

obviously the prevailing contributor to galaxy luminosity in the UV-optical region.

Residual gas acts more selectively on the SED by enhancing monochromatic emis-

sion, like for the Balmer lines. However, as far as galaxy broad-band colors are

concerned, in the present age range, its influence is negligible and can be treated

apart. Internal dust could play, on the contrary, a more important role, especially

at short wavelength (λ . 3000 Å).

Metallicity and stellar birth rate are constrained by comparing with observations

and other theoretical studies. For other details about operational tools and models

set-up see Buzzoni (2005).

As presented in the previous sections and chapters of this thesis, our models are

quite different from the Buzzoni ones: first of all, we do not consider the contribution

of the halo component, since only disk and bulge are included. However, this point

should not be a point of strong disagreement, because the halo plays a secondary role

in the mass and luminosity budget. Moreover, our models consider the contribution

of dust at different levels, (see Chap. 4), even if, as already pointed out, we still

kept the opportunity to calculate the so-called classical EPS, hence excluding the

contribution of dust to the galaxy emission that will be a stars-only spectrum. This

is useful in order to compare eventually the models with classical EPS (Bressan et al.

1994; Buzzoni 2002; Buzzoni 2005).

Another difference with Buzzoni (2005) is that we do not simply adopt a law of
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star formation, but the models stand on a robust code of chemical evolution that

assuming a suitable prescription for gas infall, IMF, star formation rate and stellar

ejecta provides the total amounts of gas and stars present at any age together with

their chemical history (Chap. 6) (Chiosi 1980; Tantalo et al. 1996; Tantalo et al.

1998; Portinari et al. 1998; Portinari & Chiosi 1999; Portinari & Chiosi 2000; Pi-

ovan et al. 2006b). We already discussed the pros and cons of the chemical code,

which, we remember, is a one-zone model. Another important difference between

the two population synthesis techniques is the adopted star formation rate: we use

the classical Schmidt law, (see Sect. 5.2.2), while in Buzzoni (2005) a power law such

SFR = Kt−η with η < 1 is used (we refer to the original papers for more details).
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Figure 5.8: Galaxy color distribution (upper panel: [B-V] vs. bolometric morphologi-

cal parameter S/T=LBulge/LTot; lower panel: [U-B] vs. bolometric morphological parameter

S/T=LBulge/LTot). Data are from Pence (1976) (magenta stars), Gavazzi et al. (1991) (blue stars),

Roberts & Haynes (1994) (red stars) and Buta et al. (1994) (black stars). All the data have been

properly corrected by dust extinction. The red star located at ∼ S/T= 1 represents the mean color

for ellipticals (Buzzoni 1995). Our theoretical colors are indicated with green diamonds and cyan

triangles: they have been calculated, respectively, by means of the EPS with dust and EPS corrected

for the contribution of dust.

As already mentioned, we choose to fix the chemical parameters for the modelled

galaxies in order to account for the required LBulge/LTot, as explained below. Buz-

zoni (2005) calibrated, for each Hubble type, a morphological parameter defined as

S/T = L(spheroid)/L(tot). As the S/T calibration does not vary much at infrared

wavelength, he fixed the I luminosity as a reference for the model setup.
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In our simulations, this ratio can not be determined a priori ; indeed, we start

from the spectral energy distribution of a certain modelled galaxy (obtained using

the galactic spectro-photometric code), for which we fixed a priori the asymptotic

infall mass, and then the resulting SED becomes the input of the photometric code,

which calculate colors and magnitudes in different photometric systems (see Chap.

2 for a complete treatment of the subject). We also introduced the possibility to

calculate and obtain not only magnitudes and colors, but also luminosities, since in

literature data sometimes are available as luminosities, for example in studies of the

fundamental plane. In particular, in our case this output luminosity, for disk and

bulge, is used a posteriori to get clues about the initial asymptotic mass that should

be used as input. Carefully proceeding in this way, it is possible to finally obtain the

correct initial values for disk and bulge in order to be consistent with the S/T ratios

for the different morphological types.

If all the parameters have been fixed, in particular the metallicity (hence ζ, τ , ν,

see Sects. 5.3 and 5.4), we found that there is an almost-linear relation between

the mass of the bulge component (the mass of the corresponding disk follow from

Mdisk,⊙ = 1011 −Mbulge,⊙, since all the intermediate types have the same total mass

of 1011M⊙) and luminosity.

As explained in Buzzoni (2005), observations of the central bulge of the Milky

Way show that it mostly consists of metal-rich stars (Frogel 1988; Frogel 1999) and

this seems a quite common situation also for external galaxies (Jablonka et al. 1996;

Goudfrooij et al. 1999; Davidge 2001). The exact average value of the bulge metal-

licity, however, has been subject to continual revision in the recent years, ranging

from a marked metal overabundance (i.e. [Fe/H] ∼ +0.2, (Whitford & Rich 1983;

Rich 1990; Geisler & Friel 1992)) to less prominent values, actually consistent with a

standard or even slightly sub-solar metallicity (Tiede et al. 1995; Sadler et al. 1996;

Zoccali et al. 2003; Origlia et al. 2005). According to these arguments, for the bulge

component in his intermediate type galaxies Buzzoni (2005) adopts an SSPs with

[Fe/H]= +0.22. He chose to maintain a super-solar metallicity for the bulge com-

ponent, in better agreement with the observations of external galaxies. For the disk

component, relying on the observed colors of present-day galaxies (Buzzoni 2005)

adopted [Fe/H]disk = −0.5 dex as a luminosity-weighted representative value for his

models. As pointed out in Buzzoni (2002), this value roughly agrees with the Milky

Way stellar population in the solar neighborhood (Edvardsson et al. 1993), and is

in line with the Arimoto & Jablonka (1991) theoretical estimates, suggesting a mean

luminosity-weighted [Fe/H]disk ∼ −0.3 dex for their disk-dominated galaxy models.

In order to account for the prescription of Buzzoni (2005), two different sets of

galactic models have been prepared: their parameters have been discussed in Sects.

5.3 and 5.4. The only difference between the sets concerns the final metallicity.
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Figure 5.9: The same as in Fig. 5.8, but now only theoretical colors for EPS with dust are shown:

the different symbols and colors indicate different viewing angles. Black triangles: galaxy seen edge-

on; blue squares: galaxy observed at an angle of 60◦ measured respect to the galactic equatorial

plane; red diamonds: galaxy observed at an angle of 30◦ measured respect to the galactic equatorial

plane; green stars: galaxy seen face-on.

Indeed, our chemical code does not allow (unless we force the input parameters to

extreme values) to reach a super-solar metallicity for the bulge components, in par-

ticular at decreasing the mass. For realistic inputs, our bulges reach solar or only

slightly super-solar metallicities. Also for the disk component, we can not reach eas-

ily the low value suggested by Buzzoni (2005): the metallicity of our disks tends to

be slightly higher. The fundamental parameters that must be varied in order to play

with the final metallicities of disk and bulge is the ζ parameter. Slightly super-solar
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metallicity (for the bulge) and a bit less than the average LMC metallicity (for the

disk) are the best values that can be obtained for plausible ζ for Salpeter IMF with

total asymptotic mass 1011. We kept these values in order to maintain the general

property that in any case the bulge (Z & 0.02) is more metal rich than the disk

(Z . 0.008). In order to evaluate the effect due to different values of the metallicity

for the two galaxy components, disk and bulge, we decided to calculate two different

set of models:� the first set stands on the parameters already discussed in the previous sections.

In this case, the galactic code, performing the EPS, will interpolate between

SEDs of SSPs taking for each of them the metallicity predicted by the chemical

code at the time when that stellar population was born.� the second set stand on the same parameters, but in this case we forced the

galactic code by fixing the metallicities of disk and bulge according to same

values adopted in Buzzoni (2005). In this case there is no interpolation on the

SEDs of SSPs in metallicity, because it is fixed for both disk and bulge.

The results of our simulations, together with the observed colors, are shown in

the Figs. 5.8, 5.10 and 5.9. They represent galaxy color distribution, that is (upper

panel: [B-V] vs. bolometric morphological parameter S/T=LBulge/LTot; lower

panel: [U-B]) vs. bolometric morphological parameter S/T=LBulge/LTot. Data are

taken from Pence (1976) (magenta stars), Gavazzi et al. (1991) (blue stars), Roberts

& Haynes (1994) (red stars) and Buta et al. (1994) (black stars). The red star

located at ∼ S/T= 1 is the mean color for elliptical galaxies (Buzzoni 1995). All

the data have been reddening corrected by the respective authors. In Fig. 5.8, our

theoretical colors are indicated with green diamonds and cyan triangles: they have

been calculated, respectively, considering EPS with dust and EPS corrected for the

extinction of dust, namely the classical bare EPS. These colors are obtained fixing,

as already explained, the metallicity of both disk and bulge components. In Fig.

5.10, our theoretical colors are instead indicated with green stars and red diamonds:

again, they have been calculated considering EPS with dust and the classical EPS

without the contribution of dust. For for these models we only fixed the chemical

parameters as discussed in Sects. 5.3 and 5.3, thus leaving the spectro-photometric

code free to correctly interpolate in metallicity, following the input pattern obtained

with the chemical simulations. Finally, in Fig. 5.9, only theoretical colors starting

from SEDs of EPS models with dust have been plotted, but taking into account the

effect of the viewing angle (see Sect. 5.6.1).

The agreement of our simulations with the data is good and the following consider-

ations hold:
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region of the data, that are corrected for extinction, are the dust-free ones:

between the classical EPS and the EPS with dust there is a difference of ∼ 0.2

for both colors. This difference can be easily explained since the colors in the

plots are all in the optical region, thus being all absorbed by dust, with more

extinction for the bands at shorter wavelengths. A stronger difference would be

observed in optical - near IR colors, since the near IR radiation is less absorbed

by dust.� the effect of dust is more evident in late-type galaxies, more rich of gas and dust;

for the elliptical model, at the present age (all these models have been calculated

from z=zfor to z=0, that is tG = 13.09 Gyr) only a small amount of dust is still

present (see for example the previous discussion, Sect. 5.6.1). Colors obtained

using EPS with or without dust are in practice indistinguishable, while the

differences increase going from early-type toward late-type galaxies;� the effect of the metallicity is evident but not so remarkable: the same trend

is followed by the theoretical colors, for both cases with fixed and not fixed

metallicity, Figs. 5.8 and 5.10. This suggests that the our realistic model,

where we simply took the chemical model as EPS input without artificial input

hypothesis, well behave in reproducing the observations.� the effect of the inclination of the disk component in the intermediate type

models is obviously the same already discussed in Sect. 5.6.1: the absorption

due to dust is more spectacular when the galaxies are observed edge-on.

5.8 Evolutionary and Cosmological Corrections

In this section we want to present some preliminary results obtained extending our

colors and magnitudes to redshift z>0 and comparing our models with some available

observational data. When we consider a source observed at redshift z, we need to

take into account that the photon is observed at a wavelength λ0, but it was emitted

by the source at a wavelength λe, and these two are related by:

λe = λ0/(1 + z). (5.8.1)

A source that has an apparent magnitude m, observed through a photometric

pass-band, is related to its absolute magnitude M , in the emitted-frame pass-band,

and to the K-correction, Kcorr, in the following way:

m = M +DM +Kcorr, (5.8.2)
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Figure 5.10: As in Fig. 5.8, but here the metallicity of the models is not fixed as in Fig. 5.8 (see

the text for more details about this point).

where DM is the distance modulus, defined by

DM = 5log10

(
DL(z)

10pc

)
, (5.8.3)

being DL(z) the luminosity distance and 1pc = 3.086 × 1018cm.

If the source is at redshift z, then its luminosity is related to its spectral density

flux (energy per unit time per unit area per unit wavelength) by

L(λe) = 4π(1 + z)D2
Lf(λ0), (5.8.4)

where f(λ0) is the monochromatic flux of a galaxy (for all the details about the
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flux in the calculation of magnitudes and colors see Chap. 2). The K-correction is

defined as:

Kcorr = 2.5log10(1 + z) + 2.5log10

[
L(λ0)

L(λe)

]
. (5.8.5)

or by the equivalent formula in frequency:

Kcorr = −2.5log10(1 + z) + 2.5log10

[
L(ν0)

L(νe)

]
(5.8.6)

In order to take a fair comparison between the samples at different redshifts, we

must correct the photometric properties of our observed galaxies (magnitudes, col-

ors, etc.) into rest-frame quantities by applying K-corrections. Moreover, we must

also correct these rest-frame quantities for the expected evolutionary changes over

the redshift range studied. These evolutionary corrections are performed adopting

our modelled galaxies of different morphological types (elliptical, intermediate types,

disk) presented in Sect. 5.6.2 for the galaxy spectral energy distribution (SED) and

its evolution with redshift. The K- and E-corrections are generated taking advantage

of the SEDs calculated with the stellar EPS technique. In this way we can recover

the evolution of the absolute magnitudes, colors and luminosities as a function of the

redshift z, including the effect of the K- and E-corrections on the SED of our model

galaxies.

For galaxies, the cosmological K(z) and evolutionary E(z) corrections are conven-

tionally given in terms of magnitude differences:

K(z) = M(z, t0) −M(0, t0), (5.8.7)

E(z) = M(z, tz) −M(z, t0), (5.8.8)

where M(0, t0) is the absolute magnitude in a pass-band derived from the rest

frame spectrum of the galaxy at the current time, M(z, t0) is the absolute magnitude

derived from the spectrum of the galaxy at the current time but redshifted at z, and

M(z, tz) is the absolute magnitude obtained from the spectrum of the galaxy at time

tz and redshifted at z.

The absolute magnitude, M(z), in some broadband filter and at redshift z, is

given by:

M(z) = −2.5 logL(z, t(z)), (5.8.9)

and, passing to apparent magnitudes,

m(z) = M(z) + E(z) +K(z) +DM(z). (5.8.10)
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Obviously, the relation between the cosmic time t and redshift z, t(z), of a stellar

population formed at a given initial redshift zf , depends on the cosmology considered

and the parameters adopted. Since we will simply check our SEDs with the luminosi-

ties of the Takeuchi et al. (2010) database (T. T. Takeuchi - provate communication

2012), it is useful to remind how to get the luminosities back from the apparent AB,

ST and Vega magnitudes. We have that the luminosity in a pass-band is:

L (ν0) ∆ν0 = L (λ0) ∆λ0 = 100.4K(z)4πD2
L (z) · 10−0.4(mAB+48.60)∆ν0 (5.8.11)

since ν0·fν0 = λ0·fλ0, ν0·fν0 = νeL (νe) /(4πD
2
L (z)) and λ0·fλ0 = λeL (λe) /(4πD

2
L (z)).

∆ν0 and ∆λ0 are the integrals of the filter over the pass-band. A similar equation

holds for Vega and ST system, just using the correct photometric constants and

remembering that from ST and VEGA we get a monochromatic flux for Angstrom

and not for Hz. The database by Takeuchi et al. (2010) in particular is available

in monochromatic fluxes normalized to the pivotal wavelength and not corrected for

E(z) and K(z). That is, simply:

νeL (νe) = 4πD2
L (z) f (ν0) ν0 (5.8.12)

when required, we will stick to their observed quantity, without introducing the E

and K-corrections.

5.9 Comparison with the observations

Huge surveys, from earth or space, allow nowadays to obtain a big amount of data at

different redshifts and in different wavelengths, from the UV to the FIR. The main

characteristic of these deep photometric surveys detecting a large number of galaxies

is that a significant fraction of the detected objects appear as a point source. They

can nor be easily distinguished from single stars, neither easily classified from a mor-

phological point of view. It follows that the photometric study of their properties is

crucial, also in order to produce some morphological classification. In this thesis, first

we took into account two deep catalogues, COSMOS e GOODS, over which Tantalo

et al. (2010) selected an extended sample of early type galaxies. For more details

about these surveys see Chap. 2. This morphological selection can be done with an

automatic pipeline able to separate the objects by means of their bi-dimensional dis-

tribution of the light: this is the case of the first catalogue COSMOS. In the GOODS

database, however, it is possible to select in a more appropriate way by means of

a correlation between a catalogue of spectroscopic and photometric redshifts and a

morphological catalogue. For all the details about the GOODS and COSMOS sam-

ples see Cassarà (2008), Tantalo et al. (2010). In Figs. 5.11 and 5.12 the selected
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COSMOS sample is represented (bottom panels), where we distinguishes Early-

Type galaxies by means of a parameter Tphot which for the galaxies of interest is

Tphot ≤ 1.1 (Tantalo et al. 2010). In Figs. 5.13, 5.14 and 5.15 (bottom panels)

we show the sample of early-type galaxies obtained from the GOODS survey, where

ellipticals have been selected with a cross-correlation between various catalogues. In

particular Early-Type Galaxies with photometric estimate of the redshift are repre-

sented in a different way (blue filled circles) than the objects for which there is a

spectroscopic estimate (light blue empty circles).
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In Figs. 5.11 and 5.12, upper panels, we represent the evolution with the redshift

of the COSMOS colors BJ − r+ e KS − r+ for our models of galaxies of different

morphological types. We represent three cases, in order to take into account the

whole range of morphological types: (1) an elliptical galaxy, for which two masses

1010M⊙ and 1012M⊙ have been calculated, since the selected data sample is made

by early type galaxies: (2) an Sab model, thus characterized by disk and bulge in

significant fraction, with total mass 1011M⊙ and, finally, (3) a disk galaxy (Sd model)

representing the extreme case with no bulge contribution. We also represented the

evolution of the colors with (continuous lines) and without dust contribution (dashed

lines). The agreement with the data for the elliptical galaxy models is good, at least

until z ∼ 1 − 1.5. It is first of all interesting to compare our models with the ones

by Tantalo et al. (2010), that have been obtained with a different technique and

from chemo-dynamical n-body simulations, by adding the contribution of all the star

particles. In the redshift interval 0 < z < 1, where most of the Early Type galaxies

is concentrated, our color presents a better agreement with the observational data,

respect to the model n-body based. The reason for this can be that these n-body

simulations have not been calculated with a number of particles large enough. This

lack of a thin mass resolution produces star particles that are like small dwarf-

galaxies, more than small clusters as it would be desirable. For a statistical effect,

every time that one of the gas particles is converted into stars, in practice we have

a huge amount of newly born stars. The ultimate effect is that there is often a not

negligible contribution to the total integrated light due to young stars and that tends

to keep the colors bluer.

In our simulations, the galactic wind, stops abruptly the process of star formation and

therefore the galaxy evolves almost passively from the redshift of the wind z = ztwind

until z = 0. The lack of young objects makes our colors redder than in Tantalo et al.

(2010).

For intermediate-high redshift 1 < z < 3, the difference between our colors and n-

body EPS colors is significant. We can notice as our colors, much redder, in particular

for the most massive galaxy 1012M⊙ extend toward the region with the blue circles

representing ellipticals. This interval, however, is delicate for our models because

in the chemical simulations supporting the EPS code, the galactic wind starting

at z ∼ 3 is an instantaneous process emptying the galaxy of gas; a more gradual

process as we expect to happen in real galaxies would be more suitable allowing to

avoid fluctuations in the calculated color due to the discontinuity in the evolution

of the gas mass. For redshift higher than z ∼ 3, about corresponding to the onset

of the galactic wind, we have no data to test the agreement between observations

and theoretical colors. We can notice, however, the effect of the dust, by comparing

the dashed (without dust) and continuous lines (with dust). Dust absorbs stellar
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radiation stronger in the band BJ than r+. Both magnitudes grow, but, since the

BJ band is more absorbed, the color becomes redder. As expected the color by

Tantalo et al. (2010) is bluer, similar to our color dust-free.

In the Figs. 5.13, 5.14 and 5.15 we represent the fit of our models with the GOODS

data. Again in the lower panels we see the colors from n-body simulations plus

adapted EPS technique. Again, the agreement of our colors with the simulations is

quite good, at least up to the redshift where the data are available, about z ∼ 1.5.

The irregular behaviour of the colors after the onset of the galactic wind is due to the

approximated treatment of the wind, as already discussed and also to a grid of galaxy

models at varying the redshift that should be more refined in z. In these colors it is

possible to see again the difference between results obtained with dust-free models

and dusty models.

Finally we can analyze the behaviour of the colors for intermediate type and disk

models. The results for COSMOS are quite interesting: the colors tend to stay in

the region occupied by the yellow points, exactly where there are not ellipticals. In

particular for the BJ −r
+ the result is good with a clearly different path in the color-

redshift plane followed by the different morphological types. In the KS − r+-redshift

plane, again the disk pattern develops in the region of the yellow dots, while the

intermediate type models moves in between the two extreme cases. For the GOODS

data we have just ellipticals and we can not say anything on the other morphological

types, even if it can be noticed that in general they tend to stay bluer compared to

the ellipticals, For z > 2.5 − 3 the colors overlap and the situation is more confused.

In Figs. 5.9 and 5.9, to conclude this section, we present a simple comparison

of the luminosities of our models with a sample of data of 607 galaxies of various

morphological type by Takeuchi et al. (2010) observed in different photometric sys-

tems. Of course this sample contains data of objects with a wide range of masses and

morphological types and to properly study these data we would need to calculate

many galaxy models and distribute them in mass. This is beyond the purposes of

this thesis and we leave this to future work. For now we want to use the sample

to simply check that our models are consistent with the luminosity range expected

from the observations. At this purpose we plot the evolution of the monochromatic

luminosity of our models for three massive galaxies (elliptical, intermediate and disk)

of about 1012 M⊙ as asymptotic mass. Since the redshift range of the data, from z=0

up to z=0.16, is small we do not expect for a single mass of our models a significant

evolution in luminosity. This is well verified looking at Figs. 5.9 and 5.9. However,

our average models stay in the range of the observations in all bands, with a range

covered by the different inclinations of the disk. This effect is in particular relevant

for the UV luminosities. For Akari, since dust does not absorb its own radiation

there is no difference between different inclinations and the two lines, continuous
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and dashed one, are coincident. As expected the elliptical galaxy model, present

a low luminosity due to the low content of dust, while the dust-rich morphological

types better agree with the observations.
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Figure 5.11: Cosmological evolution with the redshift for the BJ−r
+ of the survey COSMOS (both

filters are pass-bands of the Subaru telescope). Lower panel: the sample of galaxies represented

is taken from the catalogue of galaxies observed in the COSMOS survey and selected in Tantalo

et al. (2010). The total sample of galaxies is represented in yellow, while the Early Type Galaxies

are represented in blu. The evolution of three models by Tantalo et al. (2010) obtained with a EPS

applied to n-body simulations are also represented for some cosmological scenarios. Upper panel:

evolution of the color BJ −r+ for three models presented in this thesis work or ad-hoc calculated for

this redshift evolution, namely: (1) two elliptical galaxies with masses 1010M⊙ and 1012M⊙ and with

the same choice of the input parameters as in Sect. 5.6.2 (black and blue lines); (2) an intermediate

type model Sab of 1011M⊙ (green line) and (3) a disk galaxy (Sd) of 1011M⊙ (red line). In all the

cases we show the evolution of the color taking into account our dusty EPS (continuous lines) and

classical EPS without dust (dotted lines).
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Figure 5.12: Cosmological evolution with the redshift for the KS −r+ of the survey COSMOS (r+

is a filter of the Subaru telescope, while KS is from the Kitt Peak national Observatory). Lower

panel: the sample of galaxies represented is taken from the catalogue of galaxies observed in the

COSMOS survey and selected in Tantalo et al. (2010). The total sample of galaxies is represented

in yellow, while the Early Type Galaxies are represented in blue. The evolution of three models

by Tantalo et al. (2010) obtained with a EPS applied to n-body simulations are also represented

for some cosmological scenarios. Upper panel: evolution of the color KS − r+ for three models

presented in this thesis work or ad-hoc calculated for this redshift evolution, namely: (1) two elliptical

galaxies with masses 1010M⊙ and 1012M⊙ and with the same choice of the input parameters as in

Sect. 5.6.2 (black and blue lines); (2) an intermediate type model Sab of 1011M⊙ (green line) and

(3) a disk galaxy (Sd) of 1011M⊙ (red line). In all the cases we show the evolution of the color

taking into account our dusty EPS (continuous lines) and classical EPS without dust (dotted lines).
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Figure 5.13: Cosmological evolution with the redshift for the color V (F606W ) − i(FTT5W ) of

the survey GOODS (bands ACS-HST). Lower panel: the sample of galaxies represented has been

selected in Tantalo et al. (2010) and it is built with Early-Type Galaxies with photometric estimate

of the redshift (blue filled circles) o spectroscopic estimate (light blue empty circles). The evolution

of the color V (F606W ) − i(FTT5W ) is shown for three EPS models from n-body simulations in

different cosmological scenarios. See Tantalo et al. (2010) for more details. Upper panel: the

evolution of the color V (F606W ) − i(FTT5W ) for three models presented in this thesis work or

ad-hoc calculated for this redshift evolution, namely: (1) two elliptical galaxies with masses 1010M⊙

and 1012M⊙ and with the same choice of the input parameters as in Sect. 5.6.2 (black and blue

lines); (2) an intermediate type model Sab of 1011M⊙ (green line) and (3) a disk galaxy (Sd) of

1011M⊙ (red line). In all the cases we show the evolution of the color taking into account our dusty

EPS (continuous lines) and classical EPS without dust (dotted lines).
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Figure 5.14: Cosmological evolution with the redshift for the color V (F606W ) − z(F850LP ) of

the survey GOODS (bands ACS-HST). Lower panel: the sample of galaxies represented has been

selected in Tantalo et al. (2010) and it is built with Early-Type Galaxies with photometric estimate

of the redshift (blue filled circles) o spectroscopic estimate (light blue empty circles). The evolution

of the color V (F606W ) − z(F850LP ) is shown for three EPS models from n-body simulations in

different cosmological scenarios. See Tantalo et al. (2010) for more details. Upper panel: the

evolution of the color V (F606W ) − z(F850LP ) for three models presented in this thesis work or

ad-hoc calculated for this redshift evolution, namely: (1) two elliptical galaxies with masses 1010M⊙

and 1012M⊙ and with the same choice of the input parameters as in Sect. 5.6.2 (black and blue

lines); (2) an intermediate type model Sab of 1011M⊙ (green line) and (3) a disk galaxy (Sd) of

1011M⊙ (red line). In all the cases we show the evolution of the color taking into account our dusty

EPS (continuous lines) and classical EPS without dust (dotted lines).
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Figure 5.15: Cosmological evolution with the redshift for the color V (F606W )−KS of the survey

GOODS (V band from ACS-HST, while KS from VLT-ISAAC). Lower panel: the sample of

galaxies represented has been selected in Tantalo et al. (2010) and it is built with Early-Type

Galaxies with photometric estimate of the redshift (blue filled circles) o spectroscopic estimate (light

blue empty circles). The evolution of the color V (F606W )−KS is shown for three EPS models from

n-body simulations in different cosmological scenarios. See Tantalo et al. (2010) for more details.

Upper panel: the evolution of the color V (F606W )−KS for three models presented in this thesis

work or ad-hoc calculated for this redshift evolution, namely: (1) two elliptical galaxies with masses

1010M⊙ and 1012M⊙ and with the same choice of the input parameters as in Sect. 5.6.2 (black and

blue lines); (2) an intermediate type model Sab of 1011M⊙ (green line) and (3) a disk galaxy (Sd)

of 1011M⊙ (red line). In all the cases we show the evolution of the color taking into account our

dusty EPS (continuous lines) and classical EPS without dust (dotted lines).
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Figure 5.16: A comparison of the monochromatic luminosities ν · L (ν) of 3 models

with asymptotic mass 1012 M⊙ with a sample of of galaxies of various morphological

types and masses by Takeuchi et al. (2010). We represent an elliptical galaxy

(black lines), an intermediate type galaxy (blue lines) and a disk galaxy (red lines).

Continuous lines represent the edge-on model, more affected by the ISM extinction,

while dashed lines represent the face-on model. We represent the J, H and K bands

of 2MASS, FUV and NUV from Galex and the u-band from SDSS.
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Figure 5.17: The same as in Fig. 5.9, but for different bands, namely g, r, i, z for

SDSS and two AKARI bands WIDE-L and N160 in the far infrared.
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Chapter 6

A chemical model for the

evolution of dust in the ISM

1

6.1 Dust in spectro-photometric models

As shown in Chaps. 4 and 5, our galactic models consider the contribution of dust.

For this reason we need to know, or to hypothesize in some way, two basic properties

of the dust, that is: (1) the amount of dust in the ISM, namely we need the dust-to-

gas ratio and (2) the relative proportion of carbonaceous grains (PAHs plus graphite

grains) and silicates. This latter point is valid assuming, as we did, a classical ISM

made by three components, silicate grains, graphite grains, and polycyclic aromatic

hydrocarbons (PAHs), but of course more complex models of ISM could be built. As

we have already seen in Chap. 5, a chemical code supporting the EPS is needed to

describe the evolution of the SFR and the enrichment of the ISM in metals, in order

to follow the mass and metallicity of the different generations of stars. Even if most

of classical models are able to follow in detail the evolution of the abundances of the

various elements in the ISM, still only few models are able to follow the evolution of

the dusty component (Dwek 1998; Calura et al. 2008; Zhukovska et al. 2008), and in

few cases they have been applied to population synthesis models with dust (Pipino

et al. 2011). Once we do some hypothesis about the number of dust components

1This chapter of the thesis is based upon the papers L. Piovan, C. Chiosi, E. Merlin, T. Grassi,

R. Tantalo, U. Buonomo and L. P. Cassarà, ”Formation and Evolution of the Dust in Galaxies. I.

The Condensation Efficiencies.”, 2011, submitted to A&A; ”Formation and Evolution of the Dust

in Galaxies. II. The Solar Neighbourhood” and ”Formation and Evolution of the Dust in Galaxies.

III. The Disk of the Milky Way”. See for more details Piovan et al. (2011a), Piovan et al. (2011b)

and Piovan et al. (2011c), submitted to A&A and in the process of revision.
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included, in a more or less realistic way, we need to know how much dust should be

put in the model galaxy.

One possibility, adopted in our simulations, is to simply assume that the amount

of dust (formed with elements like C, Si, Mg, Fe) is proportional to the metallicity:

δ = δ⊙ · Z/Z⊙ (6.1.1)

where δ = Md/MH is the ratio between the mass in dustMd and the mass of hydrogen

MH respectively. If mi is the total mass of the i-th type of grain then Md =
∑

imi,

with mi obtained integrating over the whole distribution of grains at varying their

dimension. So, once known the amount of gas in the modelled galaxy (which is

correlated to its age through the chemical model), the amount of dust in the ISM

depends on δ.

For sub-solar metallicities, this assumption can rely upon the sequence MW-LMC-

SMC decreasing in metallicity and with the same dust-to-gas ratio trend: models of

the MW normally assume δ = 0.01, for the Large Magellanic Cloud δ = 0.00288, and

for the Small Magellanic Cloud δ = 0.00184. This three mean ratios are proportional

(1: 1/5: 1/10), going from MW to SMC (Pei 1992), and this trend is correlated with

the abundances of heavy elements into this three galaxies (1: 1/3: 1/8).

These simple relations about dust-to-gas ratio implies that in first approximation

δ ∝ Z and consequently δ = δ⊙(Z/Z⊙). Indeed, the most dust-rich galaxies are also

the most metal-rich ones, because dust is made by metals. This relation is also in

agreement with Dwek (1998), Dwek (2005), based on evolutionary models for the

composition and abundance of gas and dust in the MW. Nevertheless, this remains

just an approximation. The problem remains crucial for galaxies with metallicities

higher than the MW (because,for example, of a strong star formation quickly enrich-

ing the ISM): in this case we do not have enough information in order to constrain

the dust component. Even if as a first approximation one can assume that the dust

content scale with the metallicity, what about the relative proportions of the various

elements? Which amount should we consider for each component? It may happen

that the relative proportion for the MW is conserved or not. The solution is to

adopt or develop a chemical model, not only able to follow the enrichment and the

distribution of the elements in mass into the gas, but also into the dust. In this way,

the composition of dust and the chemical evolution of the galaxies will be connected.

This model would be able then to constrain, for each dust component included, the

amount and distribution of this component. In this chapter we will present in detail

the effort that has been done in order to include a state-of-art description of the

evolution and formation of dust in galaxies. This description should be then used to

support the spectro-photometric models of galaxies with a more advanced chemical



6.2 Extending the chemical model equations 181

interface. In particular, the Milky Way (MW) has been chosen as the ideal labora-

tory to study the dust cycle (Zhukovska et al. 2008) and its impact on the wider

subject of galaxy formation, with the target to later (1) extend the dusty chemical

model to ellipticals and (2) interface it to out spectro-photometric code. For obvious

reasons, the MW provides plenty of observational data to which we can compare

theoretical predictions, thus setting useful constraints on theoretical simulations and

highlighting the role of the most important physical quantities leading the whole

problem. Once this important step is accomplished, our modelling of the role played

by dust could be extended to other galaxies such as spheroidals , high-z galaxies and

QSOs.

Therefore, we simulated the formation, evolution and composition of dust in the

MW, both locally in the Solar Ring and radially along the Galactic Disk. We built up

a detailed dusty chemical model starting from the pioneering study by Dwek (1998)

and taking into account the more recent ones by Zhukovska et al. (2008), Calura

et al. (2008), Valiante et al. (2009), Gall et al. (2011a), Gall et al. (2011b), Matts-

son (2011), Valiante et al. (2011), Kemper et al. (2011) and Dwek & Cherchneff

(2011). The theoretical model we are building up stems from the basic one with

infall by Chiosi (1980), however updated to the more recent version with radial flows

of matter and presence of a central bar developed by Portinari & Chiosi (2000). The

stellar yields of chemical elements in form of gas are those calculated by Portinari

et al. (1998). The model follows the evolution of the abundances of a number of

elements composing the ISM gas, includes the formation/destruction and evolution

of dust and, finally, follows in detail also the abundances of those elements that are

embedded in the dust grains. To this aims, the model makes use of the best prescrip-

tions available in literature concerning dust accretion, destruction and condensation

in the AGB winds and SNe explosions.

The main observational test will be the data on element depletion provided by the

Solar Ring of the MW to which we will compare our results. At the same time, ob-

viously, classical constraints about abundances in stars, SNa rate, surface densities,

radial gradients and so on should be satisfied in a fully consistent picture.

6.2 Extending the chemical model equations

In classical models of chemical evolution, the Disk of the MW is subdivided in N

concentric circular rings of a certain thickness ∆r, where r is the galacto-centric

distance, in the case of plane geometry or N concentric cylindrical shells if the third

dimension is considered. Each ring or shell is identified by the mid radius rk with

k = 1, ....., N . In most cases, radial flows of interstellar gas and dust are neglected, so

that each ring / shell evolves independently from the others. The physical quantity
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used to describe the Disk is the surface mass density as a function of the radial

coordinate r and time t: σ (rk, t) is the mass surface density at radius rk and time

t. Depending on the model, σ can refer to the ISM (σM), in turn split into dust

or gas (σD or σG respectively), to the stars (σ∗) or to the total mass (simply σ).

At every radius rk, the surface mass density is supposed to slowly grow by infall of

either primordial or already enriched gas and to fetch at the present age tG the mass

density profile across the Galactic Disk for which an exponential profile is best suited

to represent the surface mass density distribution: σ (rk, tG) ∝ exp (−rk/rd), where

rd is the scale radius of the Galactic Disk, that is typically estimated of the order of

4 − 5 kpc. Since the final density profile is a priori known, one may normalize to it

the current total surface mass density of the ISM ”M” (sum of gas and dust),

M (rk, t) =
σM (rk, t)

σ (rk, tG)
. (6.2.1)

Introducing the fractional mass of the i-th generic element we have:

Mi (rk, t) =
σMi (rk, t)

σ (rk, tG)
= χi (rk, t)M (rk, t) (6.2.2)

and therefore the fractional mass abundance χi (rk, t) = Mi (rk, t) /M (rk, t), with
∑

i χi (rk, t) = 1.

Similar expressions can be derived for the dust (indicated by ”D”) and the gas

(indicated by ”G”)

D (rk, t) =
σD (rk, t)

σ (rk, tG)
(6.2.3)

G (rk, t) =
σG (rk, t)

σ (rk, tG)
(6.2.4)

with σM (rk, t) = σG (rk, t) + σD (rk, t) and σ (rk, t) = σM (rk, t) + σ∗ (rk, t), where

σ∗ (rk, t) is the surface mass density of stars. For single chemical elements we may

write:

Di (rk, t) =
χD

i (rk, t)σD (rk, t)

σ (rk, tG)
= χD

i (rk, t)D (rk, t) (6.2.5)

Gi (rk, t) =
χG

i (rk, t) σG (rk, t)

σ (rk, tG)
= χG

i (rk, t)G (rk, t) (6.2.6)

with
∑

i

[
χD

i (rk, t) + χG
i (rk, t)

]
= 1, from which it follows that

∑
i χ

D
i (rk, t) 6= 1

and
∑

i χ
G
i (rk, t) 6= 1.
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The fundamental equation describing the evolution of the ISM in absence of radial

flows of matter between contiguous shells (Portinari & Chiosi 2000) and processes of

dust accretion/destruction (Dwek 1998) is:

d

dt
Mi (rk, t) = −χi (rk, t)ψ (rk, t) +

∫ Mu

Ml

ψ (rk, t− τM )Ri (M)φ (M) dM

+

[
d

dt
Mi (rK , t)

]

inf

(6.2.7)

where φ (M) is the IMF and Ml and Mu are the lower and upper limits for the stellar

masses, ψ (rk, t− τM ) is the star formation rate (SFR) at the radius rk and at the

time t′ = t − τM , Ri (M) = EiM/M (Portinari et al. 1998) is the fraction of a star

of initial mass M ejected back in form of the chemical species i. The three terms at

the r.h.s. represent the depletion of the ISM due to star formation, its increase by

stellar ejecta, and the increase by infall of external gas (either primordial or already

enriched).

Adding supernovae and radial flows. Type Ia supernovae originate in binary systems

and have a fundamental role, in particular concerning the iron enrichment. The su-

pernovae rate and the adopted formalism are the ones of Greggio & Renzini (1983)

and the formulation of equation describing chemical evolution of the ISM is modified

following Matteucci & Greggio (1986). The contribution of single stars, correspond-

ing to a fraction (1 −A) of the total, is separated from the contribution of binary

system, a fraction A of the total. Inserting the contribution of type Ia supernovae

and integrating in time, instead that in mass, the equation for the evolution of the

i-th component of the ISM is,

d

dt
Mi (rk, t) = −χiψ + +

∫ t−τMB,l

0

ψ

[
φ (M)Ri ·

(
−
dM

dτM

)]

M(τ)

dt′ + (1 −A) ·

·

∫ t−τMB,u

t−τMB,l

ψ

[
φRi ·

(
−
dM

dτM

)]

M(τ)

dt′ +

∫ t−τMu

t−τMB,u

ψ

[
φRi ·

(
−
dM

dτM

)]

M(τ)

dt′+

+A

∫ t−τM1,max

t−τM1,min

ψ

[
f (M1)Ri,1 ·

(
−
dM1

dτM1

)]

M1(τ)

dt′ +RSNI ·ESNI,i+

+

[
d

dt
Mi (rk, t)

]

inf

−

[
d

dt
Mi (rk, t)

]

out

+

[
d

dt
Mi (rk, t)

]

rf

(6.2.8)

where ψ = ψ (rk, t
′), φ = φ (M), χ = χi (rk, t), Ri = Ri (M), Ri,1 = Ri (M1) and

M (t− t′) = M (τ). The first term at the r.h.s. is as usual the one describing the

depletion of interstellar material because of the process of star formation and it

depends from the star formation rate and from the abundance of the i-th element

considered. The next three terms represent the contribution of single stars to the



184 A chemical model for the evolution of dust in the ISM

enrichment of the i-th element. The fifth term is the contribution of the primary

star in a binary system (assumed to be independent from the secondary star as far

as it concerns the chemical yields). The sixth term is the contribution of type Ia

SNe. Finally, the last three terms are the infall rate of external gas, the outflow

rate of matter due for example to the onset of galactic winds powered by supernovæ

explosions, and the radial flows of gas that determine the ISM exchange between

contiguous shells (Portinari & Chiosi 2000), respectively. Furthermore, f (M1) is the

distribution function of the mass of the primary star M1 in a binary system, between

M1,min = MB,l/2 and M1,max = MB,u, where MB,l and MB,u are the lower and upper

limit of the binary systems assumed respectively 3M⊙ and 12M⊙. RSNI is the rate of

type Ia SNe and ESNI,i their ejecta of the i-th chemical species. M (τ) = M (t− t′)

is the mass of a star of lifetime τ , born at t′. It is worth noticing that various

quantities depend on the metallicity Z (t) as well as on M : M (τ) = M (t− t′) =

M (t− t′, Z (t− t′)) and Ri (M) = Ri (M,Z (t− t′)) as stellar lifetimes and ejecta

depend on metallicity. Ri(M) are calculated on the base of the detailed stellar yields

from Portinari et al. (1998) and keep track of finite stellar lifetimes (no instantaneous

recycling approximation). Eqs. 6.2.8 govern the evolution of the ISM.

Separating gas from dust. For our purposes we need to formulate the equations

governing the evolution of the dust in the ISM. Separating the ISM in gas and dust,

the equations governing the evolution of the generic elemental species i in the dust

are

d

dt
Di (rk, t) = −χD

i ψ +

∫ t−τMB,l

0

ψ

[
φδw

c,iRi ·

(
−
dM

dτM

)]

M(τ)

dt′+

+ (1 −A)

∫ t−τMSNe

t−τMB,l

ψ

[
φδw

c,iRi ·

(
−
dM

dτM

)]

M(τ)

dt′ + (1 −A) ·

·

∫ t−τMB,u

t−τMSNe

ψ

[
φδII

c,iRi ·

(
−
dM

dτM

)]

M(τ)

dt′ +

∫ t−τMu

t−τMB,u

ψ

[
φδII

c,iRi ·

(
−
dM

dτM

)]

M(τ)

dt′+

+A

∫ t−τM1,max

t−τMSNe

ψ

[
f (M1) δII

c,iRi,1 ·

(
−
dM1

dτM1

)]

M(τ)

dt′+

+A

∫ t−τMSNe

t−τM1,min

ψ

[
f (M1) δw

c,iRi,1 ·

(
−
dM1

dτM1

)]

M(τ)

dt′ +RSNIESNI,iδ
I
c,i+

−

[
d

dt
Di (rk, t)

]

out

+

[
d

dt
Di (rk, t)

]

rf

+

[
d

dt
Di (rk, t)

]

accr

−

[
d

dt
Di (rk, t)

]

SN

(6.2.9)

where χD
i = χD

i (rk, t). The first term at the r.h.s. of Eq. 6.2.9 is the depletion of dust

because of star formation that consumes both gas and dust (uniformly mixed in the

ISM). The second term is the contribution by stellar winds from low mass stars to the

enrichment of the i-th component of the dust. Following Dwek (1998), we introduce

the so-called condensation coefficients δw
c,i that determines the fraction of material
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in stellar winds that goes into dust with respect to that in gas (local condensation).

The third term is the contribution by stars not belonging to binary systems and not

going into type II SNe (the same coefficients δw
c,i are used). The fourth term is the

contribution by stars not belonging to binary systems, but going into type II SNe. For

the condensation efficiency in the ejecta of type II SNe we introduce the coefficients

δII
c,i, the analog of δw

c,i. The possible choices for these coefficients are discussed in

the following of the chapter. The fifth term is the contribution of massive stars

going into type II SNe. The sixth and seventh term represent the contribution by

the primary star of a binary system, distinguishing between those becoming type II

SNe from those failing this stage and using in each situation the correct coefficients.

The eighth term is the contribution of type Ia SNe, where again we introduced the

condensation coefficients δI
c,i to describe the mass fraction of the ejecta going into

dust. The last four terms describe: (1) the outflow of dust due to galactic winds (in

the case of disk galaxies this term can be set to zero); (2) the radial flows of matter

between contiguous shells; (3) the accretion term describing the accretion of grain

onto bigger particles in cold clouds; (4) the destruction term taking into account the

effect of the shocks of SNe on grains, obviously giving a negative contribution. The

infall term in the case of dust can be neglected because we can safely assume that

the material entering the galaxy is made by gas only without a solid dust component

mixed to it.

Finally, from the equation for Di (rk, t) we can get the equation describing the

evolution of the gaseous componentGi (rk, t), whereGi (rk, t) = Mi (rk, t)−Di (rk, t):

d

dt
Gi (rk, t) = −χG,iψ + (1 − A)

∫ t−τMSNe

t−τMB,l

ψ

[
φ
(
1 − δw

c,i

)
Ri ·

(
−
dM

dτM

)]

M(τ)

dt′+

+ (1 −A)

∫ t−τMB,u

t−τMSNe

ψ

[
φ
(

1 − δII
c,i

)
Ri ·

(
−
dM

dτM

)]

M(τ)

dt′+

+

∫ t−τMB,l

0

ψ

[
φ
(
1 − δw

c,i

)
Ri ·

(
−
dM

dτM

)]

M(τ)

dt′+

+

∫ t−τMu

t−τMB,u

ψ

[
φ (M)

(
1 − δII

c,i

)
Ri ·

(
−
dM

dτM

)]

M(τ)

dt′+

+A

∫ t−τM1,max

t−τMSNe

ψ

[
f (M1)

(
1 − δII

c,i

)
Ri,1 ·

(
−
dM1

dτM1

)]

M(τ)

dt′+

+A

∫ t−τMSNe

t−τM1,min

ψ

[
f (M1)

(
1 − δw

c,i

)
Ri,1 ·

(
−
dM1

dτM1

)]

M(τ)

dt′+

+RSNIESNI,i

(
1 − δI

c,i

)
+

[
d

dt
Gi (rk, t)

]

inf

+

−

[
d

dt
Gi (rk, t)

]

out

+

[
d

dt
Gi (rk, t)

]

rf

−

[
d

dt
Di (rk, t)

]

accr

+

[
d

dt
Di (rk, t)

]

SN

(6.2.10)

where again the outflow term −
[

d
dtGi (rk, t)

]
out

will be fixed to zero because we do not

have galactic wind for spirals with continuous star formation. Since the primordial
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material is likely dust-free we have
[

d
dtMi (r, t)

]
in

=
[

d
dtGi (r, t)

]
in

.

It is worth noticing the following point: the stellar models, upon which are based

our yields, predict that stars with mass higher than 6M⊙ go into SNe, whereas those

with mass lower than 6M⊙ first become AGB stars and later White Dwarfs. We

must therefore split the third and the fifth member of Eq. 6.2.8)in two parts, both

in Eqs. 6.2.10 and 6.2.9, because the minimum mass dividing the intervals of AGB

and/or SNe belongs to the mass interval (3 − 12M⊙) describing binary systems going

into type Ia SNe1.

To summarize. Indicating the contribution to the yields by stellar winds and type

Ia and II SNe with the symbols Wi,D (rk, t), Wi,G (rk, t) and Wi,M (rk, t) (they can

easily be reconstructed by comparison) and neglecting the outflow term, Eqs. 6.2.8,

6.2.9 and 6.2.10)become:

d

dt
Mi (rk, t) = −χM

i (rk, t)ψ (rk, t) + +Wi,M (rk, t)

+

[
d

dt
Mi (rk, t)

]

rf

(6.2.11)

1For example in Eq. 6.2.9, using δc,i to indicate the generic condensation coefficient we have the

following split:

(1 −A)

∫ t−τMB,u

t−τMB,l

ψ

[
φδc,iRi (M)

(
−
dM

dτM

)]

M(τ)

dt′

is divided into:

(1 − A)

∫ t−τMSNe

t−τMB,l

ψ

[
φδw

c,iRi

(
−
dM

dτM

)]

M(τ)

dt′

+ (1 − A)

∫ t−τMB,u

t−τMSNe

ψ

[
φδII

c,iRi

(
−
dM

dτM

)]

M(τ)

dt′

where MSNe is the separation mass that tell us if we must use the condensation coefficients of stellar

winds (condensation of dust in the envelopes of AGB stars) in the mass interval between MB,l and

MSNe or the condensation coefficients of supernovæ between MSNe e MB,u. In the same way:

A

∫ t−τM1,max

t−τM1,min

ψ

[
f (M1) δc,iRi,1

(
−
dM1

dτM1

)]

M1(τ)

dt′

splits itself into:

A

∫ t−τM1,max

t−τMSNe

ψ

[
f (M1) δII

c,iRi,1

(
−
dM1

dτM1

)]

M(τ)

dt′

+ A

∫ t−τMSNe

t−τM1,min

ψ

[
f (M1) δw

c,iRi,1

(
−
dM1

dτM1

)]

M(τ)

dt′.
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d

dt
Di (rk, t) = −χD

i (rk, t)ψ (rk, t) + +Wi,G (rk, t)

+

[
d

dt
Di (rk, t)

]

accr

−

[
d

dt
Di (rk, t)

]

SN

+

[
d

dt
Di (rk, t)

]

rf

(6.2.12)

d

dt
Gi (rk, t) = −χG,i (rk, t)ψ (rk, t) +Wi,G (rk, t) −

[
d

dt
Di (rk, t)

]

accr

+

[
d

dt
Di (rk, t)

]

SN

+

[
d

dt
Gi (rk, t)

]

inf

+

[
d

dt
Gi (rk, t)

]

rf

. (6.2.13)

It is soon evident that the dust creation/destruction and the radial flows make the

system of differential equations much more complicated than the original one by

Talbot (1975) for a one-zone closed-box model. As the ISM is given by the sum of

gas and dust, only two of these equations are required, furthermore Eq. 6.2.11 can

be used only if gas and dust flow with the same velocity. To proceed further we must

now specify the law of star formation, the IMF, the stellar ejecta and the various

rates describing gas infall, dust accretion/destruction, and radial flows/bar effect.

No details will be given about these ones. They are included into the model and

they are mainly useful in order to reproduce the radial gradients of abundance in the

MW. The reader should refer to Portinari & Chiosi (2000) for all the details.

6.3 The Star Formation Laws and Initial Mass Functions

Star Formation. The law of Star Formation (SF) is a key ingredient of any model

of galaxy formation and evolution. Unfortunately it is poorly known, so that many

prescriptions for the SF rate can be found in literature. We have considered several

well known SF laws adopted for the MW (see Portinari & Chiosi (1999) for more

details). A very popular prescription is the Schmidt (1959) law. In our formalism it

becomes:

Ψ(rk, t) = −

[
dG(rk, t)

dt

]

∗

= ν

[
σ(rk, tG)

σ(r⊙, tG)

]κ−1

Gκ(rk, t) (6.3.1)

where the normalization factor is σ(r⊙, tG)−(κ−1) and ν is in [t−1]. Following Portinari

& Chiosi (1999) we adopt κ = 1.5.

This simple dependence of the SFR can be complicated by including other physical

effects. For instance, the SF suited to spiral galaxies such as the MW, may include

the effect of gas compression by density waves (Roberts 1969; Shu et al. 1972; Wyse
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& Silk 1989; Prantzos & Silk 1998) or gravitational instabilities (Wang & Silk 1994).

We have:

Ψ(rk, t) = ν

[
r

r⊙

]−1 [
σ(rk, tG)

σ(r⊙, tG)

]κ−1

Gκ(rk, t) (6.3.2)

where ν is always in [t−1] and k = 1 (Kennicutt 1998; Portinari & Chiosi 1999).

Another possibility is to describe the SF as a balance between cooling and heating

processes, that is the gravitational settling of the gas onto the Disk and the energy

injection from massive stars (Talbot 1975; Dopita 1985; Dopita & Ryder 1994). In

our formalism, we have

Ψ(rk, t) = ν

[
σn(rk, t)σ

m−1(rk, tG)

σ(r⊙, tG)n+m−1

]
Gm(rk, t) (6.3.3)

where n = 1/3, m = 5/3 (Portinari & Chiosi 1999) and ν in [t−1]. This formulation is

similar to the original one by Talbot (1975) thus leading to similar results (Portinari

et al. 1998).

Initial Mass Function. The same IMFs described in Sect. 1.1.4 are adopted in the

chemical model with dust.

6.4 Growth dust grains in the ISM

Dust grains form by a number of physical processes (see below) and once in the ISM

they may grow in mass by accreting a number of atoms or molecules. In the following

we examine in some detail the accretion mechanisms for which two different models

are proposed adapted from the literature.

6.4.1 The Dwek (1998) model or case A

Dwek (1998) view of grain growth can be summarized as follows. Let us consider an

ISM whose dust component is formed by grains made of a single element i-th with

mass mgr,i. Let mi be the mass of an atom (or molecule) of the element i-th in the

gaseous phase. Ni is the number of atoms (molecules) of the element i-th locked up

into the mono-composition grains that we are considering and ngr,i the density of

grains of i-th type in the ISM, considered in this model as a single phase, without

distinction between diffuse ISM and cold molecular clouds. Let now αi be the sticking

coefficient, telling us the probability that an atom (molecule) of the element i in the

gaseous phase binds to the grains increasing the number of atoms/molecules on it.

Finally ngas,i is the number density the gas made of atoms (molecules) of type i-th
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and v =

(
8KBT

πmi

) 1
2

is the mean thermal velocity of the particles of the element i in

the gaseous phase with respect to the dust grains. We get:

dNi

dt
= αiπa

2ngr,ingas,iv . (6.4.1)

Multiplying both members of the equation by the constant mass mi, multiplying and

dividing the second member by the mass of one grain mgr,i, introducing the mean

thermal velocity v and using the following relation 3 (Dwek 1998):

mingas,i = 2mHnH2

(
1 −

σD
i

σMi

)
(6.4.2)

where σD
i (r, t) and σi (r, t) are functions of position and time, we obtain:

dσD
i

dt
=
σD

i

τi,0

(
1 −

σD
i

σMi

)
. (6.4.3)

For the dimensional consistency of the equation, the multiplying quantity has the

dimension of the inverse of a time indicated by τi,0

1

τi,0
= 2nH2αi

πa2

Ai

(
8KBT

πmi

) 1
2

. (6.4.4)

It may be worth of interest to give an estimate of the involved timescale: by means

of typical values of the involved quantities, Dwek (1998) obtains ∼ 3 × 104 yrs. It is

possible now to define the accretion time scale of our i-th element onto the grains as:

1

τi,accr
=

1

τ0,i
·

(
1 −

σD
i

σMi

)
(6.4.5)

that is the inverse of τ0,i multiplied by the fraction of the i-th element in the gaseous

phase. Again, we drop the dependence from r and t. Dwek (1998) adopting the

ratio σD
i /σ

M
i ≈ 0.7 gets τi,accr ≈ 105 yrs which turns out to be significantly shorter

than the lifetime of molecular clouds where accretion takes place. This lifetime is

estimated to be of the order of tMC ∼ 2 − 3 × 106 − 107 yrs. The lifetime of a

molecular cloud is comparable to the lifetime of the most massive stars born in

it. These stars indeed injecting great amounts of energy by stellar winds and SNæ

explosions eventually disrupt the cloud. Similar estimates have been made in studies

on the temporal evolution of dust in the ISM by Calura et al. (2008), ∼ 5 · 107 yrs,

and Zhukovska et al. (2008), ∼ 107 yrs, and are consistent with observational and

3The above relation says that the mass of the element i-th in the gaseous phase can be expressed

by means of the density of the molecular clouds, i.e. the site in which the grains grow. 2mHnH2

is the mass of the molecular cloud,
(

1 − σD
i /σ

M
i

)
is the fraction of the element i-th in the gaseous

phase as a function of the abundance of the same element in the dust and ISM.
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theoretical estimates of the lifetimes of molecular clouds (see for example Matzner

(2002), Krumholz et al. (2006) and Blitz et al. (2007)). One may argue that

we are comparing two different timescales, i.e. with ti,accr ≪ tMC . However, inside

molecular clouds there are many physical processes continuously stripping atoms and

and molecules from the grains, like UV radiation and cosmic rays. The net effect of

it could be that τi,accr is considerably lengthened (Dwek 1998), likely up to 6 · 107

yrs, so that ti,accr ≃ tMC . Furthermore, all the dust grains are in cold molecular

clouds where the growing occurs. The simplest way to take this into account is to

divide the above estimate for ti,accr by the fraction of dust in molecular clouds. The

resulting accretion timescale would be ti,accr ∼ 1 − 2 × 108 yrs.

There is another important point to consider on which indeed several studies of the

ISM evolution are based: both the destruction timescale (driven by SNe explosions)

and the accretion timescale ti,accr have the same dependence on the star formation

rate ψ and surface mass density σi. SNæ rate can be expressed as τi,snr ∝ σ/ψ. The

lower the star formation rate, the lower is the number of supernovae explosions and

finally the longer the destruction time of grains due to shocks. We clearly expect

τi,accr to vary over the evolutionary history of the Galaxy: Dwek (1998) divides

the accretion timescale by σMC/σ and reasonably assumes that ψ ∝ σMC . In this

way, τi,accr ∝ σψ. Since both τi,accr and τi,snr have the same dependence from

σISM/ψ Dwek (1998) suggests that the ratio between the two timescales is constant:

τi,accr/τi,snr = 1/2. If now we consider the accretion/destruction terms in Eq. 6.2.12

we have:

(
dσD

i

dt

)

accr

+

(
dσD

i

dt

)

snr

=
σD

i

τi,accr
−

σD
i

τi,snr
=

= 2 ·
σD

i

τi,snr
−

σD
i

τi,snr
=

σD
i

τi,snr
. (6.4.6)

The contribution of the creation/destruction terms is greatly simplified and the nu-

merical solution of the differential equations describing the dust evolution becomes

very simple. More refined is the solution adopted by Calura et al. (2008). In brief,

(i) only τ0,i is fixed and τi,accr remains an explicit function of the ratio σD
i /σi; (ii) no

a priori correlation between τi,accr and τi,snr is supposed to exist, the two timescales

are defined independently, and both plays a role in the σD
i evolution. In our model

we adopt the same strategy.

6.4.2 The Zhukovska et al. (2008) model or case B

A step forward in modelling grain accretion has been made by Zhukovska et al.

(2008). In brief: (i) grain accretion is tightly related to molecular clouds and a



6.4 Growth dust grains in the ISM 191

multi-phase description of the ISM would be required; (ii) the evolution of chemical

elements is calculated in presence of some typical dust compounds that are repre-

sentative of the grain families growing inside the cold regions of the ISM or ejected

by the stars, namely silicates, carbonaceous grains, iron grains, and silicon carbide.

This model has two important advantages. First, it allows for different physical sit-

uations each of which implying different timescales for each elements and different

relationships between τi,accr and τi,snr which are independent; second, accretion in

cold regions is described in a realistic way; third, the model can be easily incorpo-

rated in a multi-phase description of the ISM to estimate the amounts of gas in the

warm and cold phases.

Let us now examine some of the key points and basic equations of the model and

how they are adapted to our description, where contrary to what made in Zhukovska

et al. (2008) we track the evolution abundances of single elements in dust instead of

ad-hoc families of dust grains.

The growth of the generic type of grains j is driven by the least abundant element

indicated as element i (otherwise called the key element) among those forming the

grain. All the other elements concurring to form the j-th compound adapt their

abundances to that of the key element. For a mixture of accreting grains made of

silicates (pyroxenes and olivines, i.e. magnesium-iron sulfates), carbonaceous and

iron grains, the key elements are Mg, Si or Fe for silicates, depending on which

has the lowest abundance, C for carbon grains, and Fe for iron grains. Most of these

elements accrete some specific atomic or molecular species called growth species. The

growth in mass of a single j-th grain type is:

dmj

dt
= Sjαjv

gw
j AD

j mH

νgw
i,j

νD
i,j

ngw
j (6.4.7)

where mj is the mass of one grain of the j-th type, Sj is the surface area, αj is the

sticking coefficient, vgw
j is the relative velocity of the accreting species with respect

to the grain, AD
j mH is the mass of one atom (or molecule) that is accreting on the

grain type j, ngw
j is the number density of the growth species j, and finally νgw

i,j /ν
D
i,j is

the ratio between the number of atoms of the i-th key element in the growth species

for the j-th dust type and the number of atoms of the element i we need to build

one grain of dust type j.

After some substitutions and simplifications for which all the details can be found

in Zhukovska et al. (2008), it comes out:

dfi,j

dt
=

1

τ gr
j

fi,j (1 − fi,j) (6.4.8)

where fi,j ∝ ρD
j is the fraction of the key element i that is already condensed onto

the dust type j, called degree of condensation. 1 − fi,j is therefore the fraction of
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the key element i still in the gaseous phase and available to form growth species for

the j-th dust component. An explicit formula for τ gr
j as a function of all the relevant

quantities (Zhukovska et al. 2008, see Eq. 31) is:

τgr
j = 46

(Agw
j )1/2νD

i,j

AD
j

(
ρC

j

3

)(
103

nH

)(
3.5 · 10−5

ǫi,j

)
Myr . (6.4.9)

Integrating Eq. 6.4.8 with the initial conditions fi,j = f0,i,j for t = 0 we get the

final equation describing the evolution of the condensed fraction:

fi,j (t) =
f0,i,je

t/τgr
j

1 − f0,i,j + f0,i,je
t/τgr

j

. (6.4.10)

As in real conditions the grain accretion takes place in cold MCs with a finite life-

time τMC , the above accretion time scale must be compared with τMC . As already

discussed for model A of accretion, the molecular lifetime constrains the real time

interval during which the exchange of matter between cold clouds and surrounding

medium can happen. It is the interplay between the accretion/disruption timescales

to determine if and how much material can be condensed inside the cloud before it

dissolves into the surrounding ISM. If f0,i,j is the initial degree of condensation of

the key element i of the grains j and the molecular cloud will be destroyed after a

lifetime t we have that the effective amount of material that is given back to the ISM

after the cloud dissolution is:

MMC
j (t) = (fi,j (t) − f0,i,j)χ

D
j,maxMMC (6.4.11)

where fi,j (t) − f0,i,j is the fraction of key element condensed with respect to the

initial condensation fraction, χD
j,max is the maximum possible fraction of the j-th

dust type that can be formed in the molecular cloud and that would exist if all the

material is condensed in dust type j. Multiplying by the mass of the cloud we get

the mass of newly formed material MMC
j returned to the ISM. The fraction χD

j,max

is given by

χD
j,max =

AD
j ǫi,j

(1 + 4ǫHe) ν
D
i,j

(6.4.12)

as shown in the footnote below 4.

4The number density nH of hydrogen atoms is given by nH = ρMC/ [(1 + 4ǫHe)mH] which in

turn follows from the series of equalities: ρMC = mHnH + 4mHnHe = mHnH + 4mHnHǫHe =

mHnH(1 + 4ǫHe), where ǫHe = nHe/nH. The fraction χj,d,max is given by χD
j,max =

ρD
j,max

ρMC
=

AD
j mH(ǫi,jnH)

νD
i,j ·mHnH(1 + 4ǫHe)

=
AD

j ǫi,j

(1 + 4ǫHe)νD
i,j

. The explanation is quite simple: dividing the number of

atoms ǫi,jnH of the key element available in the molecular cloud by the number of atoms νD
i,j of the
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Not all the MCs have the same lifetime: therefore there is a certain probability

P (t) that a molecular cloud is destroyed in the time interval t – t + dt. According

to Zhukovska et al. (2008) the probability is well represented by an exponential law

with time scale τMC . The instantaneous condensation fraction at the time t of the

key element i relative to the dust compound j is derived from integrating over time

and considering for each cloud of lifetime x, born at t− x the condensation fraction

holding at the time of birth f0,i,j (t− x). Since the lifetime distribution function

quickly decays over time, only the MCs born some τMC before t will contribute in

practice. The instantaneous condensation fraction is

fi,j(t) =
1

τMC

∫ t

0

f0,i,j(t− x)ex/τgr
j e−x/τMC

1 − f0,i,j(t− x)(1 − ex/τgr
j )

dx . (6.4.13)

This procedure is however time consuming when applied in practice. A much

simpler approach is provided by using the average restitution mass R
MC
j and the

average condensation fraction f i,j assuming f0,i,j as a constant. Using Eq. 6.4.11

and integrating between 0 and t = ∞ we obtain the mean value of fi,j:

f i,j =
1

τMC

∫ ∞

0

f0,i,je
t/τgr

j

1 − f0,i,j + f0,i,je
t/τgr

j

e−t/τMCdt . (6.4.14)

Inserting Eq. 6.4.14 into Eq. 6.4.11 we get M j,MC , that is the time averaged mass of

dust type j returned to the ISM. However, this is only part of the story, because the

molecular clouds have also different mass, so we need to evaluate their mean mass

MMC and use this instead of MMC .

Fractional mass of dust grains of j-type. With aid of Eq. 6.4.14 we can derive the

fractional mass of dust type j produced by the accretion of grains in cold clouds per

unit area and unit time:
(
dσD

i

dt

)

accr

=
1

τMC

(
f i,j − f0,i,j

)
· χD

j,maxσMC . (6.4.15)

Looking at Eq. 6.4.15, it requires to know the amount of molecular gas of the galaxy

we are going to model. To do this, a multi-phase description of the ISM taking into

account the exchange of matter between cold and warm phases would be required.

This is not possible with the present model because Eqs. 6.2.8, 6.2.9, and 6.2.10

have been formulated for the single phase description and without a description of

the gas exchange between cold and warm phases. To overcome this limitation some

adjustment of the model are needed. Introducing χMC = σMC/σM as the fraction

same key element that are tied up when we form one dust grain, we get the maximum number of

dust grains that we can form per unit volume. Knowing the mass of a single dust grain, AD
j mH, the

the mass density ρD
j,max immediately follows.
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of molecular gas and with some passages (Zhukovska et al. 2008) the final equation

for grain growth in MCs in the frame of a single-phase ISM.

(
dσD

i

dt

)

accr

=
χMC

(1 − χMC) τMC

(
f i,jσ

D
j,max − σD

j

)
. (6.4.16)

We need however to fix χMC : in Zhukovska et al. (2008) this fraction is fixed to 0.2

in agreement to the observations for the Solar Ring at the current time. However

this approximation could not probably hold for other phases of the evolution of the

Solar Ring or other regions of the MW. Since in our one-phase chemical model no

description is available for a multi-phase ISM, it is unavoidable to estimate from

time to time (possibly related to the physical properties of the system) the amount

mass in cold molecular clouds (MCs) in each ring. The partition between MCs and

diffuse ISM (the remaining part of the ISM) crucially enters the accretion term in

Eqs. 6.2.11, 6.2.12 and 6.2.13 and drives the evolution of the dust budget. In this

formulation the fraction, χMC , of ISM locked up in MCs is a parameter. For this

reason we have included two possibilities for χMC . In the first one, as already stated

we take χMC = 0.2, and assume that it has remained constant from the formation

of the MW to the present. Therefore, a constant value is adopted during the entire

evolution of the Solar Ring. The second description for χMC is presented below and

it stands on the data for the MW Disk. In practice, it correlates the fraction of MCs

to the SFR and the local gas density. Both recipes produce similar results for the

Solar Vicinity, but in the case of a constant fraction χMC the amount of dust could

be underestimated and overestimated in the innermost and outermost regions of the

MW disk, respectively. If compared to other more physically sounded prescriptions,

a constant χMC would give rise to a flatter ”gradient in dust”. We expect however

that the local physical conditions affect the accretion process and the fraction of

MCs varies with time and space. This strongly favors the second prescription for a

varying fraction of MCs.

Fig. 6.1 shows the radial dependence across the MW Disk of the current surface

density profiles of H2, HI and total gas (upper panel) of the MW and the current

SFR normalized to the solar value SFR/SFR⊙ (lower panel)indicated by the obser-

vational data. Superposed to the data we show some typical SF laws presented in

Sect. 6.3. It is worth recalling that the total gas surface density includes also the

contribution by helium (Boissier & Prantzos 1999; Yin et al. 2009). With the aid

of this, we look at the correlations between SFR/SFR⊙, σG (rk, t) (one of quanti-

ties followed by the chemical model), and σH2 (rk, t) (related to the parameter χMC).

To this aim, first we derive the best fit for the three quantities: the results (ob-

tained using the MATLAB Curve Fitting Toolbox ) are indicated by the solid lines
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Figure 6.1: Upper panel: present-day radial profiles across the MW Disk for molecular hydrogen

σH2
(r, tG), neutral hydrogen σHI (r, tG), and total amount of gas σG (r, tG) obtained taking into

account helium correction (Boissier & Prantzos 1999; Yin et al. 2009). Lower panel: present-day

radial profile of star formation across the MW Disk, according to the data by Guibert et al. (1978)

(squares), Guesten & Mezger (1982) (circles), Lyne et al. (1985) (hexagons), Rana (1991) (stars).

Superposed to the data are three theoretical SF laws (Schmidt - continuous line, Wyse & Silk -

dotted line, Dopita & Ryder - dashed line) and an exponential best fit, all referring to the present

age tG of the MW.

in the top panel and the thick line in the bottom panel of Fig. 6.1. Second, using

the best fits we derive the 3D correlation between the H2 mass, the star formation

rate, and total gas mass. They are shown in the three panels of Fig. 6.2. To repro-

duce the 3D data and extrapolate the results to unknown regions of the parameter

space, we use the Artificial Neural Networks technique (hereafter ANNs) modelled

from biological nervous systems: ANNs are like a network of neurons linked together

by synapses (numerical weights). The network in usage here is taken from Grassi

et al. (2011) to whom the reader should refer for all details. It contains two layers of

hidden neurons whose number is nh = 5 and ng = 25, respectively and has two input

neurons, i.e. (SFR/SFR⊙ and and σG (rk, tG)) (plus the bias input that is always set

to a constant value) and one output neuron, i.e. σH2 (rk, tG). The evolution of the

RMS is monotonic and decreases to approximately RMS = 10−3 after 106 iterations.
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Figure 6.2: Left Panel: 3D plot of σH2
(r, tG) as a function of SFR/SFR⊙ and σG(r, tG) for the

present-day radial profiles across the MW Disk (crosses). The solid line superposed to the data is

the fit from the ANNs. Contour isolines obtained by extrapolating the ANNs weights to the regions

uncovered by the data are also shown. Middle Panel: The same as in the Left Panel but showing

only the 2D contour levels of σH2
(r, tG) in the SFR/SFR⊙ vs. σG(r, tG) plane. Right Panel: 2D

plot with the radial SFR/SFR⊙ vs σH2
(r, tG)/σG(r, tG) relationship for the MW (triangles) and a

two-piece fit of the data. The region of interest is the one for SFR higher than solar.
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In the left panel of Fig. 6.2 we show the fit found by the ANNs (solid line) compared

with the data (crosses). We suppose now that the correlation between the three pa-

rameters established from the present-day data remains the same as a function of the

Galaxy age and therefore we drop the dependence on time. Furthermore, adopting

the same ANN weights, we extrapolate the ANN predictions to the whole space of the

parameters SFR/SFR⊙, σG(r, t) and σH2(r, t). The contours and isolines describing

the extrapolated regions are shown in left and middle panels of Fig. 6.2.

Some comments are worth being made here. First, we have no warranty that the

behaviour in the extrapolated region is so regular as predicted by the ANNs. In the

huge gaps uncovered by the experimental data for the MW, we could for example

have valleys and peaks so that to cast light on this problem a complete coverage

of the parameter space with observational data for spiral galaxies in general would

be required. However, this goes beyond the aims of this study. It suffices here to

check that extrapolating the MW data does not lead to un-physical results. The

predictions seem to be reasonable: for low SFR or low gas amount, the H2 mass is

low. For high SFR and gas mass we have a reasonable amount of H2. Even if we

look only at the region where the SFR is high but the total amount of gas is low,

the prediction for H2 is also reasonable. Even if the correlation between H2 and SFR

is not clear and somewhat in contradictions with the expectations, stars are seen to

form from the cold molecular gas (Kennicutt 1998) and a significant amount of H2

is physically acceptable when SFR is significant.

Second, the region covered by the ANN is bounded by the limits [(SFR/SFR⊙)min,

(SFR/SFR⊙)max] and [σG (r, t)min , σ
G (r, t)max]. This may be a problem in particu-

lar with high SFRs, because the limits for the ANN have been set basing upon data

for the SFR in the innermost regions of the Disk where the uncertainty is high. To

cope with this point of embarrassment, when the SFR is higher than about 3×SFR⊙,

we replace the predictions based on the ANNs with a simpler fit based on σH2(r, tG)

versus SFR data and we keep the fraction χMC in the interval 0.4 − 0.5. All of this

is shown in the right panel of Fig. 6.2.

Degree of condensation. Another critical parameter to be examined with accuracy

is the condensation degree f i,j. It depends on the comparison between τMC , the

average lifetime of the MC, and the typical accretion time of grains τ gr
j of Eq. 6.4.9.

If τ gr
j ≫ τMC then we expect that only small amounts of dust are produced because

the cold clouds will be destroyed before that dust has enough time to grow. On the

contrary, if τ gr
j ≪ τMC , we expect the condensation of dust grains to occur almost

completely and consequently dust to increase. Zhukovska et al. (2008) propose an

analytical expression for the condensation degree as a function of the ratio τ gr
j /τMC

(assuming a constant f0,i,j):
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f i,j =




1

f2
0,i,j

(
1 + τMC

τ gr
j

)2 + 1




− 1
2

. (6.4.17)

According to Zhukovska et al. (2008), this expression is no longer valid only for very

small values of f0,i,j. The situation for our models is more complicated because we

are dealing with large variations of f0,i,j and τ gr
j . To clarify the issue, we checked

in advance whether or nor the above relation can be still used. To this aim we

have calculated the differences between f i,j from t Eq. 6.4.17 and the relation of

Eq. 6.4.14. This comparison is made for τ gr
j < 1000τMC and τ gr

j > τMC/50.

If τ gr
j > 1000τMC or τ gr

j < τMC/50 we use the Taylor expansion suggested by

Zhukovska et al. (2008) deal with the extreme cases of very slow or very fast accretion

time.
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Figure 6.3: Absolute value of the differences between the f i,j calculated integrating and averaging

on the MCs lifetimes as in Eq. 6.4.14 and the same quantity derived from the analytical formula of

Eq. 6.4.17 suggested by Zhukovska et al. (2008). A grid of 200×200 suitably discrete values of f0,i,j

and τ gr
j has been considered.

The results are presented in Fig. 6.4.2 for a 200×200 grid of models with uniform

spacing of f0,i,j and τ gr
j growing linearly from low to high values. The error can be

significant, in particular for very low f0,i,j and very short τ gr
j or high τ gr

j and average

f0,i,j.

As we discussed in Sect. 6.4.1, the same accretion term in Dwek (1998) and Calura

et al. (2008) is
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(
dσD

i

dt

)

accr

=
σD

i

τi,accr
=
σD

i

τ0,i
·

(
1 −

σD
i

σMi

)
. (6.4.18)

The basic difference between the two approaches is that while Dwek (1998) and

Calura et al. (2008) describe the evolution of the abundance of the element i in the

dust, Zhukovska et al. (2008) follow the evolution of the abundance of the j-th dust

type in a given sample molecule considered to represent the situation of the ISM. To

adapt the equations to our formulation for single elements (see Sect. 6.2), we start

from:

σG
i = σMi − σD

i (6.4.19)

which summing up all the dust types j in which the i-th element is locked up (inde-

pendently on whether or not it is a key element for that kind of molecule) becomes:

σG
i = σMi −

∑

j

νD
i,j

Ai,j

AD
j

σD
j (6.4.20)

with σD
i =

∑

j

νD
i,j

Ai,j

AD
j

σD
j (6.4.21)

where as usual σD
i is the surface mass density of the i-th element in dust, while σD

j

is the surface mass density of the j-th type dust. The above relations says that the

amount of element i contained in the dust is given by the sum of the contributions

by all the j-th kinds of dust in which i is involved. For each one of the j-th dust

types, we divide σD
j by the unit mass AD

j mH of one species j and find the number

density of dust type j. Then, for each one of these molecules j we have νD
i,j atoms of

the element i. Finally, we multiply by the atomic mass Ai,jmH of the element i to

get the mass of the element i coming from the j-th type dust. If we derive respect

to time we obtain

(
dσD

i

dt

)

TOT

=
∑

j

νD
i,j

Ai,j

AD
j

(
dσD

j

dt

)

TOT

(6.4.22)

where the total evolution of dust is given by the sum of the variations due to the

star formation, the stardust injected in the ISM, the destruction of the grains by SN

shocks, and the accretion process in the cold regions. Taking into account only this

last one:

(
dσD

i

dt

)

accr

=
∑

j

νD
i,j

Ai,j

AD
j

(
dσD

j

dt

)

accr

(6.4.23)

The amount of element i contained in dust is given by the sum of the contributions

by all the jth kinds of dust in which i is involved. For each dust type j, we divide σD
j
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by the unit mass AD
j mH of one species j of dust and find the number density of the

j-th dust type. For each dust type j we have νD
i,j atoms of the element i. Finally, we

multiply by the atomic mass Ai,jmH of the element i to get the mass of this coming

from the j-th type dust. Inserting the expression for
(
dσD

j /dt
)

accr
we have:

(
dσD

i

dt

)

accr

=
∑

j

νD
i,j

Ai,j

AD
j

(
dσD

j

dt

)

gg

=

=
∑

j

νD
i,jAi,j

AD
j

χMC

(1 − χMC) τMC

(
fk,jσ

D
j,max − σD

j

)
. (6.4.24)

Let’s now introduce σD
j,max, which is related to the amount of key-element k in the

j-th dust type present in the ISM, i.e. σMk . We can express σD
j by means of the

k-th key-element of the j-th dust type that is locked up into the j-th component

itself. This quantity is not known and not tracked by our model. All we know is how

much of a given element is locked up into dust, but we do not know how much of

that element is locked in every kind of dust. For example we are able to follow how

much silicon is locked up into dust, but not how much silicon is stored in pyroxene,

olivine and quartz. Doing the substitution we have:

(
dσD

i

dt

)

accr

=
∑

j

νD
i,jAi,j

AD
j τMC

χMC

(1 − χMC)
·

·

[
fk,j

AD
j

Ak,jν
D
k,j

σMk,j −
AD

j

Ak,jν
D
k,j

σD
k,j

]
(6.4.25)

(
dσD

i

dt

)

accr

=
χMC

(1 − χMC) τMC

∑

j

Ai,jν
D
i,j

Ak,jν
D
k,j

·

·
[
fk,jσ

M
k,j − σD

k,j

]
(6.4.26)

Posing K = χMC/ (τMC (1 − χMC)), we have:

(
dσD

i

dt

)

accr

= K



∑

j,i=k

(
f i,jσ

M
i,j − σD

i,j

)
+

+
∑

j,i6=k

Ai,jν
D
i,j

Ak,jν
D
k,j

(
fk,jσ

M
k,j − σD

k,j

)

 (6.4.27)

where k indicates the key element of the dust type j, because it may occur that a

dust molecule contains the i-th element of which we tracking the evolution, but not
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the key element that could be of another type. For example, we could be following

the evolution of carbon and considering the silicon carbide that contains carbon, but

not as key-element. As a consequence of this, the above has been split in two parts:

in the first one we include the part of the j-th dust type in which the element i

is locked as key-element ; in the second part we have the dust molecules containing

the i-th element but not as key element, which instead corresponds to the element

k. Therefore the summation goes for all the k 6= i. The notation σD
k,j is meant

to indicate the surface mass density of the k-th element locked up into the dust

compounds j.

6.5 Dust accretion rates for a few important elements

At this stage we need to specify the dust accretion rate given by Eq. 6.4.27 for some

specific elements whose evolution we intend to study. The model follows 16 elements

(Portinari et al. 1998): H, 4He, 12C, 13C, 14N, 15N, 16O, 17O, 18O, 22Ne, 20Ne, 24Mg,
28Si, 32S, 40Ca, 56Fe.

Four families of dust can be identified and tracked by the model: they are the

silicates, carbonaceous and iron grains, and silicon carbide (it is worth clarifying

that SiC does not form by accretion in MCs). We must distribute the 16 elements

followed by the model in the four families of dust. First of all, H, 4He, 20Ne, 22Ne are

noble gases not involved into the dust formation process by accretion. Second, since

the hydrogen is by far the most abundant element in the Universe, even if it may be

contained in many dust molecules (such as for instance the PAHs), its abundance in

the ISM gas will not be significantly affected by dust. For what concern 16O, 17O,
18O, 24Mg, 28Si, 56Fe, according to the simplified Zhukovska et al. (2008) scheme,

they are involved in silicates (all of them) and iron grains (just some of them). For
14N, 15N, 32S and 40Ca there is no specific dust family to associate them. However,

the observations tell us that they are or could be depleted –see for instance the case

of Calcium (Whittet 2003; Tielens 2005)–, so we must set a plausible yet simple

scheme to describe them. Finally, 12C and 13C are both involved into the formation

of carbonaceous grains and silicon carbide. In the following we will examine the case

of 12C, 13C, 16O, 17O, 18O, 24Mg, 28Si and 56Fe in some detail.

6.5.1 Carbon

Carbon is present in dust as key constituent of many molecules containing carbon

(C-molecules), otherwise named carbonaceous grains. It is also part of important

dust molecules like silicon carbide (SiC) where, however, the key element ruling the

process is silicon. SiC grains are mainly related to AGB carbon stars and for them
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there is no process of accretion in cold clouds of the ISM. Finally, the problem of the

formation of SiC in the ejecta of supernovæ is still debated.

Nozawa et al. (2003), studying dust formation in population III supernovæ argues

that they cannot form SiC grains with radii comparable to the pre-solar SiC grains

identified as supernova condensates, because silicon and carbon are firstly locked into

other carbonaceous grains or silicates before the formation of SiC grains can take

place. However, we observe a small but significant percentage of X-type SiC grains

(one of the minor types A, B, X, Y and Z, that is believed to be formed in the ejecta

of type II SNe because of the isotopic signature) with respect to the mainstream SiC

(about 90% of the total and whose origin is attributed to AGB C-stars, because of

their similar 12C/13C ratio, signatures of s-processes and the 11.3 SiC µm feature

in C-stars). The ratio between X-type and mainstream type can be quantified in

about 0.01 (Hoppe et al. 2000). Therefore, as proposed by Deneault et al. (2003),

special conditions and/or chemical pathways might have to be considered in order to

realize the formation in type II SNe of SiC grains. To reproduce the observed X-type

over mainstream ratio, Zhukovska et al. (2008) considers a small formation of SiC in

Type II SNe, however this is just an ad-hoc recipe based on meteorites and does not

throw light over the uncertain amount of dust, and X-type SiC, produced by SNe.

The equation describing the accretion of carbonaceous grains of the ISM is:
(
dσD

C

dt

)

accr

= K
{
fC,C (1 − ξCO) σMC,C − σD

C,C

}
(6.5.1)

where σMC,C is the amount of the available carbon, ξCO a factor accounting for the

carbon embedded in molecules like CO that do not take part to the accretion process,

σD
C,C is the carbon already condensed into dust, and fC,C is the average condensation

factor (see Sect. 6.4 model B). The accretion of C-molecules in molecular clouds

happens according to a time scale defined by Eq. 6.4.9 which for the specific case of

carbon is:

τgr
C = 46

(Agw
C )

1

2 νD
C,C

AD
C

(
ρD

C

3

)(
103

nH

)(
3.5 · 10−5

ǫC,C

)
Myr . (6.5.2)

This relation deserves some comments. First of all νD
C,C = 1 because carbon is present

in the cold regions of molecular clouds as single atoms or molecules with typically

one atom of carbon. Second, ρD
C = 2.26 g cm−3 (Li & Draine 2001). To determine

AD
C we should average the masses of the various type of molecules present in the

molecular clouds. Carbon is embedded in CO (with a percentage easily up to 20

or 40%). There are also lots of C-molecules like: CO2,H2CO,HCN,CS,CH4, C2H2,

C2H6, HCOOH,OCS, .... We consider AD
C = 28 corresponding to CO as a sort of

mean value fairly representing the above group. Agw
C = 12 assuming single atoms
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as the typical accreting species. Finally, we need to specify ǫC,C the abundance by

number with respect to H of the key-species C driving the process of accretion of

dusty C-molecules. We have:

ǫC,C = (1 − ξCO)
σMC − σD

C

12σMH
. (6.5.3)

In this relation, the factor (1 − ξCO) takes into account that fact that the carbon

already in CO is not available to the accretion process. This correction is not negli-

gible. Second, we subtract from the carbon atoms available for accretion, those ones

already embedded in dust or belonging to unreactive species like SiC. Finally, we

obtain for the typical accretion time:

τ gr
C =

1.80

(1 − ξCO)nH

(
σMH

σMC − σD
C

)
Myr . (6.5.4)

A similar relation is assumed for 13C, in which the only difference is the 2.03 instead

of 1.80. This assumption stands on the notion that 13C, much less abundant than
12C, undergoes the same kind of accretion processes and forms similar C-molecules.

Clearly this is a simplified view of the subject, however sustained by the fact that,

on average, the mean N(12CO)/N(13CO) ratio in diffuse clouds is close or compatible

with the local interstellar isotope ratio 12C/13C, even if the N(12CO)/N(13CO) can

be easily enhanced or reduced by a factor of two with a large spread (Liszt 2007;

Visser et al. 2009). This allows to think that the relative percentage of carbon

isotopes in molecules and dust should not be on average too different.

To practically use Eq. 6.5.1, we need f0,C,C to get the average condensation factor

fC,C : f0,C,C is the initial condensation of the key-element C of the carbonaceous

dust compound. If χ̃D
j is the mass fraction of dust type j contained in the part of

the ISM that is not stored in cold clouds, we have:

f0,C,C ≈
χ̃D

C

χD
C,max

≈
χD

C

χD
C,max

≈
σD

C,C

σMC,C

(6.5.5)

where to derive it, we simply replaced the mass fraction of dust in the ISM not

belonging to cold regions with the mass fraction embedded in the cold ones: χ̃D
C ≈ χD

C .

This simply means that after every cycle of MCs there is complete restitution and

mixing with the ISM, so that on the average the ISM dust content always mirrors

the initial mass-fraction already condensed at the formation of the MC.

6.5.2 Silicon

Silicon is present in many types of grains generically referred to as silicates, one of the

most complicated families of minerals. We consider only some kinds of silicates, com-

monly used in models of dust formation. First of all, we list the pyroxenes that are
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inosilicates (i.e. a family containing single chain and double chain silicates) in general

indicated by XY(Si,Al)2O6, where X represents ions such as calcium, sodium, iron2+

and magnesium, whereas Y represents ions of smaller size such as chromium, alu-

minum, iron+3, magnesium. Aluminum, while commonly replacing in other silicates,

does not often do it in pyroxenes. Typical pyroxenes used in dust models are the end

members of the enstatite-hypersthene-ferrosilite series described by MgxFe1−xSiO3

with 0 < x < 1 determining the partition between the two possibilities. Enstatite is

the magnesium end-member MgSiO3 of the series, while ferrosilite is the iron end-

member FeSiO3: both are found in iron and stony meteorites. Second, we have the

olivines. They are a series of minerals falling in between two end-members, fayalite

and forsterite. They can be described by [MgxFe1−x]2SiO4 with 0 < x < 1 deter-

mining the partition. Fayalite is the iron-rich member with Fe2SiO4. Forsterite is

the magnesium-rich member with Mg2SiO4. The two minerals form a series where

the iron and magnesium can be interchanged without much effect, also difficult to

detect, on the crystal structure. Olivine can be found for example in many mete-

orites like the iron-nickel ones, in the tails of comets, and in the disks of dust around

young stars. Both pyroxenes and olivines are expected to exist in the interstellar

dust because they form from magnesium and iron that are abundant. In addition

to this and limited to the calculation of stellar dust yields, we included quartz, the

most common mineral on the surface of the Earth, composed by SiO2 and silicon

carbide, SiC. Silicon carbide in expected to form in the ejecta of carbon-rich stars

and type II SNe, but not by accretion in cold clouds.

Two parameters control the pyroxene-olivine mixture: the Mg fraction x, assumed to

be the same for pyroxenes an olivines, and the abundance ratio between the amount

of magnesium and silicon bound in dustAD
Mg/A

D
Si. This latter determines the fraction

of silicates with olivine stoichiometry FOl = AD
Mg/(A

D
Si · x) − 1, while for pyroxenes

we can define FPyr = 1 − FOl. The two parameters are fixed and chosen according

to present day observations of IR emission and abundances in the diffuse ISM (Dwek

et al. 1997; Whittet 2003; Dwek 2005), i.e. x = 0.8 and AD
Mg/A

D
Si = 1.06 − 1.07.

Varying these parameters does not significantly affect the total efficiency of dust pro-

duction by the MCs (Zhukovska et al. 2008). For the purposes of this study, they

can be kept fixed. The equation describing the evolution of silicon is nearly the same

no matter whether or not silicon is the key-element for pyroxenes and olivines.

The Mg/Fe case. Let us first suppose that the key-element is magnesium/iron and

not silicon. Using Eq. 6.4.27 we get:
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(
dσD

Si

dt

)

accr

= K
ASi,Pyrν

D
Si,Pyr

Ai,P yrν
D
i,Pyr

·
{
f i,P yrσ

M
i,P yr−

− σD
i,Pyr

}
+K

ASi,Olν
D
Si,Ol

Ai,Olν
D
i,Ol

{
f i,Ol·

· σMi,Ol − σD
i,Ol

}
(6.5.6)

where f i,P yr and f i,Ol are the average condensation fractions of pyroxenes and

olivines, obtained according to the procedure described in Sect. 6.4. Furthermore,

νD
Si,Pyr is the number of silicon atoms needed for one molecule of pyroxene, i.e.

νD
Si,Pyr = 1. Since for each molecule we have just one Si atom, νD

Si,Pyr ·ASi,Pyr = 28.

The quantity Ai,P yr = 24 or 56 (magnesium or iron). We must also define νD
i,Pyr (a

number between 0 and 1). Assuming a fixed partition x: νD
Mg,Pyr = 0.8 and νD

Fe,Pyr =

0.2. Finally, we have the physical constants for olivines: νD
Si,Ol = 1, ASi,Ol = 28,

AMg,Ol = 24, AFe,Ol = 56, νD
Mg,Ol = 1.6, finally νD

Fe,Ol = 0.4. Since FPyr and FOl are

the fractions of pyroxenes and olivines in which silicates are subdivided, we have the

following partition of magnesium in dust σD
Mg = σD

Mg,Ol + σD
Mg,Pyr = (x · FPyr)/(x ·

FPyr + 2x · FOl)σ
D
Mg + (2x · FOl)/(x · FPyr + 2x · FOl)σ

D
Mg = MgPyrσ

D
Mg +MgOlσ

D
Mg

and of iron in silicates (once subtracted the iron embedded in iron grains) σD
Fe,Sil =

σD
Fe−σ

D
Fe,Fe = σD

Fe,Ol +σ
D
Fe,Pyr = (1−x) ·FPyr/((1−x) ·FPyr +2(1−x) ·FOl)σ

D
Fe,Sil +

2(1 − x) · FOl/((1 − x) · FPyr + 2(1 − x) · FOl)σ
D
Fe,Sil = FePyrσ

D
Fe,Sil + FeOlσ

D
Fe,Sil.

It is worth also noting that the dust compounds of which we follow the accre-

tion, i.e. pyroxenes/olivines for silicates, carbonaceous grains and iron grains, are

fewer in number than the dust molecules considered by the stellar yields of dust in

the most detailed models calculated by CNT theory. The number and variety of

the dust molecules injected into the ISM are wider than the number of accreting

species. For this reason, before splitting σD
Mg, σD

Fe,Sil and σD
Si (see below) between

pyroxenes/olivines, we need to keep memory of the evolution of the other dust species

injected by AGB/SNe (also eventually swept up and destroyed by shocks in the ISM),

which are not included in the accretion scheme.

The Si case. In alternative, silicon can be the key-element for olivines and pyrox-

enes:

(
dσD

Si

dt

)

accr

= K
{
fSi,Pyrσ

M
Si,Pyr − σD

Si,Pyr

}

+ K
{
fSi,Olσ

M
Si,Ol − σD

Si,Ol

}
(6.5.7)
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where again fSi,Pyr and fSi,Ol are the average condensation fractions of silicon in

pyroxenes and olivines. The corresponding partition of silicon in dust is σD
Si =

σD
Si,Pyr + σD

Si,Ol = FPyrσ
D
Si + FOlσ

D
Si. We need to calculate the accretion time scales

of pyroxenes and olivines, to be compared with the lifetime of molecular clouds and

included into the integrations for fMg,Pyr, fMg,Ol, fSi,Pyr and fSi,Ol. Applying

Eq. 6.4.9 we get:

τgr
Pyr = 46

(Agw
Pyr)1/2νD

i,Pyr

AD
Pyr

(
ρD

Pyr

3

)(
103

nH

)(
3.5 · 10−5

ǫi,Pyr

)
=

=
τgr
0,Pyr,i

σM
i

σM
H

nH
(6.5.8)

τgr
Ol = 46

(Agw
Ol )1/2νi,d,Ol

Ad,Ol

(ρd,Ol

3

)(103

nH

)(
3.5 · 10−5

ǫi,Ol

)
=

=
τgr
0,Ol,i

σM
i

σM
H

nH
(6.5.9)

where τ gr
0,P yr,i and τ gr

0,Ol,i are two constants that depend on the key-element. τ gr
0,P yr,i

is equal to 2.05, 1.30 and 1.16 for the key-elements Si, Mg and Fe respectively, while

τ gr
0,Ol,i is equal to 2.05, 2.60 and 2.32 again for Si, Mg and Fe. Agw

Ol and Agw
Pyr are the

atomic weight of the growing species. Finally, Ad,Ol = Ad,Pyr = 121.41. It is impor-

tant to note that in the calculation of the abundances of species available for dust

accretion, we do not subtract the amount of dust already formed σD
i from the total

ISM abundance σMi ; this is equivalent to assume that the grains of silicates already

formed act as reactive species in the accretion process. Dropping this assumption

(and simplification), the accretion process would be too slow. There is one exception

though in the case of iron as the key-element for the mixture of silicates mixture. In

such a case we subtract from σMi the amount of iron already embedded in the iron

dust grains (that do not react with silicates), thus obtaining σMi = σMFe − σD
Fe,Fe.

The initial condensation fractions f0,i,P yr, f0,i,Ol needed to derive f i,P yr, f i,Ol can

be obtained as in Eq. 6.5.5.

6.5.3 Oxygen

Oxygen is much more abundant than the refractory elements Si, Fe, Mg, Ca and

S. Therefore, oxygen (at least the most abundant isotope 16O) will never become

a key-element determining the growth of the typical dust grains in the ISM. The

equation describing the evolution of the mass abundance of the 16O is obtained

from Eq. 6.4.27, dropping the terms giving the contribution of the O as key-element.

Therefore, considering the accretion of pyroxenes and olivines, the temporal evolution

of the 16O abundance (we drop the mass number of the isotope) is:
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(
dσD

O

dt

)

accr

= K
AO,Pyrν

D
O,Pyr

Ai,P yrνD
i,Pyr

{
f i,P yrσ

M
i,P yr−

− σD
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}
+K
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D
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D
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M
i,Ol−
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(6.5.10)

where once again the key-element could be Mg, Si or Fe, depending on which has the

lowest abundance. The subscript i indicates a generic key-element. As usual, f i,P yr

and f i,Ol are the average condensation fractions when the MC is dispersed, and σD
i,Pyr

and σD
i,Ol are defined as in Sect. 6.5.2. Introducing the Dirac delta function notation

we have: Ai,P yr = 28δ (Ai − 28) + 24δ (Ai − 24) + 56δ (Ai − 56) where Ai is the mass

number of the key-element i. Furthermore, AO,Pyr = 16 and, since in pyroxenes

we have sulfite SiO3 with 3 oxygen atoms, νD
O,Pyr = 3, νD

i,Pyr = 1δ (Ai − 28) +

0.8δ (Ai − 24) + 0.2δ (Ai − 56), and AO,Ol = 16. Similarly, νD
O,Ol = 4 because in the

olivines we have sulfate SiO4, Ai,Ol = 28δ (Ai − 28) + 24δ (Ai − 24) + 56δ (Ai − 56),

and νD
i,Ol = 1δ (Ai − 28) + 1.6δ (Ai − 24) + 0.4δ (Ai − 56). The accretion time scales

τ gr
Pyr and τ gr

Ol that we need for f i,P yr and f i,Ol, the elemental abundances of the key-

elements and the initial condensation fractions are the same as in Sect. 6.5.2.

In this context, we need also a simple description for 17O and 18O. First of all

let us examine how they behave in the inert CO molecule. The way in which the

isotopes of O and C combine to form many isotopologues other than 12C16O is very

complicated and thoroughly studied, because of the importance of CO molecule, its

easy detection and chemical stability (van Dishoeck & Black 1988; Liszt 2007; Visser

et al. 2009). The photo-dissociation of CO is a line process and consequently subject

to self-shielding that in turn depends on the column density. Therefore, isotopologues

other than C16O are not self-shielded unless located very deeply into the molecular

clouds due to the much lower abundance of 17O and 18O (Clayton 2003; Lee et al.

2008; Visser et al. 2009). Looking at the case of the Sun, where the isotopic ratios

are about 16O/18O ≈ 500 and 16O/17O ≈ 2600 (Lodders et al. 2009; Asplund

et al. 2009), the regions with abundances of the isotopologues different than C16O

significantly reduced with respect to other isotopologues are located very deeply in

the atmosphere. Basing on these considerations, we set the reduction factor of 17O

and 18O, ξ′CO, equal to 1/3 of the reduction factor assumed for CO in Eq. 6.5.3.

All this agrees with the observational ratios C16O/C17O and C16O/C18O in ζ Oph,

> 5900 and ≈ 1550 respectively (Savage & Sembach 1996).

Another point to note is that the ratios 16O to 17O and 18O in the interstellar

dust could be different from the same ratios in the ISM (Clayton 1988; Leshin et al.



208 A chemical model for the evolution of dust in the ISM

1997). The subject is a matter of debate, because the above ratios strongly depend

on the site where those isotopes condense into dust (Meyer 2009). Consequently,

we should not simply scale to 17O and 18O the results obtained for 16O. However,

a detailed analysis of this issue is far beyond the purposes of this paper and we

leave it to future improvements of our model. For the time being, basing on the

following considerations we adopt a simple recipe. As in the dust grains, 17O and
18O are much less abundant than other elements, consider them as the key element

of the dust accretion process. Therefore, Eq. 6.4.27 applied to 17O and 18O (briefly

indicated as nO) becomes:

(
dσD

(nO)

dt

)

accr

= K
{
f (nO),P yr

(
1 − ξ′CO

)
σM(nO),P yr−

σD
(nO),P yr

}
+K

{
f (nO),Ol

(
1 − ξ′CO

)
σM(nO),Ol

−σD
(nO),Ol

}
(6.5.11)

where ξ′CO takes into account that not all 17O and 18O in the ISM can be used to

form new grains because part of them are locked in the CO. The relative amounts of
17O and 18O available to form silicates are ǫ(nO),Sil = (1 − ξ′CO)

(
σM(nO)

)
/(A(nO)σ

M
H )

and the accretion timescales for 17O and 18O are:

τ gr
17O

=
0.97(

1 − ξ′CO

)
nH

(
σMH
σM17O

)
Myr (6.5.12)

τ gr
18O

=
1.00(

1 − ξ′CO

)
nH

(
σMH
σM18O

)
Myr (6.5.13)

where we have considered a typical silicate in which just one atom of 17O and/or 18O

is involved in the accretion process.

6.5.4 Magnesium

In our simple picture of the the grain accretion process, magnesium intervenes in

pyroxenes and olivines, often as the key-element. Furthermore, magnesium is present

also in other dust compounds such as MgO contained in the SNe yields of dust. In

analogy to the case of Si, the set of equations governing the temporal evolution of

the Mg abundance is different depending on whether or not Mg is the key, similarly

to silicon. If Mg is a key element:

(
dσD

Mg

dt

)

accr

= K ·

{
fMg,Pyrσ

M
Mg,Pyr − σD

Mg,Pyr

}
+

K ·

{
fMg,Olσ

M
Mg,Ol − σD

Mg,Ol

}
(6.5.14)
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with the usual meaning of the symbols. The accretion time scales and the initial

condensation fractions of Mg can be obtained in the same way as in Sect. 6.5.2,

following Eqs. 6.5.8, 6.5.9 and 6.5.5. If Mg is not the key-element, but Si or Fe are

playing the role, we have the following equation for the Mg accretion:

(
dσD

Mg

dt

)

accr

= K ·
AMg,Pyrν

D
Mg,Pyr

Ai,P yrνD
i,Pyr

{
f i,P yrσ

M
i,P yr

−σD
i,Pyr

}
+K

AMg,Olν
D
Mg,Ol

Ai,Olν
D
i,Ol

·

·
{
f i,Olσ

M
i,Ol − σD

i,Ol

}
(6.5.15)

in which AMg,Pyr = 24, νD
Mg,Pyr = 0.8, Ai,P yr = 28 or 56 (silicon/iron), νD

Si,Pyr = 1,

νD
Fe,Pyr = 0.2, AMg,Ol = 48, νD

Mg,Ol = 1.6, ASi,Ol = 28, νD
Si,Ol = 1 and νD

Fe,Ol =

0.4. The time scales for accretion of pyroxenes/olivines and the initial condensation

fractions are again from Eqs. 6.5.8, 6.5.9 and 6.5.5. For σD
i,Pyr and σD

i,Ol see Sect.

6.5.2.

6.5.5 Iron

Even considering the small number of accreting compounds included in our model,

iron can be locked up in grains of various type thanks to accretion processes in cold

regions of the ISM. First of all, iron is locked up in iron grains that act as the key

element. Second, iron is also present in pyroxene and olivine grains. In such a case,

iron may or may not be the key element. In any case it is removed from the gaseous

phase and stored in grains. The existence of two channels for locking up iron into

grains leads to a rather complicated equation for the evolution of the iron. There are

the main terms to consider: in the first and second, iron participates to the formation

of silicates (pyroxenes and olivines) as or not a key-element, and in the third one

iron plays the role of a key-element for the formation of iron grains. Furthermore,

the equation will be slightly different depending on whether magnesium, silicon or

iron is the key-element for the formation of pyroxenes/olivines. The final equation is

(
dσD

Fe

dt

)

accr

= K
AFe,Pyrν

D
Fe,Pyr

Ai,P yrνD
i,Pyr

{
f i,P yrσ

M
i,P yr−

−σD
i,Pyr

}
+K

AFe,Olν
D
Fe,Ol

Ai,Olν
D
i,Ol

{
f i,Olσ

M
i,Ol−

− σD
i,Ol

}
+K

{
fFe,Fe

(
σMFe − σD

Fe,Sil

)
−

−
(
σD

Fe − σD
Fe,Sil

)}
(6.5.16)



210 A chemical model for the evolution of dust in the ISM

where the subscript i stands for Si, Mg or Fe itself. Using the Dirac delta function

notation, we have Ai,P yr = 28·δ (Ai − 28)+24·δ (Ai − 24)+56·δ (Ai − 56). The same

expression holds good for Ai,Ol. We have also: AFe,Pyr = AFe,Ol = 56, νD
Fe,Pyr = 0.2

(according to MgxFe1−xSiO3 with x = 0.8), νD
i,Pyr = 1·δ (Ai − 28)+0.8·δ (Ai − 24)+

0.2·δ (Ai − 56), νD
Fe,Ol = 0.4 (according to [MgxFe1−x]2 SiO4 with x = 0.8) and finally

νD
i,Ol = 1 · δ (Ai,Ol − 28) + 1.6 · δ (Ai,Ol − 24) + 0.4 · δ (Ai,Ol − 56). Also, with the

usual meaning, f i,P yr, f i,Ol and fFe,Fe are the average condensations before cloud

dispersion.

For internal consistency, the system of equations must take into account that the

iron abundance used to describe the evolution of the iron grains should be corrected

for the iron already condensed into pyroxenes and olivines, subtracting it from σMFe

and σD
Fe. If the key-element is magnesium, the amount of iron σD

Fe,Sil embedded into

pyroxenes and olivines is given by:

σD
Fe,Sil =

σD
MgAFe

24

(
νD

Fe,Ol

νD
Mg,Ol

MgOl +
νD

Fe,Pyr

νD
Mg,Pyr

MgPyr

)
(6.5.17)

where AFe is the atomic weight of the iron and MgOl and MgPyr are defined in Sect.

6.5.2. Doing the correct substitution we get

σD
Fe,Sil = σD

Mg (0.583 ·MgOl + 0.583 ·MgPyr) (6.5.18)

In a similar way, if the role of key element is played by silicon we have:

σD
Fe,Sil = σD

Si (0.8 · FOl + 0.4 · FPyr) (6.5.19)

where FOl and FPyr have been defined in Sect. 6.5.2. If iron is the key element for

silicates, we simply have:

σD
Fe,Sil = σD

Fe − σD
Fe,Fe (6.5.20)

This clearly requires to keep track of the accretion/destruction and injection of the

iron grains by SNe and AGB stars. The accretion time scales for pyroxenes/olivines

are the same as in Eqs. 6.5.8 and 6.5.9, whereas for iron grains:

τ gr
Fe = 46

(Agw
Fe)1/2νD

Fe,Fe

AD
Fe

(
ρFe

D

3

)(
103

nH

)
·

·

(
3.5 · 10−5

ǫFe,Fe

)
=

31.56

nH

σH(
σMFe − σD

Fe,Sil

)Myr. (6.5.21)
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where νD
Fe,Fe = 1 and ρD

Fe = 7.86 g cm−3. Concerning the accreting elements we con-

sider the simplest case in which they are in form of atoms. The initial condensation

fractions for magnesium/silicon as key-elements ca be obtained as already described

for carbon, while for iron we have:

f0,F e,F e =
χD

Fe

χD
Fe,max

=
σD

Fe − σD
Fe,Sil

σMFe − σD
Fe,Sil

. (6.5.22)

where we subtract the amount of iron already locked up in silicates and therefore

not available to form iron grains.

6.5.6 Calcium

This element has a complicate behaviour difficult to follow. First of all it is usu-

ally heavily depleted in the ISM (Whittet 2003; Tielens 2005), and its abundance

in the solar system is quite low. The difficult arises from the total condensation

efficiency and the big fluctuations generated by the low abundance, compared to

other refractory elements. Second there is not an average molecule that could be

used to represent typical calcium grains in a simple theoretical description. Further-

more, the measurements of depletion cannot be easily derived from observational

data: in principle the ionization equilibrium equation should be solved to derive the

Ca abundance from the observations of Ca II. Possible estimates of Ca abundances

by electron densities and strengths of the ionizing radiation fields are not easy and

relying on ratios of ionization and recombination rates between different elements

(like CaII to those of NaI or KI for instance) is a cumbersome affair (Weingartner

& Draine 2001b). For all these reasons, (Jenkins (2009) - private communication)

leaved Ca (and also Na and K) aside. Trying to overcome this difficulty, we sim-

plify the problem as follows. Thanks to its low abundance, we consider Ca as the

key-element of the associated grains of dust; the equation for the evolution of Ca is:
(
dσD

Ca

dt

)

accr

= K
{
fCa,Caσ

M
Ca (Ca) − σD

Ca (Ca)
}

(6.5.23)

where all the symbols have their usual meaning. To derive the accretion time

scale τ gr
Ca we do not refer to a typical Ca dust grain but simply take the shortest

timescale among those of refractory elements that are most depleted, i.e. Mg, Si

and Fe (τ gr
Si , τ

gr
Mg, τ

gr
Fe), and a timescale τ gr

Ca,Ca for the formation of dust silicates-like

molecules with one calcium atom as key atom. This last-named timescale is multi-

plied for a correction factor CaX , eventually allowing for a fast accretion. Therefore

τ gr
Ca = min{τ gr

Si , τ
gr
Mg, τ

gr
Fe, CaX · τ gr

Ca,Ca}. The initial condensation fraction at the MC

formation is as usual fCa,Ca = σD
Ca/σ

M
Ca.



212 A chemical model for the evolution of dust in the ISM

6.5.7 Sulfur

Sulfur is a very important element: it is often used as a reference case of nearly

zero depletion in studies of local and distant objects (Jenkins 2009). However the

real depletion efficiency of this element is a matter of debate and the assumption

of nearly zero depletion cannot be safe. Calura et al. (2009) reviews data and

theoretical interpretations gathered over the past years to convincingly show that S

can be depleted in considerable amounts. Jenkins (2009) points out the depletion of

sulfur can be significant along some lines of sight. We take Jenkins (2009) results

into account to set upper and lower limits to the sulfur depletion. Considering sulfur

as a refractory element, its evolution in dust is given by
(
dσD

S

dt

)

accr

= K
{
fS,Sσ

M
S (S) − σD

S (S)
}

(6.5.24)

where all the symbols have their usual meaning. Current observations do allow us

to choose a grain as representative of the accretion process. In analogy to what

made for calcium, the accretion time τS,gr is supposed to be the longest between the

timescales of the refractory elements, i.e. Mg, Si and Fe, and a timescale τ gr
S,S for the

formation of dust silicates-like molecules with one sulfur atom as key atom, allowing

therefore for a slow accretion. We also introduce a multiplying scaling factor SX to

eventually correct this timescale. Therefore τ gr
S = SX ·max{τ gr

Si , τ
gr
Mg, τ

gr
Fe, τ

gr
S,S}. The

initial condensation fraction for fS,S is fS,S = σD
S /σ

M
S .

6.5.8 Nitrogen

Nitrogen is known to be poorly depleted and if not depleted at all (Whittet 2003;

Tielens 2005). Jenkins (2009) suggests that depletion is independent from the line

of sight depletion strength factor and that in any case depletion is very low, thus

confirming the poor ability of nitrogen to condense into dust grains. As nitrogen is

included in our list of elements (both 14N and 15N), the evolution of both isotopes

in dust is governed by:

(
dσD

N

dt

)

accr

= K
{
fN,Nσ

M
N (N) − σD

N (N)
}

(6.5.25)

where for the accretion time we simply take the longest between C and O and the

accretion timescale with one nitrogen atom as growing species for a nitrogen molecule.

Carbon and oxygen are the nearest elements, both do not show a strong depletion

and, finally, similarly to nitrogen both indicate (at least along some lines of sight) low

values of depletion. Taking the longest timescale, we implicitly assume that nitrogen

very slowly accretes onto dust. As usual fN,N = σD
N/σ

M
N .
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6.6 Supernovae: the destruction term

As we have seen in Sect. 6.2, we are dealing not only with the accretion of dust, but

also with a term taking into account the effects of destruction of the interstellar dust,

thus restituting heavy elements to the gaseous component. Dust grains in the ISM

can be destroyed by physical process such as the passage of shock waves by supernovæ

explosions. The destruction time scale of the element i-h in dust grains in the ISM

because of the shocks by local SNe is defined as the ratio between the available

amount of that element locked up into dust (the surface mass density σD
i (r, t), at

a given radius and evolutionary time) and the rate at which grains containing that

element are destroyed refueling the gaseous phase :

τSNR,i = σD
i /

(
dσD

i

dt

)

SNR

(6.6.1)

as usual, we drop the dependence from r and t. The destruction time scale can be

expressed as follows:
(
dσD

i

dt

)

SNR

= Mdestr
i ·RSN (6.6.2)

where Mdestr
i = Mdestr

i (r, t) is the amount of mass destroyed by a single SN event,

while RSN = RSN (r, t) is the global rate of SNe, obtained by adding together the

rate of Type I and II SNe. Multiplying numerator and denominator by σD
i and

combining together Eqs. 6.6.1 and 6.6.2 it follows:

τSNR,i = σD
i /

(
dσD

i

dt

)

SNR

=
1

RSN

σD
i

Mdestr
i

. (6.6.3)

The amount of mass destroyed by the interstellar shocks can be defined as the amount

of mass swept by the SN shock, multiplied by the fraction of dust mixed with the

ISM (in this way we get the total swept up mass of dust) and finally by a factor of

dust destruction ǫi that depends on the element we are taking into account:

Mdestr
i =

σD
i

σMi
·Mswept · ǫi . (6.6.4)

Inserting this expression into Eq. 6.6.3 we have:

τSNR,i =
1

RSN

σD
i

Mdestr
i

=
1

Msweptǫi

(
σMi
RSN

)
. (6.6.5)

We need now to get an estimate of the mass swept up by a SN shock propagating

through the ISM. To describe the evolution of the SN remnant we follow Cioffi et al.

(1988) and Gibson (1994). In brief, the evolution of the remnant after the SNa

explosion is subdivided into three main phases: (i) free expansion that lasts until the
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mass of the swept up material is comparable to the mass of the expelled material; (ii)

adiabatic expansion, or so-called Sedov-Taylor phase, lasting until when the radiative

cooling time of the shocked gas is about equal to the expansion time of the remnant;

(iii) radiative expansion, with the formation of a cold and dense shell behind the shock

front, starting when at least some sections of the shocked gas have radiated most of

their thermal energy (Ostriker & McKee 1988). Phase (i) has a simple solution that

can be obtained using the obvious relation (4/3) πR3ρ0 = MSN where MSN is the

mass of the expelled material. The duration of the phase is τ = R/v ≈ 200 years

(very short indeed). For the phase (ii) we have the classical auto-similar adiabatic

solution of Sedov-Taylor (Ostriker & McKee 1988);

Rs (t) = 1.15

(
E0

ρg (t)

)1/5

t2/5 (6.6.6)

where E0 is the energy of the blast wave in units of 1050 erg and ρg (t) is the density

of the environment. The radiative cooling leads to the formation of a thin and dense

shell at tsf :

tsf = 3.61 · 104 · ε
3/14
0 n

−4/7
H

(
Z

Z⊙

)−5/14

(6.6.7)

nH is the number density of hydrogen atoms, Z the metallicity of the ISM and Z⊙

the solar value. ε0 is the energy in units of 1051 erg. The blast wave decelerates until

when the radiative losses start dominating. At about tPDS ≈ 0.37tsf , the remnant

enters the so-called Pressure Driven Snowplow phase (PDS) lasting or Phase (iii). In

the early stages of the PDS phase, the radius of the remnant changes according to

the following equation (where tSN = t− t′):

RS (tSN ) = RPDS

(
4

3

tSN

tPDS
−

1

3

)3/10

(6.6.8)

where the radii are in parsec. RPDS is the radius at the start of the PDS phase:

RPDS = 14 · ε
2/7
0 n

3/7
0

(
Z

Z⊙

)
. (6.6.9)

The inner side of the shock continuously looses energy because of the radiative cooling

and it pushes forward the shell in the ISM. At the time tmerge, given by:

tmerge = 21.1 · tsfε
5/49
0 n

10/49
0

(
Z

Z⊙

)15/49

. (6.6.10)

The remnant and the ISM loose their identity as single entities and merge together.

Subsequently, in the time interval for tmerge ≤ tSN ≤ tcool the radius of the shell is

given by:
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Rmerge = 3.7RPDSε
3/98
0 n

3/49
0

(
Z

Z⊙

)9/98

(6.6.11)

in parsec, where the time scale tcool is:

tcool = 203tsf

(
Z

Z⊙

)−9/14

(6.6.12)

in years. There are four time intervals, with the corresponding radii, to consider:

RS (tSN) = 1.15
(

E0

ρg(t)

) 1

5

t
2

5

SN 0 ≤ tSN < tPDS ;

RS (tSN) = RPDS

(
4
3

tSN

tP DS
− 1

3

) 3

10

tPDS ≤ tSN < 1.17tsf ;

RS (tSN) = RPDS

(
4
3

tSN

tP DS
− 1

3

) 3

10

1.17tsf ≤ tSN < tmerge;

RS = 3.7RPDSε
3

98

0 n
3

49

0

(
Z

Z⊙

) 9

98

tmerge ≤ tSN < tcool .

(6.6.13)

To obtain the shock velocity in the various time intervals, we need the RS as functions

of time. Approximating ρg (t) ≈ ρg, we get:

vS (tSN ) = 2
5

RS(t)
t 0 ≤ tSN < tPDS ;

vS (tSN ) = 2
5

RP DS

tP DS

(
4
3

t
tP DS

− 1
3

)− 7

10

tPDS ≤ tSN < 1.17tsf ;

vS (tSN ) = 2
5

RP DS

tP DS

(
4
3

t
tP DS

− 1
3

)− 7

10

1.17tsf ≤ tSN < tmerge;

vS (tSN ) = 0 tmerge ≤ tSN < tcool .

(6.6.14)

After tmerge there is no longer expansion and we simply have vS (tSN ) = 0. How do

we proceed in the chemical simulation? First of all we need nH, the number density

of hydrogen atoms. This is a spatial density, in atoms per cubic centimeter; we must

derive it from the surface mass density of hydrogen in our flat geometry. This is

done assuming as parameters the scale height and thickness of the disk suggested by

the observational data. Once nH is known, we derive the time scales tsf , tPDS and

tmerge, and finally the radii of the remnant and velocity of the shock at the beginning

and end of the three evolutionary phases we have described. At this point we must

fix the velocity vlow setting the limit at which the shock stops disrupting the dust

grains. A typical value is about 50 km/s (see for a thorough discussion of this point

Nozawa et al. (2006) and Nozawa et al. (2007)). Knowing the limit velocity, we can

soon determine the time in which the remnant expanding at the limit velocity covers

a distance equal to its own radius. The swept up mass is:

Mswept =
4

3
πR (vlow)3 nH . (6.6.15)

The other factors of Eq. 6.6.5 are the ratio σMi /RSN and the coefficients ǫi that

describe the fraction of the element i condensed into dust that is destroyed by the

shock. While the ratio σMi /RSN is simply provided by the chemical model in use, to
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calculate ǫi we refer to the studies by Nozawa et al. (2006) and Nozawa et al. (2007).

In brief, the Nozawa et al. (2006) data are used in the first evolutionary phases of

the galaxies to derive the destruction coefficients for the ISM dust. From Tab. (6)

of Nozawa et al. (2006) we take the ai and bi to be used in:

ǫj = ajE
bj

51 (6.6.16)

where E51 is the energy of the supernova in units of 1051 erg. For simplicity we

assume E51 = 1, typical energy of the explosion of SNe of mass not too high, that

according to the IMF are also the most numerous. In this way we get the coefficients

to be used for destruction by forward shocks in the ISM. Furthermore, the results by

Nozawa et al. (2007) are used to constrain the yields by the SNe progenitors, before

dust is injected into the ISM where it will interacts with the shocks generated by the

surrounding SNe. Therefore we take into account the amount of material injected

into the ISM (Nozawa et al. 2003) corrected for the effect of the internal reverse

shock.

6.7 Yields of star-dust

As we described in Sect. 6.2, one of the key ingredients of the equations describing

the evolution of the abundances of the elements in gas and dust are the condensation

efficiencies: they allow to take into account the amount of dust injected in the ISM

by the main dust factories, SNe and AGB stars. A careful treatment of them is

necessary, in particular according to the recent interest in the high-z universe.

Indeed, current observations unveiled the existence of a high-z universe heavily

obscured by large quantities of dust (Shapley et al. 2001; Carilli et al. 2001; Bertoldi

et al. 2003; Robson et al. 2004; Wang et al. 2008; Wang et al. 2008; Micha lowski

et al. 2010; Micha lowski et al. 2010). Once established the presence of dust, some

key questions still remain about the physical origin of this dust, its chemical com-

position and its influence on the starlight in high-z galaxies. These questions are

hardly debated in literature, in order to understand if SNe can account, da sole, for

these dust (Gall et al. 2011b), if the contribution of increased dust in the interstellar

medium can be neglected or not (Dwek et al. 2009; Draine 2009; Mattsson 2011)

and what is the role played by the more massive AGB stars (Valiante et al. 2009).

The concept of duty cycle for the dust must be introduced to suitably describe the

formation and evolution of dust in high-z and local galaxies, and to simultaneously

infer precious clues on when and how galaxies formed and evolved. The cyclic history

of the interstellar dust is described in detail by Zhukovska et al. (2008) and nicely

illustrated in the classical diagram by Jones (2004). In brief, low and intermediate



6.7 Yields of star-dust 217

AGB stars thanks to mass loss by stellar winds, and massive stars thanks to the

Core Collapse SNa explosions (CCSNe), inject refractory elements in the ISM: most

of this material is in gaseous form, but important amounts of it condense into the

so-called star-dust. Once mixed in the turbulent ISM, star-dust grains are subjected

to destructive processes that restitute the material to the gaseous phase. The com-

petition between this process and the one of dust accretion onto the so-called seeds in

dense and cold molecular clouds determines the total budget of dust in the ISM and

the observed depletion of the refractory elements by formation of new dust grains. In

the MCs, where dust accretes and cools down the region, star formation takes place

generating new stars that in turn evolve and die, thus more and more enriching the

ISM with new metals and star-dust.

It is soon evident that some key agents must intervene to drive the evolution of

dust. They are some grains or grain families with given composition and properties,

the physical mechanisms of formation/accretion and destruction of dust in the ISM,

and finally the yields of dust by stars.

Dealing with star-dust to be included in the equations for chemical evolution of the

ISM, the best way to account for it is to use a compilation of condensation efficiencies

δ (Dwek 1998; Calura et al. 2008) to be applied to the masses of single elements

restituted by stars to the ISM. In other words, starting from the classical compila-

tions of the gas mass in form of a given element ejected by each star during its life

back into the ISM, we provide a compilation of coefficients giving the dust-to-gas

ratio for that specific ejecta.

Many different recipes are proposed to deal with the two main factories of star-

dust (AGB stars and SNe): some of them consider only the total amount of dust

that is injected and neglect its composition, others adopt simple schemes to follow

the evolution of a group of elements and/or molecules taken as representative of the

dust in the ISM. In Tab. 6.7 we list all the prescriptions we have adopted based on

the most recent models of dust formation and destruction.

In this section the best theoretical recipes available nowadays in literature to esti-

mate the amount of dust produced by SNe and AGB stars are discussed and for

SNe compared to the observations to get clues on the problem. The condensation

efficiencies have been then analyzed in the context of our model of dust formation

and evolution in the Solar Ring and Galactic Disk.

6.7.1 Yields of dust by SNe

SNe are primary sites of dust formation. The direct evidence began with the pioneer-

ing observations of the SN 1987A (Danziger et al. 1991; Dwek et al. 1992; McCray
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Table 6.1: Prescriptions taken from literature to model the star-dust contribution to the ISM.

Work AGB stars SNe

Calura et al. (2008)1 Dwek (1998) Dwek (1998)

Zhukovska et al. (2008)2 Ferrarotti & Gail (2006) Its own δSN scheme

Valiante et al. (2009)3 Ferrarotti & Gail (2006) Bianchi & Schneider (2007)

Pipino et al. (2011)4 Dwek (1998) revised Dwek (1998)

Yamasawa et al. (2011)5 no AGB stars Nozawa et al. (2003),

Nozawa et al. (2007)

Gall et al. (2011a, Gall et al. (2011b)6 Ferrarotti & Gail (2006) Todini & Ferrara (2001),

Nozawa et al. (2003),

Nozawa et al. (2006)

Dwek & Cherchneff (2011)7 Dwek (1998) Its own δSN scheme

1The same condensation efficiencies δ proposed by Dwek (1998) are adopted. 2Low and constant

condensation efficiencies are proposed and adopted for SNe. 3The original model by Todini &

Ferrara (2001) for dust formation in SNe is extended to a wider set of initial conditions and model

assumptions. 4Condensation efficiencies δ by Dwek (1998) are lowered to match the observation of

dust in CCSNe, thus including in some way the uncertainties of the destructive reverse shock

effects. 5Only SNe are included as dust factories because the study is limited to the very early

universe. 6Average coefficients are obtained in order to study the evolution of the total dust mass

in star-burst galaxies and QSOs. 7Only the average total amount of dust formed in SNe and WR

is considered.

1993; Bautista et al. 1995; Dwek 1998) until the recent and deep observations of

the SN 1987A itself and other SNe. These new data are obtained by means of the

new generation of IR and sub-mm instruments, like Spitzer (Bouchet et al. 2006;

Meikle et al. 2007; Rho et al. 2008; Rho et al. 2009; Kotak et al. 2009; Rho et al.

2009), Akari (Sakon et al. 2009), SCUBA and PACS/SPIRE onboard Herschel Space

Observatory (for a global summary about these instruments, see Chap. 2).

Given these premises, some questions arise:� How much dust is produced by a single SNa (according to the observational

data)?� What is the condensation efficiency of the different refractory elements during

the evolution of the SNa remnants, when the effects of forward and reverse

shocks are taken into account (Nozawa et al. 2006; Nozawa et al. 2007; Kozasa

et al. 2009)?� Do SNe produce enough dust to significantly contribute to the obscuration of

primordial galaxies or a substantial amount of that dust is due to nucleation
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Table 6.2: Observational data on the dust formation in the ejecta and remnants of CCSNe and in the Kepler SNa, the progenitor of which is still

controversial.

SNe(1) Galaxy(2) Type(3) M∗,prog
(4) Md

(5)

(M⊙) (M⊙)

SN 1987A LMC II-peculiar 20(25) 2 · 10−4
− 1.3 · 10−3(25), 0.4-0.7(27)

SN 1999em NGC1637 II-P(6) 12 − 14(6) > 10−4 (6)

SN 2003gd M74 II-P(7) 8+4
−2

(9) 10−4 (7)
−0.02 (9)

Kepler MW Ia(10,12),Ib(11),II-L(11) 8 (10)
− > 10 (11) 0.09 (13)

−0.14 (13); < 1.2(13)

SNR1E0102.2-7219 SMC Ib,Ic,II-L(17) 25(14) 8 · 10−4(15) - 0.014(16)

Cassiopeia A MW IIn(21)-IIb(20) 13-30(18,20) 0.02 − 0.054(19); < 1.0(26)

SN 2005af NGC 4945 II-P(22) 13-35(22) 4 · 10−4(23)

N 132D LMC Ib(24) 30-35(24) > 8 · 10−3(24)

1Identification name of the SNe and remnants. 2Galaxy in which the supernova has been observed. 3Classification of the CCSNe and thermonuclear SNe

according to the observational scheme: almost all of the tabulated objects are CCSNe, only for Kepler SNa the classification is still debated. 4Estimated

mass of the progenitor in solar masses. (5)Estimated mass of dust condensed in the remnant. (6)Elmhamdi et al. (2003). (6)Meikle et al. (2007). (8)Hendry

& Smartt (2005). (9)Sugerman et al. (2006). (10)Reynolds et al. (2007). (11)Bandiera (1987). (12)Cassam-Chenäı et al. (2004). (13)Gomez et al. (2009). The

estimated mass depends strongly on the absorption coefficient κ. The adopted value is the one appropriate for SNa dust according to Dunne et al. (2009).

But for different κ the estimate could grow until 1.2M⊙ or even more (Gomez et al. 2009). . (14)Sandstrom et al. (2009). (15)Stanimirović et al.

(2005). (16)Rho et al. (2009), but according to the estimate by Sandstrom et al. (2009), up to 0.6M⊙ of cold dust could be present. (17)Finkelstein et al.

(2004). (18)Young (2006). (19)Rho et al. (2008). (20)Krause et al. (2008). (21)Chevalier & Oishi (2003). (22)Kotak et al. (2006). (23)Kotak (2008). (24)Rho

et al. (2009). (25)Ercolano et al. (2007). (26)Dunne et al. (2009) (27)Matsuura et al. (2011).
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Figure 6.4: Observational estimates of the masses of newly formed dust Md in the CCSNe (four-

points stars and solid line error bars) as a function of the progenitor mass Mp, both expressed in

solar units. The recent estimates of the amount of newly formed dust in Kepler SNa (square with

dotted line error bars), Cas A (circle with dotted line error bars) obtained by sub-mm observations,

and in SN 1987A (five-pointed star with continuous line error bars) with the PACS/SPIRE onboard

the Herschel Space Observatory are also displayed. Three fits are shown: the dotted line represents

the best fit obtained from using only the masses of dust determined by NIR/MIR observations; the

dashed line represents the best fit to all the data; finally, the continuous line represents the best fit

only to the amounts of dust derived from FIR/sub-mm data.

in the ISM with SNe mainly providing the seeds on which dust grains of the

ISM grow (Dwek et al. 2009; Draine 2009)� Do current theoretical models of dust formation (Todini & Ferrara 2001; Nozawa

et al. 2003; Schneider et al. 2004; Kozasa et al. 2009) agree with the observa-

tional data (Rho et al. 2008; Rho et al. 2009; Kozasa et al. 2009; Rho et al.

2009; Matsuura et al. 2011)?� Above all, which kind of SNe produce dust?

Which kind of SNe produce dust?

From the entries of Tab. 6.2 we note that nearly all SNa types are dust producers.

The only exception are type Ia SNe in which no dust has been detected (Borkowski

et al. 2006; Draine 2009), even if the classification of Kepler SNa is still uncertain

and can suggest a type Ia SNa. In addition to this, in meteorites no pre-solar grains

formed in type Ia thermonuclear SNe explosions have been found (Clayton & Nittler
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2004). Therefore, it is most likely that type Ia SNe have almost zero condensation

efficiency. Recently, Kozasa et al. (2009) calculated some models of dust formation in

CCSNe, based upon the same formalism of Nozawa et al. (2003), but using different

underlying models of SNe. The aim was to investigate the effects on dust nucleation

of a different amount of hydrogen in the envelope at the onset of the collapse. In

Fig. 6.5 (left panel) the total yields of dust by Kozasa et al. (2009) compared to

Nozawa et al. (2003) yields, are shown. When the hydrogen-rich envelope at the

onset of the collapse is thick, the models agree each other, and the total amount of

dust produced is about the same. On the contrary, the effect of the hydrogen-rich

envelope on the amount of dust produced is significant: for type IIb SNe it drops

by a factor of about three, from ∼0.45M⊙ to 0.167M⊙. This fact suggests that in

chemical models of galaxies it would be interesting to distinguish the contribution

by different types of CCSNe, e.g. because of different mass loss histories a different

onion-like structures of the progenitor (Kozasa et al. 2009; Gall et al. 2011a). The

effect of the varying hydrogen envelope could modify our view of the types of SNe

able to produce significant amounts of dust.

How much dust can a single supernova inject into the ISM?

Since the early observations of the SNa 1987A, this question has long been debated

with controversial answers. Indeed: (1) The sample of observed SNe with ongoing

dust formation is small, hence it is almost impossible to get some reliable clues

about the link between mass and metallicity of the progenitor and the amount of

produced dust; (2) The MIR-NIR observations could miss the presence of a significant

amount of cold and very cold dust. Only with SCUBA-2, ALMA, and Herschel

Space Observatory we might be able to highlight this issue (Gomez et al. 2007; Rho

et al. 2008; Nozawa et al. 2008; Dunne et al. 2009; Gomez et al. 2009). The

very recent discovery of a significant amount of very cold dust grains in SN 1987A

(Matsuura et al. 2011) seems to strengthen this point; (3) It is not clear if and how

much dust is embedded in a thin envelope or in thick clumpy regions, thus making

quantitative estimates highly uncertain (Ercolano et al. 2007), if the assumption

that the radiation emitted by dust comes from an optically thin region (Kozasa

et al. 2009; Meikle et al. 2007); (4) It is always a cumbersome affair to discriminate

between contamination by foreground dust and dust residing and forming locally in

the observed SNa (Dunne et al. 2003; Krause et al. 2004; Wilson & Batrla 2005;

Rho et al. 2008).

The Tab. 6.2 summarize the most significant observations of dust formation in SNe

and the available information about the progenitor mass and the SNa type: because

of the uncertainties and the poor statistics, it is not possible to disentangle the
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Figure 6.5: Yields of dust for C, O, Mg, Si, S and Fe, calculated from the list of dust compounds

of Nozawa et al. (2003) and the unmixed (Left Panel) and mixed (Right Panel) models of ejecta

as a function of the progenitor mass. All quantities on display are expressed in solar masses. Small

crosses represent extrapolations from the data of Nozawa et al. (2003) to other mass ranges. The

legend is as follows: C (empty circles and continuous line); O (diamonds and dashed line); Mg

(triangles and dotted line); Si (six-pointed stars and dot-dashed line); S (squares and continuous

line) and Fe (five-pointed stars and dashed line). The dashed line without markers represents the

total amount of dust left over by the shocks in the SNR. We also show (filled circles) the total yields

of dust by Kozasa et al. (2009) for the unmixed 15, 18 and 20M⊙ models. The effect of a different

hydrogen-rich envelope on the amount of dust formed by a 18M⊙ model is also indicated by the

arrow.

complex dependence of the observed ongoing dust formation on physical parameters

like the mass and metallicity of the progenitor star and the density of the underlying

environment where the explosion took place. For Kepler and Cas A SNe we show

also the estimates derived from taking into account recent sub-mm determinations

of the cold dust contribution (Dunne et al. 2009; Gomez et al. 2009). If we consider

all the objects whose estimates of the dust content is based only upon observations

of warm dust in the NIR/MIR, the analytical fit yields about 0.006-0.05 M⊙ of dust

per SNa, depending on the progenitor mass. Clearly, this is only a mean lower limit

because we are neglecting the cold dust emitting at longer wavelengths, which could

easily increase the average estimate by one or even two orders of magnitude, i.e. up

to 0.1-0.2 M⊙ of dust per SNa (dashed line in Fig. 6.4). If we consider only the

observations taking into account FIR/sub-mm data, we get 0.4-0.7 M⊙ per SNa: in

this case SNe would be very efficient dust factories! However, with a sample of only

three data drawing any conclusion would be premature. More sub-mm data from

SCUBA-2, ALMA, and Herschel Space Observatory are needed to solve the problem.
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Figure 6.6: Masses of C, O, Mg, Si, S and Fe, hidden in the dust and left over by the reverse

shocks in SNRs (Nozawa et al. 2007) as a function of the progenitor mass, for the unmixed grain

model of Nozawa et al. (2003) and at varying the hydrogen number density nH. All quantities on

display are expressed in solar masses. Small crosses represent extrapolations from the dust yields

calculated by Nozawa et al. (2003) to other mass ranges. The legend is as follows: C (empty circles

and continuous line); O (diamonds and dashed line); Mg (triangles and dotted line); Si (six-pointed

stars and dot-dashed line); S (squares and continuous line) and Fe (five-pointed stars and dashed

line). The dashed line without markers represents the total amount of dust survived to the shocks

in the SNR. Left Panel: Masses of C, O, Mg, Si, S and Fe in dust survived to reverse shocks for

nH = 0.1 cm−3. Middle Panel: The same as in left panel but for nH = 1 cm−3. Right Panel:

The same as in left panel but for nH = 10 cm−3.
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Figure 6.7: The same as in Fig. 6.6 but for the mixed grain model by Nozawa et al. (2003). The

meaning of all the symbols is the same as in Fig. 6.6. Left Panel: The masses of O, Mg, Si and Fe

in dust that survived to the reverse shocks for nH = 0.1 cm−3. Middle Panel: The same as in left

panel but for nH = 1 cm−3. Right Panel: The same as in left panel but for nH = 10 cm−3.
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Figure 6.8: Comparison between theoretical models and observational data. The amount of dust

surviving destruction is shown for three ambient number densities nH = 0.1 cm−3, nH = 1 cm−3 and

nH = 10 cm−3. Also, the original undestroyed yields by Nozawa et al. (2003) are displayed. The

crosses, circles, squares and five-pointed star represent observational data from Tab. 6.2 relative to

freshly formed dust in SNRs, as in Fig. 6.4, with the same meaning of the symbols. The hatched

area in both panels represent the amount of dust per SNa needed to explain the obscured high-z

quasars, according to the estimates by Dwek et al. (2009). Left panel Theory vs. observation for

the unmixed model. The solid line without marks shows the undestroyed yields. The continuous

lines from top to bottom show the yields at increasing nH. Dotted lines represent the three nH re-

scaled by a factor of 10. Right panel Theory vs. observation for the mixed model. The continuous

lines have the same meaning as in the left panel.

How the empirical data compare with the theoretical models?

Until now, an handful of studies have tried to theoretically model dust (Todini &

Ferrara 2001; Nozawa et al. 2003; Schneider et al. 2004; Kozasa et al. 2009) and

molecules (Cherchneff & Lilly 2008; Cherchneff & Dwek 2009; Cherchneff & Dwek

2010) formation in SNe, coupling a more or less refined classical nucleation theory

(CNT) or kinetic theory. Some of these studies have been dedicated to Population

III SNe but their results can be applied to SNe with progenitors of different metal-

licities, even with super-solar values. Indeed, according to Todini & Ferrara (2001)

and Nozawa et al. (2003), dust formation in the ejecta is almost insensitive to the

metallicity of the progenitor stars. The processes of dust destruction and cooling in

the surrounding ISM are also scarcely dependent on the ISM metallicity (Nozawa

et al. 2007; Nozawa et al. 2008). The most complete compilation of dust yields is

by Nozawa et al. (2003): they modelled the formation of dust in CCSNe from 13

to 30 M⊙ and Pair-Instability SNe (PISNe) from 170 to 200 M⊙ for both unmixed

and mixed He cores. From the database of Nozawa et al. (2003) one can derived

the mass of each element embedded in the dust components. In Fig. 6.5 we show
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Figure 6.9: Condensation efficiencies of the elements C, O, Mg, Si, Ca, S and Fe in SNRs as a

function of the progenitor mass, according to the unmixed grain models of Nozawa et al. (2003),

Nozawa et al. (2007) and at varying the hydrogen number density nH . The small crosses represent

extrapolations of the yields of dust by Nozawa et al. (2003) to other mass ranges. We plot: C (empty

circles and continuous line); O (diamonds and dashed line); Mg (triangles and dotted line); Si (six-

pointed stars and dot-dashed line); S (squares and continuous line); Ca (squares and continuous

line) and Fe (five-pointed stars and dashed line). Left Panel: Condensation efficiencies of C, O,

Mg, Si, S and Fe in dust survived to reverse shocks in a medium with nH = 0.1 cm−3. Middle

Panel: The same as in left panel but for nH = 1 cm−3. Right Panel: The same as in left panel,

only for nH = 10 cm−3.
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Figure 6.10: The same as in Fig. 6.9 but for the mixed grain model of Nozawa et al. (2003),

Nozawa et al. (2007). The meaning of all the symbols is the same as in Fig. 6.9. Left Panel:

Condensation efficiencies of O, Mg, Si, Ca and Fe for nH = 0.1 cm−3. Middle Panel: The same as

in left panel but for nH = 1 cm−3. Right Panel: The same as in left panel but for nH = 10 cm−3.
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the yields of dust for each element and the total yield, for both unmixed (left panel)

and mixed (right panel) cases. The progenitor masses in the grid do not cover the

whole range of possible values, so some interpolation/extrapolation of the data have

been applied, which, owing to the coarse coverage of large mass intervals, may be

affected by large uncertainties. In general, in the case of unmixed cores, many dusty

compounds form: the general trend of all the elements is quite regular, with just

some exceptions, like carbon (in the unmixed model) and iron (in the mixed model):

the yields grow at growing mass of the progenitor. Before comparing theory and

observations, we have taken into account the dynamical evolution of the dust and its

destruction in SNRs, in particular due to the passage of the reverse shock (Nozawa

et al. 2007; Bianchi & Schneider 2007). Basing on previous studies by Nozawa et al.

(2003) and Nozawa et al. (2006), Nozawa et al. (2007) calculated the dust yields and

sizes of dust grains surviving destruction. Starting from this yields, new yields can

be derived, as a functions of the ambient numerical density nH. These resulted are

presented in Figs. 6.6 (unmixed model) and 6.7 (mixed model). In both mixed and

unmixed cases, the higher the ambient density nH, the higher is the amount of dust

destroyed and the smaller the yields. Some elements, like S or Mg in the unmixed

case or Fe in the mixed one, are completely destroyed in high density environments.

Finally, in Fig. 6.8 we compare the theoretical yields with the observational data,

for both the unmixed and mixed models. The yields based on the unmixed models

marginally agree with the observational data obtained from the MIR observations.

To get a satisfactory agreement one would need to re-scale the yields from unmixed

models by at least a factor of 10. However, these yields much better agree with the

estimates if the last ones come from FIR/sub-mm observations. The yields based on

mixed models, because of the stronger destruction of dust grains in the SNRs, better

agree with the MIR observations, but considering the contribution of cold dust they

fail to match the FIR/sub-mm data unless the SNa explosion takes place in a low

density environment.

More recent observations seem suggest unmixed models instead of mixed ones.

Condensation efficiencies

Once the original total yields from the SNe models are known, one can derive the con-

densation efficiencies of the various elements. However, the SNa models by Umeda

& Nomoto (2002), whose the study by Nozawa et al. (2003) is based on, are not

publicly available. To overcame this problem, the up-to-date nucleosynthesis calcu-

lations by Nomoto et al. (2006) and Tominaga et al. (2007) more similar to those of

Umeda & Nomoto (2002) (with similar mass-cut, progenitor mass, Ye and explosion

energy ratios from the gaseous yields) are used, in order to obtain the dust-to-gas
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ratio from the gaseous yields.

In Figs. 6.9 and 6.10 we show the condensation efficiencies of C, O, Mg, Si, S

and Fe for the unmixed model and O, Mg, Si, Ca and Fe for the mixed one, both at

varying the ambient density nH. For the highest densities, more grains are destroyed

before being injected into the ISM and therefore the condensation efficiencies are

lower. For the condensation efficiencies of Ca, not included in Nozawa et al. (2003),

For the condensation efficiency of Ca we adopt the mean value of the other refractory

elements (Mg, Si, S and Fe). Basing on observations of the Cas A remnant (Ennis

et al. 2006), Kozasa et al. (2009) prefer to use unmixed models. Furthermore,

the unmixed model: (i) better reproduces the extinction curves observed in high-z

quasars (Hirashita et al. 2005); (ii) it is exactly in the range suggested by Dwek et al.

(2009) to cope with the high-z obscured universe and, (iii) SNe have to produce some

amount of carbonaceous grains according to observations of pre-solar dust, whereas

the mixed model is not able to produce C-based dust. It seems therefore that the

unmixed model condensation efficiencies should be preferred.

Even if the Nozawa et al. (2003) is the most available database, other prescrip-

tions for the efficiency of dust condensation in SNRs can be found. First of all the

simple formulation by Dwek (1998) and Calura et al. (2008) who for type II SNe

adopt a set of condensation efficiencies independent from the mass/metallicity of the

star or the density of the parental environment. No distinction is made for the con-

densation efficiencies between type II CCSNe and thermonuclear type Ia SNe. The

values for the condensation efficiencies are somewhat arbitrary (Dwek 1998); they

are simply meant to indicate the effect of condensation with some destruction. One

of the most controversial issues is the assumption made by Dwek (1998) and Calura

et al. (2008) about Type Ia SNe: the condensation efficiencies are assumed to be

high despite the fact that no dust formation has been observed in Type Ia SNRs

(Draine 2009). This contradictory assumption has been recently corrected in Pipino

et al. (2011), even if the arbitrary choice between the condensation efficiencies make

them as free parameters.

Another prescription for dust condensation in SNe worth being examined is the

one by Zhukovska et al. (2008). They assume that SNe are poor producers of dust,

introduce condensation factors independent from both mass of the progenitor and/or

metallicity. In their models, type Ia SNe can produce only small amount of iron. Ac-

cording to Zhukovska et al. (2008), the uncertainties on dust formation in SNe are

still so large that purely theoretical yields cannot be safely used. For all these con-

siderations, it appears that the more detailed set of condensation efficiencies based

on Nozawa et al. (2003), Nozawa et al. (2006) and Nozawa et al. (2007) is more safe

and of general use to be adopted into theoretical models. It relies on detailed models

that are still the most handy available in literature thanks to the number of modelled
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masses, to the included effects of the reverse shock and environmental density on the

surviving mass of dust grains (salterei il perche i modelli CNT non vanno bene).

Nevertheless, as long as models at varying those parameters are not available, the

current estimates of the condensation efficiencies by Nozawa et al. (2003), Nozawa

et al. (2006) and Nozawa et al. (2007) can be safely used in chemical models.

How these yields of dust and corresponding condensation efficiencies compare

with the amount of dust that is estimated to explain the obscured objects at

high redshift?

The question is still open and vividly debated: it is not clear whether SNe play a

major role as dust producers in high-z, very young galaxies, when AGB stars still

have not yet started contributing to the total budget (Sugerman et al. 2006; Bianchi

& Schneider 2007; Nozawa et al. 2008), or grain accretion in the ISM dominate

leaving to SNRs the role of seed producers over which accretion should take place

(Dwek et al. 2009; Draine 2009). Dwek et al. (2009) argue that 0.1 − 1M⊙ of dust

is produced by every SNa to fully explain high-z obscured objects, the dust being

originating in SNRs. In Fig. 6.8, the hatched area indicates the 0.1 − 1M⊙ region.

The theoretical yields agree with the values falling into the hatched region, and the

recent observations in FIR/sub-mm seem confirm this scenario. unmixed case. Be-

cause of it, Dwek et al. (2009), Draine (2009) favored the accretion in the ISM as the

dominant source of dust in high-z quasars. The dust accretion in the ISM requires

that some enrichment in metals has already occurred so that some delay is unavoid-

able. For very high SFR such as in QSOs, the delay can be very short (Gall et al.

2011a; Gall et al. 2011b), thus further complicating the whole picture. However,

more detailed observations of cold dust in some SNRs significantly increase the dust

contribution by SNe, that becomes high enough to overwhelm the ISM accretion in

the early stages. The issue is still debated.

6.8 Yields of dust from AGB stars

Apart of SNe, low and intermediate mass stars in the asymptotic giant branch (AGB)

phase are long known to safely be strong injectors of dust in the ISM. It is worth

noting that dust formation in the red giant branch (RGB) and even early asymptotic

giant branch (E-AGB) stars can be ignored because the physical properties of their

stellar winds do not favour dust formation and the rates of mass loss are very low

(Gail et al. 2009). Only the thermally pulsing AGB (TP-AGB) stars are expected

to form dust in significant amounts (see Chap. 1).
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Figure 6.11: Condensation efficiencies for the elements C, O, Mg, Si, Ca, S and Fe in SNRs

as a function of the progenitor mass at varying the metallicity Z. We plot: C (empty circles and

continuous line); O (diamonds and dashed line); Mg (triangles and dotted line); Si (six-pointed stars

and dot-dashed line); S and Ca (squares and continuous line) and Fe (five-pointed stars and dashed

line).

TP-AGB stars have been the subject of an impressive number of studies based on

the theory of stellar evolution and going from synthetic models (Marigo et al. 1996;

Wagenhuber & Groenewegen 1998; Marigo 2002; Izzard & Poelarends 2006; Marigo

& Girardi 2007) to full calculations of evolutionary, even hydrodynamical, models

(Herwig et al. 1997; Karakas et al. 2002; Ventura et al. 2002; Herwig 2004; Weiss

& Ferguson 2009). Moreover, dust formation in AGB stars has been the subject of

more and more refined and detailed models (Gail et al. 1984; Gail & Sedlmayr 1985;

Gail & Sedlmayr 1987; Dominik et al. 1993; Gail & Sedlmayr 1999; Ferrarotti &

Gail 2002; Ferrarotti & Gail 2006; Gail et al. 2009), able to calculate the amount of

newly formed dust in M-stars, S-stars and C-stars, along a sequence of growing C/O

ratio. This ratio determines the dust mixtures formed in the outflows (Piovan et al.

2003; Ferrarotti & Gail 2006; Gail et al. 2009), as investigated and analyzed in Sect.

1.4. Recently, Ferrarotti & Gail (2006) presented a detailed database of dust yields

from AGB stars, that was later extended by Zhukovska et al. (2008). Ferrarotti &

Gail (2006) models are obtained applying the schemes for dust formation to synthetic
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Figure 6.12: Dust ejecta for C, O, Mg, Si, and Fe, calculated by means of dust compounds of

Ferrarotti & Gail (2006) and Zhukovska et al. (2008) for AGB stars as a function of the progenitor

mass. Four metallicities are considered. The legend is as follows: C (empty circles and continuous

line); O (diamonds and dashed line); Mg (triangles and dotted line); Si (six-pointed stars and dot-

dashed line); S (squares and continuous line) and Fe (five-pointed stars and dashed line). The dashed

line without markers is the total amount of dust in the ejecta. The vertical dashed line represents

the 6 M⊙ upper AGB limit according to our set of yields Marigo et al. (1996), Marigo et al. (1998),

Portinari et al. (1998). Finally, the continuous line shows the total ejected mass in dust and gas

for what concerns the five elements we have considered in the plot according to van den Hoek &

Groenewegen (1997).

AGB models standing on van den Hoek & Groenewegen (1997) and Marigo et al.

(1996). Also, for some elements the results by Karakas & Lattanzio (2003) have

been used. To obtain the dust condensation coefficients δw
c,i for every element i-th of

our set, the first step is to calculate the amount of each element embedded in newly

formed dust.

In Fig. 6.12, for the elements C, O, Mg, Si, Fe, we show the total amount

Mi,d (M,Z) of dust formed in the outflows of AGB stars, according to the previ-

ous cited models. Moreover, for each AGB star, we show the total amount of ejected

dust and compare it to the total amount of lost material. The following remarks can

be made. First, as shown in the top panels, the dust produced by low metallicity

AGB stars of any mass is carbon dominated. This point seems to agree with the
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suggested high-z scenario in which the appearance of the PAH features and graphite

extinction bump in the UV are both connected to the delayed injection of carbon by

AGB stars, as shown by observations of galaxies of different metallicity (Dwek 2005;

Galliano et al. 2008; Dwek et al. 2009). Second, at growing metallicity, silicate dust

starts to be formed in significant amount, however there is always some injection of

carbon dust from stars around 3M⊙. Third, the following questions arise: At which

mass do This recipe is strictly classical and follows the one adopted by Portinari et al.

(1998) to calculate the chemical yields, since the idea is to base simulations upon

the latest release of those yields. Below 6 solar masses we have stars ending as WDs

through the AGB channel; for masses between 6 and 8M⊙ (Portinari et al. 1998) as-

sumed 1.3M⊙ of remnant, either WD or NS, and the overlying layers expelled either

by an explosion or a TP-AGB phase; for masses M> 8M⊙ we have stars developing

an iron core and exploding as CCSNe. However, other mass limits would be possible

considering all the uncertainties affecting the evolution of stars in the mass range 6

to 12M⊙. For instance Zhukovska et al. (2008), Gail et al. (2009) and Calura et al.

(2008) extend the AGB stars to stars with initial mass of 8M⊙, thus shifting part of

the dust emission from SNe to AGB stars.

Once the masses of dust ejecta are defined, the condensation efficiencies for the

element i-th during the TP-AGB phase can be obtained. In Fig. 6.11 we show the

condensation efficiencies at growing metallicity. While the condensation efficiency of

carbon keeps quite high, for oxygen and other refractory elements it grows at increas-

ing metallicity. For metallicity two times solar, for some elements like Si and some

stellar masses, almost all the material is condensed into dust. Another possibility for

the condensation efficiencies of AGB stars is proposed by Dwek (1998): their models

depend on the final C/O ratio in the ejecta, without following the evolution of the

star along the AGB (as in the complex dust nucleation model by Ferrarotti & Gail

(2006)) and they are also independent from the metallicity of the stars.

6.9 Models of the ISM with dust: results

The chemical model for disk galaxies we are proposing extends the the original dust-

free, multi-zone model with radial flows developed by the Padova group over the

years (Chiosi 1980; Chiosi & Maeder 1986; Portinari et al. 1998; Portinari & Chiosi

1999; Portinari & Chiosi 2000; Portinari et al. 2004; Portinari et al. 2004b) to which

the reader should refer for all the details not mentioned here. The model is quite

complicate and obviously contains many parameters. Therefore it would be wise

to suitably select the parameters to vary, guided by some general considerations to

be kept in mind: (i) This study is mainly devoted to highlight the role of dust in

chemical models rather than perfectly reproducing the properties of gas and stars of
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the MW in the local pool. For this reason various recipes for dust formation and

evolution in the ISM must be tested. (ii) A reasonable agreement between model

results and observational data for gas, dust and stars (both in the solar vicinity and

across the galactic disk) must be reached for the sake of physical consistency of the

whole model. (iii) Finally, we will take advantage of the results already obtained

by Chiosi (1980, Chiosi & Maeder (1986, Portinari et al. (1998, Portinari & Chiosi

(1999, Portinari & Chiosi (2000, Portinari et al. (2004, Portinari et al. (2004b) as

far as the fine tuning of several important parameters is concerned.

In the following each model is identified by a string of nine letters (the number of

parameters) in italic face whose position in the string and the alphabet corresponds

to a particular parameter and choice for it. The position in the string is the same as

in the list below. Let’s now shortly comment on the parameters we have considered

and the choices we have made for each of them together with the identification code.

(1) The IMF with its lower and upper limits and the fraction ζ of stars with mass

M > 1M⊙. Eight IMF are considered as described in Sect. 1.1.4: Salpeter

(A), Larson (B), Kennicutt (C), Kroupa original (D), Chabrier (E), Arimoto

(F), Kroupa 2002-2007 (G), Scalo (H) and, finally, Larson adapted to the Solar

Ring (I). Since some of them are similar, we will examine in particular only the

results obtained for some interesting cases useful to understand the influence

of the IMF. The upper and lower mass limits (and ζ) are selected according to

the default values already given in Sect. 1.1.4.

(2) The Star Formation law. Five SFR are considered (Sect. 6.3: constant SFR (A),

Schmidt law (B), Talbot & Arnett (T&A - C), Dopita & Ryder (D&R - D)

and, finally, Wyse & Silk (W&S - E).

(3) The fraction of MCs in which dust accretion takes place. This quantity must be

specified because the chemical model in use does not contain a real multi-phase

description of the ISM. Two cases are included: a constant fraction (A) based

on the Solar Ring data (χMC = 0.2) and a varying χMC (B) related to the

local SFR and total gas density (see Sect. 6.4.2).

(4) The model for the accretion of grains in cold molecular regions. Two choices

are available: the simple model by Dwek (1998) based on typical accretion

timescales for dust grains as modified by Calura et al. (2008) (see Sect. 6.4.1)

(A) and the recent and more refined model by Zhukovska et al. (2008) (see

Sect. 6.4.2) (B).

(5) The condensation efficiencies for dust in Type Ia SNe. Two cases are possible as

already described: Dwek (1998) (A) and Zhukovska et al. (2008) (B). In the
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Figure 6.13: Temporal evolution of the contribution to the abundance of dust by the four types of grain (on which we distributed the single elements) and

the three sources. All the contributions have been properly corrected for the destruction of dust. Left panel: results for an inner ring of the MW centered

at 2.3 kpc. We show: silicates (continuous lines), carbonaceous grains (dashed lines), iron dust (dotted lines) and, finally, other grains bearing S, Ca and N

(dot-dashed lines). For each group we distinguish the net contributions from the ISM accretion, AGB and SNe, that is: ISM-C, AGB-C and SNe-C for carbon

grains, ISM-Sil, AGB-Sil and SNe-Sil for silicates, ISM-Fe, AGB-Fe and SNe-Fe for the iron dust and finally, ISM-Ca/S/N, AGB-Ca/S/N and SNe-Ca/S/N

for the other grains. The two thin dashed lines represent the same GDABBCBBB model but with 15% (upper dashed line) and 45% (lower dashed line) of

CO. In all cases ξCO = 0.30 as default value. Central panel: the same as in the left panel but for the Solar Ring at 8.5 kpc. Right panel: the same as

in the left panel but for an outer ring at 15.1 kpc. Since the ratio σD/σH is lower, the scale of the y-axis is shifted respect to the scales for the inner region

and the Solar Ring in the left and central panels.
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former they contribute to the dust budget in a away comparable to that of

Type II SNe, whereas in the latter their role is negligible except for a small

amount of iron in agreement with the observations.

(6) The condensation efficiencies for dust in Type II SNe. Three choices are possible.

The first one by Dwek (1998) who suggests a high condensation efficiency (A),

the efficiencies by Nozawa et al. (2003, Nozawa et al. (2006, Nozawa et al.

(2007) based on dust nucleation models and taking into account the effects

of the reverse and forward shocks (B), and finally those by Zhukovska et al.

(2008) who favor a low condensation efficiency in SNe based upon pre-solar

grain observations.

(7) The condensation efficiencies for dust from AGB stars. Two choices are avail-

able: the simple recipes by Dwek (1998) (A ) and the condensation efficiencies

obtained by full calculations of dust formation in synthetic AGB models by

Ferrarotti & Gail (2006) (B).

(8) The age at which a bar is introduced to reproduce the radial distribution of the

gas in the Galactic disk, in particular in the region of the molecular ring around

4 kpc. For the purposes of this work we do not play with the bar effect: the

pattern of velocity to simulate the bar effect in the radial flows mechanism is

simply taken from Portinari & Chiosi (2000),(to which the reader should refer

for all the details) and is suitably chosen for every SFR law. There is no bar-

effect on the Solar Ring, for this reason between the three cases included (no

bar effect (A), an onset of the bar 4 Gyr ago (B) and 1 Gyr ago (C), we will

simply just fix the bar effect at the case (B).

(9) The parameters of the SFR laws: these are chosen according to the discussion by

(Portinari & Chiosi 1999). While the exponents k or m and n are fixed (see

Sect. 6.3) we let the efficiency of the star formation ν vary and assume three

values more or less in the ranges suggested by (Portinari & Chiosi 1999) for

every SF law. The minimum value for νmin is case A and the maximum value

for νmax is case C). The average case is B.

The Tab. 6.3 summarizes the parameters we have just described together with their

associated identification code: the sequence must be read from top to bottom. For

example, the string DBAABABAB corresponds to Kroupa 1998 IMF, Schmidt SFR,

ANN model for χMC , Dwek (1998) accretion model, Zhukovska et al. (2008) type Ia

SNe recipe for dusty yields, Dwek (1998) condensation efficiencies for type II SNe,

Ferrarotti & Gail (2006) yields for AGB stars, no bar and high efficiency ν of the
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Table 6.3: Parameters of the models. Column (1) is the parameter number, column (2) the

associated physical quantity, and column (3) the source and the italic symbols are the identification

code we have adopted. See the text for some more details.

no Parameter Source and identification label

1 IMF Salpeter1 (A), Larson2 (B), Kennicutt3 (C) Kroupa orig.4 (D),

Chabrier5 (E), Arimoto6 (F), Kroupa 20077 (G), Scalo8 (H),

Larson SN9 (I)

2 SFR law Constant SFR (A), Schmidt10 (B), Talbot & Arnett11 (C),

Dopita & Ryder12 (D), Wyse & Silk13 (E)

3 χMC model Artificial Neural Networks model14 (A),

Constant χMC as in the Solar Neigh.15 (B)

4 Accr. model Modified Dwek (1998) and Calura et al. (2008) (A);

adapted Zhukovska et al. (2008) model (B)

5 SNe Ia model Dust injection adapted from: Dwek (1998), Calura et al. (2008) (A),

Zhukovska et al. (2008) (B)

6 SNe II model Dust injection adapted from: Dwek (1998) (A),

Zhukovska et al. (2008) (B),

Nozawa et al. (2003, Nozawa et al. (2006, Nozawa et al. (2007) (C)

7 AGB model Dust injection adapted from: Dwek (1998) (A),

Ferrarotti & Gail (2006) (B)

8 Galactic Bar16 No onset (A), onset at tG − 4 Gyr (B), onset at tG − 1 Gyr (C)

9 Efficiency SFR17 Low efficiency (A), medium efficiency (B) , high efficiency (C)

1Salpeter (1955). 2Larson (1986),Larson (1998). 3Kennicutt (1983), Kennicutt et al.

(1994). 4Kroupa (1998). 5Chabrier (2001). 6Arimoto & Yoshii (1987). 7Kroupa (2002a),Kroupa

(2007). 8Scalo (1986). 9Larson (1986, Scalo (1986, Portinari et al. (2004). 10Schmidt (1959).
10Talbot (1975). 11Talbot (1975). 12Dopita & Ryder (1994). 13Wyse & Silk (1989). 14Piovan et al.

(2011c). 15Zhukovska et al. (2008). 16Portinari & Chiosi (2000). 16Piovan et al. (2011b).

SFR. If not otherwise specified radial flows and bar effect will always be included by

default.

Obviously, these are not the only parameters of chemical models: even the classical

ones are themselves very rich of parameters and when including also radial flows, bars

and dust formation/evolution the parameter space acquires many more dimensions

so that a full exploration of it is a cumbersome affair. However, it may happen that:

(1) some variables play a secondary role, thus not influencing that much the results

(in particular we focus on the effects related to dust, the target of the work) and just

adding second order corrections; (2) some variables, even if playing an important role

and influencing significantly the results, have a well defined and/or restricted sphere

of influence therefore are not of much interest here because their effect is clear. The
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Figure 6.14: Temporal evolution of the contribution to the abundance of dust during the first 1.5

Gyr-2 Gyr. All the contributions have been properly corrected for the destruction of dust. Left

panel: results for the inner ring of the MW at 2.3 kpc. We show for the SNe injection: silicates

(thin continuous line SNe-Sil), carbonaceous grains (thin dashed line, SNe-C), iron dust (thin dotted

line, SNe-Fe) and, finally, other grains bearing S, Ca and N (thin dot-dashed line, SNe-Ca/S/N).

The thick lines represent the total contribution from one source to the dust budget sub-divided in:

SNe (thick dashed line, SNe-tot), ISM (thick continuous line) and AGB (thick dotted line). Central

panel: the same as in the left panel but for the Solar Ring at 8.5 kpc. Right panel: the same as

in the left panel but for the outer ring at 15.1 kpc.

parameters belonging to these two classes are not varied in the models, but kept

fixed to a suitable value. In the following we examine the effect of some primary and

secondary parameters and the general behaviour of the dust model. To this purpose

we adopt the GDABBCBBB model as the ‘default’ one, with radial flows and bar

included (Portinari & Chiosi 2000) as the reference case. This model uses the most

detailed theoretical recipes for the yields of dust and the amounts of MCs, while the

SFR and the IMF are simply selected between the available ones.

6.10 The effect of different yields of dust

By choosing a set of plausible parameters for the MW, simulations can be realized.

We use them in order to test the different choices for the star-dust yields just dis-

cussed. Therefore, in these simulations, all the physical ingredients are fixed: only

the choices for star-dust yields are varied, in order to understand the differences

between one set or another. It has been adopted:

1. the IMF from Kroupa (2007) (see Sect. 1.1.4);
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Figure 6.15: Temporal evolution of the contribution to the dust budget in the Solar Neighborhood

during the first 1.5 Gyr-2.5 Gyr by type II SNe according to three different prescriptions for the

dust condensation efficiencies. All the contributions are already corrected for the effect of dust

destruction. We show: the contribution by accretion of dust grains in the ISM (ISM-tot, continuous

line); the total contribution by SNe dust yields (SNe-tot, dashed line); the contributions by the

different kind of SNa dust grains, that is Silicates (SNe-Sil, continuous line), carbonaceous grains

(SNe-C, dashed line), iron dust grains (SNe-Fe, dotted line) and Ca/S/N generic dust grains (SNe-

Ca/S/N, dot-dashed line). Left panel: the results based on the Nozawa et al. (2003),Nozawa et al.

(2006), Nozawa et al. (2007) condensation efficiencies. Central panel: the same as in the left panel

but for the Dwek (1998) condensation efficiencies and for the Pipino et al. (2011) efficiencies. Right

panel: the same as in the left panel but for the Calura et al. (2008) condensation efficiencies.

2. the SFR fromDopita & Ryder (1994) with ν = 0.55;

3. a fraction of molecular clouds χMC , where the accretion of dust as a function

of the local SFR and gas mass occurs;

4. the accretion dust model proposed by Zhukovska et al. (2008);

5. the radial gas flows and the effect of the galactic bar from Portinari & Chiosi

(2000).

These are plausible choices commonly adopted in the literature to simulate the disk

of MW and Solar Ring. Let us analyze now the effect of varying the condensation

efficiencies (and hence the production of stardust) for CCSNe, SN Ia and AGB stars.
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Figure 6.16: Temporal evolution of the contribution to the dust budget by type II SNe according

to three different prescriptions for the dust condensation efficiencies. The data refer to the Solar

Ring (continuous lines) and the innermost region of the MW (dashed lines). All the contributions

are already corrected for the effect of dust destruction. We show: the contribution by accretion

of dust grain in the ISM (ISM-tot) and the total contributions by SNe (SNe-tot) and AGB stars

(AGB-tot). Left panel: the results for the Nozawa et al. (2003), Nozawa et al. (2006), Nozawa

et al. (2007) condensation efficiencies. Central panel: the same as in the left panel but for the

Dwek (1998) and Calura et al. (2008) condensation efficiencies. Right panel: the same as in the

left panel but for the Zhukovska et al. (2008) condensation efficiencies.

6.10.1 The effect of varying the yields of dust for CCSNe

Let us evaluate the effect of varying the amount of star-dust injected from type II

SNe. We compare three cases: (a) high condensation efficiencies by Dwek (1998) and

Calura et al. (2008); (b) the set based upon the CNT models for Type II SNe and

PISNe by Nozawa et al. (2003), Nozawa et al. (2006) and Nozawa et al. (2007) and

(c) the low SNæ condensation efficiencies proposed by Zhukovska et al. (2008). We

also included the recently revised Dwek (1998) efficiencies, as proposed by Pipino

et al. (2011) in order to reproduce the observational constraints: the coefficients for

type II SNe are lowered by a factor of 10. The results of the corresponding chemical

models, with every parameter fixed except the use of different CCSNe efficiencies,

are presented in Fig. 6.15 where for simplicity we divided the contribution by SNe

grouping the elements in some typical grain families, silicates (like olivines, pyroxenes

and quartz, depleting the gas of magnesium, silicon, iron and oxygen), carbonaceous

grains, iron dust and other grains involving S/Ca/N. The simulated region is the Solar

Ring. Even if the Solar Ring region is not interested by an intense star formation

activity, nevertheless in the early phases of the evolution, before that dust accretion
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in the ISM becomes significant, different efficiencies have a strong impact on the early

evolution of the dust content. The CNT models present a contribution that is in the

middle between low efficiencies by Zhukovska et al. (2008) and the high efficiencies

by Dwek (1998). The corrected contribution by Pipino et al. (2011), scaled in such

a way to agree with the observations, tends to produce similar total amount of dust

as the CNT models, even if the relative contribution to the total mass budget of

the elements embedded into dust grains is quite different. The level of carbonaceous

grains formed adopting the Zhukovska et al. (2008) coefficient for carbon is similar

to the one predicted by the revised ad-hoc efficiencies by Pipino et al. (2011) and

the CNT models by Nozawa et al. (2003). This agreement seems satisfactory and

it suggests some confidence in the carbon coefficient by Nozawa et al. (2003). For

the refractory elements involved into the formation of silicates, the small number

of detections of pre-solar grains does not allow a safe constraint. Zhukovska et al.

(2008) assume a very low efficiency of condensation as working hypothesis, while

CNT models forecast a higher efficiency for these elements. According to the results

by Matsuura et al. (2011) and the measured abundances found in SN 1987A with

Herschel, this latter choice seems to be the most realistic one. The kind of mixture

of silicates, anyway is strongly model dependent, as shown by Fig. 6.16, and quite

different partitions of grains are formed, depending on the adopted δ.

While the influence of different yields of dust by SNe can be very important in

the early stages of the evolution, once the accretion process in the ISM becomes the

dominant dust factory and the SFR declines, there is in practice no influence on

the relative dust budget compared to the gas amount at the current age, as clearly

shown in Fig. 6.16. This figure show the evolution until the current time of three

region of the MW, that are an inner ring around 2.3 Kpc (left panel), the Solar

Ring at 8.5 Kpc (middle panel) and an outer ring at 15.1 Kpc (right panel). The

three regions,from left to right, can be taken in some way as representative of three

environments where a high/average/low star formation, respectively, occurred. The

poor influence of the different recipes on the current total mass budget is true even

for the innermost regions of the MW with higher SFR.

6.10.2 The effect of varying the yields of dust for type Ia SNe

We turn now to examine the contribution to the dust content by Type Ia SNe. Two

different evaluations have been included: (a) high efficiency of dust formation by

type Ia SNe (Dwek 1998; Calura et al. 2008) and (b) very low efficiency, in closer

agreement with observations. In Fig. 6.17 we present the evolution in the first Gyrs of

the star-dust injected by the SNe in three different regions of the MW Disk as before.

The contribution by SNe is in turn split according to the different types of grains that
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have been considered and on which the single elements have been suitably grouped

together. As expected, Type Ia SNe do not affect the dust evolution during the first

0.5-1 Gyr, simply according to the current scenario for the origin of these objects

since they still have to come in significant numbers. Furthermore, in the innermost

regions, with high SFR and fast ISM enrichment, the dust accretion process starts

to dominate early on the dust production and when type Ia SNe come into play, it is

already too late to have a significant role. However, in regions with low SFR such as

the solar vicinity or, even more significantly, the outermost regions, it may happen

that Type Ia SNe significantly affect the dust enrichment, simply because the ISM

accretion mechanism is delayed because of the poor enrichment in metals. This effect

gets clearly stronger at lowering the SFR.
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Figure 6.17: Temporal evolution of the contribution to the dust budget during the first 1.5 Gyr-

2.5 Gyr by type Ia SNe for two prescriptions of dust ejecta and three different regions of the MW:

an inner ring at 2.3 Kpc, the Solar Ring, and an outer ring at 15.1 Kpc. The results for prescription

based on Dwek (1998), Calura et al. (2008) are represented with thin lines, whereas those for case

based on Zhukovska et al. (2008) are shown with thick lines. All the contributions are already

corrected for the effect of dust destruction. We show: the contribution by accretion of dust grain

in the ISM (ISM-tot, continuous lines); the total contribution by SNe dust yields (SNe-tot, type Ia

+ type II SNe - continuous line); the contributions by the different kind of SNa dust grains, that

is silicates (SNe-Sil, continuous lines), carbonaceous grains (SNe-C, dashed lines), iron dust grains

(SNe-Fe, dotted lines) and Ca/S/N based dust grains (SNe-Ca/S/N, dot-dashed lines). Left panel:

the results for the inner ring. Central panel: the same as in the left panel but for the Solar Ring.

Right panel: the same as in the left panel but for the outer ring.

Do different choices for the Type Ia SNe condensation efficiencies influence the

final depletion of the elements into dust at the current age? We show in Fig. 6.18 the

evolution of the dust budget for our two different recipes for Type Ia SNe: there is
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Figure 6.18: Temporal evolution up to 13 Gyr of the contribution to the dust budget by type

Ia SNe for two prescriptions of dust ejecta and three different regions of the MW. We show: the

contribution by accretion of dust grain in the ISM (ISM-tot, continuous lines); the total evolution

of the iron-dust (Fe-tot, dashed lines); the contributions by some of the SNa dust grains, that is

silicates (SNe-Sil, continuous lines), iron dust grains (SNe-Fe, dotted lines) and Ca/S/N based dust

grains (SNe-Ca/S/N, dot-dashed lines). Left panel: the results for the inner ring. Central panel:

the same but for the Solar Ring. Right panel: the same but for the outer ring.

no difference in the ISM accretion process even for the low SFR environment. Even

if the two recipes for the dust condensation in Type Ia SNe produce very different

amount of dust, this has no influence on the ISM process that mainly depends on

the global amount of metals available in the ISM: some differences in the iron-dust

budget, when a low-star-forming environment is considered. In this case the final

depletion is due to type Ia SNe, that are the main iron polluters. In the solar vicinity,

on the contrary, at the present time no effect can be seen.

6.10.3 The effect of varying the yields of dust for AGB stars

Finally, we examine the role played by AGB stars. In the very early stages of the

evolution the contribution by AGB stars is negligible: since the most massive AGB

star that we included in our models has 6 M⊙, it takes some time before AGB stars

start polluting the ISM. Depending on the condensation efficiency of the SNe dust,

if this latter is low it may happen that there could be a possibility for AGB stars to

contribute significantly before the ISM accretion process starts dominating. In Fig.

6.19 we show the evolution of the AGB dust budget for the three regions of the MW

disk for the δ of Dwek (1998) and the set obtained from Ferrarotti & Gail (2006)

The difference between the models is less striking than for SNe, with some exception
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Figure 6.19: Temporal evolution of the contribution from AGB stars to the dust budget calculated

until the present age. All the contributions have been properly corrected for the effect of dust

destruction. Three regions of the MW Disk are considered as usual: the inner ring (left panel), the

Solar Ring (middle panel), and the outer region (right panel). Thick lines represent our model A

based upon Dwek (1998), whereas the thin lines represent model B based upon Ferrarotti & Gail

(2006). We show: the total contribution by accretion of dust grain in the ISM (continuous lines) and

the total contribution by AGB stars (dashed lines); the contributions by the various kinds of AGBs

dust grains, in the specific: the iron-stardust (dotted lines); the silicates (continuous lines), the

carbonaceous grains (dashed lines) and Ca/S/N based dust grains (dot-dashed lines). Left panel:

The results for the inner ring. Central panel: the same as in the left panel but for the Solar Ring.

Right panel: the same as in the left panel but for the outer ring.

like carbon evolution at high metallicities (left panel). Once more, dust production

by ISM accretion overwhelms that by stars: for low SFR we see a temporal window

where AGB could produce some effect before the ISM accretion process becomes

predominant. In any case we consider more reliable the use of the Ferrarotti & Gail

(2006) models, that includes the effect of the metallicity on the development of the

Carbon rich phase in the AGB, while the simple recipe by Dwek (1998), Calura et al.

(2008), Pipino et al. (2011) do not take into account this point. The condensation

factors are divided considering the effect of both metallicity and/or progenitor mass.

The approach by which dust formation is simulated in the circumstellar envelope of

AGB stars, is more reliable than the hypotheses assumed for dust formation in SNe

(Cherchneff & Dwek 2010). The inclusion of the metallicity effect allows to respect an

important characteristic of the dust mixture:low metallicity stars more easily enter

the carbon rich phase and produce more carbon dust, while high metallicity stars,

mainly avoiding or briefly entering the C-rich part of the evolution mainly contribute

with silicates.
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Figure 6.20: Temporal evolution of the contribution from AGB stars to the dust budget calculated

until the present age. Three regions of the MW Disk are considered as usual: the inner ring (left

panel), the Solar Ring (middle panel), and the outer region (right panel). Thick lines represent

the model based upon Dwek (1998), while thin lines represent the model based upon Ferrarotti &

Gail (2006). We show: the total amount of dust grains in the ISM (continuous lines) and the total

amount of the various grain families, where with total we mean AGB stardust plus SNe stardust

plus accreted dust in the ISM. In detail we show: the iron-stardust (dotted lines); the silicates (dot-

dashed lines), the carbonaceous grains (dashed lines) and Ca/S/N based dust grains (dotted lines).

Left panel: The results for the inner region of the MW Disk. Central panel: the same as in the

left panel but for the Solar Ring. Right panel: the same as in the left panel but for the outer ring.

Does the different possible recipes for AGB star-dust lead to some differences in

the evolution of the dust content in the ISM? In Fig. 6.20 the evolution of the total

normalized abundance of the various dust grains families for the prescriptions for

the AGB stars (always for the three regions of the disk), is shown. Only in the

outer regions with very low star formation rates and low metallicities we can notice

a difference between one model of dust nucleation and injection by AGB stars and

another. In the other regions, there is in practice no difference at varying the AGB

condensation efficiencies. This simply means that in the early stages, with the typical

SF laws for the MW, AGB stars dust factory is dominated by SNe (unless a very low

condensation efficiencies by SNe are assumed), and later by the accretion process in

the ISM. Obviously AGB stars play a fundamental role in refueling the ISM with

metals and seeds, but the dust factory of the ISM accretion mechanism is the starring

actor. Of course, if some peculiar dust grains (like SiC) are injected by AGBs and

not formed by accretion in the ISM, in that case AGB stars play a crucial role in
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determining the evolution of that kind of dust.

6.11 Solar System Abundances

To validate now the results of our model applying it to the MW we need a ref-

erence set of chemical abundances. They are also known as the cosmic reference

abundances. Usually, the Solar System abundances provide the comparison set of

values, but other choices are possible (Savage & Sembach 1996; Asplund et al. 2009;

Whittet 2010). Since the solar system abundances can not be determined directly

from measurements of the ISM, because of the depletion of the elements accreted

into dust, two main sources of information are usually adopted: spectroscopic data

inferred from the Sun and Meteoritic Abundances.

Photospheric abundances of the Sun can not be determined directly, but only by

means of a model atmosphere of the solar spectrum. The model must be able to cal-

culate lines formation (classical 1D or hydrodynamical 3D), and takes into account

radiative transfer and non-LTE processes (see for a review about solar abundances

obtained from spectroscopy Basu & Antia (2008)). However, since there are no lines

of noble gases in the solar photosphere, coronal lines, energetic particles or solar wind

are also studied, in particular to determine the crucial abundances of He and Ne.

Between the tens of thousands meteorites fell on the earth, only five are C1 car-

bonaceous chondrites (Lodders et al. 2009). They form the only group of meteorites

allowing us to determine the abundances in the proto-solar environment that match

the solar ones, and keep some memory of the original proto-environment. However,

volatile elements and noble gases like H, He, C, N, O, and Ne, therefore including

the most abundant elements, are heavily depleted in these meteorites. We can not

rely on mass spectrometry to safely determine their abundances, but an additional

source of information must be adopted.

It is common practice to combine photospheric and meteoritic measurements to

get the compilations of abundances commonly used in literature and continuously

updated year after year (Anders & Grevesse ; Grevesse & Noels 1993; Grevesse &

Sauval 1998; Lodders 2003; Asplund et al. 2005; Grevesse et al. 2007; Lodders et al.

2009; Asplund et al. 2009).

Two points are worth of mention. (i) According to the most recent models, the

present photospheric abundances of the Sun are lower than the bulk abundances of

the proto-Sun formed about 4.6 Gyr ago because of the physical processes taking

place in the deep convective region under the solar surface. The effects of thermal

diffusion, gravitational settling due to differential gravity and radiative acceleration

(Turcotte & Wimmer-Schweingruber 2002) allow helium and heavy elements to de-

posit in the interiors of the Sun. The decay of radioactive elements affects the isotopic
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Table 6.4: Chemical abundances for the Sun at the present age according to the classical com-

pilation by Grevesse & Sauval (1998) (GS98 - photospheric solar abundances) and the more recent

ones by Asplund et al. (2009) (AGSS09 - photospheric solar abundances) and Lodders et al. (2009)

(LPG09 - photospheric and meteoritic abundances compilation). Finally, in the last column we

present the abundances we have adopted in this study. The Abundance A(X) of the element X is

in units of log10 (N(X)/N(H)) + 12. Only the elements included in our chemical model are reported

and discussed

Element GS98 AGSS09 LPG09 This work

H 12.00 12.00 12.00 12.00

He 10.93±0.004 10.93±0.01 10.93±0.02 10.93±0.02

C 8.52±0.06 8.43±0.05 8.39±0.041 8.50±0.067

N 7.92±0.06 7.83±0.05 7.86±0.122 7.83±0.05

O 8.83±0.06 8.69±0.05 8.73±0.073 8.73±0.06

Ne 8.08±0.06 7.93±0.10 8.05±0.104 7.99±0.10

Mg 7.58±0.05 7.60±0.04 7.54±0.065 7.57±0.05

Si 7.55±0.05 7.51±0.03 7.53±0.016 7.53±0.01

S 7.33±0.11 7.12±0.03 7.16±0.025 7.14±0.03

Ca 6.36±0.02 6.34±0.04 6.31±0.026 6.34±0.04

Fe 7.50±0.05 7.50±0.04 7.46±0.085 7.50±0.04

Z/X 0.0231±0.018 - - -

1This is the same low photosphere value as in Lodders (2003), selected from Allende Prieto et al.

(2002), and confirmed in Asplund et al. (2005) and Scott et al. (2006). 2N is taken from Caffau

et al. (2009), from solar photospheric models. 3The O abundance is an average from solar

photospheric models by Caffau et al. (2008), Ludwig & Steffen (2008), Meléndez & Asplund

(2008). 4Ne abundance is an average from Morel & Butler (2008, Landi et al. (2007). 5Average

between solar and meteoritic values. 6Meteoritic value. 7Caffau et al. (2010).

compositions (Piersanti et al. 2007; Lodders et al. 2009). The correction needed to

obtain the unfractioned abundances of the proto-Sun is of about 0.05 dex for He and

0.04 dex for heavier elements (Asplund et al. 2009) or slightly higher of 0.01 dex for

both corrections (Lodders et al. 2009). With these corrections there is agreement

with the abundances observed in nearby B stars by Przybilla et al. (2008). (ii)

The He and Ne abundances determined with coronal lines or solar wind suffer from

the FIP effect. Therefore the most precise method to determine the He abundance

is helioseismology and the adiabatic index Γ1, whereas for Ne abundance are the

photospheric ratios Ne/O and Ne/Mg together with their systematic errors (Basu &

Antia 2008).

Starting from Allende Prieto et al. (2001, Allende Prieto et al. (2002), the widely

used compilation of abundances by Grevesse & Sauval (1998) has been the subject of
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a continuous revision of the photospheric C, N, O abundances toward a significantly

lower value, i.e. about 0.2 dex lower than before (Asplund et al. 2004; Asplund

et al. 2005; Asplund et al. 2005). These new values, derived from 3D hydrody-

namical models with updated input physics and no macro- and micro-turbulence,

bring the Sun to better agree with the metal content of the Galactic neighbourhood

(Turck-Chièze et al. 2004). They are also in good agreement with recent determi-

nations of B-star abundances (Nieva & Przybilla 2008b; Nieva & Przybilla 2008a)

and carbonaceous C1 chondrites for many elements (Asplund et al. 2005; Lodders

et al. 2009; Asplund et al. 2009). There is also a better agreement between different

diagnostics(OI, [OI] and OH vibrational and roto-vibrational bands for Oxygen, CI,

[CI], CH, C2 and CO for Carbon), but a strong disagreement with the helioseismo-

logical models (Antia & Basu 2005; Bahcall et al. 2005; Bahcall et al. 2005; Antia &

Basu 2006; Basu & Antia 2008). In brief, the position of the base of the convective

zone, the helium abundance, sound speed and density profiles are all affected by the

revised abundances (Basu & Antia 2008). Many suggestions have been advanced to

solve this discrepancy, e.g. increased input opacities, increased abundances of neon

or other elements, fine tuning of the diffusion process, inclusion of other additional

physical processes etc. All this, however, without removing the discrepancy. The

recent revision of the abundance compilation by Asplund et al. (2009), reversed the

trend toward higher abundances, thus in closer agreement with helioseismology, even

if the differences are still significant. Also, a series of models calculated over the past

few years (all based on the so-called CO5BOLD 3D hydrodynamical code) go toward

a reconciliation with helioseismology (Caffau et al. 2008; Caffau & Ludwig 2008;

Caffau et al. 2009; Ludwig et al. 2009; Maiorca et al. 2009; Caffau et al. 2010).

Anyway, as pointed out in Caffau et al. (2010), results from different 3D hydrody-

namical simulations may still mutually differ by as much as 0.1 dex, suggesting that

better validation of the hydrodynamical models and more and more updated solar

models are needed (Turck-Chièze et al. 2008).

In Tab. 6.4 we show the classical set of abundances by Grevesse & Sauval (1998)

(GS98), the two most recent compilations available in literature by Asplund et al.

(2009) (AGSS09) and Lodders et al. (2009) (LPG09) and, finally, in the last col-

umn, our adopted reference set for the present-day solar abundances. The abun-

dances by number of the various elements are indicated by A(X) which stands for

log10 (N(X)/N(H)) + 12.

Let us now examine in some detail the choice we made for the abundances of the

various elements included in our model:

Carbon : the carbon abundance is A(C)=8.50±0.06 according to Caffau et al.

(2010). It corresponds to a weak efficiency of the collisions with neutral hydrogen

atoms (SH = 1/3). The uncertainty is the sum of statistical (0.02) and systematic
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(0.04) errors. This value is similar to the old GS98 determination and very close to

the average estimate of the carbon abundance during the past thirty years (see Tab.

4 in Caffau et al. (2010)).

Nitrogen : the abundance of Nitrogen determined by AGSS09 does not much

differ from that by LPG09, but it is significantly lower than GS98. We adopt the value

by AGSS09 A(N)=7.83±0.05. As this is derived from both atomic and molecular

lines, the error is minimized.

Oxygen : Oxygen, together with Neon, are the most debated and uncertain ele-

ments (Asplund et al. 2009). LPG09 adopted the average value between the estimate

from CO5BOLD atmosphere models by Caffau et al. (2008) (8.76±0.07), that by

Ludwig & Steffen (2008) (8.72±0.06), and the one by Meléndez & Asplund (2008)

(8.71±0.02). AGSS09 recommends 8.69±0.05 obtained from atmosphere models with

updated physics and taking the mean value of estimates based on [OI], OI, OH

vibration-rotation and OH pure rotation. Whittet (2010) adopts 8.76±0.03 based

upon observations of nearby B-stars (Przybilla et al. 2008). Averaging all these

values, we adopt 8.73±0.06.

Neon : the abundance of Neon proposed by AGSS09 (7.93±0.10) is determined

from their O abundance and the Ne/O ratio. LPG09 (8.05±0.10) takes the mean

value between measurements in B-type stars and UV-flares. The proposed values are

very different. We adopt the average value of 7.99±0.10. The corresponding Ne/O

ratio is 0.182 in very good agreement with Schmelz et al. (2005).

Magnesium : magnesium gf -values for the two ionization stages MgI and MgII

suffer of well know uncertainties, as underlined in AGSS09. For this reason we adopt

the weighed average between the LPG09 meteoritic abundance 7.55±0.01 and the

AGSS09 value, obtaining 7.55±0.05.

Silicon : silicon is the element linking meteoritic and photospheric measurements.

Since H is very depleted in C1 chondrites, meteoritic abundances are usually ex-

pressed in the cosmochemical scale as number of atoms per 106 Si atoms. If the

abundance by number of Si is known, we may easily obtain the abundance by num-

ber of any element in the usual scale A(X) = log10 (N(X)/N(H)) + 12. The various

estimates of the Si abundance listed in Tab. 6.4 agree quite well each other. There-

fore we can adopt the estimate by LPG09 that is the average between the solar

photospheric and meteoritic values.

Sulfur : the sulfur abundance has been revised by AGSS09, including additional

lines and NLTE corrections. We take the mean between this value and the meteoritic

abundance by LPG09 (see their Tab. 4).

Calcium : for the abundance of Calcium we choose the value proposed by AGSS09,

which is in good agreement with LPG09 and GS98 and is based upon recent NLTE

abundance corrections by Mashonkina et al. (2007).
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Figure 6.21: The range of depletions is shown for those elements in our list that intervene in the

dust formation or are present in the ejecta by AGB stars and SNe (C, N, O, Ms, Si, S, Ca and

Fe). The insert shows in detail the depletions for C, N and O. Four values are plotted for each

element. Filled squares and circles represent the smallest and largest depletion, respectively. The

crosses determine the range for the depletion in the Warm and Cool components of the Galactic

Disk, according to Jenkins (2009) and Savage & Sembach (1996). See Tab. 6.5 for more details.

Iron : we adopt the value given by AGSS09, in excellent agreement with the

meteoritic measurement by LPG09 and GS98.

Once the reference abundances are assigned, we can tackle the element depletion

in the ISM, that is the under-abundance of some elements compared to the corre-

sponding reference value, because a fraction of the element under consideration is

locked up in the interstellar dust. The depletion of the element X in the ISM is

measured in the following way. Following Jenkins (2009) and Whittet (2010) we

define

[Xgas/H] = log [N (X) /N (H)] − log (X/H)ISM (6.11.1)

where N (X) is the column density of the element X and N (H) = N (HI) + N (H2)

the same for hydrogen and, finally, and (X/H)ISM the assumed reference abundance.

If part of the element X is locked up into dust grains ([Xgas/H] ≤ 0), the fractional

abundance of the element depleted into dust is

(Xdust/H) = (X/H)ISM ·
(

1 − 10[Xgas/H]
)
. (6.11.2)

Usually, establishing the degree of depletion of an element is a cumbersome affair,

because the choice of the reference abundance is a difficult task and errors and
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inconsistencies affect the measurements (Whittet 2003; Whittet 2010). Recently,

Jenkins (2009) presented a thorough study of the depletion for 17 elements along 243

lines of sight, trying to focus on the rates of depletion and leaving aside the problem

of the reference abundance. He was able to characterize the degree of depletion

according to three parameters: one describes the overall level of depletion along a

particular line of sight; the other two are related to the depletion of each element

along that line. Once adopted the reference abundances proposed by Lodders (2003)

for the proto-sun, Jenkins (2009) presents the depletion parameters for the smallest

and largest depletion efficiencies (his parameter F∗), thus bracketing the region to be

matched by any theoretical model. In the context of the present study, to correctly

make use of the Jenkins (2009) results, the following remark is appropriate. Jenkins

(2009) analysis stems from the Lodders (2003) present reference abundances (see his

Tab. 1) which is different from the one we have adopted (see the entries of Tab.

1.1. Therefore, a suitable shift has to be applied. Furthermore, the Lodders (2003)

reference abundances for the proto-solar environment have been obtained from the

present-day solar+meteoritic ones by adding ∼ 0.07, which is likely too a correction

(Jenkins 2009; Lodders et al. 2009; Przybilla et al. 2008). Therefore, we derive our

present-day reference abundances applying the more realistic correction suggested

by (Asplund et al. 2009).

Tab. 6.5 shows the reference abundances for the Solar Ring used by Jenkins (2009)

and those adopted in our set for the proto-solar environment, together with the upper

and lower limits for the smallest (F∗ = 0) and heaviest (F∗ = 1) depletion efficiencies

adapted from Jenkins (2009) to our case. Calcium deserves some remarks. It is not

included in the Jenkins (2009) list, whereas we take it into account. Furthermore, as

this element is heavily depleted in the ISM (Whittet 2003; Tielens 2005), we consider

the values proposed by Crinklaw et al. (1994) for the smallest and heaviest depletion.

The value proposed by Whittet (2003) for the diffuse clouds falls in the middle.

In Fig. 6.11.1 we finally show the range of depletions adopted in our work to test

the simulations versus the Solar Ring. Since the depletion is line-of-sight dependent,

we show for each element the range allowed taking into account the smallest and

largest depletion with relative error bars. The values of depletion for cool and warm

disk are also shown. For the sake of clarity, we expanded the depletion range for C,

N, O in the lower left corner of the figure.

6.11.1 Fraction of CO in the ISM

As already discussed in Sects. 6.5.1 and 6.5.3, a percentage from 20% to 40% of the

Carbon and up to 20% of the Oxygen is locked in the CO molecules (see van Dishoeck

et al. (1993) and van Dishoeck & Blake (1998)). This affects the amount of Carbon
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Table 6.5: In column (1) we list the elements we have considered. In columns (2) and (3) we show the chemical abundances for the proto-solar environment,

according to the Lodders (2003) compilation adopted by Jenkins (2009) and the values we have adopted. In columns (4) and (5) we give [Xgas/H]0 and

[Xgas/H]1, the smallest and largest depletion values for the various elements are obtained from Jenkins (2009), with a correction to account for the difference

between the reference set of elemental abundances. In column (6) we list the abundances in the ISM and in columns (7) and (8) we show the abundances of

elements in dust in units of 106 (Xdust/H), for the smallest and largest depletions, respectively. Finally columns (9) and (10) show the abundances for the

Warm Disk and the Cool Disk, according to the fit made by Jenkins (2009) of the Savage & Sembach (1996) data.

Element A (X)1 A (X)2
[

Xgas

H

]

0

[
Xgas

H

]

1

(
XISM

H

)
⊙

(
Xdust

H

)
0

(
Xdust

H

)
1

[
Xgas

H

]

WD

[
Xgas

H

]

CD

(·106) (·106) (·106)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

H 12.00 12.00 - - 106 - - - -

He 10.984±0.02 10.98±0.02 - - 9.5·104 - - - -

C 8.46±0.04 8.54±0.06 -0.192±0.194 -0.293±0.075 347 124+80
−124 170+28

−33 -0.204 -0.283

N 7.90±0.11 7.87±0.05 -0.079±0.119 -0.079±0.119 74 12+15
−19 12+15

−19 -0.079 -0.079

O 8.76±0.05 8.77±0.05 -0.020±0.060 -0.246±0.055 588 27+73
−82 255+40

−45 -0.047 -0.222

Ne 8.08±0.06 7.97±0.10 - - 93 - - - -

Mg 7.62±0.02 7.61±0.05 -0.260±0.030 -1.257±0.029 41 18+2
−2 38+1

−1 -0.380 -1.157

Si 7.61±0.02 7.57±0.01 -0.180±0.035 -1.319±0.052 37 13+2
−2 35+1

−1 -0.320 -1.205

S 7.26±0.04 7.18±0.03 0.243±0.092 -0.635±0.206 15 -11+6
−6

3 12+2
−2 0.137 -0.548

Ca 6.41±0.03 6.38±0.04 -2.090±0.200 -3.930±0.200 2.4 2.38 2.398 -2.311 -3.746

Fe 7.54±0.03 7.54±0.04 -0.951±0.038 -2.236±0.041 35 31+1
−1 34+0

−0 -1.105 -2.107

Abundances A(X) of the element X are in units of log10 (N(X)/N(H)) + 12. 1Proto-solar abundances adopted in (Jenkins 2009). 2Proto-solar abundances

adopted in this work. 3The positive depletion of sulfur means that instead of observing a depletion of the element the gas seems to be enriched of sulfur atoms

respect to the reference set.
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available as key-element for the growth process owing to the lowered abundance of

this element in the gaseous phase. Furthermore, in the dense and cold regions of the

ISM, CO tends to condense onto dust grains (Goldsmith 2001; Bacmann et al. 2002;

Whittet 2010), leaving the gas phase and sticking efficiently to dust (Whittet 2010).

The depletion of the CO can reach in pre-stellar cores even a factor of 10 (Tafalla

et al. 2002; Walmsley et al. 2004). All this is parameterized by the fraction ζCO of

CO. The effect of ζCO on the key-elements 12C and 13C (and of ζ ′CO on 17O and 18O)

is straightforward: the higher is the amount in CO, the lower is the amount of free

atoms in the gas-phase available for the growth, thus implying longer timescales and

slower dust formation. Therefore, we expect a lower contribution by the accretion

to the dust budget of the ISM when high values of ζCO are adopted.

In Fig. 6.13, we present the time evolution of the contributions to the dust

budget for three regions of the MW: a central region (rk = 2.3kpc), the Solar

Ring (rk = 8.5kpc) and an outer region (rk = 15.1kpc). First of all, we do not

show the temporal evolution of the single elements, but of important groups of el-

ements representative of the main typical ISM dust types. These are the silicates

(olivines+pyroxenes+quartz+silicon in SiC), carbonaceous grains (carbon grains plus

carbon in SiC), iron grains and, finally, other grains containing S, N and Ca. All

the dust abundances have been normalized to the local hydrogen density and cor-

rected for dust destruction so as to represent the effective net contribution to the

dust budget. The contributions are split in three main sources: AGBs, SNe and

ISM accretion. In order to explore the effect of CO, in the GDABBCBBB model

we vary the CO abundance from 15% up to 45%: the two thin dashed lines in Fig.

6.13 bracket the region of variation of the ISM contribution. Carbon accretion in the

ISM is the only process varying with the CO abundance: the lower ξCO the higher

is the ISM contribution. This effect can be significant and we cannot easily get rid

of it when evaluating carbon depletion: however, it is clear and straightforward and

limited to the only carbon. Even if 16O is a component of the CO molecule, due to

its high abundance and never being a key-element, it is scarcely affected by varia-

tions of ξCO. The same holds true for 17O and 18O but in this case due to their low

abundance: their budget depends on ξCO, but their contribution to the global budget

is negligible. Therefore, the variations of ξCO do not affect the silicates budget.

From the analysis of Fig. 6.13 we can notice several general features of the dust

evolution common to all the models that are worth to be underlined: (i) the main

contribution to the dust enrichment during most of the Galaxy lifetime is due to the

accretion process in the ISM. Furthermore, dust production is much higher in the

inner regions of the Galactic Disk compared to the outer ones where the weight of

the ISM gets smaller so that during many Gyr the stardust injected from AGB stars

and SNe drives the total yields. This is ultimately due to the low number densities
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of metals that do not favour the accretion process; (ii) the inner regions reach higher

metallicities than the outer ones: therefore, all physical processes depending on the

metallicities are much enhanced in the central regions of the Galaxy, e. g. the yields

of dust from oxygen rich M-stars; (iii) even if some sources (like AGB-C stars in the

inner regions) may vary their contributions with time, in general the total amount

of dust keeps growing monotonically. In some way, this mirrors the metallicity en-

richment of the ISM and the fact that dust formation is very sensitive to metals.

In Fig. 6.14 we show in detail the evolution of the contributions of AGB stars,

SNe and ISM to the total budget of dust during the first 1.5-2 Gyr for the three

selected regions of the Galactic disk. For AGB, SNe and ISM we show the total bud-

get. However, limited to SNe, we also distinguish the various types of grains. During

the early stages, stardust dominates the scene: going from the innermost to the out-

ermost regions it takes more and more time for the ISM accretion to overcome the

stellar contribution. This is ultimately due to the higher densities and metal content

of the inner regions that favors the onset of accretion. For the outer regions, with

low density and low SFR, the ISM starts to be important only at t>4 Gyr (see Fig.

6.13). It is interesting to note how the dust-to-gas ratio for net yield by SNe is nearly

constant going from the innermost regions (left panels of Fig. 6.14 and 6.13) to the

external ones (right panels of the same figures), even if the associated timescales are

much different. Toward the center of the Galaxy, we have more hydrogen, higher

SFR, higher SNe rate and higher yields of dust. Both gas (via infall) and SNe dust

(via infall, SFR and SNe explosions) grow in absolute value moving from outside

to inside, whereas their ratio does not change in the same proportions (considered

that in any case the yields of dust by SNe do not depend on the metallicity, at least

according the the kind of theoretical results to our disposal).

6.11.2 The effect of the IMF

Different IMFs influence in a crucial way the injection of dust into the ISM. For

every generation of stars, the relative amount of newly born massive objects able to

produce dust via the SN channel and the amount of low and intermediate mass stars

refueling the ISM with the dust produced through the TP-AGB phase, both depend

on the IMF. This last one also determines the timescales of stardust injection and

the relative contribution by SNe and AGB stars.

In Fig. 6.22 we compare the degree of dust enrichment obtained using nine differ-

ent IMFs chosen among those widely used in literature. The reference case is always

given by the model GDABBCBBB. All the others are obtained from this by varying

the first parameter of the list from case A to case I. First of all, let us examine the

effects of the IMF during the first evolutionary stages, when the dust enrichment is
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Figure 6.22: Temporal evolution of the contribution to the abundance of dust during the first 2

Gyr-3 Gyr in the Solar Ring at 8.5 kpc and for different IMFs. All the contributions have been

corrected for the destruction of dust. Nine IMFs have been considered: Salpeter (thick dotted line),

Arimoto (thick dot dashed line), Chabrier (thick continuous line), Kennicutt (thick dashed line),

Larson (thin dotted line), Kroupa-2007 (thin dot-dashed line), Kroupa original (thin continuous

line), the Scalo IMF (thin dashed line) and, finally, the Larson IMF adapted to the Solar Ring (thin

dashed line). See Sect. 6.3 for more details. Left panel: temporal evolution of the total contribution

to the dust budget by SNe in the MW Solar Ring. The filled symbols represent the instant when

the contribution by ISM accreted dust equalizes the SNe injected dust amount. Middle panel:

time evolution of the total contribution to the dust budget by AGB stars for the MW Solar Ring.

The filled symbols represent the instant when the contribution by AGB injected dust equalizes the

ISM dust production by accretion, while the empty symbols represent the instant (if eventually it

happens) when AGB dust equalizes the SNe injected dust. Right panel: time evolution of the total

dust budget for different IMFs.

mainly due to SNe, which also supply the seeds and metals for the accretion process

in the ISM. We begin with the the solar vicinity displayed in the left panel of Fig.

6.22. We note that, at varying the IMF and keeping fixed all the other parameters of

the model, the age at which the dust enrichment by the accretion in the ISM becomes

comparable to that by SNe can vary by about ∼ 0.5 Gyr. The time difference can

be easily explained as due to the different percentage of massive stars exploding as

SNe (and thus refueling the ISM) with the different IMF (see the entries of Tab. 1.2

in Chap. 1).

Some IMFs (like those by Kroupa, Larson Solar Ring and Scalo) predict a small num-

ber of SNe compared to others (like those by Larson, Kennicutt or Chabrier) that

are more generous in the number of massive stars and hence Type II SNe. Therefore,

in the former case a small injection of dust by SN explosions and a slow accretion

(fewer seeds to disposal) are expected. The opposite holds true with the latter case

case favouring the formation of massive stars. Furthermore, with the former case the
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Figure 6.23: Temporal evolution of the contribution to the abundance of dust during the first 1-2

Gyr in the inner part of the MW disk at 2.3 kpc from the centre and for different IMFs. All the

contributions have been corrected for the destruction of dust. Nine IMFs have been considered as

in Fig. 6.22. See Sect. 6.3 for more details. The meaning of all the symbols is the same as in Fig.

6.22.

time at which the ISM gets dust-rich by accretion is delayed with respect to the other

case. This is also shown in the panels of Fig. 6.22 where the time when the ISM

accretion equalizes the dust enrichment by SNe at decreasing the relative percentage

of massive stars in the IMF is marked. It is also evident that IMFs skewed toward

massive stars produce much more dust of stellar origin. Consequently, before accre-

tion in the ISM starts driving the evolution of the dust, large differences brought by

the IMF are possible.

So far we have examined the solar vicinity with a relatively mild star formation

efficiency. What about the innermost region of the MW characterized by a much

higher SFR? The situation is shown in the left panel of Fig. 6.23 which displays the

dust enrichment due to SNe as in Fig. 6.22. Compared to the solar vicinity, we note

that SNe produce many more seeds and metals, accretion in the ISM develops faster

and becomes important very earlier on. However, in the ISM the dust production

by accretion becomes more or less comparable to that by SNe at the same time in-

dependently of the IMF (see the large dots marked in the left panel of Fig. 6.23).

In the case of the solar vicinity, the cross-over stage hardly occurred below 1 Gyr

extending up to 1.5 Gyr, whereas now they all fall in the age range 0.6-0.7 Gyr. In a

medium rich of seeds, dust accretion grows faster and the effect of the IMF somehow

loses importance.

The differences both in the amounts of dust of stellar origin injected and the timescale

of earlier enrichment in dust by SNe are very large. In general, the effects induced
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by variations in the IMF can be very large during the earliest stages of evolution.

Along this line of thought, we can expect that in high-redshift obscured galaxies with

high SFR (easily even higher than the early SFR of the inner regions of the MW)

some IMFs may not be able to produce the amounts of observed dust of stellar origin

before the dust accretion process has become significant. The immediate implication

of this for primeval galaxies can be easily foreseen. According Draine (2009), some

accretion in the ISM to explain the amount of dust in observed primeval galaxies is

required. The picture should be as follows: (i) before dust by accretion in the ISM

and dust injected by stars become comparable, the effect of the IMF prevails and

determines the amounts of dust present in the Galaxy; (ii) if the SFR is high, the

IMF does not play an important role in determining the onset of the dust accretion

process in the ISM, whereas if (iii) the SFR is low, different IMFs cause an important

spread in the ages at which dust by accretion becomes important.

We pass now to examine the role played by AGB stars. In the middle panels of

Figs. 6.22 and 6.23 we see for the same regions of the left panels the contribution

of the AGB stars to the total dust budget. The AGB stars contribute significantly

over a longer time-scale: the filled symbols show the age at which dust produced by

AGB stars and dust accreted in the ISM become comparable, whereas the empty

ones show the same but for AGB stars versus SNe. In both cases the age is marked

when and if the equality among the three contributions can be established. There

are indeed some extreme IMFs, where massive stars are favored with respect to the

intermediate mass ones progenitors of AGB stars (like the Arimoto IMF), in which

during the first Gyrs AGB stars never reach SNe in the inner MW regions (Fig. 6.23

- middle panel). Furthermore, IMFs richer in intermediate mass stars produce bigger

amounts of dust by AGB stars. This may somehow be correlated with the delayed

appearance in a galaxy spectral energy distribution of the PAHs features: the delay

may depend on efficiency of dust injection by AGB stars.

Finally, in the right panels of Figs. (6.22) and (6.23) we show the evolution of the

total dust content in the ISM: it is interesting to note how the differences between

the various IMFs in the early stages are the same as those expected (observed) at the

present age, keeping constant all other parameters. The IMFs producing more dust

by SNe (and of course seeds for accretion) in the early stages are the same for which

we get higher amounts of dust at the current age. The differences among the various

IMFs can be significant. Indeed, a fast enrichment of dust during the early stages

caused by SNe, (keeping fixed all other parameters, the condensation coefficients in

particular) goes together with a strong enrichment in metals. More metals means

more atoms available for dust to grow in the ISM. For this reason IMFs skewed to-

ward massive stars favor the accretion of dust in the ISM and lead to higher final

contents of dust.



256 A chemical model for the evolution of dust in the ISM

6.11.3 The effect of the SF law

As presented in Sect. 6.3, four SF laws have been considered. The results are shown

in the four panels of Fig. 6.24 limited to the early stages of the evolution. The

reference model is GDABBCBBB, in which the SFR is changed as indicated.
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Figure 6.24: Temporal evolution of the dust budget in the Solar Ring during the early stages

until 1.5-2.5 Gyr. Four SF laws are shown in the four panels: Schmidt, Talbot & Arnett, Dopita &

Ryder and Wyse & Silk. We display: the amount of dust grains accreted in the ISM (continuous

lines), the amount of dust injected by AGB stars (thin dot-dashed line), the total amount of SNe

stardust (dashed line) also subdivided into the various grain families, respectively, i.e. dotted line

(iron-dust), silicates (continuous line), carbonaceous grains (dashed line), and S/Ca/N based grains

(dot-dashed line). Left panel: Temporal evolution of the dust budget injected in the Solar Ring by

the various sources and the Schmidt law. Central-left panel: the same as in the left panel but for

the Talbot & Arnett law. Central-Right panel: the same as in the left panel but for the Dopita

& Ryder SF law. Right panel: the same as in the left panel but for the Wyse & Silk SF law.

The parameters k and ν of the SFR are chosen in agreement with the analysis

made by Portinari & Chiosi (1999), in such a way that the sole effect of the SFR law

is isolated. All other parameters of the model are kept fixed. At given k and ν, the

different SF laws widely adopted for the MW disk produce a similar dust budget.

Some differences can be noted (i) in the amount of dust before the onset of the ISM

accretion, with the Schmidt and/or Wyse & Silk laws favouring a higher amount of

dust by SNe and (ii) in the age at which the production of dust by accretion in the

ISM becomes more important than that by SNe. Depending on the SF law, the time

interval in which SNe dominate the total dust budget gets short or long.

Given that the specific expression for the SF law is not of primary importance here

(at least choosing among the ones we included in this study), we turn the attention
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Figure 6.25: Temporal evolution of the contribution to the dust budget during the first Gyrs at

varying the coefficient ν of the star formation law, namely the Dopita & Ryder SF law, for three

regions of the MW. The thin line is ν = 0.30 (low efficiency), while the thick line is for ν = 0.70 (high

efficiency). We show: the total amount of dust (from accretion in the ISM plus dust ejected by SNe

and AGB stars - continuous line); the contribution by accretion of dust grain in the ISM (dotted

line); the total contribution by SNe (dashed line); the contribution by AGB stars (dot-dashed line).

Left panel: the results for an inner ring of the MW. Central panel: the same as in the left panel

but for the Solar Ring. Right panel: the same as in the left panel but for an outer ring of the MW.

to the efficiency of SF represented by the parameter ν. In Fig. 6.25 we show the

contribution to the dust budget in the usual three significant rings of the MW at

varying ν from ν = 0.30 to ν = 0.70. As expected lower values of ν imply a smaller

rate of SNe and number of AGB stars, therefore a delay in the ISM dust accretion

process because there are less seeds/metals injected by stars into the ISM from the

stars, and finally a lower total production of dust. As expected, varying the SF

parameters affects the system in the early phases of the evolution when the SF is

strong. This can be noticed once comparing thin and thick lines in Fig. 6.25.

Does the efficiency ν affect also the dust budget at the present epoch? In Fig. 6.26

we show the evolution of the same three regions of Fig. 6.25 up to the present age

of the MW. As we can see, in the inner regions and the solar vicinity, even if there is

a significant difference in the past, at the present time the difference gets negligible,

whereas in the outer regions the difference in the dust budgets (both total and partial

ones) remains remarkable. This is an effect of the adopted SF laws that are all scaled

to the current star formation at the solar ring and for this reason tend to ultimately

produce the same result as the evolution proceeds. However, we expect that if the

SF law is not tied up to normalization or scaling factor, the adoption of different SF
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Figure 6.26: Temporal evolution of the contribution to the dust budget up to the present age at

varying the coefficient ν of the star formation law from 0.30 to 0.70. The meaning of the symbols is

the same as in Fig. 6.25. Left panel: the results for an inner ring of the MW. Central panel: the

same as in the left panel but for the Solar Ring. Right panel: the same as in the left panel but for

an outer MW ring.

laws would have a strong impact on the whole evolution. The difference in the outer

regions is explained by the long delay in onset of the ISM dust accretion process in

the case of low efficiencies ν (very low star forming environment): when eventually

the ISM accretion process becomes important, there is not enough time to reach the

dust budget produced in the high ν case. This behaviour is also strengthened by the

inward radial flows that remove gas from the outermost regions.

6.11.4 The effects of different models for dust accretion in the ISM

In this study we consider two models of dust accretion in the ISM (see Sects. 6.4.1,

6.4.2 and 6.5 for details): model A based on Dwek (1998) where accretion is simply

included with a general timescale depending on the destruction timescale. Indeed,

the accretion timescale is half of the destruction timescale, and the same value is used

for all the elements (Dwek 1998; Calura et al. 2008). Model B based on Zhukovska

et al. (2008) in which a different timescale for each element is adopted and the

evolution of the dust abundances for a number of elements, supposedly contained

in a several species of dust grains, is followed. Furthermore, there is no a priori

connection between the destruction and accretion timescales.

In Fig. 6.27, we show the evolution of the dust budget for the two accretion

models. The amounts of dust produced by SNe and AGB stars and all the other
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Figure 6.27: Temporal evolution of the dust production during the early phases of the MW

evolution at varying the accretion model used to describe dust formation in the ISM. Three regions

have been considered as usual: an inner one (left panel), the Solar Ring (middle panel), and an

outer region (right panel). Thick lines represent model A based upon Dwek (1998) and Calura

et al. (2008), whereas thin lines represent model B based upon Zhukovska et al. (2008). For AGB

(dot-dashed line) and SNe (dashed line) we only show one line as the contribution is fixed. We show:

the total amount of dust grains in the ISM (continuous lines) and the total amount of accreted dust

in the ISM (dotted lines). Left panel: The results for an inner region. Central panel: The results

for the Solar Ring. Right panel: The results for an outer region.

parameters are kept fixed. In particular, the description of the dust destruction

process is the same in both cases: therefore we can examine the sole effect of accretion.

In the very early stages there is no difference: the budget is dominated by SNe. The

accretion process however starts to be significant very fast in model A, because it

simply depends on the adopted timescale, while in model B it is more sensitive to

the physical conditions of the environment: in general it tends to slow down at

decreasing SFR and densities (i.e. passing from the innermost to the outermost

regions). Even if there is some difference between model A and B, the behaviour of

the total dust budget is similar. This finding means that if we are interested in the

total amount of dust produced, we can do it simply choosing a suitable timescale for

dust formation. This holds everywhere but the outer regions where for model A we

probably need a longer timescale of dust formation to closely agree with model B.

This sounds reasonable because it is likely that the accretion timescale varies with

the environment. In any case even the simple model of dust accretion with constant

timescale is fully adequate to follow the evolution of the total dust budget in the

early stages of evolution.
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Figure 6.28: Temporal evolution of the dust production in the MW up to the present age at

varying the accretion model used to describe dust formation in the ISM. Left panel: The results

for the inner ring. Central panel: The same but for the Solar Neighborhood. Right panel: The

same but for the outer ring.

In Fig. 6.28 we extend the evolution up to the present time: in the inner regions

and solar vicinity of the MW the differences between the two models are quite small,

whereas as expected they are large in the external regions of the disk. In brief, in

model A the accretion in the ISM starts very early independently from the envi-

ronment and consequently it gives rise to a higher dust content compared to model

B.

A deeper insight of the differences brought by the models of dust accretion is

possible looking at the evolution of the single elements composing the dust. In Fig.

6.29 we show the evolution of some depleted elements up to the present time, namely

C, O, Mg, Si and Fe. As expected there is a strong disagreement between the two

accretion models in all the regions. In the case of oxygen the difference is striking:

model A with a fixed timescale produces a lot of oxygen in dust. Since there is no

description of how the various elements enter the different dust grains, with a fixed

timescale the most abundant element is also the most abundant in dust. With a

simple model we can not follow, for instance, the different ways in which oxygen

is bound in silicates, or iron is bound both in iron-dust and silicates. Of course,

only the comparison with the observational depletion factors can highlight the issue.

Most likely, model B taking into account the physical conditions of the medium and

following in detail the evolution of typical dust grains should better reproduce the
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Figure 6.29: Temporal evolution of the dust production in the MW up to the present age at

varying the accretion model used to describe dust formation in the ISM. In this plot we put into

elements the contribution of individual element to the total dust budget. Left panel: The results

for an inner ring of the MW. Central panel: The same but for the Solar Ring. Right panel: The

same but for an outer ring of the MW.

observational depletion factors.

6.11.5 A final note on the model parameters

We have just discussed the main parameters entering the problem of the calculation

of the dust enrichment of the ISM. However we must underline the following point:

classical chemical models are widely used in literature to follow the metal enrichment

in galaxies of different morphology. They are already complicated because of the

many physical ingredients entering the problem, like the law of SF, the IMF, the

stellar yields and the geometrical description of the galaxy. When the dust is added

to the problem, the parameter space literally blows up, because in addition to the

classical parameters we have to consider also those governing the dust content. The

amount of dust of stellar origin injected in the ISM, the way in which the dust content

increases/decreases by accretion/destruction and other physical processes, all these

concur to extend the list of parameters. All our models includes radial flows of matter

and the effects of a galactic bar. All the details and typical parameters are taken from

Portinari & Chiosi (1999) and Portinari & Chiosi (2000). Radial flows and bar have

been taken into account to better reproduce a wide number of properties of the MW

disk, in particular to simultaneously reproduce the radial gradients and the peak of

gas observed around 4 kpc. The main motivation for including the radial flows and
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the bar is therefore the consistency between theory and observation as far as the

depletion factors, radial/local abundances and gas masses are concerned. However,

the bar influences the innermost properties of the MW and it is of no interest in this

work. Again, the influence of the radial flows of matter mainly applies to the radial

properties of the disk. If limited to the Solar Ring, their effect could be mimicked

with a slightly different choice of the parameters. Concerning the radial flows, it

must be finally observed that in principle the pattern of velocities of gas and dust

could be different. For the sake of simplicity, we assume here that gas and dust are

moving with the same velocities. Thanks to this gas and dust should have similar

radial behaviour.

6.12 Models and observations

The final step of our study is to compare the theoretical results with the data in the

Solar Vicinity, thus ultimately validating the model we have built up to describe the

dust enrichment of the ISM. As we already discussed, the model has many param-

eters, which together with the many observational data to match would make the

search of best-fit solution a huge task to be accomplished. However, pursuing this

strategy would not lead us to get a deeper physical insight of the dust formation in

the MW Disk and Solar Vicinity in particular. Therefore, instead of looking for the

absolute best-fit model, we are more interested in the model response to thoughtful

choices of the parameters and in the comparison of model results with data on ele-

ment depletion, local abundances. The following observational data for the MW are

taken in consideration:

(1) The depletion of the elements in the local ISM (see Sect. 6.11) is the main check

for a dust accretion model. This one to be physically consistent must reproduce

the observational depletion of many elements. Obviously the depletion is line-

of-sight dependent and we can only estimate the range of plausible values (See

Fig. 6.11.1).

(2) The local evolution of the elemental abundances in the Solar Vicinity. This is

observationally indicated by many diagnostic planes such as [El/H] vs. [Fe/H]

and [El/Fe] vs. [Fe/H] for some elements that are also involved in the dust

formation process, derived from large samples of F and G stars. The models

need to match those diagnostic planes. This allows us to check that not only

the process of dust formation/injection is properly simulated but also that the

total enrichment process, as observed in the different generations of stars, is

realistically reproduced.
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Figure 6.30: Depletion of C, N, O, Mg, Si, S, Ca and Fe in the ISM as observed in the Solar Ring.

The observations are compared with the models at varying three important parameters, namely the

IMF, the SF efficiency ν, and the mass accretion time scale τ . For the IMF we consider : the recent

Kroupa IMF (left panels), the classical Salpeter one (central panels) and the Larson IMF adapted to

the Solar Ring (right panels). These IMFs are all described in Sect. 6.3). Four cases are considered

for ν, that is ν = 0.30 (empty circles), ν = 0.70 (filled circles), ν = 1.10 (empty squares) and

ν = 1.50 (filled squares). Finally, four values are used for the accretion time scale, namely τ = 1,

τ = 3, τ = 6 and τ = 9 Gyr , from the top line to the bottom line of each panel.
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Figure 6.31: Depletion of C, N, O, Mg, Si, S, Ca and Fe in the ISM as observed in the Solar Ring

compared with models calculated with enhanced yields of Mg. The observational data is compared

with the models at varying of the IMF (three choices), the efficiency of the star formation ν (four

choices) and the infall timescale τ (three choices). The meaning of the symbols is the same as in

Fig. 6.11.1.
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(3) The large scale properties of the MW in the Solar Vicinity like the surface

densities of stars and gas, rate of SNe, dust-to-gas ratio, and present day SFR

must be reproduced.

(4) The age-metallicity relation in the [Fe/H] vs. Age plane as observed in stars of

the Solar Vicinity.

(5) The metallicity of the Sun at the current age and of the proto-Sun about 4.56

Gyr ago.
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Figure 6.32: Temporal evolution of the metallicity Z and the iron abundance [Fe/H] in the Solar

Neighborhood for a wide sample of models. Data are taken from Ibukiyama & Arimoto (2002)

(dark stars: photometric [Fe/H]; light stars: spectroscopic [Fe/H]), Ramı́rez et al. (2007) (squares:

sample of thin and thick disk stars). Open squares represent the metallicity of the solar system and

of present-day ISM (Gail et al. 2009). Left panel: six models are represented, at varying the IMF,

the efficiency of the star formation ν and the infall timescale between the values τ = 3 and τ = 6

Gyr. Right panel: six models are shown at varying the IMF and the efficiency ν between 0.3 and

0.7 with a fixed infall timescale τ = 9 Gyr.

The reference model is always GDABBCBBB according to the parameter list con-

tained in Tab. 6.3 and it includes the radial flows and the bar. The main parameters

we are going to play with are the star formation efficiency ν, the infall timescale τ

and the IMF. For this latter we consider those by Kroupa, Larson (however adapted

to the Solar Vicinity in the high mass tail as discussed in Sect. 6.3) and by Salpeter

(usually taken as the reference case for comparison). As already listed in Tab. 1.2, we

limit ourselves to the IMFs that do not predict a high number of SNe. IMFs of this

type are perhaps more suited to other dust-rich environments, like starburst galaxies

or ellipticals (Valiante et al. 2009; Gall et al. 2011a; Gall et al. 2011b; Pipino et al.

2011). The MW disk and the Solar Vicinity in particular seem to require IMFs some-

what poor in massive stars (Dwek 1998; Calura et al. 2008; Zhukovska et al. 2008).
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Four infall timescales are considered, that is τ = 1, τ = 3, τ = 6 and τ = 9, from

the shortest to the longest, and four values of the star formation efficiency, ν = 0.3,

ν = 0.7, ν = 1.1 and ν = 1.5, from the lowest to the highest efficiencies.

The results of these models are presented in the various panels of Fig. 6.30. In

general, moving from the upper right to the bottom left corner of the figure, the

depletion of the elements gets easier to obtain. We find that: (i) in the case with the

Kroupa IMF the observational range of abundances is easily reproduced over ample

ranges for the remaining two parameters (ν and τ); (ii) models with the other two

IMFs lead good results only if the infall timescale τ and the efficiency ν are properly

chosen. About the depletion of the individual elements we note what follows:

Carbon : carbon depletion is simulated assuming that the fraction of carbon

hidden in the CO molecules amounts to 0.3. This parameter plays a key role as

shown in Fig. 6.13. At varying ξCO it is possible to allow for less or more dust

embedded in C grains, whose accretion depends on the C atoms free to accrete.

Carbon depletion is, in any case, well reproduced for the most common sets of the

parameters.

Nitrogen : to reproduce the small depletion of nitrogen we find that the simple

choice of the longest timescale between the oxygen and carbon, and the use of a mean

nitrogen dust grain were not enough to keep low the amount of nitrogen condensed

into dust. To this aim, we introduce a multiplicative factor NX for the accretion time

scale τ gr
N,N that enters Eq. 6.5.25 and tune it so that the low observational depletion

is reproduced. The results shown in Figs. 6.30 and 6.31 include the scaling factor

NX . We get that NX & 10 is required to fetch the small accretion of nitrogen.

Magnesium and Silicon : magnesium is embedded into dust thank to the pres-

ence of olivines/pyroxenes and in our best simulations it is found to be easily very

depleted. The preference goes toward the maximum allowed depletion rather than

the minimum one. The opposite happens for silicon which is more often found close

to the minimum depletion limit (see Fig. 6.30). This common behavior for Mg and

Si can be explained with the under-production of Mg characterizing the SNe yields

by Portinari et al. (1998) that are ultimately based on Woosley & Weaver (1995):

This is a long known problem (Timmes et al. 1995; François et al. 2004) that be-

comes crucial in our case, because Mg is one of the possible key elements driving the

accretion process of the silicates. If the amount of Mg atoms available to form dust is

under-abundant, this will set up an upper limit to the amount of olivines/pyroxenes

that can be formed. In this study, first we calculate models with the original yields

by Portinari et al. (1998)1 (filled and empty circles and squares in Fig. 6.30). This

1The latest version of the yields is used in which the under-abundance of Mg is partially corrected

(Portinari, 2011 private communication).
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Table 6.6: Comparison of the properties of the MW in the Solar Ring with model results1 and with the Zhukovska et al. (2008) model from which the

observational data is taken:

Observable Observed ZGT082 This work Reference

Total surface density σ (r⊙, tG)
[
M⊙pc−2

]
50 - 62 56 52 Holmberg & Flynn (2004)

ISM surface density σM (r⊙, tG)
[
M⊙pc−2

]
7 - 13 9.7 10 - 19.5 Dickey (1993)

∼ 8 9.7 10 - 19.5 Dame (1993)

13 - 14 9.7 10 - 19.5 Olling & Merrifield (2001)

Gas fraction σM (r⊙, tG) /σ (r⊙, tG) 0.05 - 0.2 0.17 0.2 - 0.39

Surface density of visible stars σ∗ (r⊙, tG)
[
M⊙pc−2

]
30 - 40 38.6 23 - 35 Gilmore et al. (1989)

Surface density of stellar remnants
[
M⊙pc−2

]
2 - 4 7.7 6 - 10 Mera et al. (1998)

Star Formation Rate
[
M⊙pc−2Gyr−1

]
3.5 - 5 3.1 1.6 - 4 Rana (1991)

SNe II rate
[
pc−2Gyr−1

]
0.009-0.0326 0.016 0.01 - 0.04 Tammann et al. (1994)

SNe Ia rate
[
pc−2Gyr−1

]
0.0015-0.0109 0.0024 0.0035 - 0.0078 Tammann et al. (1994)

Infall Rate
[
M⊙pc−2Gyr−1

]
0.5 - 5 1.45 0.25 - 1.80 Braun & Thilker (2004)

1The range of values for the entries of column (4) refers to the models discussed in this section, for the case with no correction to Mg abundance. Of all the

models shown in Fig. 6.30, we select only the twelve models presented in Fig. 6.32. 2Zhukovska et al. (2008).
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choice leads to a dust mixture where Mg (already under-abundant) is usually more

depleted than Si. The case is well illustrated in Fig. 6.30. According to Zhukovska

et al. (2008), the yields of Mg based on Woosley & Weaver (1995) could be suited to

reproduce the Milky Way once scaled by a factor of 2-3 in order to obtain Mg/Si/Fe

ratios in agreement with the observational ones for the MW, thus leading to a dust

mixture closer to reality. Keeping in mind this suggestion, we calculate the same

models of Fig. 6.30 slightly modifying the yields of Mg for Type II SNe, in practice

changing the tabulations of Portinari et al. (1998) according to the suggestion by

Zhukovska et al. (2008). These new calculations allow us to test the model response

to variations of the Mg yields. The results are shown in Fig. 6.31 where we note that

the agreement with the observational data is better for all the IMFs, in particular

with the Kroupa IMF the results are very good. Furthermore, the whole range of

observational depletions is now better covered by varying the star formation effi-

ciency than with the original yields of Mg: changing ν from 0.3 to 0.7 all the range

of observational values is obtained. However, as in the previous case of Fig. 6.30, the

highest star formation rates enrich too much the ISM in metals and the process of

dust formation is hardly able to deplete the ISM. The models clarify that the process

of dust formation crucially depends on the the amounts of metals injected by the

stars via mass loss and/or SNe. They also make clear that the set of abundances at

the base of the theoretical models for metal enrichment and dust production of the

ISM must be strictly identical, otherwise there would be no consistency between the

two descriptions (consistency is of course always secured in reality).

Iron : in normal circumstances iron is highly depleted. In most of the models in

Fig. 6.30 the best we can obtain at varying the parameters is to reach the upper

limit of the observational depletion range, i.e. −2 ≤ [Fegas/H] ≤ −1. Even if two

possible processes for the formation of dust (iron dust and silicates) are included,

the mechanism of iron formation in cold regions of our models is not able to reach

such lower values. Probably a more complex model, for instance with a spectrum

of MCs with different lifetimes and/or some processes of accretion in other parts of

the ISM different from MCs, is needed to reach the severe −2 depletion limit. With

the modified Mg abundances, the results improve a bit due to the higher amount of

silicates and hidden iron, but still we are not able to fully span the interval from −1

to −2.

Calcium : some of the considerations we made for the iron apply to calcium, for

which the observed depletion is even more severe than that of iron. For calcium,

there is no overlap at all with the observational interval. As described in Sect. 6.5.6,

we introduce a multiplicative factor CaX in the accretion time scale τ gr
Ca,Ca and try

to calibrate it against the observational values. Even using CaX . 0.05 it is not

possible to describe the strong depletion of Ca. The results presented in Figs. 6.30
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and 6.31 are for a small scaling factor ∼ 0.1.

Sulfur : sulfur can be very depleted along some lines of sight, much less along

other. Since a typical sulfur dust grain is not available to simulate the accretion

process, we used a simple prescription for the average accretion with sulfur atoms

accreting on themselves (see Sect. 6.5.7 for more details). A multiplicative factor SX

has been introduced to calibrate the timescale τ gr
S , the longest between the timescales

of the refractory elements and the accretion of sulfur atoms on themselves. The

results displayed in Figs. 6.30 and 6.31 show the sulfur depletion with (filled and

empty hexagons) and without (filled and empty circles) the effect of SX on the

accretion time scale τ gr
S . With SX going from 1 (no correction - circles) to 0.6-0.4

(small correction - hexagons) the theory fairly agrees with observational data.

Oxygen : this element does not participate as a key-element in any accretion

process of dust formation. However it takes part to the formation of the silicates and

it is an ingredient of the dust yields from stars of different masses. Because of its

high abundance, the depletion is small, even if lots of oxygen atoms are contained in

olivines/pyroxenes. In Figs. 6.30 and 6.31 we can see that the theoretical predictions

well reproduce the observational data, in particular when Mg is corrected for under-

abundance in the yields. The agreement simply follows from using the correct Mg/Si

ratio.

6.12.1 Abundances and Depletions in the Solar Vicinity

To check the internal consistency of the depletion models, we must secure that the

theoretical evolution of the abundances of the various elements in the Solar Neigh-

borhood is able to reproduce the observational data. It would be a point of strong

contradiction if the models can reproduce the elemental abundances in the dust, but

fail to reproduce the pattern of abundances in the gas and stars. In Fig. 6.32 we

show the evolution of the metallicity Z and iron abundance [Fe/H] for a wide se-

lection of models, taking into account more or less the combinations of IMF, ν and

τ that best reproduce the depletion measured in the Solar Ring. In such a case,

one should discard the models with τ = 1 that hardly fit the data for depletion in

the Solar Ring. Most of the remaining models fairly agree with the observational

data with the exception of the case with the Kroupa IMF, slow infall (τ = 9), and

low SFR (ν = 0.3) that is not able to grow fast enough in metals. In Tab. 6.6 we

present the check of the minimum/maximum values obtained in our models vs. the

observations in the Solar Ring of various physical quantities of interest. The same

simulations presented in Fig. 6.32 are compared with both the results obtained by

Zhukovska et al. (2008) and the observational data. The general agreement between

our results and the observations is good and it allows to conclude that we are em-
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ploying a correct modelling of the Solar Ring. Once that the more general quantities,

like the mass of stars, gas, the SN rates and the total surface mass are satisfactorily

reproduced we can proceed to examine the evolution of the abundances of the single

elements in the Solar Ring and how they match up with the local data.

In the panels of Fig. 6.33 we show the time evolution in the Solar Neighborhood

of the abundances of six elements heavily involved in dust formation, namely C, O,

Mg, Si, S and Ca, in the diagnostic planes [A/Fe] vs. [Fe/H]. The observational data

refers to F and G stars (see Fig. 6.33 for more details on the data and associated leg-

end). Twelve models are displayed at varying the IMF (Larson Solar Ring, Salpeter

and Kroupa), efficiency of star formation (ν = 0.3 and 0.7), and the infall timescale

τ (3, 6 and 9 Gyr). Not all the cases are shown for τ = 3 and τ = 6 but only the

most interesting ones as far as the degree of depletion is concerned (see Figs. 6.30

and 6.31). In general, the agreement is good for τ = 3 and τ = 6, while for τ = 9,

during the first 2 Gyr (in practice until [Fe/H] ∼ −1.5) the enrichment in metals is

too slow with respect to the observations. The only exception is carbon which always

agrees with the observations. It must be pointed out that we are using infall models

with a single timescale. This simplified picture leads to models that in the [A/Fe]

vs. [Fe/H] planes cannot reach regions of very low or very high [Fe/H]. In reality,

during the lifetime of the MW different time scales could be involved in the evolution

of the describe the Solar Neighborhood, e.g. a fast early enrichment followed by a

much slower one. Double infall models (Chiosi 1980; Chiappini et al. 1997) or more

complicated scenarios are however beyond the aims of this study. Finally, it is worth

noticing: (i) the under-abundance of Mg in the top right panel; (ii) the marginal

agreement of the models with sulfur evolution.

In Fig. 6.34 we show the evolution of the Mg abundance in the Solar Ring once

corrected for the under-abundance problem. The same models already presented in

Fig. 6.33 are shown, but for the correction of the Magnesium abundance. With this

correction not only we have a better pattern of depletions (See Fig. 6.31), but also

a better reproduction of the local data.

To enforce the argument we examine the evolution of the most important elements

involved in the dust formation process looking at the [A/Fe] vs. [Fe/H] diagrams

relative to the Solar Ring. The most striking points of disagreement with the obser-

vational data are the under-abundance of Mg and the evolution of Sulphur. For the

sake of comparison, we also show the models by Zhukovska et al. (2008), calculated

after revising the yields by Woosley & Weaver (1995) and Nomoto et al. (2006).

In both cases the yields of Sulphur do not lead to a good fit of the observations.

The yields by Nomoto et al. (2006) give indeed the worst model. Our yields produce

similar results in the sense that they tend to keep the abundance of Sulphur too high.

Fortunately, this has no effect on the overall production of dust as Sulphur drives its
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own accretion efficiency (See Sect. 6.5.7) and does not affect other channels of dust

production. Apart from these minor uncertainties, the observational data and theo-

retical abundances fairly agree and consequently dust formation stands on a realistic

description of the evolution of the elemental abundances in the Solar Ring.
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Figure 6.33: Evolution of the elemental abundances in the Solar Ring as measured by a sample of

F and G stars vs the simulations. The evolution of [A/H] vs. [Fe/H] is represented for C, O, Mg, Si,

S and Ca. Data from: O from Chen et al. (2000) , Meléndez & Barbuy (2002), Reddy et al. (2003),

Gratton et al. (2003), Akerman et al. (2004), Cayrel et al. (2004), Jonsell et al. (2005), Soubiran

& Girard (2005); C from Meléndez & Barbuy (2002), Reddy et al. (2003), Akerman et al. (2004),

Cayrel et al. (2004); Mg from Chen et al. (2000), Gratton et al. (2003), Reddy et al. (2003),

Soubiran & Girard (2005) and Venn et al. (2004) (circle); Si from Chen et al. (2000), Gratton

et al. (2003), Reddy et al. (2003), Cayrel et al. (2004), Jonsell et al. (2005), Soubiran & Girard

(2005); S from Reddy et al. (2003) and Caffau et al. (2005) (six-point star) and, finally, Ca from

Chen et al. (2000), Gratton et al. (2003), Reddy et al. (2003), Venn et al. (2004), Cayrel et al.

(2004), Soubiran & Girard (2005), Jonsell et al. (2005). Twelve models are superposed to the data,

at varying the IMF (Kroupa, Salpeter and Larson adapted to the Solar Ring), the efficiency of the

star formation ν (two values: ν = 0.3 and ν = 0.7) and the infall timescale τ (three values: τ = 3,

τ = 6 and τ = 9 Gyr). Only the most interesting combinations are shown (Figs. 6.30 and 6.31).
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Figure 6.34: Evolution of the Mg abundance in the Solar Neighborhood as measured in a sample of

F and G stars. The yields have been slightly corrected for the Mg under-abundance. This corrected

abundance is the same as in Fig. 6.31.
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Figure 6.35: Evolution of the elemental abundances in the Solar Neighborhood as measured in a

sample of F and G stars. The evolution of [A/Fe] vs. [Fe/H] is shown for six elements of interest,

that is C, O, Mg, Si, S and Ca. For the sake of comparison we plot the results by Zhukovska et al.

(2008) for the SN yields by Woosley & Weaver (1995) where Mg and Fe have been corrected to get

a better agreement with the observations (the thick dotted line), and the yields by Nomoto et al.

(2006), the thin dotted line. The meaning of the symbols for the observational data is the same as

in Fig. 6.33.
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Figure 6.36: Evolution of the Galactic abundances of [Mg/H], [Fe/H], [C/H], [Si/H], [O/H], [S/H],

[Ca/H] and [N/H] as a function of the galacto-centric distance for different types of abundance

indicators. In all the diagrams we present the evolution of the radial gradient from the age at

which the Sun was formed (thin lines) to the current age (thick lines). The elemental abundances

are measured in the following sources: O and B stars, Field Red Giants (RGs), HII regions, open

clusters and Cepheid variables. The sources have been divided into two or three groups/panels,

depending on the available ones for that element, in such a way to examine the gradients from

different sources. The following models are considered: Kroupa IMF, τ = 3 and ν = 0.3 (continuous

thin black and thick red lines); Kroupa IMF, τ = 6 and ν = 0.7 (continuous thin blue and thick

magenta lines); Salpeter IMF, τ = 3 and ν = 0.3 (dotted thin black and thick red lines); Salpeter

IMF, τ = 6 and ν = 0.3 (dotted thin blue and thick magenta lines); Larson Solar Ring IMF, τ = 3

and ν = 0.3 (dashed thin black and thick red lines), and finally Larson Solar Ring IMF, τ = 6 and

ν = 0.3 (dashed thin blue and thick magenta lines).
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Figure 6.37: Temporal evolution of the radial contribution to the abundance of dust by the four

types of grain among which we distributed the single elements (that is silicates, carbonaceous grains,

iron dust grains and generic grains embedding Ca, N or S) and the three sources of dust, namely

SNe, AGB stars and accretion in the ISM. All the contributions have been properly corrected for the

destruction of dust. Five ages are represented from the early stages to the current time. Upper left

panel: the radial contribution of the four types of dust grains to the total dust budget at 0.1 Gyr.

We show: silicates (continuous lines), carbonaceous grains (dashed lines), iron dust (dotted lines)

and, finally, generic grains containing S, Ca and N (dot-dashed lines). For each group we distinguish

the net contributions from the ISM accretion, AGB and SNe, that is: ISM-C, AGB-C and SNe-C

for carbonaceous grains, ISM-Sil, AGB-Sil and SNe-Sil for silicates, ISM-Fe, AGB-Fe and SNe-Fe

for the iron dust and finally, ISM-Ca/S/N, AGB-Ca/S/N and SNe-Ca/S/N for the other grains. In

all cases the abundance of CO is fixed to ξCO = 0.30 taken as the reference value. For the last two

ages we also show for the ISM the results for ξCO = 0.15 and ξCO = 0.45. Upper Central panel:

the same as in the upper left panel but for 0.5 Gyr. Upper Right panel: the same as in the upper

left panel but for 1.0 Gyr. Lower Left panel: the same as in the upper left panel but for 5.0 Gyr.

Lower Right panel: the same as in the upper left panel but for 12.8 Gyr. Since the ratio σD/σH

grows at varying age, the scale of the y-axis is continuously shifted according to the value of the

plotted data.
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Figure 6.38: Temporal evolution of the logarithmic radial abundance of dust σD
i (rk, t), in

[M⊙pc−2], for all the elements belonging to our set and involved into the process of dust formation,

that is C, N, O, Mg, Si, S, Ca and Fe. All the contributions have been properly corrected for the

dust destruction. Nine ages are represented from the early stages to the current time, that is 0.1,

0.2, 0.5, 1, 2.5, 5, 7, 10 and 12.8 Gyr, assuming that the formation of the MW started when the

Universe was ∼0.9 Gyr old (Gail et al. 2009). Upper panels: from left to right the time evolution

of the radial abundance σD for Mg and Fe. Central panels: the same as in the upper panels but

for C, N and Si, from left to right. Lower panels: the same as in the central panels, but for S, Ca

and O. Since the abundance σD
i changes at varying the age in a different range for each element,

the scale of the y-axis is continuously shifted according to the represented range of values.
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6.13 Radial gradients in element abundances

Studying the properties of dust in the Solar Ring is by far easier than across the

Disk of the MW: indeed the data to our disposal for the Disk are much fewer and of

poorer quality than those for the Solar Ring. For instance, we cannot estimate the

depletion of elements at different distances from the Solar Ring toward the Galactic

Center and/or the outermost regions of the Disk. However, we can compare the

radial gradients in element abundances, as indicated by Cepheid stars, Open Clus-

ters, HII regions and O,B stars. In the case of a satisfactory agreement between the

observations and theoretical predictions for the element abundances, we may argue

with some confidence that the predictions for radial variation of the dust properties

are reasonably good. In relation to this see the case of the relative abundances of Mg

and Si and how they would affect the formation of silicates in the dust and depletion

of these elements.

In the following, we examine the radial variations of the elemental abundances

to check if our multi-shells model, in presence of radial flows of gas and inner bar,

is able to reproduce in a satisfactory way at least the main radial properties of the

MW. As already said we are not looking for the best model in absolute sense but

only the a general agreement with observational data so that our predictions for dust

formation and evolution stand on solid ground.

7Magnesium. O and B stars: Gummersbach et al. (1998) (Gu98), Smartt et al. (2001) (Sm01),

Daflon & Cunha (2004) (Da04); Field Red Giants: Carney et al. (2005) (Ca05); Open Clusters:

Rolleston et al. (2000) (Ro00), Carraro et al. (2004) (Ca04), Carraro et al. (2007) (Ca05), Yong

et al. (2005) (Yo05); Cepheid stars: Andrievsky et al. (2002) (An02a), Andrievsky et al. (2002)

(An02b), Andrievsky et al. (2002) (An02c), Andrievsky et al. (2002) (An02d), Luck et al. (2003)

(Lu03), Kovtyukh et al. (2005) (Ko05), Luck et al. (2006) (Lu06), Yong et al. (2006) (Yo06),

Lemasle et al. (2007) (Le07). Iron. Open Clusters: Twarog et al. (1997) (Tw97), Carraro et al.

(1998) (Ca98), Hou et al. (2002) (Ho02), Chen et al. (2003) (Ch03), Ca04, Yo05, Ca07, Sestito et al.

(2008) (Se08), Magrini et al. (2009) (Ma09); Cepheid stars: An02a, An02b, An02c, An02d, Lu03,

Ko05, Lu06, Yo06, Le07 and Lemasle et al. (2008) (Le08). Carbon. O and B stars (Gu98, Sm01,

Da04); HII regions: Esteban et al. (2005) (Es05); Cepheid stars: An02a, An02b, An02c, An02d,

Lu03, Ko05 and Andrievsky et al. (2004) (An04). Silicon. O and B stars Gu98, Sm01, Da04; Field

Red Giants: Ca05; Open Clusters: Ro00, Ca04, Ca07, Yo05, Se08; Cepheid stars: An02a, An02b,

An02c, An02d, Lu03, An04, Ko05, Lu06, Yo06, Le07. Sulfur. Cepheid stars: An02a, An02b, An02c,

An02d, Lu03, An04, Ko05, Lu06; O and B stars: Sm01, Da04; HII regions Mart́ın-Hernández et al.

(2002) (Ma02), Rudolph et al. (2007) (Ru07); Open Clusters: Ca04, Ca07, Yo05, Se08; Field Red

Giants: Ca05; Cepheid stars: An02a, An02b, An02c, An02d, Lu03, An04, Ko05, Lu06, Yo06, Le07.

Calcium. Open Clusters: Ca04, Ca07, Yo05, Se08; Field Red Giants: Ca05; Cepheid stars: An02a,

An02b, An02c, An02d, Lu03, An04, Ko05, Lu06, Yo06, Le07. Oxygen: HII regions Deharveng

et al. (2000) (De00), Es05, Ru07; O and B stars: Smartt & Rolleston (1997) (Sm97), Da04, Sm01;

Field Red Giants: Ca05; Open Clusters: Ro00, Ca04, Yo05; Cepheid stars: An02a, An02b, An02c,

An02d, Lu03, An04, Ko05, Le07. Nitrogen: HII regions: Ru07; O and B stars: Gu98, Da04, Sm01;

Open Clusters: Ro00; Cepheid stars: An02b, An02c, Lu03, Ko05.
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Two important observational constraints must be satisfied and reproduced by the

models, namely: (i) the radial distribution of the gas and (ii) the radial gradients in

those elements that are involved in the dust formation. In Fig. 6.42, we compare

the density profiles for models calculated with different IMF, efficiency of the star

formation ν and the infall timescale τ . Twelve models are shown. This sample is

taken from the wider grid of models calculated by to reproduce the depletion of the

elements observed in the Solar Ring 2. The twelve models are shown in Fig. 6.42.

They are with original stellar yields by Portinari et al. (1998) (no correction to the

Mg abundance is applied). Since we have no data for the element depletion as a

function of the radial distance, the slight under-abundance of Mg is less of a problem

here. Furthermore, selecting the twelve cases, very short infall timescales have been

excluded because the models would not reproduce the element depletions observed in

the Solar Ring. Finally, since we have no hints on the observational error associated

to the mass density profile σg(r) as a function of the galacto-centric distance, at each

distance we apply an error derived from the ratio ∆σg/σg for the Solar Ring, and

assumed to remain constant. Indeed, already in the Solar Ring, there is a significant

uncertainty in the local gas density, the estimates of which go from 7-13 M⊙pc−2

(Dickey 1993), to ∼ 8 (Dame 1993) up to 13-14 (Olling & Merrifield 2001).

It is soon evident that while some models fairly agree with the observational data

for σg, others significantly deviate from it in particular for the innermost regions:

models with long infall timescale and low star formation efficiency (such as the model

with τ = 9 Gyr and ν = 0.3) do not consume enough gas. In literature the problem

is often solved either introducing a suitable radial dependence for τ or changing the

IMF in such a way that the low-mass long-lived stars are favored. However, for the

purposes of the present study, we prefer to keep both τ and IMF constant with the

galacto-centric distance. Finally, it is worth noting the crucial contribution of the

bar whose presence nicely reproduces the gas density distribution in the innermost

regions, simulating the bump at about 5 kpc.

In Fig. 6.36 we show the gradients across the Galactic Disk in the abundance

ratios [Mg/H], [Fe/H], [C/H], [Si/H], [O/H], [S/H], [Ca/H] and [N/H]. All these ele-

ments are also involved in dust formation and evolution. For each element we group

the observational data according to the source of the abundances, namely O and B

2The whole sample contains model for four vτ (τ = 1, τ = 3, τ = 6 and τ = 9 Gyr), three IMFs

(Salpeter, Kroupa multi-power law and Larson adapted to the SN), four values of the efficiency of

the star formation ν (ν = 0.3, ν = 0.7, ν = 1.1 and ν = 1.5), and two cases for the stellar yields

of elements, the original ones by Portinari et al. (1998) and a revised version taking into account a

correction for a slight under-abundance in Mg.
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stars, field Red Giants (RGs), HII regions, Cepheid variables and open clusters. The

references for the observational data are listed in the footnote7. Only models with

intermediate values of τ (1 < τ < 9) are compared with the data. Since most likely

different sources trace the gradients at different galactic ages, we plot the gradients

as they were at the time the Sun was born (about 4.5 Gyr ago, the thin blue and

black lines) and at the present age (thick red and magenta lines). Most objects

under examination should fall into the region spanned by the gradients during this

time interval. In general, theoretical predictions and data fairly agree with minor

discrepancies that can be, in some cases, attributed to the yields, such as the slight

Mg under-abundance and/or C and S over-abundance (Portinari et al. 1998). Other

major discrepancies between the theoretical and observational abundance gradients

that depend on the type of source under consideration are expected and can be

taken to indicate the performance of the models. For instance, following Kovtyukh

et al. (2005), in intermediate mass stars the C under-abundance (carbon is deficient

at about [C/H] = −0.4) and the N over-abundance (nitrogen is enhanced at about

[N/H] = +0.4) has been predicted by Luck (1978) and Luck & Lambert (1981) and

confirmed in studies of Cepheids and non-variable super-giants (Andrievsky et al.

1996; Kovtyukh et al. 1996). This is more or less what we observe when the evo-

lution of theoretical element abundances C and N along the Disk are superposed to

the measurements of C and N abundances in Cepheids (intermediate mass stars of 3

to 9 M⊙). Finally, comparing theory and data, one should keep in mind that models

do not take star dynamics and kinematics into account and the stars always remain

in the same region where they are born: the radial flows act only on gas and dust.

6.13.1 Radial gradients in dust

Assessed that the radial gradients, in the gaseous element abundances and total

gaseous density, reasonably agree with the observational data, at least for some com-

binations of the input parameters, we examine the radial formation and evolution

of dust in the MW Disk being confident that it is grounded on a realistic evolution

of the global abundances in the ISM. In Fig. 6.37 we show for five selected ages,

from the early stages to the current time, the time evolution of the radial abundance

of four typical grain families, that is silicates, carbonaceous grains, iron grains and

generic grains formed with Ca, N and S. We grouped these last three elements into

a single group for the sake of simplicity because of their low abundance. The con-

tributions to each one of the four groups have been split among the three sources

of dust, that is star-dust from SNe and AGB stars and accretion in the cold regions

of the ISM. The amount of dust in all the regions continuously grows following the
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enrichment in metals produced by the many generations of stars. In the early stages

of the evolution, at 0.1 Gyr, star-dust from SNe is the main source of dust across

the whole disk. At 0.5 Gyr the accretion of dust in the ISM starts to be significant

in the innermost regions and slowly becomes the dominating source in the whole

Disk, earlier for the innermost regions and later for the outermost ones. AGB stars

contribute mostly with carbon-rich grains in the early evolution at low metallicity

Z and only when a significant metallicity is reached they start enriching the ISM in

silicates. It is worth noting here that the evolutionary scheme across the Disk we

have just outlined is a consequence of the role played by the star-dust from SNe in

the early stages. Reducing the yields of dust by SNe would obviously change the the

above results for the early stages.

In Fig. 6.38 we present the evolution with time of the radial dependence of the

logarithm of the dust abundance σD
i (rk, t) for all the elements in our list taking part

to dust formation, namely C, N, O, Mg, Si, S, Ca and Fe. Nine ages are represented

from the early stages to the current time. All the elements more or less follow the

same evolutionary trend, and eventually reach a typical profile with a bump at 4-5

kpc in agreement with the gas density profile (as expected). It is interesting to note

that while for the innermost-central rings of the disk the enrichment in dust already

reaches a maximum at about 5 Gyr, for the outermost regions the dust budget keeps

growing until the present age. The reason for that can be easily attributed to the

delayed contribution by accretion in the ISM occurring in the outer regions with low

star formation. In brief, as accretion of dust grains in the ISM gets important only

when and if some enrichment in metals has taken place, in the outer regions of low

star formation this is inhibited by the low metal content that can be reached over

there.

It is interesting to examine not only the abundance evolution of each element in

the dust, but also the relative abundance of each element embedded into dust (or

the relative fraction of each dust grain family) with respect to the total dust budget.

For this reason in Fig. 6.39 we show the evolution of the radial mass fraction of

each element embedded into dust σD
i (rk, t) /σ

D (rk, t), normalized to the total dust

budget, for some of the elements in our list and/or some families of grains. In par-

ticular, we show the fraction of silicates (which means Mg, Si, Fe and O embedded

into quartz/pyroxenes/olivines by accretion in the ISM or star-dust) and carbona-

ceous grains (this latter is nearly coincides with the amount of C, once subtracted

the amount of C belonging to the silicon carbide). Let us examine the behaviour of

silicates and carbonaceous grains in some detail. At the beginning of the evolution,

where only the most massive SNe contribute, the mass of dust in silicates is a bit

larger than in carbon based grains. This is in agreement with the recent observations

of SN 1987A with the Herschel Space Observatory (Matsuura et al. 2011): the sig-
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nificant emission by a population of cold dust grains observed by PACS and SPIRE

can be reproduced only with a mixture of both carbonaceous grains and silicates

with these latter more abundant than the C-based dust grains. This is indeed what

is shown in Fig. 6.37 at the age of 0.1 Gyr, when SNe play the major role. As soon as

AGB stars start to contribute (at low/sub-solar metallicities a 5-6 solar masses has

a lifetime of the order of 0.1 Gyr) the mixture of SNe and low-Z AGB stars slowly

increases the fraction of carbonaceous grains and reduces that of silicates. Indeed,

low-Z AGB stars are easily C-star and mainly inject carbon in the ISM. At ages in

the range 0.5-1 Gyr, at least in the innermost regions, the formation of dust grains

in the cold ISM starts to be a very efficient process and strongly influences the total

budget. Our silicates are made by Mg, Si, O and Fe: the timescale for the forma-

tion of silicates in the early evolution, when SNe enriched the ISM with all of these

elements, is therefore shorter than the one for carbonaceous grains (carbon is also

partially locked in the unreactive CO).

Carbon is injected by SNe (plus a significant contribution by low-Z AGB stars),

but in any case carbon is less than the sum of all the other refractory elements in-

volved in silicates. Their total number density in the ISM, compared to the one of

carbon atoms, favors the formation of silicates during the early evolution. This can

be seen in the upper right panel of Fig. 6.37; the fraction of carbon locked up in CO

also plays an important role. In the panels of Fig. 6.39 for the carbonaceous grains

and silicates, one can note that, as a consequence of the behaviour described above,

the fraction of silicates in the innermost regions grows until the age of about 1 Gyr

is reached, while the fraction of C-rich dust decreases. Afterwards, as AGB stars

join SNe to increase the number density of Carbon atoms in the ISM, the accretion

of carbon in cold MCs becomes also efficient, and the silicates/carbonaceous grains

ratio slowly decreases again. A different behaviour takes place in the outermost re-

gions: at the beginning there is a ratio similar to the inner regions, but the fraction

silicates/carbonaceous grains keeps decreasing because (i) the accretion in the ISM

has long timescales and starts late due to the low densities and Z; (ii) the strong

contribution of C-based dust, due to the low-Z AGB stars, dominates in a significant

window between SNe and start of the ISM accretion. The final result is the high

fraction of carbon dust with respect to silicates in the outer region. It is interesting

now to compare our results with the evolution of the gradient in Carbon predicted

by Zhukovska & Gail (2009). Since in their case SNe are very poor factories of sili-

cates, but significant injectors of Carbon-rich dust, Zhukovska & Gail (2009) adopt

for the early evolutionary stages in the inner regions, a mixture almost totally made

by Carbon-based dust. In our case, on the contrary, we obtain in the inner Disk that

the partition between the two main dust types is more balanced and both play a

comparable role. In any case, in the outer regions we find results very close to those
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by Zhukovska & Gail (2009). In brief, at the current age we all find that the final

gradient in relative mass fraction of carbonaceous grains has a similar positive slop

reaching in the outermost region a value as high as 70% of the dust mass embedded

in carbonaceous grains.

The behaviour of iron dust has the opposite trend: it starts very flat and at the

current time we have a negative gradient, with iron dust significantly contributing

to the dust mass in the center of the MW. In the early stages, we have some contri-

bution to the iron budget by SNe (however less than for silicates and carbonaceous

grains, see top panels in Fig. 6.37) and because of the low metallicities a negligible

contribution by low-Z AGB stars. As time goes on, the sum of the contributions

from (i) CCSNe, (ii) accretion in the ISM that for iron dust starts to be significant

at t> 1 − 2 Gyr, (iii) AGB stars that reach solar metallicities in the inner regions

and start to inject iron dust, and, finally, (iv) type Ia SNe. The sum of all of these

contributions yields a gradient with negative slope.

6.13.2 Radial gradients in element depletion

Once examined the results for the radial gradients in element abundances both in

the gas and dust, we discuss the corresponding gradient in element depletion due to

dust formation. First, we concentrate on the innermost and outermost regions of the

Disk. In Fig. 6.40 we show the results for the depletion of r C, N, O, Mg, Si, S,

Ca and Fe in the ISM in an inner ring of the MW Disk centered at 2.3 Kpc. This

is a region of high density and high star formation in turn. The results are shown

for both the original (upper panel) and corrected Mg yields (lower panel). Indeed, a

small correction to the original yields for the Mg under-abundance leads to different

(better) results for the dust mixture as the Mg to Si ratio affects the formation of

silicates and the final results for the Solar Ring. The same group of models presented

and used to study the depletion in the Solar Ring are shown for the inner and outer

regions, but limited to those with the coefficient of star formation efficiency ν = 0.3

and ν = 0.7. The infall time scale is varied between 1 and 9 Gyr (or between 3 and 9

Gyr in the Mg-corrected models) and three IMFs are examined, namely the Kroupa

multi power-law IMF, the Larson IMF adapted to the Solar Ring and, finally, the

Salpeter one for the sake of comparison. We also show the un-depleted (no dust

formation) abundances of the gas (i.e. the gas+dust total abundance). The abun-

dances referring to the same models are connected by a line (dashed or continuous for

ν = 0.3 and ν = 0.7 respectively) to better show how the elemental abundances fall

down because of the dust formation. As expected, all the elements exhibit a lower

abundance in the gas. Some common features are: (i) models with corrected yields
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of Mg (bottom panels) show a stronger depletion because they form more silicates,

due to the more balanced ratio between Mg and Si; (ii) Mg is much more depleted

than Si because of the higher abundance ∆[Xgas/H] of Si (actually ∆[Xgas/H] of

Si and Mg are nearly the same but the total starting abundance of Si is higher);

(iii) compared to the depletion in the Solar Ring, there is a less significant difference

between the models with ν = 0.3 and ν = 0.7, with the exception of the case with

τ = 1 Gyr. The reason for this can be tracked in the fast onset of the ISM accretion

phase in both cases. Very early on, accretion drives the dust budget and tends to

smooth differences due to injections of stardust; (iv) the IMFs with higher number

of SNe produce a stronger enrichment than the case with a smaller population of

SNe, but the ∆[Xgas/H] caused by the depletion is quite similar.

The situation for a companion outermost region of low density and low star for-

mation centered at 15 kpc is presented in Fig. 6.41. The meaning of the symbols is

the same as before. In this Figure we applied a small to the right for the case ν = 0.7

to avoid superposition of the models. Comparing the data displayed in Fig. 6.40 and

Fig. 6.41 we note that: (i) in general the innermost regions form more dust with a

higher reduction of the gas abundance ∆[Xgas/H]. This is the result of forming dust

in a medium richer in metals and denser in which the accretion process is favored;

(ii) the effect of the different efficiencies of star formation (parameterized by ν) is

more evident in the low density/low SFR regions because it makes more evident the

effect of metals and ISM enrichment on dust formation; (iii) in the outermost regions

almost all the elements suffer a comparable depletion ∆[Xgas/H], simply because the

accretion process is very weak over there.

Finally, in the six panels of Fig. 6.43 we show the abundances of [Mg/H], [Fe/H],

[C/H], [Si/H], [S/H] and [Ca/H] in the gas as a function of the galacto-centric dis-

tance. To single out the difference between models with and without dust depletion,

in all the diagrams we show the radial gradient at the current age for the ISM as

a whole (that is gas+dust, left sub-panels in each plot) and for the gaseous compo-

nent alone (right sub-panels in each plot) including the effect of depletion. Twelve

combinations of the parameters IMF, ν and τ are shown for both the un-depleted

(left panels) and depleted (right panels) cases. For each group of four panels we have

therefore six un-depleted cases on the top left sub-panel and six on the bottom left

sub-panel. The same six plus six cases are shown for the depleted gas in the top and

bottom right sub-panels. As expected, dust globally lowers the amount of elements

in the gas across the whole disk, but also in some cases alters significantly what

would be the slope of the gradient in absence of dust. In particular, in the innermost

regions, where a higher density of heavy atoms is available to accrete on the seeds,

the regularity of the gradient breaks more strikingly than in the outermost regions



6.14 Final remarks and conclusions 285

where the gradient keeps roughly the original slope. The innermost regions, that

are also affected by the bar (r < 5 kpc), present a even more irregular behaviour, in

particular for the elements most depleted and participating to the complex process

of silicates formation, like Magnesium and Silicon. Indeed, Carbon keeps a regular

gradient as in our model no other heavy elements are supposed to participate to the

accretion process of carbonaceous grains. Iron is also very irregular in the innermost

regions, since it participates both to the formation of silicates and iron dust grains.

6.14 Final remarks and conclusions

The main conclusions can be summarized as follows:� We described the database of condensation efficiencies for the main elements

that form the dust emitted by the most important dust factories in nature,

SNe and AGB stars. See Piovan et al. (2011a) for organized tables containing

the condensation efficiencies for the refractory elements C, O, Mg, Si, S, Ca

and Fe in AGB stars and SNe. The condensation efficiencies, multiplied by the

gaseous ejecta provide an estimate of the amount of each element trapped into

dust that is injected into the ISM. This compilation stands upon the theoretical

work by Ferrarotti & Gail (2006), Zhukovska et al. (2008) for the AGB stars,

in order to take into account the different metallicity of AGB stars and hence

the different dust production, according to the C/O ratio. Moreover, Nozawa

et al. (2003), Nozawa et al. (2006), Nozawa et al. (2007) have been chosen

for SNe, because: (1) they include the effect of the different density of the

environment in which the SNa explosion occurs which crucially determines

the final amount of dust surviving to the shocks; (2) their models produces

amounts of carbonaceous grains that agree with the estimate required by the

pre-solar dust grains; (3) they product significant amounts of silicates that seem

to be necessary to reproduce very recent cold dust emission spectra in the SN

1987A and (4) the CNT unmixed model agrees well with both the FIR/sub-

mm estimates of newly formed dust in SNe and the amount of dust required to

explain high-z obscured objects with the SNe playing a decisive role. Despite

many uncertainties still exist, both theoretically and observationally, this set of

models allows some confidence in the calculation of condensation efficiencies,

to simulate the production of star-dust.� The CO molecules influence the formation of C-based dust, thus introducing

into the estimates an unavoidable uncertainty. The higher the amount of carbon

embedded into CO, the slower is the accretion process and the smaller the

amount of carbonaceous grains that are formed.
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ISM in dust is the accretion in the cold regions. Only in the very early stages,

SNe dominate, and the duration of this phase tends to shorten in regions of

high star formation and fast enrichment in metals (innermost regions of the

MW). The opposite for the regions of low star formation (the outskirts of the

MW), where the accretion in the ISM becomes significant much later so that

for many Gyr SNe govern the total dust budget. In this case, AGB stars

play an important role, because there is enough time for them to significantly

contribute to the dust budget, without being overwhelmed by the SNe (earlier

phases) or the ISM accretion (later phases). The time interval during which

SNe are the main dust producer can slightly change at varying the upper mass

limit of stars undergoing the AGB phase.� The conclusions for the MW Disk can be extended to galaxies characterized by

continuous star formation on the notion that the outer regions of the MW Disk

might correspond to low star forming galaxies and the inner ones to high star

forming objects. Very high values of SFR (See for example Gall et al. (2011a,

Gall et al. (2011b) for detailed simulations of starburst galaxies and QSOs),

which are not reached in the MW, not even in the early phases of the evolution

in the inner regions, somehow elude this simple scheme. In any case, star-dust

dominates the mild SF environments for a long period of time. This time scale

tends to decrease in environments with IMFs skewed toward the mass interval

in which the star-dust/metals factories (AGB stars and SNe) are important,

thus helping the onset of the accretion phase in the ISM.� In the high SFR/high metallicity regions AGB stars mainly produce silicates,

whereas in the low SFR/low metallicity ones, carbon stars can contribute sig-

nificantly to the C-based dust.� The IMF plays a fundamental role because it controls the relative amounts of

low, intermediate and massive stars (see the entries of Tab. 1.2). We found

that IMFs skewed toward massive stars are not suitable to reproduce the prop-

erties of dust in the MW, the Solar Ring in particular, (see also Dwek (1998,

Zhukovska et al. (2008, Calura et al. (2008), whereas it seems that for star-

burst galaxies (Gall et al. 2011a), ellipticals (Pipino et al. 2011) and QSOs

(Gall et al. 2011b; Valiante et al. 2011) IMFs more biased toward higher

mass stars are required, because otherwise it would be more difficult to re-

produce the amount of dust observed already on site in very high-z objects.

The alternative is to introduce very high condensation efficiencies in SNe. This

possibility is somehow supported by the recent FIR/sub-mm observations on
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the SN 1987A by Matsuura et al. (2011). In such a case normal IMFs in high-z

galaxies and QSOs cannot be excluded. The use of different IMFs for different

galaxies in order to reproduce dust properties is a subject of vivid debate, and

tightly related to the wider question about the universality of the IMF. The

debate seems to favour an IMF sensitive to the initial conditions of star forma-

tion (see for instance the recent Elmegreen (2009, Bastian et al. (2010, Myers

et al. (2011, Gunawardhana et al. (2011, Kroupa (2011) to mention a few).

This possibility was suggested long ago by Chiosi et al. (1998) to solve the

apparent contradiction between the spectral and chemical properties of early

type galaxies. Similar conclusions are reached by Valiante et al. (2011), try-

ing to match the observed properties of the QSOs SDSS J1148+5251, where

a top-heavy IMF allow a more coherent match between different observations.

Finally, when the SFR is high (inner regions), the effect of the IMF on the

dust budget tends to disappear at the current time, because the accretion in

the ISM becomes dominant early on in the evolution, while if the SFR is low

we can see the effect of different IMFs spreading until the current time.� Lower efficiencies ν of the SF, in the range adopted for the Solar Ring, cor-

respond to a slower onset of the accretion in the ISM and a lower final dust

budget.� We tested different descriptions of the process of dust accretion in the ISM.

A simple approach adopts an average time-scale of accretion to estimate the

total dust budget at least in the early stages and for normal star forming

environments. More complicated descriptions are require to follow the evolution

of the abundance of single elements in dust or low star forming regions.� The range of depletions observed for most of the elements, that is C, N, O, Mg,

Si and S, is nicely reproduced by reasonable combinations of the parameters.

IMFs with the classical slope in the high mass range, more easily fit the data

for depletion. The only exceptions are: (i) iron, for which probably a more

complex mechanism of accretion in the ISM than the simple one on cold regions

is required (Zhukovska et al. 2008); (ii) calcium whose extreme depletion can

not be reproduced by our model.� The ratio between the abundances of Mg and Si is crucial in the formation of

silicates and it is important to tune it according to the ratio expected from

models. We had to correct the slightly under-abundance of the Mg in our

gaseous yields, to obtain a better agreement with the observed depletion for

the refractory elements involved into the silicates formation.
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reproduce the properties of the Solar Ring, both for gas and dust, we find a

good general agreement with the mass gradients observed in the MW Disk,

both for the total gas mass and the single element abundances. These latter

have been compared with the abundances observed in different types of objects,

like Cepheids, open clusters, HII regions, O and B stars and Red Giants. Some

striking differences between models and observations for C and N can be easily

explained by means of the stellar evolution theories.� The evolutionary scheme for dust formation and evolution across the Disk,

emerging from the simulations, is as follows: SNe dominate the dust budget

in the early stages in the whole disk. As time goes on, AGB stars enter the

game: they contribute to the C-based dust budget if the metallicity keeps low,

switch to O-rich dust as soon as the metallicity is near solar or super-solar.

For this reason AGB stars behave in a different way in the inner regions where

the metallicity quickly increases and in the outer regions where the metallicity

keeps low for long time. The ISM accretion is the main contributor to the

dust budget across the whole disk. It starts very early on in the innermost

regions due to the faster enrichment and the highest number densities of the

elements involved in dust and much later in the outer regions where metallicity

and density are lower and where AGB stars of low-Z can be very important for

many Gyr. It is clear from this trend that a crucial role is played by the SNe:

the faster they enrich the ISM in metals, the faster the ISM starts to play a

decisive role. Furthermore, the higher the condensation efficiencies, the higher

is the amount of dust that can be injected during the time interval before the

ISM dominates. The uncertainties on the efficiency of dust condensation in

SNe (Piovan et al. 2011a) could clearly change the picture during the early

evolutionary phases (Zhukovska et al. 2008; Gall et al. 2011a; Gall et al.

2011b).� The radial distribution of the dust mass follows the behaviour of the gas show-

ing a bump in the inner zone and a negative slope at the present time. It

decreases moving outwards. The fractional radial mass of silicates has also a

negative slope, whereas the carbonaceous grains have a positive slope. They

also play a more and more important role as we move toward the outskirts.

This is ultimately due to the combined effect of several causes : (i) the yield

from SNæ that enrich the ISM with elements involved in silicates and dust

where star formation is more active; (ii) the long time interval during which

low-Z AGB stars inject carbon in the outskirts of the Disk, and (iii) the delay

in the onset of the ISM accretion in the outer regions.
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the highest star formation and densities, while in the outskirts we have less

depletion due to lower efficiency of dust accretion and star-dust injection.� As expected, the depletion significantly alters the radial gradients in the gas

abundances, in particular for the elements involved in silicates, for which (at

least in our simplified model) many elements enter the process and the key

element driving the process can vary with time, making the whole thing more

irregular.

According to the results obtained for the Solar Ring and the MW Disk, we are

confident that the model developed and tested in this thesis work should be suitable

to simulate the evolution of dust in pure Disks and in the Disks of intermediate model

made by disk and bulge. To complete the interface with the spectrophotometric code

the model should be extended to spheroidals with a simple spherical geometry, in

order to be applied to pure ellipticals and bulges. A multi-zone model of this kind

is actually under development. Once the support of the chemical evolution of dust

will be integrated into the code, we guess that the composition and amount of dust

could be simulated in a more realistic way, in particular for primordial and high-z

galaxies.

To conclude, the classical chemical models nicely reproduce the observed depletion

and properties of the Solar Ring. The theoretical ingredients, like condensation coef-

ficients and accretion models, behave in a satisfactory way. What can be improved?

Clearly the major weak point is the one-phase description of the ISM. At least a

two-phases ISM is required. Finally, work is in progress to introduce a multi-phase

description of the ISM with dust in N-Body-TSPH simulations of galaxies.
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Figure 6.39: Temporal evolution of the radial mass fraction of single elements or grain families

embedded into dust σD
i (rk, t) /σ

D (rk, t), normalized to the total dust budget, for some of the elements

belonging to our set and involved in the process of dust formation (that is C, N, O, Mg, Si, S, Ca

and Fe) and some grain types (silicates, carbonaceous grains, iron grains and Ca/N/S). All the

contributions have been properly corrected for the dust destruction. Nine ages are represented as

in Fig. 6.38, from the early stages to the current time, that is 0.1, 0.2, 0.5, 1, 2.5, 5, 7, 10 and 12.8

Gyr, assuming that the formation of the MW started when the Universe was ∼0.9 Gyr old (Gail

et al. 2009). Upper panels: from left to right the time evolution of the radial mass fraction of Mg

and Fe, normalized to the total dust mass. Central panels: the same as in the upper panels but

for O and Si, from left to right. Lower panels: the same as in the central panels, but for S, N and

Ca (lumped together) and O, silicates (that is the mass fraction of Mg, Si, Fe and O involved into

quartz/pyroxenes/olivines) and C (that in practice, once subtracted the carbon embedded in SiC,

forms the carbonaceous grains).
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Figure 6.40: Depletion of the elements C, N, O, Mg, Si, S, Ca and Fe in the ISM for an inner

ring of the MW centered at 2.3 Kpc. Top panels: the element depletions are obtained using the

original yields, no correction for the Mg under-abundance is applied. The same combinations of the

parameters adopted to simulate the depletion in the Solar Ring are considered, that is three IMF

(Salpeter, Kroupa multi power-law and Larson adapted to the Solar Ring) and four infall time scales

(τ = 1, τ = 3, τ = 6 and τ = 9). In each panel the global ISM abundance (gas+dust) is shown. The

values of the abundances are connected with continuous lines for the case ν = 0.7 (filled squares and

circles), while for ν = 0.3 (open squares and circles) we use dashed lines. The squares represent the

global ISM abundance, while the circles the depleted gas abundance. For each panel there is a label

showing the combination IMF/infall timescale we have adopted. Bottom panels: the same as in

the top panel but with the original yield corrected for the Mg under-abundance. Only three infall

timescales are shown (τ = 3, τ = 6 and τ = 9).
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Figure 6.41: Depletion of the elements C, N, O, Mg, Si, S, Ca and Fe in the ISM for an outer ring

of the MW at 15.0 Kpc. Top panels: the element depletions are obtained using the original yields,

no correction for the Mg under-abundance is applied. The choice of the parameters and the meaning

of the symbols are the same as for Fig. 6.40. For the sake of a better representation of the data,

the case with ν = 0.7 is slightly shifted to the right in such a way to avoid the superposition with

ν = 0.3. As in Fig. 6.40, the dashed lines connect the un-depleted and depleted gas abundances for

the ν = 0.3 case. Bottom panels: the same of the top panel, but with the original yield corrected

for the Mg under-abundance. The same timescales of Fig. 6.40 are used.
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Figure 6.42: Radial surface density profile of the gas in the MW for twelve models taken from the

set used to reproduce the element depletion. The models differ for the parameters: IMF (Larson

SoNe, Salpeter, Kroupa multi power law), infall timescale τ (3, 6 and 9 Gyr), the efficiency ν (0.3

and 0.7). Not all the combinations have been represented, but only the most significant ones. Data

for the SoNe are taken from Dame (1993) and the hatched area represents the confidence region

taking into account the errors in the observational estimates. Data for the SoNe gas mass density

are from Dickey (1993, Dame (1993) and Olling & Merrifield (2001).
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Figure 6.43: The Galactic abundances of [Mg/H], [Fe/H], [C/H], [Si/H], [S/H] and [Ca/H] in the

gas as a function of the galacto-centric distance. In all diagrams we present the radial gradient at

the current age for both the ISM component as a whole (that is gas+dust, left panels in each plot)

and the gaseous component alone (right panels in each plot) taking into account the depletion of the

elements due to the presence of dust. Twelve combinations of the parameters are considered for both

the un-depleted (left panels) and depleted (right panels) cases. The legend has been split between left

and right panels for the sake of clarity. The following cases are shown. Kroupa IMF: (τ, ν) = (3, 0.3)

(continuous green line), (τ, ν) = (6, 0.7) (continuous blue line), (τ, ν) = (9, 0.3) (continuous red

line) and (τ, ν) = (9, 0.7) (continuous blue line); Salpeter IMF: (τ, ν) = (3, 0.3) (dotted green line),

(τ, ν) = (6, 0.3) (dotted blue line), (τ, ν) = (9, 0.3) (dotted red line), and (τ, ν) = (9, 0.3) (dotted

blue line); Larson Solar Ring IMF: (τ, ν) = (3, 0.3) (dashed green line), (τ, ν) = (6, 0.3) (dashed blue

line), (τ, ν) = (9, 0.7) Gyr (dashed green line) and (τ, ν) = (8, 0.3) (dashed blue line). All theses

cases are also examined for the Solar Ring in this chapter.



Discussion

In this thesis the effects of dust on galaxies have been deeply studied and considered

in both chemical and spectro-photometric simulations of galaxies of different mor-

phological types at many different levels, trying to improve the treatment of dust

extinction, emission, formation and evolution in our models.

The main results of this study are summarized here:

1. We introduced and studied the effects of dust in isochrones and SEDs of SSPs

with an improved state-of-art treatment of the AGB phase in intermediate and

low mass stars, taking into account circumstellar dust shells around them. The

agreement with observations of AGB stars in the LMC and SMC and with

integrated colors of clusters is generally good. We have been able to reproduce

the tails of AGB stars in CMD toward low temperatures.

2. We developed and tested state-of-art models of galaxies of different morpholog-

ical types, E, S0, Sa, Sb, Sc, Sd and disks, with the inclusion of all the local and

global effects of dust extinction and emission. We have been able to reproduce

the colors of local galaxies at varying the morphological type and of ellipticals

at varying the redshift, in many different photometric systems. The evolution

of the SEDs of the various galaxy types is consistent with the evolution of the

dust content.

3. in order to improve upon the information supplied by the chemical code to the

EPS, we developed and presented a state-of-art description of the evolution

and formation of dust in spiral galaxies, with a complete treatment of dust

yields and dust accretion/destruction processes. This refined model should be

in future used to support the spectro-photometric models with a more advanced

chemical interface. In particular, the Milky Way has been chosen as the ideal

laboratory to study the dust cycle. The depletion of the elements in the solar

ring has been successfully reproduced while satisfying the constraints obtained

from many other observations of the MW. The effect on dust formation and

evolution of the IMF, SF law, mechanism of accretion, star-dust yields and

other parameters has been examined.
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Several improvements are in progress to overcome some of the weak points of the

simulations:� as already explained, our new chemical model should be in future used to

support the spectro-photometric models of disk galaxies and developed in order

to support other morphological types. The amount and composition of dust

for these galaxies will be obtained by chemical simulations of formation and

evolution of dust taking into account star-dust injection, dust accretion and

destruction in the ISM.� The SFH, gas content, star & gas distributions for elliptical galaxies will be

obtained by means of high resolution N-body tree-SPH simulations in order to

get a realistic description of the galactic wind process and the gas content of

the galaxy after the wind;� another important aspect when building theoretical SEDs for galaxies of dif-

ferent morphological type is the library used for these kinds of models. Up till

now, in the galactic code, we use the libraries taken from Piovan et al. (2006b)

and the new dusty AGB library presented in this thesis work, but libraries of

photometric models using high resolution spectra should be calculated in the

future.� a huge amount of data from the most advanced telescopes and satellites is

more and more available. In order to test and get clues about galaxies from

all these information, new methods of analysis should be developed, like neural

networks.� a fundamental task will be to compare the simulations with observations, par-

ticularly with high redshift data, in order to constrain the parameters used to

calculate the evolution of the SEDs, to understand experimental data and to

get clues about the evolution of galaxies by means of the EPS method.� Finally, we are working to make all our codes freely available to the scientific

community, in order to expand the number of the people using them, working

on them and contributing to their improvement.
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abundance gradient from Cepheids. V. Transition zone between 10 and 11 kpc. A&A 413,

159–172.

Antia, H. M. & S. Basu (2005, February). The Discrepancy between Solar Abundances and

Helioseismology. ApJ 620, L129–L132.

Antia, H. M. & S. Basu (2006, June). Determining Solar Abundances Using Helioseismology.

ApJ 644, 1292–1298.

297



298 REFERENCES

Arimoto, N. & P. Jablonka (1991, September). Evolutionary method of population synthesis for

bulge-disc systems - Optical-infrared colour-magnitude relation of spiral galaxies. A&A 249,

374–388.

Arimoto, N. & Y. Yoshii (1987, February). Chemical and photometric properties of a galactic

wind model for elliptical galaxies. A&A 173, 23–38.

Aringer, B., L. Girardi, W. Nowotny, P. Marigo, & M. T. Lederer (2009, September). Synthetic

photometry for carbon rich giants. I. Hydrostatic dust-free models. A&A 503, 913–928.

Asplund, M., N. Grevesse, & A. J. Sauval (2005, September). The Solar Chemical Composition.

In T. G. Barnes III & F. N. Bash (Ed.), Cosmic Abundances as Records of Stellar Evolution

and Nucleosynthesis, Volume 336 of Astronomical Society of the Pacific Conference Series,

pp. 25–+.

Asplund, M., N. Grevesse, A. J. Sauval, C. Allende Prieto, & R. Blomme (2005, February).

Line formation in solar granulation. VI. [C I], C I, CH and C2 lines and the photospheric C

abundance. A&A 431, 693–705.

Asplund, M., N. Grevesse, A. J. Sauval, C. Allende Prieto, & D. Kiselman (2004, April). Line

formation in solar granulation. IV. [O I], O I and OH lines and the photospheric O abundance.

A&A 417, 751–768.

Asplund, M., N. Grevesse, A. J. Sauval, & P. Scott (2009, September). The Chemical Composition

of the Sun. ARA&A 47, 481–522.

Aufdenberg, J. P., A. Mérand, V. Coudé du Foresto, O. Absil, E. Di Folco, P. Kervella, S. T.

Ridgway, D. H. Berger, T. A. ten Brummelaar, H. A. McAlister, J. Sturmann, L. Sturmann,

& N. H. Turner (2006, July). First Results from the CHARA Array. VII. Long-Baseline

Interferometric Measurements of Vega Consistent with a Pole-On, Rapidly Rotating Star.

ApJ 645, 664–675.

Bacmann, A., B. Lefloch, C. Ceccarelli, A. Castets, J. Steinacker, & L. Loinard (2002, July). The

degree of CO depletion in pre-stellar cores. A&A 389, L6–L10.

Bahcall, J. N., S. Basu, M. Pinsonneault, & A. M. Serenelli (2005, January). Helioseismological

Implications of Recent Solar Abundance Determinations. ApJ 618, 1049–1056.

Bahcall, J. N., A. M. Serenelli, & S. Basu (2005, March). New Solar Opacities, Abundances,

Helioseismology, and Neutrino Fluxes. ApJ 621, L85–L88.

Bakes, E. L. O. & A. G. G. M. Tielens (1994, June). The photoelectric heating mechanism for

very small graphitic grains and polycyclic aromatic hydrocarbons. ApJ 427, 822–838.

Bandiera, R. (1987, August). The origin of Kepler’s supernova remnant. ApJ 319, 885–892.

Bastian, N., K. R. Covey, & M. R. Meyer (2010, September). A Universal Stellar Initial Mass

Function? A Critical Look at Variations. ARA&A 48, 339–389.

Basu, S. & H. M. Antia (2008, March). Helioseismology and solar abundances. 457, 217–283.

Battistini, P., F. Bonoli, A. Braccesi, L. Federici, F. Fusi Pecci, B. Marano, & F. Borngen (1987,

February). Search for (globular) clusters in M31. IV - Candidates in a 3 X 3-deg square field

centred on M31. A&AS 67, 447–481.

Bautista, M. A., D. L. Depoy, A. K. Pradhan, J. H. Elias, B. Gregory, M. M. Phillips, & N. B.

Suntzeff (1995, February). Near infrared spectra of SN 1987A: Days 936 to 1445. AJ 109,

729–736.

Bedijn, P. J. (1987, November). Dust shells around Miras and OH/IR stars - Interpretation of

IRAS and other infrared measurements. A&A 186, 136–152.



REFERENCES 299

Begemann, B., J. Dorschner, T. Henning, H. Mutschke, J. Guertler, C. Koempe, & R. Nass (1997,

February). Aluminum Oxide and the Opacity of Oxygen-rich Circumstellar Dust in the 12–17

Micron Range. ApJ 476, 199.

Bertelli, G., A. Bressan, C. Chiosi, F. Fagotto, & E. Nasi (1994, August). Theoretical isochrones

from models with new radiative opacities. A&AS 106, 275–302.

Bertelli, G., L. Girardi, P. Marigo, & E. Nasi (2008, June). Scaled solar tracks and isochrones in

a large region of the Z-Y plane. I. From the ZAMS to the TP-AGB end for 0.15-2.5 Msun

stars. A&A 484, 815–830.

Bertin, G., R. P. Saglia, & M. Stiavelli (1992). ApJ 384, 423.

Bertoldi, F., C. L. Carilli, P. Cox, X. Fan, M. A. Strauss, A. Beelen, A. Omont, & R. Zylka (2003,

July). Dust emission from the most distant quasars. A&A 406, L55–L58.

Bessell, M. S. (1990). PASP 102, 1181.

Bessell, M. S. & J. M. Brett (1988). PASP 100, 1134.

Bessell, M. S., J. M. Brett, & M. W. P. R. Scholz (1991, August). Colors and stratifications of

extended static model photospheres of M stars located on the FGB, AGB and supergiant

branch. A&A 89, 335–366.

Bessell, M. S., J. M. Brett, P. R. Wood, & M. Scholz (1989, January). Colors of extended static

model photospheres of M giants. A&AS 77, 1–30.

Bianchi, S. & R. Schneider (2007, July). Dust formation and survival in supernova ejecta. MN-

RAS 378, 973–982.

Bica, E., J. J. Claria, H. Dottori, J. F. C. Santos, Jr., & A. E. Piatti (1996, January). In-

tegrated UBV Photometry of 624 Star Clusters and Associations in the Large Magellanic

Cloud. ApJS 102, 57.

Blanco, A., A. Borghesi, S. Fonti, & V. Orofino (1998, February). Circumstellar emission from

dust envelopes around carbon stars showing the silicon carbide feature. A&A 330, 505–514.

Blitz, L., Y. Fukui, A. Kawamura, A. Leroy, N. Mizuno, & E. Rosolowsky (2007). Giant Molecular

Clouds in Local Group Galaxies. In B. Reipurth, D. Jewitt, & K. Keil (Eds.), Protostars and

Planets V, pp. 81–96.

Bloecker, T. (1995, May). Stellar evolution of low and intermediate-mass stars. I. Mass loss on

the AGB and its consequences for stellar evolution. A&A 297, 727–+.

Blommaert, J., R. Siebenmorgen, A. Coulais, L. Metcalfe, M.-A. Miville-Deschênes, K. Okumura,
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lot, M. Schultheis, O. Le Fèvre, V. Le Brun, L. Guzzo, S. Bardelli, E. Zucca, M. Bolzonella,

B. Garilli, G. Zamorani, A. Zanichelli, L. Tresse, & H. Aussel (2009, June). Photometric

redshifts for the CFHTLS T0004 deep and wide fields. A&A 500, 981–998.

Crinklaw, G., S. R. Federman, & C. L. Joseph (1994, April). The depletion of calcium in the

interstellar medium. ApJ 424, 748–753.

Daflon, S. & K. Cunha (2004, December). Galactic Metallicity Gradients Derived from a Sample

of OB Stars. ApJ 617, 1115–1126.

Dame, T. M. (1993). The distribution of neutral gas in the Milky Way. In S. S. Holt & F. Verter

(Ed.), Back to the Galaxy, Volume 278 of American Institute of Physics Conference Series,

pp. 267–278.

Danziger, I. J., L. B. Lucy, P. Bouchet, & C. Gouiffes (1991). Molecules Dust and Ionic Abun-

dances in Supernova 1987A. In S. E. Woosley (Ed.), Supernovae, pp. 69.

David, P. & R. Papoular (1990, October). The circumstellar silicate dust as seen by IRAS. I -

Opacity and temperature. A&A 237, 425–435.

David, P. & B. Pegourie (1995, January). The complex dielectric function for circumstellar silicate

grains based on the IRAS data. A&A 293, 833–839.

Davidge, T. J. (2001, September). The Brightest Asymptotic Giant Branch Stars in the Inner

Bulge of M31. AJ 122, 1386–1396.

Deharveng, L., M. Peña, J. Caplan, & R. Costero (2000, January). Oxygen and helium abundances

in Galactic Hii regions - II. Abundance gradients. MNRAS 311, 329–345.

Deneault, E., D. D. Clayton, & A. Heger (2003, September). Supernova Reverse Shocks: SiC

Growth and Isotopic Composition. ApJ 594, 312–325.

Desert, F. X., F. Boulanger, & S. N. Shore (1986, May). Grain temperature fluctuations - A key

to infrared spectra. A&A 160, 295–300.

Dickey, J. M. (1993, January). Gas as a Tracer of Galactic Structure. In R. M. Humphreys (Ed.),

The Minnesota Lectures on the Structure and Dynamics of the Milky Way, Volume 39 of

Astronomical Society of the Pacific Conference Series, pp. 93–+.

Dijkstra, C., A. K. Speck, R. B. Reid, & P. Abraham (2005, November). The 10 µm Feature of

M-Type Stars in the Large Magellanic Cloud and the Dust Condensation Sequence. ApJ 633,

L133–L136.

Dominik, C., E. Sedlmayr, & H. Gail (1993, October). Dust formation in stellar winds. VI. Moment

equations for the formation of heterogeneous and core-mantle grains. A&A 277, 578–+.

Dopita, M. (1985). ApJ 295, L5.

Dopita, M. & S. D. Ryder (1994). ApJ 430, 163.

Dotter, A., B. Chaboyer, D. Jevremović, V. Kostov, E. Baron, & J. W. Ferguson (2008, Septem-

ber). The Dartmouth Stellar Evolution Database. ApJS 178, 89–101.



304 REFERENCES

Draine, B. T. (2003). Interstellar Dust Grains. ARA&A 41, 241–289.

Draine, B. T. (2009, March). Interstellar Dust Models and Evolutionary Implications. ArXiv:astro-

ph/0903.1658 .

Draine, B. T. & H. M. Lee (1984, October). Optical properties of interstellar graphite and silicate

grains. ApJ 285, 89–108.

Draine, B. T. & A. Li (2001, April). Infrared Emission from Interstellar Dust. I. Stochastic Heating

of Small Grains. ApJ 551, 807–824.

Draine, B. T. & B. Sutin (1987, September). Collisional charging of interstellar grains. ApJ 320,

803–817.

Dunne, L., S. Eales, R. Ivison, H. Morgan, & M. Edmunds (2003, July). Type II supernovae as a

significant source of interstellar dust. 424, 285–287.

Dunne, L., S. J. Maddox, R. J. Ivison, L. Rudnick, T. A. Delaney, B. C. Matthews, C. M. Crowe,

H. L. Gomez, S. A. Eales, & S. Dye (2009, April). Cassiopeia A: dust factory revealed via

submillimetre polarimetry. MNRAS 394, 1307–1316.

Dwek, E. (1986, March). Temperature fluctuations and infrared emission from dust particles in a

hot gas. ApJ 302, 363–370.

Dwek, E. (1998, July). The Evolution of the Elemental Abundances in the Gas and Dust Phases

of the Galaxy. ApJ 501, 643.

Dwek, E. (2005, April). Interstellar dust: what is it, how does it evolve, and what are its observa-

tional consequences? In C. C. Popescu & R. J. Tuffs (Eds.), The Spectral Energy Distributions

of Gas-Rich Galaxies: Confronting Models with Data, Volume 761 of American Institute of

Physics Conference Series, pp. 103.

Dwek, E., R. G. Arendt, D. J. Fixsen, T. J. Sodroski, N. Odegard, J. L. Weiland, W. T. Reach,

M. G. Hauser, T. Kelsall, S. H. Moseley, R. F. Silverberg, R. A. Shafer, J. Ballester, D. Bazell,

& R. Isaacman (1997, February). Detection and Characterization of Cold Interstellar Dust

and Polycyclic Aromatic Hydrocarbon Emission, from COBE Observations. ApJ 475, 565–+.

Dwek, E. & I. Cherchneff (2011, February). The Origin of Dust in the Early Universe: Probing

the Star Formation History of Galaxies by Their Dust Content. ApJ 727, 63.

Dwek, E., F. Galliano, & A. Jones (2009, February). The Cycle of Dust in the Milky Way: Clues

from the High-Redshift and Local Universe. ArXiv:astro-ph/0903.0006 .

Dwek, E., S. H. Moseley, W. Glaccum, J. R. Graham, R. F. Loewenstein, R. F. Silverberg, &

R. K. Smith (1992, April). Dust and gas contributions to the energy output of SN 1987A on

day 1153. ApJ 389, L21–L24.

Edvardsson, B., J. Andersen, B. Gustafsson, D. L. Lambert, P. E. Nissen, & J. Tomkin (1993,

August). The Chemical Evolution of the Galactic Disk - Part One - Analysis and Results.

A&A 275, 101.
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Lorenz-Martins, S., F. X. de Araújo, S. J. Codina Landaberry, W. G. de Almeida, & R. V. de

Nader (2001, February). Modeling of C stars with core/mantle grains: Amorphous carbon +

SiC. A&A 367, 189–198.

Lorenz-Martins, S. & J. Lefevre (1994, November). SiC grains and evolution of carbon stars.

A&A 291, 831–841.

Lorenz-Martins, S. & L. Pompeia (2000, July). Modelling of oxygen-rich envelopes using corundum

and silicate grains. MNRAS 315, 856–864.

Luck, R. E. (1978, January). The chemical composition of late-type supergiants. III - Carbon,

nitrogen, and oxygen abundances for 19 G and K Ib stars. ApJ 219, 148–164.

Luck, R. E., W. P. Gieren, S. M. Andrievsky, V. V. Kovtyukh, P. Fouqué, F. Pont, & F. Kienzle
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