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Chapter 1

Introdu
tion

New light in observational 
osmology

The observational 
osmology and the study of galaxy formation and evolution made a

dramati
 
hange in the last de
ade of the 20th 
entury. The high spatial resolution

of the Hubble Spa
e Teles
ope, 
ombined with the large 
olle
ting power of new 8-10

meters 
lass teles
opes, have stret
hed tenfold the redshift domain over whi
h the stellar

light of normal galaxies 
an be analyzed. As a result, nearly 90% of the 
osmi
 time is

now a

essible to dire
t observation. Moreover, spa
e missions like IRAS, ISO, Chandra

or XMM-Newton (together with new ground-based instruments like SCUBA), enlarged

our view to all spe
tral windows, showing an universe ri
h of extreme obje
ts and very

di�erent from what observed in the opti
al.

On the other hand, many studies (from CMB measurements to 
osmologi
al super-

novae) have strongly 
onstrained the geometry of the universe. So, observational 
osmol-

ogy puts in
reasing emphasis today on the study of the intrinsi
 properties of galaxies

and their evolution with look-ba
k time. These developments pose new 
hallenges to

resear
hers.

Theories of galaxy formation need not re
ur ex
lusively to examining the fossil re
ord

in nearby galaxies, but 
an be dire
tly tested against observations of real galaxies at

di�erent 
osmologi
al epo
hs and at di�erent wavelengths. Resort to multiwavelength

information is be
oming 
riti
al, both to obtain diagnosti
s on a wide range of physi
al

phenomena and to deal with the redshift displa
ement and/or dust obs
uration of the

rest-frame energy distributions of samples observed at di�erent 
osmi
 epo
hs.

In order to deal with information at all wavelengths, and to 
ompare them with the

di�erent galaxy formation s
hemes, it is ne
essary to build spe
trophotometri
 models

that 
an reprodu
e all the 
omponents that 
on
ur to the spe
tral energy distribution

(SED) emitted by galaxies. For this purpose, it was developed the spe
trophotometri


GRASIL 
ode (Silva et al., 1998) that a

ounts for almost all these 
omponents in a


onsistent and realisti
 way. GRASIL has been shown to reprodu
e the UV to radio


ontinuum SEDs of galaxies, at low and high redshift, and in di�erent evolutionary

9



10 1. Introdu
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stages (Silva et al., 1998; Fran
es
hini et al., 1998; Rodighiero et al., 2000; Bressan

et al., 2002), and to produ
e important results for galaxy formation (Granato et al.,

2000; Granato et al., 2001; Maglio

hetti et al., 2001; Granato et al., 2003).

In this work, we will 
on
entrate only on two 
omponents of galaxies, namely the

interstellar dust and the ionized gas, with more emphasis on the latter that was imple-

mented in GRASIL during the PhD work.

We 
an not forget the most important visible 
omponent: the stars. It must be

underlined the fundamental work done in the last de
ades by many authors (Tinsley,

1978; Bruzual, 1983; Arimoto & Yoshii, 1987; Guiderdoni & Ro

a-Volmerange, 1987;

Buzzoni, 1989; Bruzual & Charlot, 1993; Bressan et al., 1994; Fritze-v. Alvensleben &

Gerhard, 1994; Worthey, 1994; Leitherer & He
kman, 1995; Fio
 & Ro

a-Volmerange,

1997; Maraston, 1998; Vazdekis, 1999; S
hulz et al., 2002; Bruzual & Charlot, 2003) to

develop modern stellar population synthesis models. These models are the fundamental

tool to study the formation and evolution of galaxies. Even if several problems must still

be solved (see Bruzual & Charlot, 2003, and referen
es in it) we will assume a parti
ular

population synthesis model and we will dis
uss only a restri
ted number of issues on it.

The role of dust

The presen
e of interstellar dust was found in almost all galaxy types. Its radiative e�e
ts

on stellar radiation heavily a�e
t our view of galaxies: it absorbs and s
atters photons,

parti
ularly at wavelength smaller than 1 �m, and returns the subtra
ted energy in

form of infrared (IR) photons. In normal spiral galaxies about 1/3 of the bolometri


luminosity is 
onverted by dust in IR emission. The dis
overy by IRAS of powerful and

highly dust enshrouded starbursts (Soifer et al., 1986), has underlined the ne
essity to

model dust repro
essing of stellar radiation.

Growing eviden
e has been 
olle
ted in the re
ent past showing that a physi
al un-

derstanding of dust e�e
ts in galaxies requires the in
lusion of di�erent environments,

arranged in a rather 
omplex geometry. A sophisti
ated treatment tends to be
ome more

and more important as the obs
uration gets higher. Sin
e stars are born in denser envi-

ronments than average (the mole
ular 
louds) and progressively be
ome less obs
ured,

the relative geometri
al arrangement of dust and stars depends on the age of the star

generation 
onsidered. Granato et al. (2000) have shown that this age dependent ex-

tin
tion 
an explain the di�eren
es between the observed attenuation law in normal and

starburst galaxies.

The re
ent advan
es in the infrared and millimetri
 observational astronomy demand

not only the extin
tion properties of the dust, but also, in a 
onsistent way, its emission

at longer wavelengths, to be 
onsidered. Many models where presented in the past

(from Guiderdoni & Ro

a-Volmerange, 1987, on) to 
ompute the spe
trophotometri


evolution of galaxies in presen
e of dust. However, the 
omplexity of the radiative

transport has prevented many of them to have a 
omprehensive and 
oherent treatment

10
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of dust absorption, s
attering and emission in a realisti
 geometry.

The main advantage of GRASIL with respe
t to previous treatments is that it already

provides a sound treatment of all the aspe
ts of dust repro
essing, sin
e it makes use

of a geometry whi
h is mu
h 
loser to reality. Dust modeling is thus related to real

physi
al parameters, des
ribing the di�erent distributions of dust and stars in mole
ular


omplexes and di�use 
omponents, and their age dependen
e.

A 
omplete 
omputation of dust repro
essing enable to 
onstrain the dust e�e
ts

and to derive the 
orre
t value of the star formation rate and/or the presen
e of AGN

a
tivity.

The nebular emission

Another important 
omponent that emits radiation in galaxies is the ionized gas. Pho-

toionized 
louds are ubiquitous and are produ
ed by di�erent me
hanisms: star formation

a
tivity, SN driven sho
ks, planetary nebulae and AGNs.

Even if the total energy emitted by gas is small 
ompared to the bolometri
 luminos-

ity, this energy is 
on
entrated in lines making the observation of su
h emission mu
h

easier. Furthermore, emission lines are present in all the spe
tral windows, from X-rays

(the iron K� line) to radio (high order hydrogen re
ombination lines).

The gas essentially 
onverts the photons with � < 912

�

A into emission lines and


ontinuum. The emission of ionized nebulae depends on two basi
 things: the physi
al

properties of the gas (
hemi
al 
omposition, density) and the shape and luminosity of

the ionizing 
ux. As a 
onsequen
e, emission lines 
an be used to study many di�erent

astrophysi
al pro
esses and media.

Anyhow, sin
e our s
ienti�
 interest is on the 
hara
terization of the star-forming

galaxies, we will 
on
entrate on nebular emission arising from massive stars, namely the

H ii regions. From this point of view, the two most important properties of nebular

emission are the link with the star formation a
tivity and the possibility to estimate the

dust extin
tion.

The hydrogen re
ombination lines have been widely used as tra
ers of the 
urrent

star formation rate (SFR), be
ause of the dire
t proportionality between their intensity

and the number of living massive stars (Kenni
utt, 1983). With respe
t to the other

star formation estimators, as the UV luminosity, the radio emission or the dust emission,

the nebular emission is a better estimator of the instantaneous SFR be
ause ionizing

photons are produ
ed by massive stars with a lifetime shorter than stellar populations

probed by other SFR estimators.

The almost 
onstant ratio of H� to H� intensity, predi
ted by nebular emission

models for a large variety of environments (e.g. Osterbro
k, 1989), is a milestone in the

interpretation of the e�e
ts of the intervening dust absorption (the Balmer de
rement

method). The method 
an be extended to other hydrogen re
ombination lines and

11
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provides a powerful method to estimate the extin
tion toward the star forming regions.

Emission lines are also ex
ellent diagnosti
s for the gas properties. The gas density


an be measured from the ratio of opti
al lines in doublets as [O ii℄3729/[O ii℄3726 or

[S ii℄6716/[S ii℄6731 (Osterbro
k, 1989), or with mid- and far-infrared lines (Rubin et al.,

1994). More important, emission lines were widely used to estimate the abundan
e of

several elements (see M
Gaugh, 1991). The method is based on the ratio between the

lines of the most important ions of the given element and an hydrogen re
ombination line.

The luminosity ratio is proportional to the element abundan
e, but as the metalli
ity

grows, the gas temperature fall and the proportionality is no more in pla
e after a


riti
al value, depending on the 
hosen lines. It is worth noti
ing that for infrared lines

the 
riti
al value is higher.

Furthermore, probing the spe
tral region under the Lyman break, nebular emission

provide a unique diagnosti
 of pro
esses that emit energy in this region, that is almost

ina

essible to dire
t observation. A �rst appli
ation is to distinguish between the dif-

ferent ionizing sour
es. As a simple example, the high e�e
tive temperature ionizing


ux in an AGN produ
e an ionized gas whose emission shows the presen
e of lines from

highly ionized elements, like O iv, Nev et
. that are not produ
ed in nebulae ex
ited

by massive stars. Another interesting appli
ation, from our point of view, is the pos-

sibility to infere the IMF and the age of stellar populations from the ionization degree

of suitable elements (see an appli
ation in Thornley et al., 2000). Infa
t, the di�erent

ionization thresholds of ea
h element permit to estimate the number of photons with

energies larger than these thresholds, 
onstraining the shape of the ionizing 
ux and the

stellar population that produ
e it.

Finally, the simple property of lines to be emitted at well determined wavelengths

makes them a extremely usefull method to determine the redshift of the emitting galaxy

or to estimate the velo
ity �eld inside it.

In star forming galaxies, nebular emission is produ
ed by massive stars that are em-

bedded in dusty environments, a feature that 
ould limit their pra
ti
al utility, if not

properly treated. Thus, it is a natural goal to develop a method that treats nebular

emission and dust repro
essing in the same 
oherent frame. We have therefore imple-

mented the 
omputation of nebular emission H ii regions in the spe
trophotometri
 
ode

GRASIL.

In order to 
ompute the nebular emission in GRASIL, we built a library of H ii regions

models. This library is independent from GRASIL and it was spe
i�
ally designed to be

used also in other population synthesis models. To this purpose we used a new approa
h

that makes the library independent of the assumptions on stellar population spe
tra.

The independen
e of these assumptions is a big advantage in respe
t to the few libraries

of H ii region models are already available in literature (Stasi�nska, 1990; Gar
��a-Vargas

et al., 1995a; Gar
��a-Vargas et al., 1995b; Stasi�nska & Leitherer, 1996; Contini & Viegas,

2001).

12
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The aim of this work

The 
ontextual treatment of the repro
essing of stellar emission by dust and ionized

gas allows to better 
onstrain the a
tion of both. In fa
t, from the dust emission SED

is not easy to estimate the dust extin
tion toward star forming regions, be
ause its

luminosity depend mainly on the total amount of stellar radiation absorbed while the

Balmer de
rement method (possibly extended to near-IR hydrogen lines) provides strong


onstrains. On the other hand, the Balmer de
rement method 
an be undermined by a

di�erent extin
tion toward di�erent ionizing populations.

Our �rst aim was to determine the attenuation properties in star forming galax-

ies, from normal spirals to UV-bright and IR luminous starbursts. Using our model

to simulate opti
al emission lines, UV and IR luminosities we were able to give the

right interpretation of several observations, remarking the importan
e of age sele
tive

extin
tion.

The possibility to use of di�erent indi
ators, su
h as opti
al, near and mid infrared

atomi
 emission lines, mid-infrared PAH bands, shape of the 
ontinuum from the far

ultraviolet to the radio wavelengths, allows to obtain a fair pi
ture of the star formation.

It was thus possible to deal with several di�erent SFR estimators, namely the UV, the

emission lines, the IR and the radio luminosities. The se
ond aim of this work is to

provide the appropriate 
alibrations for the above SFR estimators and to dis
uss their

un
ertainties rising from the di�erent physi
al 
onditions en
ountered in star forming

galaxies. This is parti
ularly important when the SFR estimators are applied to distant

galaxies.

Other appli
ations presented here 
on
erns the use of infrared lines to interpret the

ex
itation diagrams of starbusts, to estimate the metalli
ity and to study high redshift

galaxies.

The organization of the thesis

In Chapter 2 we des
ribe how we modelled the nebular emission produ
ed by H ii

regions. We start with an introdu
tion on the ionized gas physi
s and on the basi


assumptions of the library. Then we des
ribe of the adopted ionizing sour
es, the role of

the ionizing parameter and the geometry of gas. We also dis
uss the a

ura
y and the

limitations of the method and 
ompare the results with observed H ii galaxies

In Chapter 3 we �rstly summarize the main features of the GRASIL 
ode and

how galaxies are s
hematized in it. Then we introdu
e the method that we propose to


orre
tly 
ompute the nebular emission for a galaxy using the library des
ribed in the

previous 
hapter, and 
ompare the method to other models in literature.

In Chapter 4 we apply the model to dis
uss several methods to estimate the atten-

uation in normal star-forming galaxies by 
onsidering the UV, opti
al emission lines and

FIR properties. In parti
ular, we 
ompare the attenuation su�ered by the ionized gas

13
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with the one su�ered by the stellar 
ontinuum. We show that observations require the

extin
tion of di�erent stellar populations to vary with age.

In Chapter 5 we study the attenuation in starburst galaxies. In parti
ular we

examine the 
orrelation between the FIR/UV ratio and the UV spe
tral index in the Wu

et al. (2002) sample of starbursts. We also dis
uss the observed attenuation law and,

by using our model, we explore its origin, and the e�e
t of the age sele
tive extin
tion.

Furthermore we apply our model to explain some UV, FIR and opti
al properties of Very

Luminous IR galaxies.

Chapter 6 is dedi
ated to the measure of the star formation rate. We 
ompare the

di�erent SFR estimators, namely the UV luminosity, the dust SED, the emission lines

and the radio 
ontinuum. In the 
ase of normal spiral galaxies, we provide our best


alibrations for them and underline the di�erent robustness of ea
h estimator.

In Chapter 7 we dis
uss some appli
ations of IR nebular lines. In parti
ular, we

present a method to derive the metalli
ity of galaxies from nitrogen IR lines and radio

emission. We also used the model to interpret the ex
itation diagram of gala
ti
 H ii

regions and starburst galaxies. Finally, we dis
uss the possibility to study the formation

phase of ellipti
al galaxies with spe
tros
opi
al observations 
arried with SIRTF.

Appendix A 
olle
ts some observational data extra
ted from the Wu et al. (2002)

sample of starburst galaxies.

14



Chapter 2

Modelling nebular emission

In this 
hapter we des
ribe how we modelled the nebular emission produ
ed by H ii

regions. After a brief overview of the nebular emission physi
s in Se
t. 2.1, Se
t. 2.2

introdu
es the basi
 ideas of the model; Se
t. 2.3 is dedi
ated to the adopted ionizing

sour
es, while the role of the ionizing parameter and the geometry of gas is dis
ussed in

Se
t. 2.4. The a

ura
y and the limitations of the method are dis
ussed in Se
t. 2.5

and Se
t. 2.6; then, Se
t. 2.7 fa
es the problem of dust inside H ii regions. Se
t. 2.8

summarizes how the H ii region library was built and Se
t. 2.9 
ompares the results

with observed H ii galaxies; �nally, Se
t. 2.10 des
ribes the 
omputation of 
ontinuum

emission. This 
hapter is based on the work presented in Panuzzo et al. (2003).

2.1 Introdu
tion to nebular emission

Ionized gas emission is 
ommon in galaxies and is produ
ed by di�erent me
hanisms:

star formation a
tivity, SN driven sho
ks, planetary nebulae and AGNs. In this work we

will fo
us only on ionized gas asso
iated by young massive stars (H ii regions) be
ause

it is dire
tly related to the star formation a
tivity, while we do not 
onsider broad and

narrow line regions in AGNs be
ause produ
ed by a

retion disks around massive bla
k

holes. We will also negle
t nebular emission from:

� Sho
ks produ
ed by SN explosions, be
ause this 
ontribution is very low (Kewley

et al., 2001)

� Planetary nebulae ex
ited by old star evolving toward the white dwarf phase, sin
e

their 
ontribution to the total nebular emission is negligible (Binette et al., 1994)

in presen
e of an even very modest star formation a
tivity.

� Photo-disso
iation regions and di�use warm neutral/low-ionized medium, although

some �ne stru
ture IR lines are eÆ
iently produ
ed in these media. As a 
onse-

quen
e, the luminosity of su
h lines predi
ted by our model will be only lower

limits; this issue is dis
ussed in se
tion 2.6.

15



16 2. Modelling nebular emission

The main energy input me
hanism in H ii regions is the photoionization of hydrogen

by the ultraviolet radiation from stars within or near the nebulae. Photons with energy

greater than H ionization potential (13.6 eV, 
orresponding to 911.76

�

A) are absorbed and

the ex
ess energy is 
onverted into kineti
 energy of the photoele
trons. The following


ollisions between ele
trons, and between ele
trons and ions, redistribute this energy and

give rise to several radiation emission pro
esses.

When thermal ele
trons are re
aptured by ions, the produ
ed ex
ited atoms (or

ions) de
ay to lower levels via radiative transitions. This pro
ess is the origin of H,

He i and He ii re
ombination line spe
tra. The equilibrium between photoionization and

re
ombination determines the degree of ionization of the gas.

Collisions between thermal ele
trons and ions ex
ite ions from their ground energy

levels. The radiative de-ex
itations from these levels have very small transition proba-

bilities and 
ollisional de-ex
itation 
an be eÆ
ient. If the density is lower than a 
riti
al

value, 
ollisional ex
itations lead to the emission of the so 
alled forbidden lines

1

.

Intera
tions between ele
trons and ions produ
e also 
ontinuum emission. Relevant

pro
esses for this emission are the re
ombination, the free-free (or bremsstrahlung) and

the two-photon de
ay of Ly� photons. Continuum emission will be dis
ussed in more

detail in Se
t. 2.10.

The 
omplete treatment of photoionized nebulae is quite 
omplex; the 
omputation

of the physi
al state and the emitted spe
tra of these obje
ts must take into a

ount the

largest possible number of ions and ele
troni
 
on�gurations, all the transitions between

them, as well as 
harge transfer rea
tions, radiative transport and, possibly, mole
ule

rea
tions and dust physi
s. To 
ompute the nebular emission of H ii regions in this work

we used the widely known photoionization 
ode Cloudy version 94 (Ferland, 2003). The


ode is open sour
e and 
an be retrieved at the URL http://www.nublado.org/.

2.2 H ii region model

The emission spe
trum from a single H ii region depends on two main ingredients: the

SED of the ionizing star 
luster and the properties of the ex
ited gas. In H ii region

models, for a given stellar evolution s
enario, the SED is determined by the IMF and

the total mass, age and metalli
ity of the 
luster, as well as by the adopted model atmo-

spheres. On the other hand, the important properties of the ex
ited gas are the density,

the 
hemi
al 
omposition and the geometry. In a galaxy the situation is more 
ompli-


ated and star forming regions possibly have di�erent ages and di�erent metalli
ities. In

starbursts, star 
lusters of di�erent ages and metalli
ities may 
oexist within the same

star forming region.

1

The name is due to the very low transition probability that makes them very diÆ
ult to be observed

in laboratory experiments. The notation used to indi
ate these lines is with the ion name between

squared bra
kets (i.e. [O ii℄3727)
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2.3 Ionizing spe
tra 17

To 
ompute the line emission intensities, one should 
onsider the spe
trum of the

ionizing sour
e, provided by the re
ent star formation history, and use a photoionization


ode with suitable values of the gas parameters. It be
omes parti
ularly time 
onsuming

in appli
ations requiring a large number of models. To redu
e the 
omputing 
ost,

one 
an use a pre-built library of line intensities, 
orresponding to di�erent ages of the

simple stellar population (SSP) input set and di�erent metal 
ontents of both the SSPs

and the gas. This still requires di�erent libraries for di�erent masses of the ionizing

SSPs, assumed IMFs and model atmospheres.

Our approa
h has been to pi
k out the physi
al parameters whi
h a
tually a�e
t the

emission properties of H ii regions. The analysis des
ribed in the following se
tion shows

that the emission line spe
trum of an H ii region with �xed gas properties (metalli
ity,

density and geometry) is des
ribed with reasonable pre
ision by only three quantities:

the number of ionizing photons for H i, He i and O ii (Q

H

, Q

He

, and Q

O

, de�ned in

eq. 2.2). This method allows to get rid of the parti
ular SSP model and IMF. In fa
t,

di�erent ionizing sour
es that provide the same values of Q

H

, Q

He

, and Q

O

, will produ
e

the same emission line spe
tra, within a reasonable a

ura
y. The time evolution of these

quantities is shown in Fig. 2.1 for SSPs of di�erent metalli
ities.

Thus, we 
omputed a library of photoionization models as a fun
tion of Q

H

, Q

He

,

and Q

O

. When estimating the a
tual line emission due to a given stellar population, the

spe
trophotometri
 
ode 
omputes Q

H

, Q

He

, and Q

O

from the 
orresponding SED, and

then interpolates the value from the above library.

In the following se
tions, we will des
ribe in detail the adopted pro
edure and in se
t.

2.5 we will dis
uss its a

ura
y.

2.3 Ionizing spe
tra

In order to have photoionization models as a fun
tion of Q

H

, Q

He

, and Q

O

, we used as

ionizing SEDs pie
e-wise bla
kbodies, instead of SEDs derived from SSP spe
tra. In this

way we 
an easily 
over the spa
e of Q parameters in a uniform way.

The Lyman 
ontinuum spe
tra of typi
al young stellar populations show two promi-

nent dis
ontinuities (see Fig. 2.2), at 504.1

�

A and 227.8

�

A , 
orresponding respe
tively

to the ionizing energies for He i and He ii (24.6 eV and 54.4 eV). At wavelengths smaller

than 227.8

�

A there are very few photons (Fig. 2.1, lower left panel, and Fig. 2.2). Be-

tween the Lyman break, He i break, and He ii break, spe
tra 
an be reasonably well

represented by bla
kbodies. Thus, when 
omputing the libraries, we used the following

fun
tional representation of the ionizing SEDs:

F

�

=

8

>

>

>

>

<

>

>

>

>

:

0 for � < 227:8

�

A

A

He

B

�

(T

He

) for 227:8

�

A < � < 504:1

�

A

A

H

B

�

(T

H

) for 504:1

�

A < � < 911:76

�

A

A

ni

B

�

(T

ni

) for 911:76

�

A < �

(2.1)
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18 2. Modelling nebular emission

Figure 2.1: Time evolution of Q

H

and the ratios Q

He

=Q

H

, Q

He

+

=Q

H

and Q

O

=Q

H

for

SSPs of di�erent metalli
ity. The assumed IMF is a Salpeter with m

inf

= 0:15 M

�

and

m

up

= 120 M

�

, normalized to 1 M

�

.

18



2.3 Ionizing spe
tra 19

Figure 2.2: The SED of a typi
al young SSP (5 Myr old and Z=0.008). The dot-dashed

verti
al lines show the position of spe
tral dis
ontinuities 
orresponding to the H, He i

and He ii ionizing energies (namely Lyman break, He i and He ii break). The dotted line

shows the position of O ii ionizing energy.

19



20 2. Modelling nebular emission

where B

�

(T ) is the Plan
k fun
tion at temperature T . This fun
tion depends on the 6

quantities A

He

, T

He

, A

H

, T

H

, A

ni

and T

ni

. However, we found that the SEDs of young

stellar populations 
an be well approximated by writing these 6 quantities in terms of

only three parameters. These are the numbers of ionizing photons for H i, He i and O ii

(Q

H

, Q

He

, and Q

O

):

Q

H

=

Z

1

�

H

F

�

h�

d� ; Q

He

=

Z

1

�

He

F

�

h�

d� ; Q

O

=

Z

1

�

O

F

�

h�

d� (2.2)

where �

H

, �

He

and �

O

are the photoionization threshold frequen
ies for respe
tively H i,

He i, and O ii (the latter 
orresponding to �

O

= 350:7

�

A).

T

He

is impli
itly given by:

R

1

�

O

F

�

d�=h�

R

1

�

He

F

�

d�=h�

=

R

�

He

+

�

O

B

�

(T

He

)d�=h�

R

�

He

+

�

He

B

�

(T

He

)d�=h�

=

Q

O

Q

He

(2.3)

where �

He

+

is the photoionization threshold frequen
y for He ii. On
e T

He

is known, A

He

is obtained from

A

He

Z

�

He

+

�

He

B

�

(T

He

)

h�

d� = Q

He

: (2.4)

Furthermore, to 
ompute T

H

, we noti
e that there exists (for a wide range of age and

metalli
ities) a 
orrelation between T

H

and Q

He

=Q

H

of the SSP spe
tra, (Fig. 2.3):

T

H

=

8

<

:

3 � 10

4

+ 4 � 10

4

Q

He

Q

H

for

Q

He

Q

H

> 0:005

4 � 10

4

+ 0:5 � 10

4

� log

�

Q

He

Q

H

�

for

Q

He

Q

H

< 0:005

(2.5)

We use this equation to derive T

H

for given values of Q

He

=Q

H

. Then A

H

follows from

A

H

Z

�

He

�

H

B

�

(T

H

)

h�

d� = Q

H

�Q

He

: (2.6)

As for the values of A

ni

and of the temperature T

ni

, it 
an be noted that the head of the

Lyman region be
omes important only for relatively low ionizing 
uxes. We thus simply

obtained their values after minimization of the di�eren
es between the lines 
omputed

with full SSP spe
tra and analyti
al spe
tra:

T

ni

=

(

Max(T

H

; 40000 K) for Q

He

=Q

H

> 0:005

30000 K for Q

He

=Q

H

< 0:005

(2.7)

A

ni

=

(

2:5A

H

for Q

He

=Q

H

> 0:005

3:5A

H

for Q

He

=Q

H

< 0:005

(2.8)

In Fig. 2.4 we 
ompare some SSP spe
tra with the 
orresponding analyti
al spe
tra.

These 
omparisons suggest that analyti
al spe
tra 
an represent the Lyman 
ontinuum

with reasonable pre
ision. However, we stress that the goal is to get line emissions


omputed with analyti
al spe
tra whi
h are as similar as possible to the ones 
omputed

with SSPs. The a

ura
y of this method will be dis
ussed in se
. 2.5.
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Figure 2.3: Temperature of ionizing 
ontinuum T

H

as a fun
tion of Q

He

=Q

H

for young

SSPs of di�erent ages (from 0.1 to 30 Myr) and metalli
ity (points). The lines refer to

the analyti
al �t (eq. 2.5).
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22 2. Modelling nebular emission

Figure 2.4: UV and ionizing spe
tra for SSPs (Z=0.008) of di�erent ages (thi
k lines)


ompared with the 
orresponding analyti
al spe
tra (thin lines) that have the same Q

values of the SSP spe
tra.
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2.4 Geometry and the role of the ionization parameter 23

2.4 Geometry and the role of the ionization param-

eter

In our model, H ii regions are assumed to be spheri
al and ionization bounded

2

, with

a 
onstant density along the radius, and with a 
overing fa
tor of 1. We 
onsidered

di�erent values of the �lling fa
tor (�); when the �lling fa
tor is di�erent from 1, the gas

in the H ii region is supposed to be divided in small 
lumps, and � is de�ned as the ratio

between the volume o

upied by the 
lumps and the total volume of the H ii region. The

gas density is expressed in terms of hydrogen density (n

H

) inside the 
lumps; note that

n

H

refers to atomi
 and ionized hydrogen (i.e. n

H

= n

H

0

+ n

H

+

).

2.4.1 The de�nition of ionization parameter

It was shown that the emission properties of the ionized gas (i.e. the ratio of di�erent line

intensities) at a �xed 
hemi
al 
omposition depends mainly on the number of ionizing

photons that is available for ea
h parti
le. In fa
t, the ionization equilibrium between

di�erent ionization states of an element is determined by the number of re
ombinations,

that is proportional to the square of the density, and the number of photoionizations,

that is proportional to the gas density and the number of photons. So, the ratio be-

tween photoionizations and re
ombinations is proportional to the number of photons per

parti
le. This quantity is 
alled ionization parameter U and is de�ned as:

U �

# of photons in unit of volume

n

H

(2.9)

It is easy to �nd that for a thin spheri
al shell at distan
e R from a 
entral ionizing

sour
e emitting Q

H

photons per se
ond, the ionization parameter is U = Q

H

=(4�R

2


n

H

),

where 
 is the speed of light.

It is worth noti
ing that the emission do not depend dire
tly on the geometri
al


on�guration of the gas respe
t to the sour
e, in the sense that two di�erent geometries

that have the same ionization parameter will produ
e emission properties very similar.

2.4.2 The volume averaged ionization parameter

It is 
onvenient to de�ne an volume averaged ionization parameter when 
onsidering a gas

geometry in whi
h U varies from point to point. This is needed to 
ompare the emission

properties of 
omplex geometries in an e�e
tive way. Here we will de�ne the appropriate

2

The notation \ionization bounded" (or also radiation bounded) is 
ommonly used referring to models

in whi
h the outer limit of the emission-line region is de�ned by the hydrogen ionization front. The

opposite geometry in whi
h the outer limit of the H ii region 
orrespond to the edge of the 
loud is 
alled

\density bounded" or matter bounded.
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24 2. Modelling nebular emission

ionization parameter for a spheri
al geometry, that is the shape of our simulated H ii

regions.

In the spheri
al geometry, the volume average hUi of ionization parameter is de�ned

as:

hUi =

Z

R

S

0

U(r)4�r

2

dr

4�

3

R

3

S

; (2.10)

where R

S

is the Str�omgren radius and U(r) is the ionization parameter of the gas at the

distan
e r from the sour
e. U(r) is de�ned by:

U(r) =

Q(r)

4�r

2

n

H




; (2.11)

with Q(r) the number of ionizing photons per unit time that hit on the gas at the

distan
e r. The variation ofQ(r) with the radius is given by the ionization/re
ombination

equilibrium:

dQ

dr

= �4�r

2

n

2

H

�

B

(H)� ; (2.12)

where �

B

(H) is the re
ombination 
oeÆ
ient of hydrogen in the 
ase B. In the 
ase B

approximation one assumes that every photon produ
ed by the dire
t re
ombination of

H to its ground level (so that these photons have � > �

H

) is absorbed near the emission

point (also 
alled "on-the-spot" approximation). Integrating the previous equation we

get:

Q(r) = Q

H

�

4�

3

r

3

n

2

H

�

B

(H)� : (2.13)

The Str�omgren radius is de�ned as:

R

S

=

 

3Q

H

4�n

2

H

�

B

(H)�

!

1

3

: (2.14)

By substituting eqs. 2.13 and 2.14 in eq. 2.10, we get:

hUi =

Z

R

S

0

 

Q

H

4�r

2

n

H




�

rn

H

�

B

(H)�

3


!

3r

2

dr

R

3

S

=

=

3Q

H

4�n

H




 

4�n

2

H

�

B

(H)�

3Q

H

!

2

3

�

n

H

�

B

(H)�

4


 

3Q

H

4�n

2

H

�

B

(H)�

!

1

3

=

=

3

4


 

3Q

H

�

2

B

(H)n

H

�

2

4�

!

1

3

: (2.15)

Thus, in our geometry hUi is proportional to (Q

H

n

H

�

2

)

1=3

while for the plane parallel

geometry U / Q

H

=n

H

.

As said before, the results obtained assuming a spheri
al geometry remain also valid

for di�erent geometries and/or �lling fa
tors, provided the same value of hUi is main-

tained. To verify the validity of this assertion with an example, we 
ompared the results
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Figure 2.5: Di�eren
es between H ii region models ex
ited by a SSP spe
trum with

di�erent geometries but same ionization parameter. Crosses are for di�eren
e smaller

than 1%, empty squares for di�eren
e between 1% and 5%, empty triangles represent

di�eren
es between 5% and 10%, and �lled triangles represent di�eren
es greater than

10%. Gas and star metalli
ity is 0.008.

from a H ii region with spheri
al geometry and one with in plane parallel geometry hav-

ing the same ionization parameter.

We saw (Se
t. 2.4.1) that for su
h shell shaped H ii region the ionization parameter is

given by U = Q

H

=(4�R

2

n

H


), where R is the radius of the shell. Imposing U(R) = hUi,

one 
an get the radius R of su
h equivalent shell shaped H ii region that have the same

ionization parameter of a spheri
al region. After some algebra:

R =

 

Q

H

9�n

2

H

�

B

�

!

1

3

(2.16)

So, we 
omputed the line spe
tra of a spheri
al H ii region ex
ited by a SSP of 0.1

Myr and with a stellar mass of 30000 M

�

, providing a ionizing 
ux Q

H

= 9:567 � 10

50

photons/s, with a gas density n

H

= 10 
m

�3

and a �lling fa
tor � = 1. Then, we


ompared its emission with the 
orresponding shell shaped H ii region; whose radius R

is 164.55 p
 (assuming a temperature of 10

4

K). The per 
ent di�eren
es in some line

luminosities are reported in Fig. 2.5, and show that equation 2.15 gives a good estimation

of the ionization parameter, and that H ii regions with di�erent geometries have a similar

nebular emission if their ionization parameter is the same.

2.5 A

ura
y

Before pro
eeding further, we need to analyze the errors introdu
ed by adopting the

analyti
 SEDs (equation 2.1) instead of the SSP SEDs with the same Q values.

A �rst problem is that the analyti
al spe
tra negle
t photons with energy higher

than the He ii ionization threshold (hereafter we will refer to these photons as high

25



26 2. Modelling nebular emission

energy photons). This does not allow a realisti
 evaluation of the luminosity of the

He ii lines. However, nebular He ii lines are superimposed to the generally more intense

photospheri
 lines, emitted in the stellar atmospheres of WR stars (Conti, 1991; S
haerer

et al., 1999). It is not possible to 
ompute line intensities of highly ionized elements,

su
h as O iv or Ne iv. These lines are typi
ally either not observed, or very faint in pure

star forming galaxies, so that they are often interpreted as a signature of AGN a
tivity.

The impa
t on other lines of negle
ting high energy photons is quanti�ed by 
omparing

the 
al
ulated emission of H ii regions ex
ited by SSP spe
tra with and without high

energy photons, normalized in order to have the same Q

H

. The results (for some ages

and metalli
ities) are shown in Fig. 2.6 for a Salpeter IMF between 0.15 and 120 M

�

.

The di�eren
e between the two 
ases is always < 10%, and typi
ally < 1%; the highest

di�eren
e appears at SSP ages at whi
h the WR stars produ
e their maximum 
ux in

high energy photons. We 
on
lude that the la
k of high energy photons is not very

important, at least for the lines 
onsidered here.

The 
omparison between line intensities of H ii region models ex
ited by an SSP

spe
trum and those ex
ited by a parametri
 spe
trum with the same values of Q

H

, Q

He

,

and Q

O

is shown in Fig. 2.7. Typi
al di�eren
es in the emission lines are lower than

10%, with the larger ones arising at lower values of Q

H

, i.e. older ages. Most of them

are due to dis
repan
ies between the SSP and parametri
 SEDs at wavelengths longer

than the Lyman break. Indeed, photons with wavelengths 
orresponding to Lyman series

lines 
an be eÆ
iently absorbed and re-emitted in opti
al lines. When the ionizing 
ux

de
reases with respe
t to the non-ionizing one, this e�e
t 
an be important. Noti
e

however that, when 
omputing the lines emitted by a 
ombination of H ii regions ex
ited

by 
lusters with di�erent ages, the most important 
ontribution arises from the youngest

populations.

As noti
ed in previous works (see e.g. Stasi�nska et al., 2001, or Rubin et al., 2001),

the photo-ionization models 
annot be a

urate when the gas metalli
ity ex
eeds the

solar value, for several reasons. As the metalli
ity in
reases, �ne stru
ture infrared

lines of metals (that depend little on temperature) dominate the 
ooling pro
esses, but

their transition probabilities have not yet been well determined. On the other hand,

opti
al 
ollisionally ex
ited lines, that depend strongly on the ele
troni
 temperature,

be
ome un
ertain be
ause the temperature is regulated by infrared lines. Furthermore,

the thermal instability of the gas a�e
ts the line intensity when the temperature is low

and the metalli
ity is high. Finally, a further sour
e of un
ertainty at high metalli
ity is

due to the poorly known depletion of metals onto dust grains. To minimize this problem,

we used a set of abundan
es measured by M
Gaugh (1991) in the gas phase.

In order to 
he
k the 
exibility of our pro
edure, we 
ompared in Fig. 2.8 the results

obtained by repeating the above test when adopting a very di�erent IMF, namely a top

heavy modi�ed Kenni
utt's IMF (d logN=d logm = �0:4 for 0.15 M

�

< m < 1 M

�

and

d logN=d logm = �1 for 1 M

�

< m < 120 M

�

). The di�eren
es between H ii region

models ex
ited by SSP spe
tra and analyti
al ones with the same Q values are not larger

than in the 
ase of the Salpeter IMF, despite the very di�erent slope of the IMF.
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Figure 2.6: Di�eren
es between H ii region models ex
ited by SSP spe
tra with and

without high energy photons. Crosses are for di�eren
e smaller than 1%, empty squares

for di�eren
e between 1% and 5%; 
ir
led symbols refer to very low luminosity lines.

Gas and star metalli
ity is 0.008.
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28 2. Modelling nebular emission

Figure 2.7: Di�eren
es between H ii region models ex
ited by SSP spe
tra and parametri


spe
tra with the same Qs. Empty triangles represent di�eren
es between 5% and 10%,

�lled triangles represent di�eren
es greater than 10%.
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Figure 2.8: As Fig. 2.7, but with SSPs with a top heavy modi�ed Kenni
utt's IMF.
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30 2. Modelling nebular emission

In 
on
lusion, the presented analyti
al spe
tra 
an reprodu
e with a good a

ura
y

the nebular emission properties of H ii regions ex
ited by star 
lusters with di�erent

IMFs, ages and metalli
ities by only making use of the three quantities Q

H

, Q

He

, and

Q

O

. Obviously, this a

ura
y 
ould be improved by adding some other quantity to

des
ribe the SED with more details, but this would dramati
ally in
rease the number of

H ii region models used for the library.

2.6 C and O infrared lines

C i, C ii and O i �ne stru
ture infrared lines are produ
ed not only in H ii regions, but also

in di�use warm neutral/low-ionized interstellar medium and photodisso
iation regions

(PDR). The energy di�eren
e between the ground level and the 
ollisionally ex
ited level

for these lines are quite low. For instan
e, these energies 
orrespond to temperatures of

228 K, 326 K, 62.5 K and 23.6 K (1:96�10

�2

eV, 2:81�10

�2

eV, 5:38�10

�3

eV and 2:03�10

�3

eV), respe
tively for [O i℄ 63.2�m and 145.5�m, [C i℄369�m and 610�m (Kaufman et al.,

1999). Su
h temperatures are smaller than the typi
al one of the neutral medium, so

that these lines 
an easily be produ
ed in the neutral ISM.

Be
ause 
arbon has a ionization potential (11.26 eV) whi
h is lower than H, the C ii

ion is present in PDR and in neutral medium illuminated by far UV stellar radiation. In

fa
t, the [C ii℄157.7�m line is the most important 
oolant of warm neutral medium. The

relative 
ontribution of di�erent media to these lines is still a matter of debate (Heiles,

1994; Malhotra et al., 2001). Sin
e our model does not in
lude PDR or neutral gas

emission, the luminosities predi
ted for these lines must be taken as lower limits.

2.7 Dust inside H ii regions

The presen
e of dust inside H ii regions is established as a fa
t but the 
hara
teristi
s

of dust and its e�e
ts on the emerging emission are still poorly known. Dust 
an be

destroyed by the intense UV radiation in this environment, but the survived fra
tion is

inevitably important.

Dust is involved in many pro
esses inside the ionized gas (ele
tri
 
harge and thermal

energy ex
hange with gas; mole
ular rea
tions in the outer regions), however the main

e�e
t is its intera
tion with the radiation �eld. In fa
t, dust 
an absorb a fra
tion of

the ionizing 
ux so that the total nebular emission of the H ii region is smaller than

in the dust-free 
ase. DeGioia-Eastwood (1992) estimated that the typi
al fra
tion of

ionizing photons absorbed by dust in H ii regions of our Galaxy is around 30%. However,

it is 
lear that this fra
tion depends on the opti
al properties of dust grains, on their

distribution inside the region and in respe
t to the ionized gas. Furthermore, the intense

UV �eld and the sho
ks 
hange their distribution of dimensions by sublimation of smaller

grains and 
ollisions between them. The above e�e
ts render our knowledge of physi
al
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properties of dust in this environments very un
ertain.

Though Cloudy gives the possibility to a

ount for the presen
e of internal dust, the


hoi
e of a dust model is arbitrary. This will:

� Introdu
e new free parameters (the distribution of grain dimension, the grain 
om-

position et
.).

� The 
omputed models 
ould be 
oherently used only in some spe
i�
 
ases.

� The independen
e of results from the gas geometry dis
ussed in Se
t. 2.4 would

not be valid anymore.

An approximate solution to this problem is to 
ompute models without internal dust

and to de
rease the obtained nebular emission by the fra
tion f

d

of ionizing photons

absorbed by dust. This solution is 
rude and does not take in to a

ount the wavelength

dependen
e of dust absorption but greatly simplify the issue while a more detailed so-

lution would introdu
e many un
ertainties. Thus, absorption by internal dust has not

been 
onsidered in the H ii region models presented here and the obtained emission must

be multiplied by a fa
tor 1� f

d

.

2.7.1 The resonant Ly� line

For the Ly� line, the situation is di�erent sin
e its photons 
an be eÆ
iently absorbed

by hydrogen atoms in the ground energy level. The absorbed photons are promptly

re-emitted at the same wavelength (but in an random dire
tion) or 
an de
ay via the

emission of two photons (that provides a 
ontinuum emission). Thus, Ly� photons follow

a random walk through the nebulae to es
ape, 
onsiderably in
reasing their probability

to be degraded in two-photon 
ontinuum emission or to be absorbed by dust. In galaxies

with normal dust 
ontent, almost all the photons in the resonant Ly� line are repro
essed

via two-photon de
ay and dust absorption (with the 
onsequent thermal re-emission)

(Osterbro
k, 1989). The 
ontribution to the IR luminosity by absorbed Ly� photons is

at most � 7% of the bolometri
 luminosity. It is worth noti
ing that, in the 
ase of very

low dust 
ontent, this 
an 
onstitute a signi�
ant fra
tion of the total IR luminosity.

However, winds and out
ows strongly redu
e the resonant s
attering and a detailed

treatment of the Ly� transfer in presen
e of these pro
esses is needed.

The H ii region library presented in this work provides a luminosity of Ly� whi
h do

not a

ount for the above des
ribed pro
esses and we do not further 
onsider this line

in our appli
ations.

2.8 The library

With the relationships des
ribed in Se
t. 2.3, we built a library for a grid of values

of Q

H

, Q

He

, and Q

O

, and for di�erent assumptions on the gas density, metalli
ity and
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32 2. Modelling nebular emission

Table 2.1: Adopted abundan
es, from M
Gaugh (1991). a) For Z=Z

�

< 0:1175 b) For

Z=Z

�

> 0:1175.

El. Abundan
e El. Abundan
e

He 0.0772+0.012765�Z=Z

�

Al 3.40e-6�Z=Z

�

C

a

6.59e-6�(Z=Z

�

)

0:3

Si 4.43e-6�Z=Z

�

C

b

3.70e-4�(Z=Z

�

)

2:17

S 2.13e-5�Z=Z

�

N 6.21e-5�(Z=Z

�

)

1:5

Ar 5.96e-6�Z=Z

�

O 8.51e-4�Z=Z

�

Fe

a

1.88e-6�(Z=Z

�

)

1:35

Ne 1.70e-4�Z=Z

�

Fe

b

1.09e-5�(Z=Z

�

)

2:17

Mg 4.25e-5�Z=Z

�

Table 2.2: Values of parameters used in the H ii regions library.

Z

gas

0.0008, 0.004, 0.008, 0.015, 0.02, 0.03, 0.04, 0.05

n

H

10, 30, 100, 300, 1000, 3000, 10

4


m

�3

� 0.001, 0.01, 0.1, 1.0

Q

H

10

46

| 10

52

phot/s in 31 logarithmi
 steps

Q

He

=Q

H

(grid 1) 0.05, 0.10625, 0.1625, 0.21875, 0.275, 0.33125, 0.3875, 0.44375, 0.5

Q

O

=Q

He

(grid 1) 0.13, 0.23, 0.33, 0.43, 0.53, 0.63

Q

He

=Q

H

(grid 2) 0.05, 0.025, 0.01, 0.005, 0.0025, 0.0001, 0.

Q

O

=Q

He

(grid 2) 0.0, 0.1, 0.2, 0.3, 0.4

�lling fa
tor (�). H ii regions are assumed to be spheri
al and ionization bounded, with

a 
onstant density along the radius, and with a 
overing fa
tor of 1. The abundan
e

of elements respe
t to H are from M
Gaugh (1991) and are shown in Table 2.1. These

abundan
es are relative to gas phase, thus they already a

ount for the fra
tion stored

in dust (depletion).

The spa
e of Qs parameter is divided into two grids, identi�ed by a grid index, to

follow better the broad 
orrelation between Q

He

=Q

H

and Q

O

=Q

He

. In the �rst grid, with

index number equal 1, Q

He

=Q

H

> 0:05; in the se
ond (grid index = 2) Q

He

=Q

H

< 0:05.

The spa
e of parameters 
overed by the models is shown in Table 2.2.

We 
omputed 48 H re
ombination lines, 6 He re
ombination lines and 60 lines of

other elements; the 
omplete list is reported in Table 2.3 and 2.4.

The total number of 
omputed H ii region models is 463512, that needed around 3

year of CPU time. The H ii region library 
an be freely retrieved through the web at the

URL http://www.sissa.it/�panuzzo/hii/.

Our library was spe
i�
ally designed to be used in population synthesis models. To

this purpose we devi
e a new approa
h that makes the library independent of assumptions

on SSP spe
tra. In fa
t, with our parametrization in terms of Q

H

, Q

He

and Q

O

the

method presented is independent of the IMF, the stellar atmosphere models and stellar

evolutionary tra
ks.

32



2.9 Comparison with observed H ii galaxies 33

Table 2.3: Hydrogen re
ombination lines 
omputed in the library and their wavelengths.

Line wavelengths are taken from the Atomi
 Line List by P. van Hoof at University of

Kentu
ky (URL: http://www.pa.uky.edu/�peter/atomi
/).

Name � [

�

A℄ Name � [

�

A℄ Name � [

�

A℄ Name � [

�

A℄

Ly� 1215.67 Ly� 1025.72 Ly
 972.54 LyÆ 949.74

Ly� 937.80 Ly� 930.75 Ly� 926.23 Ly� 923.15

H� 6564.61 H� 4862.68 H
 4341.68 HÆ 4102.89

H� 3971.20 H� 3890.15 H� 3836.47 H� 3798.98

Pa� 18756.13 Pa� 12821.59 Pa
 10941.09 PaÆ 10052.13

Pa� 9548.59 Pa� 9231.55 Pa� 9017.38 Pa� 8865.22

Br� 40522.62 Br� 26258.67 Br
 21661.20 BrÆ 19450.87

Br� 18179.08 Br� 17366.85 Br� 16811.11 Br� 16411.67

Pf� 74598.58 Pf� 46537.78 Pf
 37405.57 PfÆ 32969.92

Pf� 30392.02 Pf� 28729.96 Pf� 27582.68 Pf� 26751.31

Hu� 123718.98 Hu� 75024.93 Hu
 59082.13 HuÆ 51286.57

Hu� 46725.09 Hu� 43764.54 Hu� 41707.94 Hu� 40208.67

The independen
e of these assumptions is a big advantage in respe
t to the few

libraries of H ii region models are already available in existing literature (Stasi�nska,

1990; Gar
��a-Vargas et al., 1995a; Gar
��a-Vargas et al., 1995b; Stasi�nska & Leitherer,

1996; Contini & Viegas, 2001). In fa
t, the stellar atmosphere models have still room to

be improved, and the IMF is still a poorly known issue.

2.9 Comparison with observed H ii galaxies

In this se
tion we 
ompare the H ii library with observations of a sample of H ii galaxies

from Dessauges-Zavadsky et al. (2000), a revision of the Terlevi
h's 
atalog (Terlevi
h

et al., 1991). H ii galaxies have spe
tra very similar to those of H ii regions be
ause

usually dominated by a large 
entral H ii region and are interpreted as bursting dwarf

galaxies. Furthermore, these obje
ts span a wide range in metalli
ity and other param-

eters. This make the sample very 
onvenient for the 
omparison with the models. In

�gure 2.9 we show a typi
al diagnosti
 diagram (Log([O iii℄/H�) vs. Log([S ii℄/H�)) used

to analyze the ex
itation of H ii galaxies. We report on it the position of observed H ii

galaxies (
rosses) from Dessauges-Zavadsky et al. (2000) and the separation line between

the region o

upied by H ii galaxies (on the left) from the AGN region, as empiri
ally

de�ned by Veilleux & Osterbro
k (1987) (thi
k long dashed line); the thi
k dot-dashed

line delineates the same separation 
omputed by Kewley et al. (2001).

We show in the same �gure the separate dependen
e of models on hUi (or Q

H

via

the equation 2.15) and on the hardness of the ionizing SED, expressed by Q

He

=Q

H

and

Q

O

=Q

He

.

We noti
e that the library 
overs the region of diagnosti
 diagrams populated by
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34 2. Modelling nebular emission

Table 2.4: Helium and heavier element lines 
omputed in the library. Lines with an

�

are multipets for whi
h the library provides the total luminosity; a mean referen
e

wavelength is reported for these lines.

Name � [

�

A℄ Name � [

�

A℄

He i4472 4472.75

�

He i5877 5877.3

�

He i6680 6680.00 He i10833 10833.0

�

He i3889 3889.74

�

He i7065 7067.3

�

[C i℄9850 9852.96 [C i℄8727 8729.52

[C i℄4621 4622.86 [C i℄610�m 610.0�m

[C i℄370�m 370.4�m [C ii℄157.7�m 157.68�m

C ii℄2326 2326.0

�

[N i℄5200 5200.35

�

[N i℄3467 3467.51

�

[N i℄10405 10405.51

�

[N ii℄6585 6585.28 [N ii℄6549 6549.85

[N ii℄5756 5756.24 [N ii℄122�m 121.76�m

[N ii℄205�m 205.5�m N ii℄2141 2141

[N iii℄57�m 57.34�m [O i℄6302 6302.05

[O i℄6365 6365.54 [O i℄5578 5578.89

[O i℄63�m 63.185�m [O i℄145�m 145.535�m

[O ii℄3727 3728.5

�

[O ii℄7327 7326.8

�

[O ii℄2471 2471.0

�

O iii℄1663 1663.0

�

[O iii℄5007 5008.24 [O iii℄4960 4960.29

[O iii℄4364 4364.44 [O iii℄2321 2321.66

[O iii℄88�m 88.356�m [O iii℄52�m 51.814�m

[Ne ii℄12.8�m 12.814�m [Ne iii℄15.5�m 15.555�m

[Ne iii℄36�m 36.013�m [Ne iii℄3870 3870.16

[Ne iii℄3968 3968.91 [Ne iii℄3343 3343.50

[Ne iii℄1815 1814.73 Mg ii2800 2800.0

[Si ii℄35�m 34.815�m [S ii℄10331 10331.4

�

[S ii℄6732 6732.67 [S ii℄6717 6718.29

[S ii℄4070 4069.75 [S ii℄4078 4077.50

[S iii℄18.7�m 18.713�m [S iii℄33.5�m 33.481�m

[S iii℄9533 9533.2 [S iii℄9071 9071.1

[S iii℄6314 6313.8 [S iii℄3723 3722.69

[S iv℄10.5�m 10.510�m [Ar ii℄7�m 6.985�m

[Ar iii℄7138 7137.8 [Ar iii℄7753 7753.2

[Ar iii℄5193 5193.27 [Ar iii℄3110 3110.08

[Ar iii℄22�m 21.829�m [Ar iii℄9�m 8.991�m
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2.9 Comparison with observed H ii galaxies 35

Figure 2.9: Diagnosti
 diagram Log([O iii℄/H�) vs. Log([S ii℄/H�). Crosses are observed

H ii galaxies from Dessauges-Zavadsky et al. (2000). The three solid 
losed lines show

the regions o

upied by H ii region models from our library with three values of Q

He

=Q

H

(0.5, 0.275 and 0.05). The arrows show shifts at in
reasing hUi, Q

He

=Q

H

, or Q

O

=Q

He

.

Log(hUi) ranges from -0.867 to -3.534, and Q

O

=Q

He

from 0.13 to 0.63. The models have

a gas metalli
ity of 0.004, while the 
losed dotted line shows the position of models with

solar metalli
ity and Q

He

=Q

H

= 0:275. All the models have a hydrogen density of 10


m

�3

. The thi
k long dashed line separates the region o

upied by H ii galaxies (on the

left) from the AGN region as de�ned by Veilleux & Osterbro
k (1987) while the thi
k

dot-dashed line delineates the same separation 
omputed by Kewley et al. (2001).
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36 2. Modelling nebular emission

observed H ii galaxies. Some our models fall in the region of the diagnosti
 diagrams

o

upied by AGNs; these models are produ
ed by the hardest spe
tra in the library

(Q

He

=Q

H

' 0:5) that are harder than the spe
tra that 
an be built with true SSP.

2.10 Nebular 
ontinuum emission

We have evaluated the nebular 
ontinuum emission using the Str�omgren theory for the


ase B approximation (see Osterbro
k, 1989) and added to the emerging spe
trum.

To this purpose we 
onsider the H ii region as 
omposed by hydrogen and helium

only. Furthermore, sin
e massive stars produ
e very few photons with h� > 54:4 eV, we


onsider neutral and singly ionized helium.

Photons with energies 13.6 eV < h� < 24.6 eV 
an only ionize hydrogen, while

photons with higher energies 
an ionize both H and He. Thus, the ionization stru
ture

of an H ii region 
onsists of a 
entral H

+

, He

+

zone surrounded by a H

+

, He

0

region.

As the ratio Q

He

=Q

H

of the ionizing sour
e in
reases, the outer boundary of the 
entral

zone in
reases and eventually the He

0

region be
omes very thin.

To obtain the ionization stru
ture of the nebula we use the ionization equations

(obtained imposing the equilibrium between photoionizations and re
ombinations) for

the H and He. Even adopting the on-the-spot approximation (or 
ase B approx.), we

must 
onsider expli
itly the 
oupling of H and He ionization in the spe
tral region above

24.6 eV, and that the re
ombinations to the ground level of He 
an ionize either H or He.

To pro
eed, let us 
all y the fra
tion of photons emitted by He re
ombining to the ground

level that are absorbed by hydrogen, and p the probability that a He re
ombination

produ
e an ionizing photon. The ionization equations be
ome (Osterbro
k, 1989) (in

the on-the-spot approximation):

n

H

0

4�r

2

Z

1

�

H

F

�

h�

a

�

(H)e

��

�

d� + yn

He

+

n

e

�

1

(He; T ) + (2.17)

+pn

He

+

n

e

�

B

(He; T ) = n

H

+

n

e

�

B

(H; T )

and

n

He

0

4�r

2

Z

1

�

He

F

�

h�

a

�

(He

0

)e

��

�

d� + (1� y)n

He

+

n

e

�

1

(He; T ) = n

He

+

n

e

�

B

(H; T ) (2.18)

where a

�

(H) and a

�

(He) are the photoionization absorption 
ross se
tion of H and He

respe
tively. �

�

is the opti
al depth for photoionization absorption and it is given by the

equation

d�

�

dr

=

(

n

H

0

a

�

(H) for �

H

< � < �

He

n

H

0

a

�

(H) + n

He

0

a

�

(He) for �

He

< �

(2.19)

Finally, we impose that n

e

= n

H

+

+ n

He

+

.
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The previous equations 
ould be solved numeri
ally to 
ompute the size of H

+

and

He

+

zones, but the approximate dimension 
an be found by ignoring the absorption by

H in the He

+

zone. This 
orresponds to setting y = 0 in equation 2.17 and 2.18 and

n

H

0

= 0 in the se
ond 
ase of equation 2.19. Integrating eq. 2.18 over the radius and

using eq. 2.19, after some algebra, it 
an be found:

Q

He

=

4�

3

R

3

He

n

He

+

n

e

�

B

(He; T ) ; (2.20)

where R

He

is the radius of the He

+

zone. Furthermore, p 
an be assumed to be 1 (for

low density this is a good approximation) and eq. 2.17 be
omes:

Q

H

=

4�

3

R

3

S

n

H

+

n

e

�

B

(H; T ) : (2.21)

Now that we have an estimate of the amount of ionized hydrogen and helium, we


an 
ompute the 
ontinuum emission of the nebula. The most important 
ontinuum

emission pro
esses are re
ombination, free-free emission of H ii and He ii and the Ly�

two-photons de
ay emission.

The emission 
oeÆ
ients for unit volume for these pro
esses 
an be written as:

j

�

(HI) = n

H

+

n

e

�




�

�

(H

+

; T ) + 


re


�

(H

0

; T ) + 


2q

�

(H

0

; T )

�

(2.22)

j

�

(HeI) = n

He

+

n

e

�




�

�

(He

+

; T ) + 


re


�

(He

0

; T )

�

(2.23)

where 


�

�

, 


re


�

and 


2q

�

are the emission 
oeÆ
ients per parti
le for free-free, re
ombina-

tion and Ly� two-photons de
ay emission respe
tively. Thus the total emission is:

E

�

=

4�

3

R

3

S

j

�

(HI) +

4�

3

R

3

He

j

�

(HeI) : (2.24)

The total volume of emitting gas (for hydrogen and helium) 
an be 
omputed by

equations 2.21 and 2.20 so that we get:

E

�

= Q

H




�

�

(H

+

; T ) + 


re


�

(H

0

; T ) + 


2q

�

(H

0

; T )

�

B

(H; T )

+Q

He




�

�

(He

+

; T ) + 


re


�

(He

0

; T )

�

B

(He; T )

: (2.25)

Free-free emission is 
omputed as des
ribed in Bressan et al. (2002), while other 
oef-

�
ients are from Burgess & Summers (1976), Aller (1984), Osterbro
k (1989), Ferland

(1980) and Nussbaumer & S
hmutz (1984).

Fig. 2.10 shows the emission 
oeÆ
ients for free-bound transitions of H, He i and

He ii, for two-photons de
ay and for free-free emission (at ele
tron temperature 10

4

K).
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38 2. Modelling nebular emission

Figure 2.10: Emission 
oeÆ
ients for hydrogen (long-dashed: free-free; solid line: re
om-

bination; dotted: two photon de
ay) and helium (long-dashed: free-free; short-dashed:

re
obination).
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Chapter 3

Nebular emission in dusty galaxies

This 
hapter is dedi
ated to the integration of nebular emission 
al
ulations in a pop-

ulation synthesis model for dusty galaxy. In Se
t. 3.1 we brie
y introdu
e the issue

population synthesis of dusty galaxies, while Se
t. 3.2 summarize the des
ription of

galaxies used in GRASIL 
ode. In Se
t. 3.3 we propose a method to 
ompute the total

nebular emission of a galaxy. In Se
t. 3.4 we 
ompare the method with similar works

in literature. Finally, in Se
t. 3.5 we applied the model to the M82 galaxy and dis
uss

whi
h new 
onstrains are introdu
ed by nebular emission 
omputations. This 
hapter is

partially based on the work presented in Panuzzo et al. (2003).

3.1 Introdu
tion

The dis
overy by the InfraRed Astronomi
al Satellite (IRAS) that an important fra
tion

of bolometri
 luminosity of galaxies is provided by the interstellar dust has 
learly demon-

strated, in the following years, that the dust is one of the most important 
omponent of

the interstellar medium.

Dust is involved in many physi
al pro
esses of the interstellar medium (su
h as the

produ
tion of mole
ular hydrogen on dust grain surfa
e) but the most important e�e
t

(from our point of view) is its in
uen
e on the transfer of radiation produ
ed by stars.

In fa
t, the dust absorbs and s
atters e�e
tively the radiation at wavelengths smaller

than 1 �m, and returns the absorbed energy in the form of IR photons. So, the resulting

spe
tral energy distribution of a galaxy with dust is in many 
ases radi
ally modi�ed.

It is worth noti
ing that dust repro
essing of stellar radiation is more severe in galaxies

with ongoing massive star formation a
tivity. Then, the 
omputation of the spe
tral

energy distribution of star forming galaxies requires an adequate treatment of the transfer

of radiation through a dusty medium. Moreover, the predi
tion of the infrared SED needs

the modelling of thermal emission of dust grains, eventually a

ounting for their thermal


u
tuation.

Many models where presented in the past to 
ompute the spe
trophotometri
 evolu-
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40 3. Nebular emission in dusty galaxies

tion of galaxies in presen
e of dust (Guiderdoni & Ro

a-Volmerange, 1987; Witt et al.,

1992; Mazzei et al., 1992; Lan�
on & Ro

a-Volmerange, 1996; Bian
hi et al., 1996; Fio


& Ro

a-Volmerange, 1997; Devriendt et al., 1999; Ferrara et al., 1999; Efstathiou et al.,

2000; Charlot & Fall, 2000; Charlot & Longhetti, 2001) but often without a 
ompre-

hensive and 
oherent treatment of the radiative transport and the dust emission in a

realisti
 geometry.

Silva et al. (1998) proposed a model (the GRASIL 
ode) for spe
tro-photometri


evolution of galaxies whi
h 
omputes the stellar radiation transport as well as the thermal

emission of dust in deep detail, and with a fairly realisti
 geometry.

However, in star forming galaxies the stellar radiation is also repro
essed by gas that


onvert the ionizing 
ux of massive stars in nebular emission lines and 
ontinuum. The

dire
t link between massive stars and emission lines makes the latter an important esti-

mator of the star formation rate (see Kenni
utt, 1998, for an overview). Anyhow, also

emission lines su�er for dust extin
tion, but the almost 
onstant intrinsi
 ratio of H� to

H� intensity, predi
ted by nebular emission models for a large variety of environments

(e.g. Osterbro
k, 1989), is a milestone in the interpretation of the e�e
ts of the inter-

vening dust absorption (the Balmer de
rement method). The above arguments point

toward the ne
essity to build a model that treats the nebular emission in a 
onsistent

way with the dust repro
essing.

Therefore, our aim is:

� To provide a 
orre
t re
ipe to 
ompute the nebular emission of star-forming galax-

ies, by using the H ii region library presented in the previous 
hapter.

� To 
oherently implement the nebular emission 
omputation in the des
ription of

dusty galaxies provided by GRASIL.

3.2 Population synthesis with dust

In this se
tion we summarize the main features of the population synthesis 
ode GRASIL;

more details 
an be found in Silva et al. (1998), Silva (1999, PhD thesis), and Granato

et al. (2000). The 
ode was mainly developed by L. Silva and G. L. Granato and 
an be

retrieved from the web

1

; its sour
e is available on request from the authors.

3.2.1 The radiative model

The e�e
t of dust on radiative transfer depends on the opti
al and physi
al properties

of grains as well as on the geometri
al distribution of dust and stars.

1

URL: http://web.pd.astro.it/granato/grasil/grasil.html
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3.2 Population synthesis with dust 41

Figure 3.1: A s
hemati
 view of GRASIL representation of galaxies.

Geometry

GRASIL represents galaxies by means of two main 
omponents 
hara
terized by di�erent

shapes: a spheroidal 
omponent (the bulge) and a disky 
omponent (see Fig. 3.1). Dust,

that may be present in both 
omponents, is divided in two phases: i) dense mole
ular


louds (MCs), where star formation is a
tive, and ii) di�use medium (or 
irrus). Single

mole
ular 
louds are modeled as thi
k spheri
al shells of dense gas (and dust) illuminated

by 
entral point sour
es, representing all the stellar 
ontent of the 
loud.

Young stars are assumed to be born into MCs, and to leave them progressively as their

age in
reases. As a 
onsequen
e, the fra
tion of light of young simple stellar populations

(SSPs) radiated inside MCs is a de
reasing fun
tion of SSPs age, parameterized by the

\es
ape time" (�

es


). The analyti
al form of this fun
tion is (see Fig. 3.2):

�(t) =

8

>

<

>

:

1 for t < �

es


2� t=�

es


for �

es


< t < 2�

es


0 for 2�

es


< t

(3.1)

The time dependen
e of the es
ape fra
tion gives rise to an age-sele
tive extin
tion

be
ause younger stellar generations are more attenuated than older ones. The above

s
hematization is also 
ompatible with a s
enario in whi
h young stars destroy (with

winds or SN explosions) the parent 
louds. In this 
ase �

es


would be a \destru
tion

time", but the mathemati
al representation would be the same. The light of older stars

already es
aped from MCs and the light eventually es
aped from MCs is transferred
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42 3. Nebular emission in dusty galaxies

Figure 3.2: The fra
tion (�(t)) of light of young SSPs radiated inside MCs as a fun
tion

of SSPs age.

through the di�use medium.

GRASIL 
an use several distributions for stars and dust; we refer the reader to Silva

(1999) for a detailed des
ription of all possible 
hoi
es. Among the others, it is possible

to 
hoose a spheroidal 
on�guration with a King pro�le in whi
h the density � is given

by

� = �

0

 

1 +

�

r

r




�

2

!

�


(3.2)

where the parameters r




(the 
ore radius) and 
 
an be 
hosen for stars and dust sep-

arately. The other important 
on�guration is the disk-like one in whi
h an exponential

pro�le is assumed:

� = �

0

exp

�

�

R

R

d

�

exp

 

�

jzj

z

d

!

(3.3)

where the parameters R

d

and z

d

are the s
alelength of the exponential disk. Also in this


ase it is possible to use values that are di�erent for star and dust. Finally, it is possible

to have a 
on�guration with a spheroidal bulge plus a exponential disk.

Dust properties

GRASIL adopts a modi�ed version of the \
lassi
al" des
ription of dust from Draine &

Lee (1984), 
onsisting of two populations of grains (
omposed by graphite and sili
ate

respe
tively), with spheri
al shape and a distribution of radii given by two power-law for

ea
h population:

dn

i

(a)

da

=

(

A

i

a

�

1

if a

b

< a < a

max

A

i

a

�

1

��

2

b

a

�

2

if a

b

> a > a

min

(3.4)

where �

1

, �

2

, a

b

, a

min

, and a

max


an be 
hosen for ea
h of the two population, while A

i

are derived from dust to gas ratio Æ.
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3.2 Population synthesis with dust 43

Figure 3.3: Extin
tion law (solid line) for the dust mixture that we adopted in this work.

The mixture adopted give rise to an extin
tion law very similar to the gala
ti
 one (open

squares) (Pei, 1992).
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44 3. Nebular emission in dusty galaxies

In addition, GRASIL in
ludes also a population of PAH (Poly
i
li
 Aromati
 Hydro-


arbons).

In this work we 
hoose for graphite grains a

min

= 8

�

A, a

max

= 0:25 �m, a

b

= 50

�

A,

�

1

= �3:5, �

2

= �4, while for the sili
ate grains a

min

= a

b

= 50

�

A, a

max

= 0:25 � and

�

1

= �3:5. This 
hoi
e produ
es an extin
tion law (see �g. 3.3) and emission properties

that agree with the observed one in the Galaxy.

The 
ode a

ounts also for the thermal emission of dust (and PAH mole
ules), both

from big grains in thermal equilibrium, and from thermally 
u
tuating small grains (the

sto
hasti
 heating) (Guhathakurta & Draine, 1989).

The radiation transport inside mole
ular 
louds is 
omputed using the model by

Granato & Danese (1994). The opti
al thi
kness in these obje
ts 
an be high enough

that dust absorbs its own thermal emission. In the most simple 
on�guration, mole
ular


louds are modelled all equal to ea
h other; however, it was introdu
ed the possibility to

a

ount for two or more MC populations with di�erent masses, radii and es
ape times.

It is worth noti
ing that the opti
al thi
kness of mole
ular 
louds is proportional to the

ratio m

MC

=r

2

MC

, where m

MC

and r

MC

are the mass and the radius of mole
ular 
louds,

respe
tively.

Finally, the radiation transfer problem through the di�use medium (taking into a
-


ount emission fromMCs) is solved and the volume emissivity is 
omputed and integrated

to provide the luminosity of the galaxy (from far UV to Sub-mm), at di�erent in
lination

angles. Surfa
e brightness maps are also possible but not 
omputed.

Radio and mole
ular emission

Radio emission from simple stellar population 
ompletes the predi
tion of the 
ontinuum

emissivity beyond the sub-millimetri
 regime. It is assumed to be the sum of free-free

emission from ele
trons within HII regions and syn
hrotron emission from relativisti


ele
trons a

elerated in the intera
tion pro
esses of eje
ta of 
ore 
ollapse supernovae

(CCSN) and the environment (Bressan et al., 2002). Non-thermal radio emission is set

proportional to the CCSN rate, with a s
aling law obtained from our Galaxy (Condon,

1992). Additional e�e
ts, su
h as syn
hrotron emission from young SN remnants, are

roughly evaluated and are found to 
ontribute not more than a few per
ent to the non-

thermal emission. Radio emission 
ombined with sub-millimetri
 and FIR (� � 100�m)

probes to be fundamental to disentangle the starburst and AGN 
ontribution in obs
ured

infrared luminous galaxies (LIRGs) and it is possibly the only method to analyze the

star formation pro
esses o

urring in luminous high redshift galaxies.

In 
ollaboration with Olga Vega (INAOE, Mex) we have 
onsidered the emission

from mole
ules (e.g.

12

CO and

13

CO) at several sub and millimetri
 transitions. A large

velo
ity gradient 
ode has been added and 
an now be used to predi
t line emissivity of

several other mole
ules. The interfa
e may make use of the parameters derived for the

mole
ular 
louds (metalli
ity, radius, density) in order to maintain 
onsisten
y with the
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3.2 Population synthesis with dust 45

global �t of the galaxy SED. Currently the kineti
 temperature of the gas is given as a

parameter.

3.2.2 Chemi
al evolution

A fundamental input for GRASIL 
ode is the star formation history whi
h is provided by

an external 
ode. In this thesis, the star formation history is provided by a 
hemi
al 
ode

written by L. Silva and G. L. Granato. The 
ode uses a one-zone des
ription (i.e. with

no dependen
e on spa
e of SFR and 
hemi
al 
omposition) of galaxies. The variation of

the gas mass is given by three 
ontribution: the 
onsumption due to the star formation,

the inje
tion of pro
essed gas by dying stars, and the infall of primordial gas.

The former term is 
omputed by assuming a SFR 	(t) that follows a S
hmidt-type

law (S
hmidt, 1959), so that 	(t) = �

s
h

M

k

gas

plus (eventually) an analyti
al fun
tion

(for example to simulate starbursts). We always assumed k = 1 in this work.

The pro
essed gas returned from stars to ISM is 
omputed by estimating the rate of

death of stars and assuming an instantaneous re
y
ling of eje
ted gas. The stellar eje
ta

are from Portinari et al. (1998).

Finally, the in-falling of primordial gas into the galaxies is assumed to be exponential

(/ exp(�t=�

inf

)).

3.2.3 Stellar Radiation

The SEDs of stellar generations (SSP, simple stellar populations) have been 
omputed

by A. Bressan by following the pres
riptions outlined in Bressan et al. (1994) and in

Silva et al. (1998). These SEDs 
over a wide range in age and metal 
ontent. They 
an

be 
omputed for an arbitrary initial mass fun
tion (IMF) and allow the use of di�erent

atmosphere models, from the low resolution (but wide parameter spa
e 
overage) Kuru
z-

Lejeune models (Kuru
z, 1993; Lejeune et al., 1998), to the intermediate resolution

models of Pi
kles (1998) and Ja
oby et al. (1984). In the latter two 
ases, whi
h

are derived from observed stars, the 
orresponding 
uxes have been extended into the

unobserved region by means of the Lejeune et al. (1998) models. The use of higher

resolution models is parti
ularly useful when dealing with emission lines superimposed

to absorption features of the intermediate age populations. As for the most massive

stars, we have adopted the atmospheri
 models by S
haerer et al. (1996) for mass-losing

blue supergiants, and the models by S
hmutz, Leitherer & Gruenwald (1992) in the Wolf

Rayet (WR) phase.
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46 3. Nebular emission in dusty galaxies

3.3 Total line emission from a galaxy

When a star 
luster (or an OB asso
iation

2

) forms, the most massive stars in the 
luster

start to ionize the surrounding gas produ
ing a H ii region. This pro
ess halts the in-

falling of the gas and inhibits a further 
ontinuation of the star formation in the 
luster.

Thus, in a simple des
ription, on
e a H ii region is produ
ed its stellar 
ontent evolves in

a passive way. In this 
ase, the following time evolution of the H ii region is determined

by the aging of the ionizing 
luster, until the latter is no more able to produ
e enough

Lyman photons to ex
ite the gas.

When 
onsidering a star-forming galaxy as a whole, one must take into a

ount dif-

ferent (in age) populations of star 
lusters, ea
h one ionizing its own H ii region. Thus,

the total nebular emission of a galaxy is the integration of the emission from di�erent

populations of H ii regions. Ea
h population would be 
hara
terized by a di�erent ion-

izing 
ux, hardness of the input spe
tra and ionization parameter. For these reasons,

we 
onsider in the model the emission of ea
h di�erent population. Thus, we split the

re
ent (age < 30 Myr to be safe) star formation history in subsequent episodes of suit-

able duration, and then we 
ompute their separate 
ontributions to the total nebular

emission.

It is worth stressing that this pro
edure is mainly di
tated by the rapid variation of

the intensity and shape of the ionizing 
ontinuum with the age, and, as a 
onsequen
e, of

the resulting nebular emission. Conversely, integrating the stellar emission over the time

and 
omputing the nebular emission from the resulting total spe
trum would provide

unrealisti
 results.

3.3.1 The method

Ea
h population is supposed to be 
omposed by identi
al H ii regions whose nebular

emission is 
omputed from the ionizing photon 
uxes Q

H

, Q

He

, and Q

O

, by interpolating

on the library.

The total emission in the line l (E

l

) at the epo
h of observation T , 
an be written as

E

l

=

X

j

N

HII;j

E

�

l

(Q

�

H;j

; Q

�

He;j

; Q

�

O;j

; Z

gas

) (3.5)

where N

HII;j

is the number of H ii regions that have formed in the galaxy in the time

interval [T � t

j+1

; T � t

j

℄. E

�

l

is the emission from the single H ii region as a fun
tion of

Q

�

H;He;O;j

, that are the 
orresponding ionizing photon 
uxes, and Z

gas

that is the 
urrent

metalli
ity of the gas. The summation must be done until the star 
luster of age t

j

produ
es enough ionizing photons to ex
ite a H ii region.

2

hereafter, we will not distinguish between OB asso
iations and 
lusters, using \star 
luster" to

indi
ate both.
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3.3 Total line emission from a galaxy 47

N

HII;j

is obtained by assuming that ea
h H ii region is illuminated by a single 
luster

of total mass M

�

, so that

N

HII;j

=

R

t

j+1

t

j

	(T � t)dt

M

�

(3.6)

where 	 is the SFR as a fun
tion of time. Q

�

H;j

for the single H ii region at di�erent ages


an be obtained by

Q

�

H;j

=

Z

1

�

H

L

�

�;j

h�

d� =

R

1

�

H

R

t

j+1

t

j

	(T � t)(S

�

(t; Z(T � t))=h�)dtd�

N

HII;j

(3.7)

where S

�

(t; Z) is the SSP SED. We have also emphasized the dependen
e on the metal-

li
ity of the ionizing spe
trum L

�

�;j

of the single star 
luster. Similar expressions hold for

Q

�

He;j

, and Q

�

O;j

.

The emission properties of the j population depend on the ratios Q

�

He;j

=Q

�

H;j

and

Q

�

O;j

=Q

�

He;j

, that are 
onstrained by the age of the j population, and on the average

ionization parameter of the H ii regions hUi

�

j

. The 
orresponden
e between the integrated

Lyman 
ontinuum of the population j (expressed by N

HII;j

�Q

�

H;j

) and hUi

�

j

is determined

by the stellar mass M

�

of ionizing 
lusters through equations 3.6, 3.7 and

hUi

�

j

=

3�

2=3

B

4


 

3Q

�

H;j

n

H

�

2

4�

!

1=3

: (3.8)

As shown in Fig. 2.9, H ii galaxies exhibit a big variation of the ionization parameter

value, whi
h means that the value of stellar mass M

�

and/or of the �lling fa
tor are

subje
t to substantial variations. Observations (e.g. Kenni
utt 1984) suggest that M

�

varies approximately from 1000 to 10

6

M

�

and � from 0.1 to 0.001.

The duration of the subsequent episodes in whi
h we split the SF history should be


hosen by 
onsidering the evolution of the shape of the ionizing spe
tra. A lower limit is

set by 
onsidering that ea
h H ii region will be illuminated by all the stars formed within

the �nite formation time of a typi
al star 
luster, that we assume to be 1 Myr (see e.g.

Fuente et al. 2001).

On
e 
omputed the quantities Q

�

, it is possible to 
ompute the line emission E

�

l

by

interpolating its value in the H ii regions library presented in 
hapter 2.

As remarked in Se
t. 2.7, the presen
e of dust inside H ii regions 
an be important.

Thus one 
an multiply the nebular emission obtained from eq. 3.5 by a fa
tor 1� f

d

.

The above method to 
ompute nebular emission in galaxies is quite general, and 
an

be easily implemented in all population synthesis models.

3.3.2 The implementation in GRASIL 
ode

We implemented the method des
ribed above in the spe
tro-photometri
 
ode GRASIL.
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48 3. Nebular emission in dusty galaxies

Figure 3.4: Simple s
hematization of geometri
al arrangement of ionized gas in the

GRASIL model. Youngest stars ionize the gas inside MCs, so that their nebular emission

is extin
ted by parental MCs. Young stars that already es
aped from MCs 
an produ
e

nebular emission that only su�ers the 
irrus extin
tion.

The nebular emission is produ
ed in H ii regions that are just around the massive stars

that ex
ite them, so that nebular emission is extinguished as the stellar population that

produ
e them (see Fig. 3.4). Ionizing stars have a short lifetime, so nebular emission in

emitted prevalently when these stars are still inside parental mole
ular 
louds. However,

when the es
ape time is short enough, a signi�
ant number of ionizing photons 
an

arise from star generations outside MCs and, 
onsequently, we need to 
onsider also H ii

regions extinguished only by the 
irrus 
omponent. It is worth noti
ing that also nebular

emission, as stars, su�ers a age sele
tive extin
tion.

The total energy in emission lines is quite small 
ompared to the bolometri
 lumi-

nosity of young stellar populations, being always less than 20%. For this reason, the


ontribution of emission line energy absorbed by dust is negle
ted in 
omputing the dust

energeti
s. As dis
ussed in Se
t. 2.7, in the 
ase of very small dust 
ontaint, the Ly�

photons 
an produ
e an important fra
tion of the dust luminosity. We will introdu
e
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3.4 Comparison with other models 49

the 
omputation of absorbed line energy in the future releases of GRASIL.

The �nal output of the model is a 
omplete and detailed spe
trum of star-forming

galaxies, from far-UV to the radio wavelengths (an extension to X-ray band is in progress,

Silva et al. in preparation), in
luding stellar absorption features, nebular emission, dust

and PAH emission. A �rst appli
ation is shown in Se
t. 3.5 in whi
h it 
an be appre
iated

the detail of GRASIL simulated SEDs.

3.4 Comparison with other models

A �rst attempt to build a population synthesis model that in
ludes the nebular emission

was done by Guidardoni & Ro

a-Volmerange (1987). In this model, the luminosity of

several UV and opti
al lines were 
omputed assuming a �xed ratio between the spe
i�ed

line and H�. The luminosity of the latter was assumed to be proportional to the ionizing

photon 
ux.

A very similar approa
h was presented by Fio
 & Ro

a-Volmerange (1997, the PE-

GASE 
ode). The work was improved by extending the spe
tral window and the in
lusion

of di�erent metalli
ities of stars. However, nebular emission is always 
omputed by 
on-

stant s
aling with the ionizing photon 
ux, regardless of the metalli
ity, the ionization

parameter and the density.

Moy et al. (2001) have improved upon the previous model by 
oupling the total

spe
trum resulting from the synthesis, with Cloudy. While this approa
h 
an be 
orre
t

in the 
ase of a burst of short duration, it 
an not be used in the 
ase of 
ontinuous

star-formation as we already dis
ussed.

A re
ent analysis of emission properties in star forming galaxies is by Charlot &

Longhetti (2001). These authors obtained the emission from the galaxy by summing

the line intensities of separate SSPs of given 
onstant average metalli
ity, weighted by

the 
orresponding SFR. Charlot & Longhetti also have a more detailed model for dust

absorption (from Charlot & Fall, 2000) than Moy et al. (2001), that a

ounts for an age

sele
tive extin
tion.

Among the models ex sisting in literature, the approa
h of Charlot & Longhetti (2001)

is the most similar to our one. However, they 
an not 
ompute the spe
tral distribution

of dust emission. A 
lear improvement of our model respe
t to other one is that we 
an

now make a 
onsinstent 
omparison between emission lines and the 
ontinuum at all

wavelength, from UV to radio.

The main di�eren
e in the line emission 
omputation between Charlot & Longhetti's

method and ours is that we are able to 
ompute the emission lines for many di�erent


hoi
es of density, �lling fa
tor and stellar mass in a single run of GRASIL in a very

small 
omputational time. Also, we relax the hypothesis that the metalli
ities of the

ex
ited gas and of the ionizing stellar population are the same (even if a non-negligible

di�eren
e is expe
ted only in extreme situations).
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50 3. Nebular emission in dusty galaxies

3.5 Fitting the SED of two nearby galaxy: M82 and

M99

As a �rst appli
ation, we used the 
ode to reprodu
e the observed SEDs of the nearby

starburst galaxy M82 and a normal spiral galaxy, M99. This study is useful to test the

validity of 
ode results and to show the 
apability of the 
ode at reprodu
ing the details

in the spe
tral energy distribution of a galaxy, at all wavelengths. Moreover, we will

show that emission lines provide new 
onstrains on the parameters of GRASIL 
ode.

3.5.1 M82

M82 (NGC 3034) is one of the most studied galaxies and it is 
onsidered a prototype of

starbursts galaxies. Due to the proximity of this obje
t (3.25 Mp
), it appears as the

most luminous IR sour
e in the sky, and its SED 
an be studied in detail. Moreover,

using HST it is also possible to observe the single star 
lusters.

The starburst a
tivity in M82 is a 
onsequen
e of the intera
tion with M81 and

NGC 3077. Observations (for example, see de Grijs et al., 2001) pointed out that this

intera
tion 
aused di�erent starburst episodes. The major one was around 0.6-1 Gyr

ago and suppressed the following star formation a
tivity until some 10

7

yr ago, when the

present starburst swit
hed on. The presen
e of the deep stellar features of Balmer series

in the opti
al spe
trum by Kenni
utt (1992) is a 
on�rm of an old burst.

M82 is morphologi
ally 
lassi�ed as an Irr galaxy; however, a deeper analysis (A
hter-

mann & La
y, 1995) shows the presen
e of a spiral-like stru
ture, nearly edge-on (in
li-

nation 80

Æ

) with the possible presen
e of a bar.

Using these informations, we simulated a star formation history with two bursts, the

older one between 0.8 and 0.6 Gyr (see �g. 3.5). The SFR during the burst is given by

an exponential (SFR / exp(�t=t

b

)).

A �rst model (model A) was built to give a good reprodu
tion of the photometri


data, espe
ially taking into a

ount that some data 
an su�er for aperture 
orre
tions.

The assumed parameters are reported in table 3.1 and the resulting SED is reported in

�gure 3.6, upper panel, 
ompared with photometri
 data form literature. The mass of

the galaxy is 
onstrained by the opti
al and NIR data, while the IR and radio emission


onstrain the strength of the re
ent burst and the e-folding time t

b

. Furtermore, the

total baryoni
 mass (1:8 � 10

10

M

�

) and the SNe rate (0.1 yr

�1

) are in agreement with

observations (M
Leod et al., 1993; Doane & Mathews, 1993).

However, the opti
al depth of mole
ular 
louds provided by the best �t of the pho-

tometri
 data (model A) is so high (�

MC

= 25 mag at 1 �m) that opti
al emission lines


an not emerge from su
h model. Furthermore, the ionizing 
ux produ
ed is too small

to provide the observed Br� 
ux, also in the dust-free hypothesis.

Moreover, the predi
ted �nal metalli
ity is around 2Z

�

. This value would produ
e
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Figure 3.5: The simulated star formation history for M82. The upper panel shows the

last Gyr.

Table 3.1: Parameters for M82 models.

Parameter Model A Model B Comments

�

s
h

0.9 Gyr

�1

0.9 Gyr

�1

EÆ
ien
y of S
hmidt law

�

inf

12. Gyr 12. Gyr Infall times
ale

M

G

1:8 � 10

10

M

�

1:2 � 10

10

M

�

Baryoni
 galaxy mass

t

b

10 Myr 15 Myr e-folding time of the a
tual burst

M

burst

2:3 � 10

8

M

�

2:6 � 10

8

M

�

Mass 
onverted in stars in the burst

�

MC

25 1.5 Opti
al thi
kness of MCs at 1 �m

�

es


70 Myr 70 Myr Es
ape time

� 80

Æ

80

Æ

In
lination

n

H

100 
m

�3

100 
m

�3

H ii region density

(M

�

�

2

)

1=3

0.17 M

�

0.17 M

�

Normalization 
onstant

R

d

1.3 kp
 1.3 kp
 Radial s
alelength of the gala
ti
 disk

z

d

0.25 kp
 0.25 kp
 Verti
al s
alelength of the gala
ti
 disk
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52 3. Nebular emission in dusty galaxies

Figure 3.6: The global spe
tral energy distribution of M82, for the model A (upper

panel) and model B (lower panel). Photometri
 data are from: UV: Code & Wel
h

(1982) (open triangles); NIR: 2MASS (Jarrett et al., 2003); FIR spe
trum: Colbert et

al. (1999); IRAS: Soifer et al. (1989); Sub-mm and other IR data: Teles
o & Harper

(1980), Ja�e et al. (1984), Hughes et al. (1990), Radio: Huang et al. (1994). The

di�erent lines represent: the unextin
ted 
ontinuum (thin solid), the emission of 
irrus

(dotted), the radiation emerging from mole
ular 
louds (dot-dashed), and the �nal SED

(thi
k solid).
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3.5 Fitting the SED of two nearby galaxy: M82 and M99 53

Figure 3.7: Opti
al SED of M82. The simulated SED (thi
k line) is 
ompared to a

spe
trum from Kenni
utt (1992), the latter normalized to have a 
ux 2:19 � 10

32

W/

�

A

at 5500

�

A. Some emission lines are highlighted, as well as the stellar absorption doublet

Ca ii H, the interstellar absorption of Na i and two telluri
 features. The resolution power

�=�� used (1000) is very similar to the one in the observed spe
trum.

an emitted ratio [O ii℄/H� � 0:05, mu
h lower than the observed one (0.115). The high

value of �nal metalli
ity is a 
onsequen
e of the assumption on the IMF to be a Salpeter

one. As noted by Portinari et al. (2003) and Chabrier (2003), the Salpeter IMF tends to

produ
e too many metals and to have a high mass over luminosity ratio. Investigation

on the more appropriate IMF will be done in future works.

In model B we �tted together the SED and the emission lines. In order to reprodu
e

[O ii℄ and [O iii℄ opti
al lines we assumed the gas and star metalli
ity during the last Gyr

to be solar. We also 
hanged the e-folding time t

b

of the present burst and its strength in

order to get the ne
essary ionizing 
ux to reprodu
e the observed hydrogen emission lines.

The other nebular line also depend on the ionization parameter. The latter is a fun
tion

of the mass of ionizing 
lusters M

�

, and of the �lling fa
tor � through eq. 3.8 and s
ale

linearly with the quantity m � (M

�

�

2

)

1=3

. The appropriate value of m is 
onstrained in

M82 from the luminosity of [O iii℄51.8�m and [O iii℄88.36�m, while the gas density n

H

is

derived from the ratios [O iii℄51.8�m/[O iii℄88.36�m and [N ii℄205�m/[N ii℄121.9�m. The

�t (shown in �g. 3.6) to the observed photometri
 data is good, although the simulated

dust emission seems to be warmer with respe
t to observations. The 
omparison of some

observed line luminosities with the 
omputed ones is reported in table 3.2. An a

eptable
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54 3. Nebular emission in dusty galaxies

Table 3.2: Comparison between some 
al
ulated and observed emission lines for M82

galaxy. Luminosities are given in 10

33

W. Observed values are taken from: (1) M
Carthy

et al. (1987), (2) Willner et al. (1977), (3) Satyapal et al. (1995), (4) Colbert et al.

(1999), (5) Petu
howski (1994), (6) Hou
k et al. (1984), (7) Lord et al. (1996), (8)

derived from the spe
trum by Kenni
utt (1992).

Line Model B Observed Un
ert. Referen
e

H� 4.60 5.40 | 1

Br� 1.86 2.01 | 2

Br
 0.40 0.67 | 3

[CII℄157:74�m 14.3 16.9 0.16 4

[NII℄121:9�m 2.31 2.1 0.4 4

[NII℄205�m 0.84 0.88 0.13 5

[NIII℄57:32�m 2.07 4.3 0.63 4

[OI℄63:18�m 7.1 22.2 0.63 4

[OI℄145:5�m 0.66 1.52 0.13 4

[OII℄3726-29 0.58 0.62 | 8

[OIII℄5007 0.19 0.40 | 8

[OIII℄51:8�m 11.5 13.0 0.6 4

[OIII℄88:36�m 12.6 10.8 0.5 4

[NeII℄12:8�m 15.7 15.8 4.5 7

[SiII℄34:8�m 9.8 15.2 0.3 7

[SII℄6717-31 3.3 2.5 | 8

[SIII℄18:7�m 11.4 6.56 2.15 7

[SIII℄33:4�m 17.6 14.7 2.0 6
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3.5 Fitting the SED of two nearby galaxy: M82 and M99 55

Table 3.3: Parameters for M99 model. The gas mass, the fra
tion in mole
ular form and

the radial s
alelength are dire
tly derived from GOLDMine data.

Parameter Adopted value Comments

�

s
h

0.7 Gyr

�1

EÆ
ien
y of S
hmidt law

�

inf

8.0 Gyr Infall times
ale

M

G

6:6 � 10

10

M

�

Baryoni
 galaxy mass

M

gas

8:36 � 10

9

M

�

Gas mass (= 1:36[M

HI

+M

H

2

℄)

f

MC

0.17 Fra
tion of gas in mole
ular form

�

MC

0.4 Opti
al thi
kness of MCs at 1 �m

�

es


10 Myr Es
ape time

� 42

Æ

In
lination

n

H

30 
m

�3

H ii region density

(M

�

�

2

)

1=3

1.7 M

�

Normalization 
onstant

R

d

3.3 kp
 Radial s
alelength of the gala
ti
 disk

z

d

0.4 kp
 Verti
al s
alelength of the gala
ti
 disk

or even very good agreement between observed values and simulated ones 
an be noted

for most of the lines.

In �g. 3.7 we show the 
omparison between the simulated SED with the opti
al

spe
trum given by Kenni
utt (1992); it 
an be noted that the model is able to reprodu
e

the absorption stellar features quite well.

3.5.2 M99

M99 (NGC 4254) is a good example of normal late type galaxy. It is lo
ated in the Virgo


luster at a distan
e of 17 Mp
 (Boselli et al., 2003), without nearby 
ompanions and it

is morphologi
ally 
lassi�ed SA(s)
 (RC3). Its in
lination respe
t the 
elestial plane is

42

Æ

(Phookun et al., 1993; Sofue et al., 2003).

This galaxy was observed in di�erent opti
al and UV bands by Gavazzi, Boselli, Donas

and 
ollaborators, and the data are available in the GOLDMine database

3

(Boselli et al.,

2003; Gavazzi et al., 2003). In the GOLDMine database we 
an also �nd the opti
al

spe
trum, an estimate of the H i and H

2

mass (5:13 � 10

9

and 1:02 � 10

9

M

�

respe
tively)

and its e�e
tive radius (44

00

in H band). The galaxy was also observed in IR by IRAS

(Soifer et al., 1989), in the sub-millimeter range by Eales et al. (1989) (350, 450 and 800

�m) and Chini et al. (1986) (1.3 mm), and in the radio at 5.01, 4.85, 2.380 and 0.408

GHz (Large et al., 1981; Dressel & Condon, 1978; Be
ker et al., 1991; Whiteoak, 1970).

We used our 
ode to simulate the 
omplete SED of the M99 galaxy. The value of

the parameters of the best �tting model are reported in table 3.3 and the star formation

3

http://goldmine.mib.infn.it/

55



56 3. Nebular emission in dusty galaxies

Figure 3.8: The star formation history of M99.

history is plotted in Fig. 3.8. The model and the observations are 
ompared in �gures

3.9 and 3.10. The �t to the observed photometri
 data is very good, from UV to the

radio. Only the 350{800 �m luminosities are larger than observed, however, this is due

to a small aperture (105

00

) used in these observations (while the radio maps show a four

times larger extention of the gas) that underestimate the total sub-mm luminosity.

Also the opti
al spe
trum is reprodu
ed very well. The observed ratio H�/H� is

well reprodu
ed and gives a strong 
onstrain on the opti
al depth of mole
ular 
louds.

Moreover, the H� luminosity and the radio luminosity give the same predi
tion on the


urrent star formation rate (6.1 M

�

/yr for a Salpeter IMF extended from 0.15 to 120

M

�

).

Unfortunately, there is no data on line emissions, ex
ept the opti
al spe
trum, avail-

able in literature. Thus, we 
an 
onstrain the gas metalli
ity only from the dust luminos-

ity and from the weakness of [O iii℄5007 line. The model points to a metalli
ity around

1.2 Z

�

, but a measure of the [O ii℄3727 line 
ould better 
onstrain this value.

3.5.3 Dis
ussion

Even if we restri
ted the �tting of SEDs to two example, it is possible to withdraw some

more general 
on
lusions.

The GRASIL 
ode is now able to reprodu
e the 
omplete SED together with emission

lines. The in
lusion of emission lines introdu
es two new parameters (M

�

�

2

and n

H

),

however their value 
an be �xed from the luminosity of di�erent lines. On the other

hand, nebular emission provides new important 
onstrains.

It is now possible to 
onstrain the opti
al depth �

MC

of mole
ular 
louds. It resulted
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3.5 Fitting the SED of two nearby galaxy: M82 and M99 57

Figure 3.9: The spe
tral energy distribution of M99 (upper panel: the global SED;

bottom panel: the SED from UV to NIR). The di�erent lines represent: the unextin
ted


ontinuum (thin solid), the emission of 
irrus (dotted), the radiation emerging from

mole
ular 
louds (dot-dashed), and the �nal SED (thi
k solid).
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58 3. Nebular emission in dusty galaxies

Figure 3.10: The opti
al spe
tral energy distribution of M99. Upper panel: the SED of

the model (thi
k solid) 
ompared with the observed spe
trum (thin line). Bottom panel:

detailed view of the spe
tum around H� (left) and H� (right).
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3.5 Fitting the SED of two nearby galaxy: M82 and M99 59

that opti
al lines impose mu
h smaller opti
al depths than what typi
ally used (20 mag

or more) in previous works with GRASIL. As a 
onsequen
e, it was ne
essary to take

into a

ount the thermal 
u
tuations of dust grains also inside MCs. It is worth noti
ing

that the SED of dust emission of a thi
k mole
ular 
loud is not very di�erent from the

one of a thin MC.

This result does not ex
lude that a fra
tion of mole
ular 
louds have a mu
h higher

thi
kness. However, the total IR luminosity and the shape of radio emission are able to


onstrain the SFR and, as a 
onsequen
e, to �x the number of ionizing photons available

for nebular emission. The possible presen
e of a population of mole
ular 
louds with

higher thi
kness would show a enhan
ed IR emission with respe
t to the H� luminosity


orre
ted for extin
tion. This e�e
t is not 
ommonly observed in normal galaxies, but

there is some 
laim (Poggianti & Wu, 2000) that it is present in Luminous IR galaxies.

Another 
onsequen
e of the small opti
al depth of MCs is that the feature at 10 �m,


ommonly attributed to the sili
ate absorption, is a
tually due, in our models, to the

PAH emission at the edge of the feature.

The results on M82 show also that metalli
 lines give important 
onstraints on the

metalli
ity estimations. As expe
ted, on the basis of photometri
 data only it is not easy

to break the degenera
y between age, metalli
ity and dust attenuation. On the 
ontrary,

the emission lines are good metalli
ity diagnosti
s.
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Chapter 4

Dust attenuation in normal

star-forming galaxies

In this 
hapter we will dis
uss several methods to estimate the attenuation in star forming

galaxies by 
onsidering the UV, opti
al emission lines and FIR properties. After the

introdu
tion (Se
t. 4.1), in Se
t. 4.2 we summarize some methods to estimate the dust

attenuation in normal

1

galaxies. In Se
t. 4.3 we 
ompare the observed attenuation in

UV and H� for a sample of spiral galaxies with our models. We show that observations

require the extin
tion of di�erent stellar populations to vary with age. In Se
t. 4.4 we

dis
uss the importan
e of the results. This 
hapter is based on the work presented in

Panuzzo et al. (2003).

4.1 Introdu
tion

In star forming galaxies, the intrinsi
 UV and H� luminosities are dire
tly related to the

star formation a
tivity. On the other hand, the main diÆ
ulty in estimating the star

formation rate is the presen
e of dust.

In the past, several methods were proposed for the measure of dust e�e
ts on stellar

radiation. However, di�erent methods give results that are often in disagreement with

ea
h other due to the 
omplexity of dust distribution with respe
t to stars.

The treatment of radiation transport in a realisti
 distribution of dust and stars in

GRASIL allows us to 
ompare these di�erent methods. Furthermore, we 
an underline

the role of age-dependent (or age sele
tive) extin
tion.

Noti
e that we will use the term extin
tion when it refers to the loss of light along

the line of sight of a stru
tureless sour
e (as a star) due to dust in between the sour
e

and the observer. The extin
tion is de�ned as the di�eren
e in magnitude between the

1

In this work, we will use the name \normal star-forming galaxies" as synonymous of spiral galaxies

without starburst a
tivity.
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62 4. Dust attenuation in normal star-forming galaxies

emitted and the observed 
ux. In this 
ase, the extin
tion is the result of absorption plus

the s
attering of light outside the light of sight. When dealing with 
omplex sour
es as

galaxies, stars and dust are mixed. In this 
ase, the light radiated toward the observer is

extin
ted, but some light emitted in other dire
tions 
an be s
attered into the line of sight.

The resulting total de
rement of 
ux into the line of sight is referred as attenuation. It is

worth noti
ing that extin
tion and attenuation are not equivalent and we will distinguish

between the extin
tion law (the extin
tion as a fun
tion of wavelength) and attenuation

law.

4.2 Estimation of UV and H� attenuation

Attenuation in lo
al star forming galaxies 
an be derived in several ways. In this work,

we will fo
us on the attenuation in the UV and in H� be
ause dire
tly 
onne
ted to the

estimation of the star formation rate.

The gas attenuation at H� is derived from the ratio between the luminosity of H�

and H� (
urrently 
alled Balmer de
rement). This ratio is given by:

L

H�

L

H�

=

j

H�

j

H�

e

(�

H�

��

H�

)

(4.1)

where j

H�

=j

H�

is the ratio of H� and H� emission 
oeÆ
ients (typi
ally assumed 2.87

at an ele
troni
 temperature of 10

4

K, see Osterbro
k, 1989) and �

H�

and �

H�

are the

opti
al depth at the two wavelengths. Then:

�

H�

� �

H�

= � ln

 

j

H�

j

H�

L

H�

L

H�

!

) �

H�

=

1

e

��

� 1

ln

 

j

H�

j

H�

L

H�

L

H�

!

(4.2)

A

H�

= 1:086

1

e

��

� 1

ln

 

j

H�

j

H�

L

H�

L

H�

!

; (4.3)

where e

��

= �

H�

=�

H�

and 
an be derived from the adopted extin
tion law. For the

gala
ti
 extin
tion law e

��

= 1:47.

Calzetti (1997) suggested that the attenuation of the stellar 
ontinuum is only a

fra
tion (� 0:44) of the attenuation of the ionized gas. By extending this assumption

to the UV while adopting the gala
ti
 extin
tion law, it is straightforward to obtain (at

�

UV

= 2000

�

A, e.g. Buat et al., 2002)

A

2000

= 1:6A

H�

: (4.4)

An alternative method to derive the UV attenuation is to 
onsider the repro
essing

of star light into the infrared emission. Following Meurer et al. (1999) (see also Calzetti
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et al., 2000), the ratio between the FIR and UV 
uxes (now � = 1600

�

A) 
an be written

as:

F

FIR

F

1600

=

F

Ly�

+

R

1

912

f

�;0

(1� 10

�0:4A

�

)d�

F

1600;0

10

�0:4A

�

F

FIR

F

dust

(4.5)

where the infrared 
ux F

FIR

is de�ned as the 
ux in the [40{120℄ �m interval derived

from the 60 and 100 �m IRAS bands (Helou et al., 1988), and F

1600

= 1600 � f

1600

(in W


m

�2

). The �rst term of the above equation is the ratio between the energy absorbed

by dust and the observed UV 
ux, while the se
ond is the fra
tion of energy emitted by

dust in the FIR window.

Assuming that the energy re-emitted by dust in a galaxy is provided primarily by

the UV 
ux of young star populations and that the fra
tion of the bolometri
 stellar 
ux

absorbed is equal to the fra
tion of 
ux absorbed in the UV, Meurer et al. obtained

F

FIR

F

1600

' (10

0:4A

1600

� 1)

F

Ly�

+

R

1

912

f

�;0

d�

F

1600;0

F

FIR

F

dust

(4.6)

where the se
ond term is essentially a bolometri
 
orre
tion for the UV 
ux. Us-

ing population models by Leitherer & He
kman (1995) they obtain that for a burst

R

f

�;0

d�=F

1600;0

' 1:66. Then, from the SEDs of some ultraluminous infrared galaxies

observed by Rigopoulou et al. (1996), they derive F

dust

=F

FIR

' 1:37. Finally, solving eq.

4.6 as a fun
tion of A

1600

we get:

A

1600

= 2:5 log

�

F

FIR

0:84F

1600

+ 1

�

: (4.7)

Note that the latter was derived for starburst galaxies.

In the same framework, Buat et al. (1999) proposed a relation between the UV

attenuation and the F

FIR

=F

UV

ratio (�

UV

= 2000

�

A), whi
h is suited for normal star

forming galaxies:

A

2000

= 0:466 + log

�

F

FIR

F

2000

�

+ 0:433

�

log

�

F

FIR

F

2000

��

2

: (4.8)

Re
ently, Hirashita et al. (2003) have revised the latter relation and proposed:

A

2000

= 0:622 + 1:140 log

�

F

FIR

F

2000

�

+ 0:425

�

log

�

F

FIR

F

2000

��

2

: (4.9)

4.3 A

UV

and A

H�

in normal star-forming galaxies

Buat et al. (2002, hereafter B02) 
ompared the A

UV

derived from the ratio F

FIR

=F

UV

(eq. 4.8) with the attenuation su�ered by H� in a sample (
alled SFG sample) of normal

star forming galaxies. The SFG sample 
onsists of 47 spiral and irregular galaxies in

nearby 
lusters. They were observed in the UV (�

UV

= 2000

�

A) with the SCAP, FOCA
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64 4. Dust attenuation in normal star-forming galaxies

Figure 4.1: A

2000

derived from the ratio F

FIR

=F

2000

(using eq. 4.8) versus the A

H�

from

Balmer de
rement for SFG sample data (�lled 
ir
les).

and FAUST instruments (Boselli et al., 2001), in the opti
al (Gavazzi et al., 2002), and in

the FIR by IRAS. The galaxies were sele
ted to have EW(H�)> 6

�

A in order to minimize

the errors in H� and H� 
uxes. Galaxies with Seyfert a
tivity were ex
luded from the

sample. Metalli
ity of the galaxies in the sample ranges from � Z

�

=4 to � 2Z

�

.

In Fig. 4.1 we report the attenuation in H� versus the value of A

UV

derived from

the ratio F

FIR

=F

UV

for the SFG sample, as in Fig. 2 of their paper. As pointed out by

Buat and 
ollaborators, the two quantities show a la
k of 
orrelation, 
ontrary to what

is expe
ted from eq. 4.4.

4.3.1 Simulated disk galaxies

In order to give an interpretation of this observational issue, we simulated a set of

disk galaxies by exploring the spa
e of parameters appropriate for normal star forming

galaxies. The star formation history, gas fra
tion and metal enri
hment was 
omputed

with the 
hemi
al evolution 
ode des
ribed in Se
t. 3.2.2. In order to point out the

dependen
e of the results on metalli
ity, we 
onsidered di�erent values for the metalli
ity

of stars and gas from what obtained by the 
hemi
al 
ode.

The parameters that regulate the star formation history in our models are the bary-

oni
 mass of the galaxy (M

G

), the gas infall time s
ale (�

inf

), and the star formation
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Figure 4.2: Star formation histories for some models with M

G

= 10

10

M

�

.

eÆ
ien
y �

s
h

of the assumed linear S
hmidt law. The age of the galaxies has been set

to 10 Gyr. The star formation histories of some models are plotted in �g. 4.2.

The parameters that regulate the attenuation are the es
ape time �

es


, the opti
al

thi
kness of MC at 1 �m (�

MC

), and the orientation � of the disk galaxy with respe
t to

the 
elestial plane (� = 0

Æ

means fa
e-on models). The dust (extin
tion and emission)

properties are similar to the gala
ti
 one (see Fig. 3.3). The dust/gas ratio is assumed

to be proportional to the metalli
ity. Emission lines are 
omputed for di�erent gas

densities n

H

, �lling fa
tors � and stellar masses of 
lusters M

�

; however we 
on
entrate

on H re
ombination lines that do not depend on n

H

, M

�

or �. Table 4.1 summarizes the

values of the parameters used in our 
omputations.

The models are 
ompared with data in Fig. 4.5; the attenuation at H� is derived

from the Balmer de
rement (eq. 4.3), while the attenuation in UV has been derived by

using eq. 4.8. For simpli
ity, we only represent the most dusty (solid lines) and less

dusty (dashed lines) models; all other 
ases range between the two. Models refer to a

45

Æ

in
lination; fa
e-on models show a slightly lower attenuation, while edge-on models

have larger attenuations and s
atter.

The models 
over quite well the lo
ation of the observed galaxies in this diagram

and 
on�rm a real la
k of 
orrelation between the UV attenuation, as derived from the

F

FIR

=F

UV

ratio and A

H�

.

In order to 
larify the origin of this s
atter and to identify a good estimator of
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66 4. Dust attenuation in normal star-forming galaxies

Figure 4.3: The global spe
tral energy distribution of the referen
e model (see table 4.1)

with in
lination � = 45

Æ

. Di�erent lines show di�erent 
ontributions.

Table 4.1: Values of the relevant parameters used to model normal star forming galaxies.

Ref. model: see Se
t. 6.

Param. All models Ref. model

�

inf

6 { 18 Gyr 12 Gyr

�

s
h

0.3 { 0.7 Gyr

�1

0.3 Gyr

�1

M

G

10

10

{ 10

11

M

�

10

10

M

�

Z 0.004 { 0.04 0.02

�

es


1 { 9 Myr 3 Myr

�

MC

0.1 { 1.25 0.5

� 0

Æ

{ 90

Æ

f

d

0.3 0.3
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Figure 4.4: As �g. 4.3 but for two spe
tral regions. Top: UV-opti
al. Bottom: Infrared.

Some important emission line are identi�ed.
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68 4. Dust attenuation in normal star-forming galaxies

Figure 4.5: On the ordinate, A

2000

derived from the ratio F

FIR

=F

2000

(using eq. 4.8); on

the abs
issa, A

H�

from Balmer de
rement. Filled 
ir
les show SFG sample data. Lines


onne
t models with the same M

G

and star formation history, but di�erent �

MC

. Solid

lines: M

G

= 10

11

M

�

, �

s
h

= 0:3 Gyr

�1

, �

inf

= 18 Gyr, solar metalli
ity; dashed lines:

M

G

= 10

10

M

�

, �

s
h

= 0:7 Gyr

�1

, �

inf

= 6 Gyr, solar metalli
ity. To emphasize the

dependen
e on metalli
ity, we show the �rst model (solid lines) for �

es


= 3 Myr but

Z = 0:04 (dot-dashed line) or Z = 0:004 (dotted line). For simpli
ity only models with

� = 45

Æ

are shown here.
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Figure 4.6: UV attenuation in the models versus the attenuation at H� derived from the

Balmer de
rement. Almost verti
al lines 
onne
t models with the same opti
al thi
kness

of MC (�

MC

) and es
ape time (�

es


), but di�erent SF histories and dust 
ontent in 
irrus.

Only the less and most dusty models are asso
iated to symbols whi
h refer to the es
ape

time. The thi
k solid line refers to equation 4.4.
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70 4. Dust attenuation in normal star-forming galaxies

UV attenuation, we 
ontrast the intrinsi
 UV attenuation { dire
tly extra
ted from our

models (A

UV

= �2:5 log(L

UV

=L

UV0

)) { respe
tively with A

H�

from the Balmer de
rement

and F

FIR

=F

UV

(see Figs. 4.6 and 4.7).

4.3.2 Attenuation from Balmer de
rement

Models in �gure 4.6 
learly show that the attenuation from Balmer de
rement is poorly


orrelated with the UV attenuation.

The s
atter in Fig. 4.6 must be entirely as
ribed to the interplay between the di�erent

stellar lifetimes asso
iated to the emission properties and the geometry set by the 
riti
al

es
ape time. In fa
t, H� is mainly produ
ed by ionizing massive stars with a lifetime

around 3 Myr, while UV is also emitted by less massive and longer-living stars. We may

devise the following typi
al 
ases.

� Es
ape time shorter than the typi
al lifetime of an ionizing star: 
rosses. Indepen-

dently of �

MC

, the models tend to de�ne a relation whi
h seems however steeper

than eq. 4.4. Due to the short es
ape time, both H� and UV emissions are mainly

produ
ed outside MCs, so that they do not respond to di�eren
es in �

MC

. The

attenuation is mainly due to the di�use medium, that a�e
ts ionizing and non-

ionizing stars in the same way.

� Es
ape time longer than the typi
al lifetime of an ionizing star: triangles. Emission

lines are produ
ed only inside MCs, so A

H�

essentially measures �

MC

plus the


irrus attenuation. When �

MC

> 0:5 the UV 
ux produ
ed inside MCs is almost


ompletely repro
essed into the IR. Thus, at in
rising �

MC

, A

UV

saturates while

A

H�

still in
reases. This results in an almost horizontal displa
ement in Fig. 4.6.

� Es
ape time 
omparable to the typi
al lifetime of an ionizing star: open squares. At

in
reasing �

MC

, the H� to H� ratio in
reases from the emitted value to a maximum

value �xed by the H� emitted outside the MCs and by the sum of the H� still


oming from within the MCs (the attenuation is lower at H� than at H�) and

from outside. Then the ratio de
reases again to the asymptoti
 value �xed by the

attenuation of the di�use gas. This 
auses a behavior that is intermediate between

the former two 
ases and, in parti
ular, gives rise to the turnover shown at high

�

MC

. As a 
onsequen
e, the attenuation in H� derived from the Balmer de
rement

is underestimated.

The variation in dust 
ontent of the galaxy and/or of the in
lination, at 
onstant �

MC

and �

es


, shifts the models in Fig. 4.6 along a 
onstant dire
tion, somewhat steeper than

that of eq. 4.4; furthermore, a variation in metalli
ity 
orresponds to a variation of the

amount of dust whi
h varies the attenuation due to the di�use 
omponent. These e�e
ts

add further dispersion to the data.
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Figure 4.7: UV attenuation vs the ratio F

FIR

=F

UV

; lines refer to our �ts and relations

proposed in other works.

The results suggest that galaxies in Fig. 4.5 with A

H�

� 1:5 mag may be 
hara
terized

by es
ape times larger than the typi
al lifetime of the ionizing stars. Models with A

H�

�

2:5 mag have an equivalent width EW(H�) lower than 6

�

A; there are several possible

explanations for the higher observed A

H�

with large EW(H�), su
h as a small burst

(in
reasing the equivalent width), or an underestimate of H� or [N ii℄ lines (giving higher

A

H�

).

The results of models and observations des
ribed above point out that age sele
tive

extin
tion is present in normal star-forming galaxies and 
ompli
ates the pi
ture of ex-

tin
tion in galaxies. The simple hypothesis of s
reen extin
tion does not work in this

kind of galaxies; di�erent ways to 
ompute attenuation give in
onsistent results be
ause

they rise from spe
i�
 populations (ionizing and non-ionizing UV emitters) that have

di�erent lifetimes and live at di�erent opti
al depths.

4.3.3 Attenuation from the 
ontinuum

A more robust estimation of the UV attenuation 
an be obtained by 
onsidering the

energy repro
essed by dust in the IR.

In Fig. 4.7 we plotted the intrinsi
A

UV

against the ratio F

FIR

=F

UV

. Models show that,


ontrary to the 
ase of Balmer de
rement, the UV attenuation 
orrelates quite tightly
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72 4. Dust attenuation in normal star-forming galaxies

with the F

FIR

=F

UV

ratio. The origin of this 
orrelation is that the FIR 
ux is essentially

provided by the UV emission of young stellar populations as assumed by Meurer et al.

(1999) and Buat et al. (1999). Thus, the F

FIR

=F

UV

measures the ratio between the

repro
essed energy 
ux and the residual energy 
ux in the UV. Outside the MCs, a


ontribution to the FIR 
omes from the opti
al emission of old stellar populations; this


auses a dispersion around the average relation.

Similar results were obtained by Gordon et al. (2000); their models show that the

A

UV

{F

FIR

=F

UV

relationship is valid for di�erent assumptions on dust properties. The

dispersion found by Gordon et al. (2000) is mu
h smaller than in our simulations, but

in their models all the stellar populations su�er the same extin
tion (i.e. no dependen
e

on age is introdu
ed).

Models also show that edge-on systems tend to follow a di�erent relation from what

is found for fa
e-on systems; this is due to the greater 
ontribution of the di�use medium

to attenuation in the dire
tion of the plane of the galaxy.

Our models suggest the following relation for fa
e-on systems:

A

2000

= 2:5 log

�

F

FIR

1:25F

2000

+ 1

�

; (4.10)

while for edge-on systems it is preferable to use

A

2000

= 2:03 log

�

F

FIR

0:5F

2000

+ 1

�

: (4.11)

In Fig. 4.7 we also 
ompared the relations proposed by Meurer et al. (1999) (eq.

4.7, solid line), by Buat et al. (1999) (eq. 4.8, short dashed line) and by Hirashita et

al. (2003) (eq. 4.9, dotted line) with models and our �ts (long dashed and dot-dashed

lines). To 
onvert attenuation at 1600

�

A of eq. 4.7 into A

UV

at 2000

�

A, we assume

F

1600

= F

2000

and A

2000

= 0:9 � A

1600

= 0:9 � 2:5 log(F

FIR

=0:84F

2000

+ 1), as in B02. The

Meurer et al. equation seems to better agree with our model, and lies between fa
e-on

and edge-on models, while the Hirashita et al. equation tends to underestimate the UV

attenuation, but only by 0.4 mag in the least favorable 
ase).

4.4 Dis
ussion

Both observations and models of normal spiral galaxies exhibit a poor 
orrelation between

the attenuation in the UV band and H�, with the former generally lower than what

expe
ted from the latter on the basis of the simple law A

UV

= 1:6A

H�

(eq. 4.4). Our

model explains this poor 
orrelation in the 
ontext of age sele
tive extin
tion. As the

extin
tion in the UV is very high, the 
ontribution to the observed UV 
ux from stars

outside the mole
ular 
louds is important even for relatively small opti
al thi
knesses

(�

MC

). It is worth noti
ing that the fra
tion of young UV emitting stars outside MCs

in
reases for de
reasing es
ape time, while massive ionizing stars spend most of their life
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inside MCs. Therefore, above a threshold value for �

MC

whi
h depends on the es
ape

time, an in
rease of �

MC

produ
es an attenuation in H� larger than that in UV.

Thus, neither observations nor modeling support the assumption of a 
onstant rela-

tionship between the attenuation su�ered by the 
ontinuum and the attenuation for the

gas, at least for a 
urrent SFR smaller than 10 M

�

/yr. As a 
onsequen
e, the results

of Calzetti (1997) (A

stars

6563

=A

gas

H�

� 0:44) 
annot be extrapolated from starbursts to disk

star-forming galaxies.

Moreover, the extrapolation of the H� attenuation to the UV through the previous

reported simple law yields UV 
orre
ted 
uxes larger than those expe
ted from H�


orre
ted 
uxes. This behavior was also found by Sullivan et al. (2000; 2001). These

authors explain the result by introdu
ing star formation histories that 
hange rapidly

with time and/or a more 
omplex model of extin
tion. On the other hand, our model

explains this result as a natural 
onsequen
e of the age sele
tive extin
tion.

An additional interesting issue is that the attenuation in H� derived from the Balmer

de
rement 
an be underestimated, sin
e in disk galaxies the es
ape time and the lifetime

of very massive stars is often similar. As we will see in 
hapter 6, this issue has an

important impa
t on the reliability of the H� as a tar formation estimator.

The 
omprehensive treatment of nebular and 
ontinuum emission allows to 
on
lude

that the assumption of a 
onstant extin
tion for all stellar populations is not satisfa
tory.

However, the detailed models presented in this work indi
ate that A

UV


an be a

urately

estimated by using the ratio F

FIR

=F

UV

(
fr. eqs. 4.10 and 4.11). This 
on
lusion holds

provided that the main 
ontribution to FIR 
omes from the absorbed UV radiation of

young stars, but it does not depend on the es
ape times and on the extin
tion properties

of dust. The relationships we obtain are intermediate between those by Hirashita (2003)

and by Meurer et al. (1999), the latter derived for starburst galaxies.
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Chapter 5

Attenuation in starburst galaxies

In this 
hapter we investigate on the properties of starburst galaxies, in parti
ular we

will study their extin
tion properties and the relation between extin
tion and the UV

spe
tral index. In Se
t. 5.1 we introdu
e the general issue of starburst galaxies. Se
t. 5.2

introdu
es the method proposed by Meurer et al. (1999) to estimate the dust attenuation

from the UV spe
tral index. In Se
t. 5.3 we analyze the sample of UV-bright starbursts

by Wu et al. (2002), and in Se
t. 5.4 
ompare the sample with our models. In Se
t. 5.5

we study the UV, opti
al and IR properties of IR luminous starbursts. Finally, in Se
t.

5.6 we summarize the main results of this 
hapter. Some results of this 
hapter were

preliminarily presented in Panuzzo et al. (2002).

5.1 Introdu
tion

The term starburst was introdu
ed by Balzano (1983) to mark galaxies whose blue 
olors

are the 
onsequen
e of an enhan
ement of the star formation a
tivity respe
t the past

evolution. With the dis
overy of IR galaxies, the term starburst was also used for this

new 
lass of galaxies, even if they 
an have very red 
olors. After twenty years there are

still many di�erent de�nitions of what a starburst galaxy is and how it must look like.

The ratio between the 
urrent star formation rate (in the last 8 Myr) and the average

past star formation rate, SFR/<SFR>, often referred to as the birthrate parameter

(Kenni
utt et al., 1994), is a useful parameter to measure the strength of the most re
ent

burst. Its value is typi
ally smaller than 1 for normal star forming galaxies (Kenni
utt,

1998), while typi
al starbursts have birthrate parameter in the range 1{10 and possibly

larger in the 
ase of luminous infrared galaxies (Mayya et al., 2004).

On the other hand, starburst galaxies may have the potential to form stars for periods

mu
h longer than this. For example M82, the prototype of a starburst, has suÆ
ient

amount of gas in order to sustain star formation for a few hundred million years. Indeed,

Kim et al. (1995) had found prominent Balmer absorption lines, typi
al indi
ators of

relatively older stellar systems, to be 
ommon in starburst spe
tra. In re
ent years, there

75



76 5. Attenuation in starburst galaxies

have been attempts to use the information 
ontained in the absorption lines to derive

the properties of one or more assumed older bursts in individual galaxies, e.g. NGC7714

(Lan�
on et al., 2001) and NGC7679 (Gu et al., 2001). Stellar populations of a few

hundreds of million years have been inferred in these studies.

Star formation history of a starburst nu
leus may also depend on the spatial s
ale

under investigation. Observations of nearby starburst galaxies with the Hubble Spa
e

Teles
ope have resolved starburst nu
lei into several tens, or in some 
ases, a few hundreds

of 
ompa
t 
lusters known as Super Star Clusters (SSCs) (O'Connell et al., 1995). SSCs

show a 
onsiderable range in their 
olors, suggesting a spread in their ages. Typi
ally

SSCs are found in a region of a few hundred parse
s within the starburst nu
leus. Regions

with strong Balmer absorption lines are found as far as 1 kp
 from the 
urrently a
tive

starburst site of M82 (O'Connell & Mangano, 1978).

Furthermore, star-forming regions are always asso
iated with dust, whi
h has the

e�e
t of reddening the observed spe
trum. The amount of reddening is traditionally

determined by 
omparing the observed Balmer emission line ratios with those obtained

by photoionization models (Osterbro
k, 1989), using the gala
ti
 reddening 
urve (e.g.

Cardelli et al., 1989).

The interplay between age, spatial distribution and attenuation, the latter also being

dependend on the environment, makes the analysis of these systems very 
omplex.

For example, Calzetti et al. (1994) found the reddening 
urve for the nu
lear regions

to be 
atter than that of the Milky Way in the ultraviolet with possible impli
ations for

di�eren
es in the dust properties. On the other hand, Granato et al. (2001) found that

the di�erent shape of the reddening 
urve 
ould be due to an age-dependent extin
tion of

star-forming regions, rather than to a signi�
ant di�eren
e in the dust grain properties.

Thus, the starburst spe
tra 
ould be modelled by using the gala
ti
 reddening 
urve,

when ea
h stellar population is allowed to have its own extin
tion.

In this 
hapter we will investigate on the properties of starburst galaxies taking ad-

vantage of our model that may 
ombine di�erent observables su
h as 
ontinuum emission

line emission. In parti
ular we will fo
us on the extin
tion properties of starburst and

their relation with the UV spe
tral index.

5.2 UV attenuation from the UV spe
tral index

The estimate of UV attenuation is an important issue for starbursts, spe
ially for obje
ts

at high redshift. In fa
t, the UV rest-frame of galaxies at z > 1 is shifted in the opti
al,

where observations are easier from the ground. Meurer et al. (1999, hereafter MHC99)

studied the UV properties of lo
al starbursts in order to derive a method to estimate

A

UV

in Lyman Break galaxies.

The sample of lo
al starbusts used by MHC99 was built by 
hoosing obje
ts that were

previously 
lassi�ed as starbusts on the basis of opti
al data. They had to have a 
ompa
t
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morphology and/or strong emission lines, and no eviden
e of AGN. The se
ond requisite

for those galaxies was to have IUE (International Ultraviolet Explorer) UV spe
tra with

reasonable quality. The 
atalog 
an not be 
onsidered statisti
ally 
omplete. Being

sele
ted in UV, these starbursts are sometimes 
alled UV-bright starburst, to distinguish

them from starbursts sele
ted in the IR.

For ea
h galaxy in the sample Meurer and 
ollaborators 
omputed the spe
tral index

� from IUE spe
tra in the region between 1500 and 2500

�

A. In this region the 
ux f

�


an be well approximated by a power law f

�

/ �

�

. The � index was obtained using the

mean 
uxes in 10 spe
tral bands (de�ned in Calzetti et al. 1994) in order to avoid stellar

absorption features. Meurer and 
ollaborators found that the index � 
orrelates quite

well with the ratio F

FIR

=F

1600

. This relation 
an be 
onverted into a relation between

A

1600

and � by using the previously derived equation 4.7. Then, with a linear �t they

got:

A

1600

= 4:43 + 1:99� (5.1)

Considering the simple (and unrealisti
) 
on�guration of a dusty s
reen between stars

and observer, the authors 
on
luded that the slope of Eq. 5.1 (dA

1600

=d� = 1.99) 
an

be produ
ed by an attenuation law similar to the one proposed by Calzetti (1997), while

the Gala
ti
 extin
tion law is ruled out.

Sin
e this method provides an estimate of A

UV

using only rest-frame UV data, it

has been widely applied to 
orre
t the UV luminosities of Lyman break galaxies and to

estimate the 
osmi
 star formation rate at high redshift (Steidel et al., 1999)

However, as we will dis
uss in Se
t. 5.5, an important 
lass of star-forming galaxies

(namely the infrared luminous galaxies) does not follow this relationship.

5.3 UV-bright starburst sample

The sample of UV-bright starbursts used in MHC99 was enlarged by Wu et al. (2002,

hereafter W02) and it is available on the web

1

. The sample 
onsists of 83 starbursts

sele
ted from the availability of the IUE spe
tra; a fra
tion of them also have a spe
trum

in the opti
al region (45 obje
ts), the 
uxes in I, H, and K' bands and IR observations

(IRAS plus some ISO data). The IUE data were re-
alibrated with HST observations.

Due to the extended 
overage of SEDs, this sample is a unique 
han
e to study the

starburst population; thus we have done a deeper analysis of these data. However, it is

worth to remember that there is no 
lear sele
tion 
riteria (su
h as limiting 
ux or 
olor)

for this sample.

The spe
tra were 
orre
ted for the foreground extin
tion of the Galaxy with two

di�erent parameterizations of the extin
tion law and two di�erent assumptions for the

1

URL: http://morpheus.phys.lsu.edu/�starbrst/
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78 5. Attenuation in starburst galaxies

Figure 5.1: The UV spe
trum of NGC 3504 
ompared with the linear (in log-log) �t.

Shadowed regions show the 10 spe
tral bands de�ned by Calzetti et al. (1994).

gala
ti
 dust distribution. Sin
e results obtained adopting di�erent assumptions are very

similar, we have analyzed SEDs resulting from only one 
ombination of dust distribution

and extin
tion law. We 
hose the S
hlegel-Finkbeiner-Davis system (S
hlegel et al., 1998)

for dust distribution and the CCM parameterization (Cardelli et al., 1989) of extin
tion

law.

For all the obje
ts in the sample, we 
omputed the UV spe
tral index following the

Calzetti et al. (1994) re
ipe, in whi
h � is obtained through the linear �tting (in log(f

�

)

vs log�) of the mean 
ux in 10 spe
tral bands between 1500 and 2500

�

A. An example of

the �tting is reported in �gure 5.1, where the 
onsidered spe
tral bands are marked.

The 
omputed �, together with the FIR luminosity (obtained from Helou's de�nition),

the ratio L

FIR

=L

1600

, the luminosity at 5550

�

A(L

V

= 5550 � L

5550

) and the UV spe
tra

are reported in tables and �gures in Appendix A.

We also 
omputed the luminosity of several opti
al lines. The major problem in the


omputation is that H� is superimposed to the 
orresponding stellar absorption feature,

while H� is blended with [N ii℄6585 and [N ii℄6549. Thus, we performed a spe
tral �t

of all 
omponents (stellar absorption with a Lorentzian plus a Gaussian emission in H�

and three Gaussian for H�+[N ii℄) in the two spe
tral regions. Also these results are

reported in Appendix A.
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Figure 5.2: The ratio F

FIR

=F

2000

vs. � for the W02 sample. Di�erent symbols (open

squares, open triangles and 
rosses) refer to di�erent quality of the power-law �tting of

UV spe
tra; error bars show the statisti
al error on the � determination. Small �lled


ir
les are data published in MHC99, while the thi
k line shows the mean relationship

provided by MHC99.

5.3.1 The Meurer diagram for the W02 sample

The �rst analysis we have done is to reprodu
e the relation between F

FIR

=F

UV

and �

for this sample. Fig. 5.2 shows the F

FIR

=F

UV

vs � diagram (hereafter it will be 
alled

Meurer diagram) with the errors on �. Di�erent symbols are used in di�erent ranges of

the �

2

value of the �t

2

.

The whole sample shows a larger s
atter than the Meurer's one but if one sele
t

only galaxies with a low noise spe
trum, the dispertion de
reases. Moreover, the outline

NGC5102 is not a starburst at all: from IR luminosity and opti
al spe
trum, the SFR

in this galaxy is near to zero.

2

�

2

=

P

10

i=1

(log f

i

���� log�

i

)

2

where f

i

is the average 
ux in the spe
tral band at the wavelength

�

i

, while � and � are the parameters resulting from the �t.
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80 5. Attenuation in starburst galaxies

Figure 5.3: The ratio F

FIR

=F

2000

vs. � for the UV sele
ted sample. Di�erent symbols

refer to di�erent FIR luminosity.

It is worth noti
ing that the UV 
ux is observed through a small aperture (20

00

�10

00

).

Thus in some galaxies, the UV 
ux 
an be underestimated and the ratio F

FIR

=F

2000

overestimated. However, MHC99 note that the UV 
ux is typi
ally 
onsentrated in the

bursting nu
lei, therefore the underestimation of UV is not heavy.

In �gure 5.3 we show the diagram F

FIR

=F

2000

vs � with di�erent symbols a

ording

to the FIR luminosity. There is no 
lear di�erentiation between galaxies with di�erent

FIR luminosity; only an expe
ted trend of higher FIR/UV ratio for more luminous

galaxies. This result is in keeping with the general observed 
orrelation between SFR and

attenuation. We also ranked the sample a

ording to the equivalent width of H�+[N ii℄

(�gure 5.4); but no di�erentiation is seen also in this 
ase.

An interesting test on the bursting nature of these obje
ts 
an be done by looking at

the ratios FIR/K' and (FIR+UV)/K'. In fa
t, these quantities measure the ratio between

the 
urrent SFR and the underlying old population. In normal star-forming galaxies this

ratio has a value around (or less than) 1. In Fig. 5.5 it 
an be noted that almost all the

galaxies in the sample have an important enhan
ement of SFR, but only in a few 
ases

the old population is very small. Data show also a trend of in
reasing FIR/K' with FIR

luminosity. As expe
ted from the observed opti
al spe
trum, the galaxy NGC5102 have

a (FIR+UV)/K' near to zero, 
orresponding to passive evolution.

Figure 5.6, where we 
ontrast the ratio FIR/V versus the FIR luminosity, 
on�rms
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5.3 UV-bright starburst sample 81

Figure 5.4: As in the previous �gure but symbols are used for di�eren
ing in equivalent

width of H�+[N ii℄.

Figure 5.5: Left panel: the ratio FIR/K' vs the FIR luminosity for the W02 sample.

Right panel: the ratio (FIR+UV)/K' vs the FIR luminosity.
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82 5. Attenuation in starburst galaxies

Figure 5.6: The ratio FIR/V vs the FIR luminosity for the W02 sample.

a trend of in
reasing dust obs
uration with FIR luminosity. All galaxies have a FIR/V

ratio smaller than 35; this value is 
onsiderably smaller than that found (FIR/V � 90)

by Poggianti et al. (2000) for Very Luminous InfraRed Galaxies (see Se
t. 5.5 for the

de�nition). This result points out that the UV sele
ted starbursts represent a fra
tion

of the starburst population, a

ounting only for the less obs
ured obje
ts.

5.3.2 The attenuation of stellar 
ontinuum and the Balmer

de
rement

In �gure 5.7 we reprodu
ed the relation between the attenuation from the ratio FIR/UV

(eq. 4.7) and the attenuation su�ered by the gas, as 
omputed by the Balmer de
rement

(eq. 4.3). The two quantities 
orrelate quite well but there are some outliners. The

results are similar to what obtained by B02. The solid line in the �gure shows the

expe
ted relation between the two quantities as dis
ussed in Se
t. 4.3. In this 
ase the

UV luminosity is 
omputed at �

UV

= 1600

�

A so that eq. 4.4 be
omes A

UV

(FIR=UV) =

1:78A

H�

. The presen
e of a 
orrelation between the two quantities suggests that UV,

FIR and H� are mainly produ
ed by the same stellar population.

It is worth noti
ing that this result is very di�erent from what found for normal

star-forming galaxies, as dis
ussed in Se
t. 4.3.
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5.3 UV-bright starburst sample 83

Figure 5.7: The 
omparison between the attenuation at 1600

�

A derived from equation

4.7 versus the attenuation in H� derived from the Balmer de
rement in the sample of

W02. Galaxies are represented with di�erent symbols a

ording to their FIR luminosity.

5.3.3 The 2175

�

A dust absorption feature

It is worth noti
ing that the galaxies in the sample do not show an evident dust absorption

around 2175

�

A (see Fig. A.1 and A.2). Indeed, some of them (an example is NGC 1569)

show an emission in the same pla
e due to an overestimate of foreground extin
tion. As

an example, the galaxy NGC 3504, whi
h is one of the redder obje
ts in the sample with

a low-noise spe
trum, does not show (see Fig. 5.1) any eviden
e of the dust absorption

feature.

In order to verify if the absorption feature is a
tually present in the UV-bright

starbursts, we analyzed the di�eren
es between the observed 
ux and the result of

the spe
tral �tting for ea
h galaxy in the sample. Fig. 5.8 
ontrasts the di�eren
es

d

�

= log f

�

� � � � log� versus the wavelength in the 10 spe
tral bands (
rosses) used

for the �t and around 2175

�

A (empty squares), for galaxies with � > �1:5. If the dust

absorption feature would be present, the majority of the points at � = 2175

�

A in the

�gure should have d

�

< 0; on the 
ontrary, their distribution is 
entered at d

�

= 0.

Let's now estimate whi
h value of d

�

would be found at 2175

�

A if the absorption bump

were present. Assuming that the stellar emission f

�

�

is well represented by a power-law

(log f

�

�

= �

0

+ �

0

log�), an attenuation law that preserves the power law shape in the

attenuated spe
trum must have the form �

�

= A � B log�. In fa
t, in this 
ase we get

that the observed 
ux f

�

is:
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84 5. Attenuation in starburst galaxies

Figure 5.8: The residuals d

�

= log f

�

� � � � log� from the �tting of UV spe
tra for

galaxies with � > �1:5 versus the wavelength in the 10 spe
tral bands (
rosses) and

around 2175

�

A (empty squares).
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log f

�

= log

�

f

�

�

e

��

�

�

= log f

�

�

� �

�

log(e) (5.2)

= �

0

+ �

0

log�� log(e)(A� B log�)

= (�

0

� A log(e)) + (�

0

+B log(e)) log�

then, the observed spe
tral index is � = �

0

+ B log(e). Equation 5.1 
an be written in

term of �

1600

: � = �

0

+ 1:086�

1600

=1:99, so we get:

B log(e) =

1:086

1:99

�

1600

) B = 1:256�

1600

(5.3)

Using the latter in the de�nition of A and B at 1600

�

A, we get A = 5:024�

1600

. So,

we determined an attenuation law that preserve the power law shape of attenuated 
ux

and is 
ompatible with equation 5.1.

The opti
al depth expe
ted from this law at 2175

�

A is �

2175

= 0:832�

1600

; in presen
e

of a bump at 2175

�

A the latter would be �

2175

= (1+�)0:832�

1600

. Then the 
orresponding

residual d

�

would be:

d

2175

= log f

2175

� �� � log� = ��

2175

log(e) + 0:832�

1600

log(e) (5.4)

= ��0:832�

1600

log(e) = �0:36��

1600

In �gure 5.8 we have 
onsidered only obje
ts with � � �1:5 that 
orresponds to

�

1600

� 1:445, so, from equation 5.5 we get d

2175

� �0:52�. It 
an be noted in the

�gure that, apart from three obje
ts, d

2175

is smaller than �0:1, that means � < 0:19

and �

2175

< 0:992�

1600

. Comparing the last result with the gala
ti
 extin
tion law in

whi
h �

2175

' 1:35�

1600

, we 
an 
on
lude that the attenuation law in starbursts of the

W02 sample has no bump or a negligible one at 2175

�

A. This is in good agreement with

what found by Calzetti and 
ollaborators in several works (Calzetti et al., 1994; Calzetti,

1997; Calzetti & He
kman, 1999). Indeed, Calzetti and 
ollaborators analyzed the IUE

spe
tra of starbursts from Kinney et al. (1993) with a simple model (i.e. without age

sele
tive extin
tion) for dust repro
essing of star light and derived a mean attenuation

law (thereafter 
alled Calzetti's law) that does not show the presen
e of the 2175

�

A dust

absorption bump.

5.4 Simulated UV-bright starbursts

For a better analysis of the UV-bright starbursts, we have done a set of simulations of

bursting galaxies.

The simulated galaxies are assumed to form stars in a smooth way during all their

history, plus a �nal analyti
al burst starting at the age t

0

= 10 Gyr. The star formation
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86 5. Attenuation in starburst galaxies

history in the �rst 10 Gyr is 
omputed assuming a linear S
hmidt law with a gas infall

times
ale �

inf

= 12 Gyr and a star formation eÆ
ien
y �

s
h

= 0:3 Gyr

�1

. Two values

were assumed for the total baryoni
 mass at t

0

: M

G

= 0:5 � 10

10

M

�

and 10

10

M

�

. The

adopted IMF is a Salpeter one between m

inf

= 0:15 M

�

and m

up

= 125 M

�

. It results

a SFR around 0.5 and 1 M

�

/yr (respe
tively for M

G

= 0:5 � 10

10

M

�

and 10

10

M

�

) just

before the swit
hing on of the burst. The total gas mass M

gas

available at that time is

1.5 and 3 � 10

9

M

�

for the two baryoni
 masses. During the burst, a fra
tion f

gas

of the

mass of gas present before is 
onverted into stars.

The burst is assumed to have a star formation a
tivity exponentially de
aying; so

that the star formation rate 	 during the burst is given by the law

	

burst

(T ) =

f

gas

M

gas

t

b

� exp

�

�

T � t

0

t

b

�

; (5.5)

where t

b

is the e-folding time of the burst and T is the age of the galaxy.

We assumed that the gas 
onverted in stars is in mole
ular form, so that during the

burst the fra
tion of mole
ular gas de
reases, while the gas in di�use medium is 
onstant.

Moreover, the number of MCs during the burst was �xed, so that the MCs be
ome more

and more transparent as the gas is 
onsumed. If m

MC;0

is the initial mass of MCs, the

mass during the burst is given by:

m

MC

(T ) = m

MC;0

"

f

MC

� f

gas

f

MC

�

f

gas

f

MC

t

b

exp

�

�

T � t

0

t

b

�

#

: (5.6)

As a 
onsequen
e, the opti
al thi
kness of MCs, that is proportional to m

MC

=r

2

MC

(Se
t.

3.2) with r

MC

being the MC radius, de
ays in the same way, being r

MC

assumed 
onstant

during the burst.

We have assumed that newly born stars remain within the parental mole
ular 
louds

for a time longer than that assumed in normal galaxies. Furthermore, stars older than

the burst are supposed to be es
aped by MCs. So, the es
aping time �

es


in our simulation

in
reases from a minimum value �

min

as the burst 
ontinues: �

es


= �

min

+ (T � t

0

).

The geometry 
hosen was the spheroidal one, sin
e starbursts tend to o

ur in the

nu
lear regions and/or to have a 
omplex geometry. The metalli
ity during the burst

was set to be solar.

We 
onsidered two di�erent 
ases, whose parameters are reported in table 5.1. Model

A was built to reprodu
e obje
ts with a low obs
uration, while model B is for more

obs
ured galaxies.

The resulting SEDs were 
omputed at di�erent times, starting from 2 and 4 Myr

after t

0

(respe
tively for models A and B), at 
onstant time intervals (2 Myr for model

A and 4 Myr for model B), until an age of 58 Myr for model A and 118 Myr for model

B.
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Table 5.1: The adopted value of GRASIL parameters for the di�erent models.

Parameter Model A Model B

M

G

0:5 � 10

10

M

�

10

10

M

�

f

gas

5% 10%

�

min

4 Myr 30 Myr

�

b

10 Myr 20 Myr

f

MC

10% 15%

m

MC;0

=r

2

MC

120, 60, 30, 7.5 M

�

/p


2

60, 120, 160, 250 M

�

/p


2

r

�




0.3 kp
 0.3 kp


r

d




0.5 kp
 0.5 kp


5.4.1 The Meurer diagram

Figure 5.9 and 5.10 show the time evolution of simulated starbursts on the Meurer

diagram, 
ompared with the W02 sample. The di�erent patterns 
orrespond to di�erent


hoi
es of the initial value of MCs opti
al depth. The models evolve from bluer (more

negative values of �) toward redder 
olors, starting from an age of 2 Myr after the

beginning of the burst, to an age of 58 Myr. After that, the galaxies evolve passively

toward more redder �.

It is worth noting that models follow the observed 
orrelation between FIR/UV and

�, and the observed values of H� equivalent width. However, the ultraviolet spe
tral

index � in the more a
tive phase is bluer (�� � �0:5) than for the observed obje
ts.

Analyzing the 
auses of this dis
repan
y, we have found that an important 
ontribu-

tion is due to the presen
e of the 2175

�

A bump in the extin
tion law of the dust mixture

used in our models. In fa
t if we neglet the region around the bump (the spe
tral win-

dows above 1800

�

A) in the �tting of the model spe
tral slope we generally �nd a redder

value of �.

Interestingly, the spe
tral slope of the models with the lower extin
tion is steeper

(bluer) than that predi
ted by the dust free 
ase in eq. 5.1, namely �

0

' �2:2. This

suggests that observed starbursts 
ould have stellar populations intrinsi
ally redder than

our models, eventually due to a di�erent IMF.

5.4.2 The attenuation law

We also analyzed the attenuation law of our models. The attenuation law A

�

in simulated

galaxies is de�ned as the di�eren
e in magnitudes of the stellar luminosity L

�

with and

without dust.

Figure 5.11 
ompares the attenuation 
urves for simulated galaxies (with an burst age

smaller than 2t

b

) with the attenuation law from Calzetti et al. (1994) and the gala
ti


extin
tion law. All 
urves are normalized to unity at � = 1600

�

A.
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88 5. Attenuation in starburst galaxies

Figure 5.9: The FIR/UV vs the UV spe
tral index for observed UV-bright galaxies and

simulated one (upper panel: model A; lower panel: model B). The time evolution of

simulated starbursts is shown as 
onne
ted symbols at uniform spa
ed times. Models

evolve from bluer � (on the left) toward redder values. Di�erent symbols show the FIR

luminosity of the models during the evolution and that of the observed galaxies.
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5.4 Simulated UV-bright starbursts 89

Figure 5.10: The FIR/UV vs the UV spe
tral index for simulated and observed UV

bright galaxies as in Fig. 5.9. Di�erent symbols show the equivalent width of H�+[Ne ii℄

of the models in the 
ase A (upper panel) and in the 
ase B (lower panel) during the

evolution (
onne
ted symbols) and of the observed galaxies.
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90 5. Attenuation in starburst galaxies

Figure 5.11: The attenuation 
urve of simulated UV-bright starbursts. The thi
k 
on-

tinue line show the gala
ti
 extin
tion law, while the dot-dashed line refers to the Calzetti

attenuation law. The shadowed regions show the variation of the attenuation A

�

of the

models. Upper panel: model A, lower panel: model B.
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5.4 Simulated UV-bright starbursts 91

Figure 5.12: The residuals d

�

= log f

�

� � � � log� from the �tting of UV spe
tra

for models with � > �1:5 and EW(H�+[N ii℄)< �40

�

A versus the wavelength in the

10 spe
tral bands (
rosses) and around 2175

�

A (empty squares). Filled 
ir
les with

error-bars show the deviations for W02 galaxies.

It has to be noted that, even if the grain properties used in our model reprodu
e

the gala
ti
 extin
tion law, the obtained attenuation laws show a weaker 2175

�

A bump,

in between the Calzetti law and the gala
ti
 one

3

. This is a 
onsequen
e of the age

sele
tive extin
tion. In fa
t, as the opti
al depth of MCs in
reases, a growing fra
tion of

the observed UV is produ
ed by the old stellar population outside MCs; this emission


an �ll the absorption feature in the SED of young population.

An interesting point is to 
ompare these results on the attenuation law with the anal-

ysis presented in Se
t. 5.3.3, so we 
omputed the residuals d

�

for our starbursts models.

However, we have to 
hoose a 
riteria to sele
t models that would be observationally


lassi�ed as starbursts, in order to properly 
ompare the models with the W02 sample.

Thus we sele
ted only models with EW(H�+[N ii℄)< �40

�

A.

In �gure 5.12 we show the residuals d

�

of the sele
ted models that also have � > �1:5.

The �lled 
ir
les show the average values of d

�

found in the observed galaxies, while

error-bars show their 2�-interval dispersion.

The 
omparison between models and observations in 5.12 points out that models

have an absorption feature in average larger than observed galaxies. Also note that the

3

This is a 
lear example that attenuation law and extin
tion law must not be 
onfused.
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92 5. Attenuation in starburst galaxies

dispersion of d

2175

is big in both models and observed galaxies.

Unfortunately, the diÆ
ulty in 
orre
ting the observed sample for the gala
ti
 fore-

ground extin
tion and the noise of IUE spe
tra does not allow a more 
onstraining

analysis.

Figure 5.13 shows the 
omparison between the attenuation at 1600

�

A from the ratio

FIR/UV (using equation 4.7) and the attenuation at H� from the Balmer de
rement (eq.

4.3). The models reprodu
e the observed 
orrelation quite well even if the data show a

slightly large dispersion.

Finally, we 
ompared the A

1600

dire
tly extra
ted from the models and the ratio

F

FIR

=F

1600

. As expe
ted, the 
orrelation is very strong and the dispersion of the models

is small. This result 
an be 
ompared with the analogous one for normal galaxies in Se
t.

4.3.3, where the dispersion is mu
h larger. In fa
t, in the starburst 
ase the 
ontribution

of old stars to dust luminosity is near to zero. The residual dispersion in the diagram is

due to the variation of dust SED among the models; this variation 
an be attributed to

the di�erent dust temperatures and opti
al thi
kness of MCs.

5.5 IR luminous starbursts

An important 
lass of starburst galaxies are the infrared galaxies, whose prin
ipal 
har-

a
teristi
 is to emit almost all their luminosity in the infrared.

At luminosities above 10

11

L

�

, infrared galaxies be
ome the dominant (in number)

population of extragala
ti
 obje
ts in the low redshift (z < 0:3) universe (Sanders &

Mirabel, 1996). The trigger for the intense infrared emission appears to be the strong

intera
tion (or merger) of gas-ri
h galaxies, and the bulk of the infrared luminosity for

all but the most luminous obje
ts is due to the dust heating of an intense starburst

(Genzel et al., 1998). At the highest luminosities (L

IR

> 10

12

L

�

) these galaxies appear

to be powered by a mixture of starburst and a
tive gala
ti
 nu
leus, the latter be
oming

predominant as the luminosity in
reases (Kim et al., 1995; Sanders & Mirabel, 1996).

Note that the IR luminosity refers to the total dust emission from 8 to 1000 �m, as

estimated by the four IRAS bands (Sanders & Mirabel, 1996): L

IR

= 0:971 � L

12

�

12

+

0:775 �L

25

�

25

+0:929 �L

60

�

60

+0:6 �L

100

�

100

. This de�nition di�ers from the FIR de�nition

used in the previous se
tions, where the 
onsidered spe
tral interval is from 40 to 120

�m. As a 
onsequen
e, the FIR luminosity is a fra
tion of the IR one, and for starbursts

L

IR

� 1:75 � L

FIR

(Calzetti et al., 2000).

Infrared galaxies are 
ommonly 
lassi�ed on the ground of their IR luminosity. The

IR galaxies are divided in: Luminous IR Galaxies (LIRGs) with L

IR

� 10

11

L

�

, Very

Luminous IR Galaxies (VLIRGs) with L

IR

� 10

11:5

L

�

and Ultra Luminous IR Galaxies

(ULIRGs or ULIGs) with L

IR

� 10

12

L

�

. Obje
ts with L

IR

� 10

13

L

�

are sometimes
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5.5 IR luminous starbursts 93

Figure 5.13: The 
omparison between A

1600

derived from the FIR/UV ratio versus the

attenuation in H� derived from the Balmer de
rement. Galaxies of W02 sample are

represented with di�erent symbols a

ording to their FIR luminosity; 
onne
ted symbols

show the time evolution of models of the 
ase A (upper panel) and the 
ase B (lower

panel).
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94 5. Attenuation in starburst galaxies

Figure 5.14: The 
omparison between real A

1600

derived from the models and the ratio

F

FIR

=F

1600

in simulated starburst (
rosses). The solid line shows the relation derived

by MHC99 (eq. 4.7), while the dashed line is the relation that we derived for normal

galaxies (eq. 4.10) assuming A

1600

= A

2000

=0:9.
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5.5 IR luminous starbursts 95


alled Hyper Luminous IR Galaxies; these extreme and rare

4

obje
ts are almost always

produ
ed by powerful AGNs (Soifer et al., 1995; Evans et al., 1998).

Infrared galaxies are likely to be
ome more 
ommon at higher redshifts where the

number of mergers and intera
tion is mu
h higher. Moreover, these galaxies are possibly

linked with high redshift sub-mm galaxies, even if sub-mm galaxies seem to have larger

SFR and IR luminosities.

Unfortunately, even if IR galaxies are an important population, they are poorly stud-

ied in the UV domain. Re
ently, Goldader et al. (2002) published their observations

with the Hubble Spa
e Teles
ope of seven galaxies with L

IR

between 10

11:5

and 10

12:2

L

�

.

Three main results are worth being underlined:

� The peak(s) of UV emission are not spatially superimposed to the peak of IR

emission. This displa
ement is typi
ally some hundred of parse
s, and only a small

fra
tion of UV light is emitted in the IR bright region.

� All the observed galaxies are faint in the UV. If pla
ed at higher redshifts they


ould be dete
ted in a HDF-like

5

survey up to z � 1:5, but undete
table at z � 3,

where Lyman Break Galaxies are observed. Moreover, their sub-mm luminosity

would be too small if 
ompared to SCUBA galaxies observed at the same redshift.

� The observed galaxies do not follow the relation FIR/UV vs. � observed in UV-

bright starbursts; they show a FIR/UV larger by one or two orders of magnitude

than what expe
ted by the UV spe
tral index.

5.5.1 Simulated IR luminous galaxies

Similarly to what was done in Se
t. 5.4, we have simulated with our 
ode some starburst

galaxies to be 
ompared with observations.

In this 
ase, the total baryoni
 mass of the galaxy is M

G

= 2:5 � 10

10

, and the gas

fra
tion f

gas


onverted in stars during the burst is mu
h higher and 
orresponds to 80%

of the total gas mass present in the galaxy before the burst. We also assume that

f

MC

= f

gas

. The 
omputations were done for three di�erent e-folding time of the burst:

t

b

= 10, 20, and 50 Myr. The star formation rates of the simulated starbursts during

the burst are shown in �gure 5.15.

The initial opti
al depth of these models is higher than in the UV-bright simulation;

in this 
ase we 
hoose m

MC;0

=r

2

MC

= 400 M

�

/p


2

.
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96 5. Attenuation in starburst galaxies

Figure 5.15: The star formation rate during the burst of simulated IR luminous galaxies.

Di�erent lines refer to di�erent e-folding times: dashed for t

b

= 10 Myr, 
ontinue line

for t

b

= 20 Myr and dotted for t

b

= 50 Myr.

5.5.2 The Meurer diagram of VLIRGs

Figures 5.16 and 5.17 show the time evolution of our models for IR luminous galaxies.

The three patterns 
orrespond to the di�erent assumptions on the e-folding time t

b

. The

models are able to reprodu
e the position of VLIRGs galaxies observed by Goldader et

al. (2002) and of the three galaxies of similar luminosity we found in the W02 sample.

It is worth noti
ing that all models follow a similar pattern in whi
h we 
an identify

three phases:

1. The obs
ured phase: when the age of the burst is smaller than t

b

, the burst is

heavily obs
ured. The UV emission of the burst is almost 
ompletely absorbed by

dust, and what is seen in the UV band 
omes from older (i.e. formed before the

burst) stellar population. In this phase the ratio FIR/UV is essentially a measure

of the ratio between the burst luminosity and the UV luminosity of older stars.

Another 
onsequen
e is that the observed UV spe
tral index is determined by the

older population and does not measure the attenuation of the burst population.

2. The UV-bright phase: after an age of t

b

, the burst has 
onsumed an important

fra
tion of the gas and MCs be
ome more transparent. The UV from the burst

population is less obs
ured and be
omes predominant so that the galaxy falls on

the Meurer relation.

4

No HyLIG is present in the lo
al universe; the few known obje
ts are at redshift z � 1.

5

Hubble Deep Field: HDF north and south are very deep observations by the Hubble Spa
e Teles
ope.
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5.5 IR luminous starbursts 97

Figure 5.16: The F

FIR

=F

UV

vs the UV spe
tral index for simulated VLIRGs. Galaxies

from Wu et al. sample with L

IR

> 10

10

L

�

are plotted with small symbols (open squares,

open triangles, and open stars), while VLIRGs from Goldader et al. (2002) are shown

with largeopen stars. Error bars indi
ate the un
ertainties in the � determination. The

evolution of models for three di�erent burst times
ales are 
ompared with observations

at di�erent times from the burst set-up. The reddest sequen
e 
orresponds to t

b

= 50

Myr, the bluest one 
orresponds to t

b

= 10 Myr; in the middle there are the models with

t

b

= 20 My.
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98 5. Attenuation in starburst galaxies

Figure 5.17: As �gure 5.16, but putting in eviden
e the value for the equivalent width

of H�+[N ii℄.
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5.5 IR luminous starbursts 99

Figure 5.18: The 
omparison between real A

1600

derived from the models and the ratio

F

FIR

=F

1600

in simulated IR starburst (
rosses) as in �gure 5.14. The solid line shows

the relation derived by MHC99 (eq. 4.7), while the dashed line is the relation that we

derived for normal galaxies (eq. 4.10) assuming A

1600

= A

2000

=0:9.

3. The passive phase: when all the mole
ular gas is 
onsumed and the SFR goes

to zero, the galaxy evolves passively. The stellar spe
tra be
ome redder and the

obje
ts leave the Meurer relation. This phase lasts until new gas is 
ooled and

be
omes available for the star forming a
tivity.

This s
heme 
ould suggest the interpretation of the UV-bright sequen
e as an evo-

lutionary pattern and of the UV-bright starbursts as produ
t of evolved IR luminous

galaxies. This would be a wrong interpretation, sin
e the bluer end of the observed

sequen
e is populated by galaxies with a very large equivalent width of H�. On the


ontrary, evolved IR galaxies in whi
h the star formation a
tivity has de
lined have a

smaller line emission. The 
on
lusion is than UV bright sequen
e is not an evolutionary

phase of more powerfull starburst, but the lo
us of galaxies in whi
h the same stellar

populations are responsible of both UV and FIR emission, namely when the attenuation

is not too large.

Another important result is that the di�erent position of VLIRGs in the Meurer dia-

gram 
ompared to UV-bright starbursts is a 
onsequen
e of the age sele
tive extin
tion.

This 
an also easily explain why Goldader and 
ollaborators found that the UV emission

does not spatially 
oin
ide with the IR luminous sour
e.
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100 5. Attenuation in starburst galaxies

Table 5.2: Spe
tral 
lassi�
ation by Dressler et al. (1999).

Class EW([O ii℄3727) EW(HÆ) Comments

k absent <3

�

A. Passive, ellipti
al-like spe
trum.

k+a/a+k absent �3

�

A. Strong Balmer abs. without emission lines

e(a) present �4

�

A. Strong Balmer absorption plus emission

e(
) present, > �40

�

A <4

�

A. Moderate Balmer abs. + emission, spiral-like

e(b) � �40

�

A any Very strong [O ii℄

e present ? At least one emission line, HÆ unmeasurable

Finally, it is interesting to test if the UV attenuation 
an be estimated from the ratio

FIR/UV also in IR luminous starbursts. In �gure 5.18 we show the relation we obtained

between A

1600

and the ratio F

FIR

=F

1600

for the above models as we done in Fig. 5.14.

It is worth noti
ing that the 
orrelation between A

1600

and F

FIR

=F

1600

is strong also in

this 
ase where the UV and FIR are produ
ed by very di�erent stellar populations: the

former from the burst, the latter from older stars. This result is not surprising be
ause

A

1600

, by de�nition, measures the ratio between total UV light emitted by the system and

the fra
tion that is observed, while F

FIR

=F

1600

is proportional the same ratio. It must

also remind that A

1600

is not the attenuation of the burst population (that is higher than

A

1600

), but of the galaxy in its entirety.

5.5.3 The opti
al properties of VLIRGs

Poggianti & Wu (2000) studied the opti
al spe
tra of a sample of VLIRGs from Wu et

al. (1998a; 1998b). The aim of their study was to understand if distant and dusty star-

forming galaxies 
an be re
ognized from opti
al/near-IR data. The issue rises from the

diÆ
ulty to identify without ambiguity dusty galaxies from opti
al and near-IR 
olors. In

fa
t, these obje
ts at high redshift have 
olors similar to high redshift evolved spheroids

(Graham & Dey, 1996; Cimatti et al., 1998; Dey et al., 1999). Thus, Poggianti & Wu

(2000) looked for a spe
tros
opi
 signature that is able to sele
t highly extin
ted galaxies.

For this purpose, they 
lassi�ed the obje
ts on the basis of the equivalent width of

[O ii℄3727 and HÆ. Several spe
tral 
lasses 
an be de�ned following Dressler et al. (1999)

from the equivalent width of these two lines; we reported this 
lassi�
ation in table 5.2.

The Dressler's 
lasses 
orrespond to di�erent kinds of obje
ts. Spe
tra of type k

belong to passive galaxies that did not have any star formation a
tivity in the last Gyr;

type k+a/a+k spe
tra indi
ate obje
ts that had an important star formation a
tivity

in the last Gyr but with no 
urrent a
tivity. The 
lasses e(
) and e(b) are typi
al of

respe
tively normal spirals and starburst galaxies. Type e(a) spe
tra were interpreted as

post-starburst galaxies with a residual star formation. However Poggianti et al. (1999)

found that similar spe
tra are frequent in merging or intera
ting galaxies and rare in

normal �eld galaxies. Thus, e(a) spe
tra are more likely to be interpreted as produ
ed

by dusty starburst galaxies.
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5.5 IR luminous starbursts 101

Figure 5.19: The evolution of IR starburst models on 
lassi�
ation diagram of the

[O ii℄3727 equivalent width versus HÆ equivalent width, 
ompared to the observed

VLIRGs by Poggianti & Wu (2000) (�lled and open 
ir
les). The models shown here

have t

b

= 20 Myr; models with a lower [O ii℄3727 emission have a solar metalli
ity, the

other have Z = 0:4Z

�

. Observed obje
t with HÆ unobserved or nearly �lled are pla
ed

at EW(HÆ)=0.

Poggianti & Wu 
on�rmed this result by �nding that a large fra
tion (�50%) of

VLIRGs in their sample have e(a) spe
tra. Poggianti et al. (2001) investigated the

origin of the this kind of spe
tra by 
omparing the average spe
tum of e(a) galaxies in

Poggianti & Wu with a simpli�ed synthesis model. The simulated spe
tra are built as a

summation of SSP spe
tra of di�erent ages, ea
h one with its own opti
al emission lines;

the extin
tion value is allowed to vary from one population to another. It results that,

in order to reprodu
e the opti
al 
ontinuum, the equivalent width of H�+[N ii℄, H�, HÆ

and [O ii℄3727, and the ratio F

FIR

=F

V

, it is ne
essary to have an important age sele
tive

extin
tion.

Therefore, we 
omputed the equivalent width of [O ii℄3727 and HÆ in our simu-

lated galaxies. The results from the models with t

b

= 20 Myr are 
ompared with

data from Poggianti & Wu (2000) in �gure 5.19. In the �gure we also show models

with metalli
ity Z = 0:4 � Z

�

, sin
e the several observed obje
ts exhibit a ratio R

23

(R

23

� ([O ii℄3727+[O iii℄4959+[O iii℄5007)/H�, see Dessauges-Zavadsky et al., 2000)


orresponding to low metalli
ities.

The models show that the e(a) spe
tra 
an be produ
ed during the obs
ured phase,
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102 5. Attenuation in starburst galaxies

Figure 5.20: The 
omparison between the average spe
trum of e(a) galaxies in the sample

of Poggianti & Wu (2000) (thi
k line) and a simulated spe
trum (thin line).

while in the following UV-bright phase the HÆ absorption feature is �lled by the line

emission. It is worth noti
ing that it is not possible, with these single-burst models, to

reprodu
e an EW(HÆ) > 6-7

�

A as seen in four obje
ts of the sample.

Stellar population spe
tra show a maximum of the Balmer absorption lines at an age

of around 500 Myr. So, the high values of the HÆ absorption in some observed VLIRGs


an be explained by assuming a previous burst with an age of some 10

8

years.

Finally, we 
ompare in �gure 5.20 the average spe
trum of e(a) galaxies in the sample

of Poggianti & Wu (2000) with a simulated spe
trum in the obs
ured phase. The simi-

larities between the two spe
tra point out that e(a) spe
tra are a 
ommon 
hara
teristi


of obs
ured starbursts.

5.6 Dis
ussion

In Se
t. 5.3 we analyzed the sample of UV-bright starbursts by Wu et al. 2002. The

diagram FIR/UV versus � does not show any 
lear di�eren
e in the position of the

obje
ts on the basis of the FIR luminosity or the H� equivalent width. As expe
ted, we

only found a trend for more IR luminous galaxies to be more obs
ured.

The analysis of the UV spe
tra in the sample does not show the presen
e of the 2175
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�

A bump in the attenuation law. We estimated the expe
ted deviation of the spe
tra from

the power-law shape in presen
e of a bump and 
ompared it with the observed deviation.

We found that the attenuation at 2175

�

A (A

2175

) is smaller than 0:99A

1600

, while for the

gala
ti
 extin
tion law it is A

2175

= 1:35A

1600

; this points out that the attenuation law

in UV-bright galaxies is more similar to the Calzetti attenuation law.

The models for UV-bright starbursts presented here underline that the relationship

found by Meurer et al. between FIR/UV and � 
an also be well reprodu
ed by an

extin
tion law similar to the gala
ti
 one. The models in their most a
tive phase seem

to be bluer (�� � �0:5) than the observed galaxies. Part of this displa
ement 
an

be as
ribed to the bump in the extin
tion law: if we avoid the spe
tral windows near

the bump when 
omputing the spe
tral index, we get a better agreement. It is worth

noti
ing that the models show an expe
ted dust free spe
tral index around -2.5, that

is 0.3 bluer than the expe
ted one from the Meurer relationship. This points out that

the part of the disagreement between models and the Meurer relation 
ould be due to

a di�erent intrinsi
 UV spe
tral index in the stellar 
ontinuum, possibly as
ribed to an

IMF whi
h is di�erent form the Salpeter one. However, the s
atter of data around the

mean relation (and the errors on the � determinations) does not allow to have a 
lear

answer. Moreover, the s
atter around the relation 
an be due to a variation of the IMF

from one obje
t to the other.

In order to perform a more detailed statisti
al study of the Meurer diagram, it would

be useful to extra
t the input parameters of the spe
tral models from a galaxy formation


ode as done in Granato et al. (2000). Su
h study will be done in our future works.

The attenuation laws found in our models show a redu
ed bump even if the extin
tion

law adopted in the models is the gala
ti
 one. This is a 
onsequen
e of age sele
tive

extin
tion whi
h, as already pointed out by Granato et al. (2000), 
ould at least in part

explain the di�eren
es between the gala
ti
 and starburst attenuation laws found in the

W02 sample and in Calzetti's works. This result is an example of the importan
e of the

in
lusion of the age sele
tive extin
tion when modelling dusty galaxies.

We also 
ompared the deviation from the power-law shape of simulated starburst

spe
tra. The deviation found at 2175

�

A seems to be larger than what we found in W02

sample, even if this di�eren
e is not big. The results suggest that the extin
tion law in

starburst galaxies has a depressed extin
tion bump at 2175, however it is not possible to

ex
lude the presen
e of the bump.

A big 
ontribution to 
larify these issue 
ould 
ome in the near future by the spa
e

mission GALEX that will provide a huge quantity of UV spe
tral and photometri
 data.

Another possible explanation of the Calzetti attenuation law was re
ently proposed

by Fis
hera et al. (2003) as a produ
t of turbulent media. However, the age sele
tive

extin
tion and the attenuation by a turbolent media are not in 
ontradi
tion and the

Calzetti 
urve 
ould be a result of both e�e
ts: the turbulent medium and the strong


orrelation of young stars with dense mole
ular 
louds.

Finally, it is worth noti
ing that the observed luminosities in UV-bright starbursts
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104 5. Attenuation in starburst galaxies

are a
hieved 
onverting a small fra
tion (10%) of the total gas, in agreement to what

found by Mayya et al. (2004).

Expanding our analysis to the IR luminous galaxies, we explained the observed

(Goldader et al., 2002) dis
repan
y between the UV spe
tral index and the ratio FIR/UV

in VLIRGs. Again, this is another e�e
t of the age sele
tive extin
tion. In parti
ular,

we found that, in the VLIRG phase, UV emission of the burst is 
ompletely 
onverted in

dust luminosity, and the UV 
ux 
omes from stellar population formed before the burst.

Therefore, the observed UV spe
tral index is determined by the older population and

does not measure the attenuation of the burst population. Thus we 
an 
on
lude that

the estimation of dust attenuation from the UV spe
tral index is useless when applied

to IR luminous galaxies. On the other hand, we shown that the ratio FIR/UV provides

an a

urate estimate of UV attenuation also in this kind of galaxies.

Finally, we have analyzed the opti
al properties of our models. We found that the

opti
al spe
tra in the obs
ured phase 
an be 
lassi�ed as e(a) spe
tra, a

ording to the

Dressler et al. (1999) 
lassi�
ation. We 
on
lude 
on�rming that e(a) spe
tra are a


ommon 
hara
teristi
 of obs
ured starbursts, as proposed by Poggianti & Wu (2000).

However, it is worth noti
ing that our models 
an a

ount only for EW(HÆ) < 6-7

�

A,

while some observed obje
ts have EW(HÆ) > 6-7

�

A. In our view, these obje
ts 
an be

explained as an obs
ured starbursts in galaxies whi
h had a previous burst some 10

8

years before the present burst. The older burst is responsible of the observed strong

Balmer absorption lines.
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Chapter 6

SFR estimators

In this 
hapter we dis
uss the di�erent estimators of the star formation rate. After the

introdu
tion (Se
t. 6.1), in Se
t. 6.2 we study the estimation of the SFR from UV and

IR luminosities. In Se
t. 6.3 we dis
uss the use of radio emission as SFR estimators

and explain the FIR-radio 
orrelation. In Se
t. 6.4 we dis
uss the use of emission lines

for the SFR estimation. Finally, in Se
t. 6.5 we 
ompare our result with the literature.

This 
hapter is based on the work presented in Panuzzo et al. (2003).

6.1 Introdu
tion

One of the most important quantities that distinguish the di�erent galaxy types along

the Hubble diagram is the star formation a
tivity. Therefore, measurements of the star

formation rate are a fundamental tool to study the evolution of galaxies.

The 
urrent star formation a
tivity is always tra
ed by looking at the signature of

massive stars, be
ause of their short lifetime. We 
an enumerate four di�erent SFR

indi
ators: the UV luminosity, the emission lines, the infrared emission of dust and the

radio emission from SN a

elerated ele
trons. A review on the SFR estimators 
an be

found in Kenni
utt (1998).

As dis
ussed in the previous 
hapters, the presen
e of dust introdu
es large un
er-

tainties in the determination of intrinsi
 luminosities of emission lines and UV stellar


ontinuum. This generally 
auses a dis
repan
y between the estimated SFR from the

di�erent indi
ators. Several observational (Hopkins et al., 2001; Sullivan et al., 2000;

Sullivan et al., 2001; Buat et al., 2002; Rosa-Gonz�alez et al., 2002; Bell, 2003) and the-

oreti
al works (Charlot & Longhetti, 2001; Hirashita et al., 2003) have addressed this

issue. The problem is parti
ularly important when estimating the 
omoving spa
e den-

sity of the star formation rate (also 
alled 
osmi
 SFR). In fa
t, the un
ertainties in the


orre
tion for dust extin
tion of UV in high redshift galaxies does not allow to 
learly

determine if the 
osmi
 SFR de
reases or not at z � 2 (Steidel et al., 1999).

In this 
hapter we 
on
entrate on the 
ase of normal star-forming galaxies to dis
uss
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106 6. SFR estimators

Table 6.1: Calibrations of SFR (SFR/Luminosity) from dust emission, in 10

�37

M

�

yr

�1

W

�1

(or a: 10

�33

M

�

yr

�1

W

�1

�

A), and from UV luminosity (lower panel, in 10

�23

M

�

yr

�1

W

�1

Hz).

Band SFR/L �(SFR/L)

IR

8�1000

3.99 3.12{7.39

IR 4.98 3.62{8.93

FIR 8.82 6.12{16.4

PAH 7.7�m 46.7 31.3{81.5 a

ISO LW3 79.9 70.9{135.

MIPS 24 48.0 34.6{114.

MIPS 70 9.23 6.19{17.0

MIPS 160 7.66 6.15{13.7

UV 284.5 103.4-622.8

UV

�

125.9 92.7-184.0

UV

FIR

104.5 90.7-114.5

the quality of estimations of SFR from di�erent indi
ators, and the impa
t of dust

attenuation. We will 
over the 
ase of starburst galaxies and the e�e
ts of a temporally

varying SFR in future works.

6.2 SFR from the UV and IR 
ontinuum

In the 
hapter 4, we justi�ed the tangled relation between the attenuation properties of

star forming galaxies as seen at di�erent wavelengths, by means of a model that a

ounts

for the 
omplex interplay between geometry, obs
uration time and stellar lifetimes. Using

these models, we have obtained 
alibrations of the SFR for a wide range of di�erent

observables from the UV to the radio regime.

Only models with �

es


� 6 My are used here be
ause the majority of the data in

Fig. 4.5 
an be explained with short es
ape times, ' 3 Myr, in agreement with other

eviden
es 
oming from the analysis of the UV SEDs and from the number 
ounts in HR

diagrams of massive stars (Silva et al., 1998). In order to give a useful referen
e value

of the 
alibration, we sele
ted a referen
e model whose parameters are summarized in

Table 4.1. This model is represented by a star in Fig. 4.5. Unless otherwise spe
i�ed, all


alibrations refer to a Salpeter IMF with m

inf

= 0:15 M

�

and m

up

= 120 M

�

and solar

metalli
ity.

Infrared luminosity is one of the most 
ommon SFR estimators. The interstellar dust

is able to 
onvert in IR emission a substantial fra
tion of the UV light emitted by young

stars. Thus, the IR luminosity is proportional to the SFR.

The relation between the SFR and the infrared luminosity is summarized in Table
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6.1. The �rst 
olumn indi
ates the observed quantity, the se
ond 
olumn provides the

value of the 
alibration for the referen
e model des
ribed above, and the last 
olumn

provides the range of variation of the 
alibration among the set of models.

The row labeled IR

8�1000

refers to the total dust emission from 8 to 1000 �m, while IR

refers to the infrared emission estimated with the four IRAS bands (Sanders & Mirabel,

1996) and FIR refers to the far-infrared emission estimated from the 60 and 100 �m

IRAS bands (as des
ribed in Helou et al., 1988).

In the following rows of Table 6.1, we show the 
alibration of the spe
i�
 luminosity

at the peak of the PAH emission feature at 7.7�m (PAH 7.7�m), the 
ux in the ISO

band LW3, and the SIRTF experiment MIPS at 24�m, 70�m and 160�m.

The infrared estimators exhibit larger variations in normal star-forming galaxies than

in starburst galaxies. Inspe
tion of the above table shows that the 
alibrations 
an vary

by up to 80% around the referen
e model. In the 
ase of normal galaxies a 
onsiderable

part of radiation from young stars is not absorbed by MCs 
louds, so that variations

in the duration of the obs
uration by MCs and in the opti
al depth of MCs produ
e

an important variation in IR emission. Furthermore, the absorption of light from old

populations by di�use dust may be a signi�
ant sour
e of IR radiation, thus weakening

the 
orrelation with the SFR. This is quite di�erent from more powerful starbursts

where most of the energy produ
ed by young stars is 
onverted into IR emission, so that

variations in absorption do not produ
e any important variation of the IR 
ux.

The ratio between SFR and UV luminosity (�

UV

=2000

�

A) is presented in the lower

panel of Table 6.1. First row refers to UV un
orre
ted for dust extin
tion, the se
ond

to the UV luminosity 
orre
ted for extin
tion through the UV slope (A

UV

vs �, eq. 5.1


onverted to 2000

�

A) and the last row to UV luminosity 
orre
ted for extin
tion by

adopting the relation A

UV

vs log(F

FIR

=F

UV

) with eq. 4.10 and 4.11. These 
alibrations

refer to fa
e-on models; 
alibrations from edge-on modes have a mu
h larger range of

variation, with the important ex
eption of FIR-
orre
ted estimator.

It is important to noti
e that the FIR-
orre
ted UV estimator is quite robust; in fa
t,

as shown in se
. 4.3, the attenuation in the UV is tightly related to the ratio F

FIR

=F

UV

,

for a signi�
ant variation of the opti
al depth and es
ape time (Fig. 4.7). Consequently,

by adopting the ratio F

FIR

=F

UV

to estimate A

UV

, one may get the intrinsi
 UV 
ux

and obtain a reliable SFR indi
ator. In summary, UV and FIR 
uxes alone are fragile

SFR indi
ators, while their 
ombination is a very good estimator of the UV attenuation.

Noti
e also that, be
ause of the slope of the relation A

UV

vs F

FIR

=F

UV

, this method is

not mu
h a�e
ted by un
ertainties in the FIR 
ux due to old populations.

We also provide the dust free 
alibration of UV for di�erent metalli
ities in Table

6.2.
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Table 6.2: Calibrations of SFR in UV band in the dust-free 
ase, and for radio emission

(in 10

�23

M

�

yr

�1

W

�1

Hz) as a fun
tion of metalli
ity.

Z UV 1.49 GHz 8.44 GHz

0.0008 78.9 59.5 166.1

0.004 88.7 65.1 212.6

0.008 94.8 66.6 230.9

0.015 99.7 67.7 246.2

0.02 103.4 68.6 258.4

0.03 107.7 69.8 269.1

0.04 112.3 71.1 280.7

0.05 117.4 72.5 293.5

6.3 SFR from radio and the FIR/Radio ratio

We report in Table 6.2 the new radio 
alibrations at 1.49 GHz and 8.44 GHz, a

ording

to Bressan et al. (2002), as a fun
tion of the stellar metalli
ity. The emission at these

frequen
ies in our model is provided by ionized gas (thermal emission) and SN remnant

(non-thermal emission). The variation in luminosity (at 
onstant SFR) is due to the

variation of the number of ionizing photons of SSPs with metalli
ity, of the temperature

of the ionized gas for free-free 
omponent, and to the variation of SN rate for non-

thermal 
ontributions. It is worth noti
ing that the variation of 1.49 GHz 
alibration

with metalli
ity is �15%.

Observations indi
ate that FIR and radio emissions are strongly 
orrelated over a wide

range of IR luminosities, from star-forming to starburst galaxies (Sanders & Mirabel,

1996):

q = log

F

FIR

=(3:75� 10

12

Hz)

F

1:49GHz

=(W m

�2

Hz

�1

)

' 2:35� 0:2 : (6.1)

From 
alibrations in Table 6.1 and in Table 6.2, for the FIR and the 1.49 GHz, we obtain

q = 2:32 for the referen
e model, with a range of variation q = 2:05� 2:48.

Remarkably, the 0.2 dex observed s
atter is fully a

ounted in our models simply by

the variation of the SFR-FIR relationship (see also Perez-Olea & Colina, 1995). This

suggests that the relationship between radio emission and star formation is extremely

tight and implies that the underlying physi
al me
hanism responsible for it is quite

homogeneous.

Although IR and radio 
alibrations depend on f

d

(here assumed to be 0.3), their

values 
hanges by less than 5% (25% for 8.44 GHz) if f

d

= 0 is assumed.
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Table 6.3: Calibrations of SFR for emission lines (in 10

�33

M

�

yr

�1

W

�1

, or a: in 10

�35

M

�

yr

�1

W

�1

. No dust: the intrinsi
 
alibrations in the 
ase without dust. Ref. model:


alibrations for the referen
e model. Max value: the maximum value found in our models.

The values between bra
kets in the forth 
olumn refer to the edge-on 
ase.

Line No dust Ref. model Max value

H� 0.188 0.758 7.94 (25.8)

H�

0

6.01 6.62 15.12 (29.3) a

Pa� 1.01 1.415 2.52 (4.37)

Pa�

0

1.01 1.01 1.06 (1.18)

Pa� 0.432 0.505 0.676 (0.938)

Br
 5.65 6.31 7.86 (10.2)

Br� 3.26 3.50 4.12 (4.96)

Br� 1.68 1.721 1.91 (2.10)

Hu� 12.8 13.12 14.7 (16.2)

[O ii℄3727 0.127 0.844 25.2 (104.8)

6.4 Opti
al near- and mid-infrared emission lines

H re
ombination lines are the only ones almost proportional to the Lyman 
ontinuum 
ux

and, as a 
onsequen
e, to the SFR; other emission lines also depend on other quantities

so that their use as SFR estimators is risky.

In Table 6.3 we report our 
alibrations for some emission lines. The se
ond 
olumn

shows the intrinsi
 
alibrations (without dust); the third 
olumn provides the 
alibration

for the referen
e model des
ribed above. The forth 
olumn provides the maximum value

found in our models (the minimum value of 
alibrations 
orresponds to the 
ase without

dust).

The 
alibrations are given assuming that the fra
tion of ionizing photons absorbed

by dust inside H ii regions (f

d

) is 0. Calibrations for di�erent values f

d


an be obtained

by dividing the value reported by 1� f

d

.

H�. The �rst entry in the table is H� un
orre
ted for extin
tion; this line may be the

only hydrogen line dete
ted in the spe
tra of intermediate{redshift galaxies and, in that


ase there is no way to 
orre
t it for extin
tion. The 
alibration we provide here shows

that for a typi
al SFR of a few M

�

/yr, the inferred SFR may be underestimated by a

fa
tor of three.

H�

0

. The H�

0

row refers to the H� luminosity 
orre
ted for extin
tion using the Balmer

de
rement (eq. 4.3). We noti
e that the de
rement has been evaluated from 
omparisons

of the observed ratio of the intensity of the emissions at H� and H� with the expe
ted
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110 6. SFR estimators

ratio. We did not attempt to simulate a real measure of the Balmer de
rement in a

syntheti
 spe
trum. Thus, our 
alibration assumes that one is able to 
orre
t the lines

for the 
ontribution of the underlying older populations.

It is worth noti
ing that, due to the age sele
tive extin
tion, the 
alibration may


hange by a fa
tor of two, or even more be
ause the extin
tion at H� is underestimated,

as demonstrated in Se
t. 4.3.2, when the es
ape time is similar to the lifetime of ionizing

stars.

Another fa
tor of un
ertainty is provided by the orientation of the observed galaxy

be
ause the extin
tion from di�use medium is 
hara
terized by a mixed geometry, whi
h

tends to produ
e a higher ratio between attenuation and reddening than for the s
reen

geometry.

Pa�, Pa�

0

. In Table 6.3 then Pa� follows, either un
orre
ted or 
orre
ted (Pa�

0

)

for extin
tion, assuming that the intrinsi
 value of Pa�/Br
 is 5.65 (and �

Pa�

=�

Br


=

2:95). In this 
ase the extin
tion is lower and the SFR 
an be obtained with a large

a

ura
y. However, it must be kept in mind that at these wavelengths un
ertainties in

the photometry of di�erent wavebands may 
onstitute the larger sour
e of un
ertainty

in the estimated extin
tion (e.g. Calzetti et al., 1996).

Pa�. The table 
ontinues with Pa� un
orre
ted for extin
tion. This line sits at the

short wavelength border of the K band (�=18752

�

A); like H�, it may be dete
ted by

ground observations only in the spe
tra of intermediate redshift galaxies.

Br
, Br�, Br�, Hu�. The following entries in the table are Br
, Br�, Br� and

Hu� un
orre
ted for extin
tion. As expe
ted, the extin
tion e�e
ts de
rease when the

wavelength in
reases, ex
ept for Hu� (� = 12:372�m) that falls in the absorption feature

of sili
ates. We did not 
onsidered the Pf� be
ause it is superimposed to the 7.7�m PAH

emission that outshines it.

[O ii℄3727. The table 
loses with the [O ii℄3727 line un
orre
ted for extin
tion (note we

only use solar metalli
ity). The importan
e of this line is that in high redshift galaxies

this is the only bright line that, on
e redshifted, remains in the opti
al domain. Re
ently,

Jansen et al. (2001) investigated the use of this line as SFR tra
er, and found that SFR

estimations by means of [O ii℄3727 agree with the H�

0

value, as long as the line intensity

is 
orre
ted for extin
tion and 
alibrated for metalli
ity. However, it is not possible

to perform these 
orre
tions without observing other lines that (if visible) are better

estimators of SFR; therefore we 
on
lude that [O ii℄3727 is a poor indi
ator of SFR.

Finally, we report in table 6.4 the dust-free 
alibrations for hydrogen lines as a fun
-

tion of gas and stars metalli
ity.
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Table 6.4: SFR 
alibrations for hydrogen emission lines (in 10

�33

M

�

yr

�1

W

�1

) as a

fun
tion of metalli
ity, in the dust free 
ase.

Z H� H� Pa� Pa� Br� Br� Br
 Hu�

0.0008 0.03541 0.10139 0.34008 0.67452 1.51153 2.55926 4.08921 13.00402

0.0040 0.04253 0.12297 0.36807 0.76569 1.56540 2.76821 4.53969 13.01145

0.0080 0.04848 0.14261 0.39540 0.84931 1.63540 2.97196 4.95617 13.25893

0.0150 0.05393 0.16369 0.41011 0.91920 1.63674 3.08429 5.25272 12.83562

0.0200 0.06008 0.18817 0.43235 1.00523 1.67584 3.25748 5.64724 12.78491

0.0300 0.05988 0.19754 0.39877 0.98059 1.48264 3.02189 5.38029 10.84010

0.0400 0.06167 0.21058 0.39288 1.00109 1.42695 2.99529 5.41738 10.17261

0.0500 0.06131 0.21591 0.37661 0.98956 1.34182 2.89063 5.30293 9.36745

Table 6.5: Comparison of some 
alibrations of SFR with results from previous works.

Calibrations are referred to a Salpeter IMF between 0.1 and 100 M

�

. Referen
e: a:

Kenni
utt (1998), b: Haarsma et al. (2000).

This work others

UV 1.20 1:4 � 10

�21

M

�

yr

�1

W

�1

Hz a

IR

8�1000

4.63 4:5 � 10

�37

M

�

yr

�1

W

�1

a

H� 7.05 7:9 � 10

�35

M

�

yr

�1

W

�1

a

1.49 GHz 79.6 123:3 � 10

�23

M

�

yr

�1

W

�1

Hz b

6.5 Comparisons with literature

By using our set of simulated disk galaxies, we 
alibrated di�erent SFR estimators,


olle
ted in Tables 6.1, 6.2 and 6.3. Some 
alibrations may be 
ompared with values

obtained in the literature. In parti
ular we 
ompare the results with Kenni
utt (1998)

(UV, IR and H�) and Haarsma et al. (2000) (radio) in Table 6.5. Our values in Table

6.5 have been multiplied by the fa
tor 1.16 to normalize our results to a Salpeter IMF

between 0.1to 100 M

�

, as assumed by Kenni
utt and Haarsma.

There is a good agreement for H�, UV and IR 
alibrations (note that Kenni
utt uses

the notation FIR for the total dust emission between 8 and 1000 �m).

In the 
ase of normal star forming galaxies, our work eviden
es that H�, UV and

even IR estimators of SFR are a�e
ted by important s
atters. IR emission by itself does

not provide an a

urate estimate of the SFR in disk galaxies, be
ause the fra
tion of

UV radiation not absorbed by the dust 
an be high. The 
ombination of UV and FIR

luminosities provides a very good SFR estimator essentially be
ause, even for a modest

SFR, one re
overs in the FIR what is lost in the UV.

A detailed 
omparison of UV, IR and H� as SFR estimators was re
ently presented

by Hirashita et al. (2003). They introdu
ed three quantities, f , � and � that respe
tively
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112 6. SFR estimators

represent the fra
tion of Lyman 
ontinuum absorbed by the gas (equivalent to our 1 �

f

d

), the fra
tion of UV luminosity absorbed by dust, and the fra
tion of IR luminosity

originating from dust absorption of old star radiation.

They also provide a method to estimate the values of these parameters by 
omparing

the luminosities in IR (in this 
ase they refer to the total IR luminosity), UV (at �

UV

=

2000

�

A) and H� (
orre
ted for extin
tion via the Balmer de
rement). By using this

method, they estimated f , � and � for the galaxies in the SFG sample (see Se
t. 4.3)

and for a subset of the UV-bright starburst sample by MHC99. Following Inoue et al.

(2000), they provide a suitable 
alibration for IR-derived SFR from the average values

of f , � and � found in the two samples. In parti
ular they propose SFR/L

IR

= 5:2 �10

�37

M

�

/yr/W for normal star-forming galaxies, that is only 12% higher than what we found

for the same kind of galaxies. It is worth noti
ing that in this way it is possible to provide

a suitable 
alibration for di�erent 
lass of galaxies knowing the mean value of the three

parameters, however it is not possible to redu
e the un
ertainty due to the variation of

the parameters between di�erent obje
ts of the same 
lass.

For what 
on
erns H�, Hirashita et al. (2003) interpret the disagreement between IR

and H� estimation of SFR as a 
onsequen
e of the absorption of ionizing photons by dust

(parameter f). We found that the age sele
tive extin
tion 
an produ
e an underestimate

of the attenuation when it is derived by the Balmer de
rement. Indeed, the two interpre-

tations 
an be 
omplementary, thus the average value of f (0.48) found by Hirashita 
an

be the 
ombination of the two e�e
t and only partially due to the absorption of ionizing

photons by dust inside H ii regions. The measure of Pas
hen and Bra
kett lines (that

su�er a mu
h smaller extin
tion) 
ould distinguish if the disagreement between IR and

H� is due to the dust absorption of ionizing photons or to the age sele
tive extin
tion.

We 
an 
on
lude that what found in our work and in Hirashita et al. paper points out

that the estimation of the SFR from H�, even 
orre
ted with the Balmer de
rement

must be taken with 
are.

Finally, our 
alibration for the radio emission is a fa
tor 1.5 smaller than that pro-

posed by Condon (1992) and Haarsma et al. (2000), and a fa
tor 1.3 larger than the one

quoted by Carilli (2002). It is worth noti
ing that our 
alibrations give a ratio (eq. 6.1)

between the radio and FIR emissions, q = 2:32, very 
lose to the observed value, and

that we 
an explain in a natural way the s
atter around the observed relation. In disk

galaxies, this s
atter is due to the variation of the fra
tion of stellar emission absorbed

(and re-radiated) by dust. In luminous starburst galaxies, the s
atter may be more 
om-

pli
ate to explain. Bressan, Silva and Granato (2002) have shown that it may be due to

the delay between non-thermal radio emission (' 90% of the total at 1.49 GHz) and the

FIR emission, whi
h be
omes important for short e-folding time of the star formation

rate. Another sour
e of s
atter is the the di�erent dust/gas ratio. Finally the even-

tual 
ontribution of the AGN, whi
h is known to dominate at around 60�m, 
an be an

additional sour
e of s
atter.
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Chapter 7

Infrared emission lines

This 
hapter is dedi
ated to some appli
ations of infrared lines. After a short introdu
tion

(Se
t. 7.1), in Se
t. 7.2 we des
ribe the estimation of metalli
ity from IR lines, and

propose a new method based on far infrared lines and radio luminosity. In Se
t. 7.3

we applied our model to the study of a ex
itation diagram of gala
ti
 H ii regions and

starbursts. Finally, in Se
t. 7.4 we dis
uss the possibility to use near-IR emission lines to

study the formation pro
ess of ellipti
al galaxies. Some results presented in this 
hapter

are published in Panuzzo et al. (2003).

7.1 Introdu
tion

Many emission lines are present in the IR spe
tra of galaxies. These lines be
ame very

interesting with the ISO mission that provided the �rst moderate and high

1

resolution

infrared spe
tra. The SIRTF mission and the future Hers
hel mission will provide a big

amount of spe
tra, in the mid- and far-infrared respe
tively, and the knowledge on in-

frared nebular lines will be
ome essential to extra
t more information from those spe
tra.

Furthermore, their long wavelengths redu
e drasti
ally the e�e
ts of dust obs
uration on

them, and be
ome very useful in highly obs
ured obje
ts.

Apart from the hydrogen re
ombination lines, all the luminous metalli
 lines in the

IR are �ne-stru
ture transitions. These are transition between ele
troni
 
on�gurations

in whi
h an ele
tron 
hanges only its magneti
 momentum number. Although their

transition probabilities are very low, these lines are rather luminous (possibly more than

opti
al lines) and their emission is an important 
ooling me
hanism of gas, espe
ially at

high metalli
ity.

Fine-stru
ture lines are ex
ellent diagnosti
s of gas density, hardness of the ex
iting

1

The adje
tive \low", \high" or \moderate" are used in infrared spe
tros
opy, when referred to the

spe
tral resolution, with a di�erent meaning from the use in opti
al spe
tros
opy. In fa
t, a resolution

power R = �=�� around 1000 is 
ommonly 
onsidered in the infrared a high resolution, while in the

opti
al high resolution is with R� 10

4

.
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114 7. Infrared emission lines

radiation �eld and abundan
e of important elements.

Di�erent �ne-stru
ture transitions of the same ion have di�erent sensitivities to


ollisional deex
itation. This 
an be used to identify the typi
al ele
tron density of

the emitting gas (Rubin et al., 1994). Typi
al line pairs used for this purpose are

[Ar iii℄21.8�m/9�m, with a maximum sensitivity to the ele
tron density at log(n

e

) = 4.7,

[Ne iii℄36/15.5�m (log(n

e

) = 4.7), [O iii℄52/88�m (log(n

e

) = 2.9), [S iii℄19/33�m (log(n

e

)

= 3.5), and [N ii℄122/205�m (log(n

e

) = 1.8). Though 
ollision strengths for these lines

may need to be reexamined (Rubin et al., 2001), it appears that they 
an tra
e the

density of the emitting gas over a wide range, from n

H

= 10 
m

�3

to n

H

= 10

5


m

�3

, i.e.

possibly en
ompassing the typi
al densities of star forming regions in normal galaxies as

well as in 
ompa
t obs
ured starbursts (Bressan et al., 2002).

The ratio of �ne-stru
ture line intensities from suitable elements in di�erent ionization

stages 
an be used to obtain information on the ionizing spe
trum and the ionization

parameter of H ii regions. This analysis is parti
ularly interesting be
ause it 
an provide


onstrains on the stellar atmosphere models and on the IMF shape at higher masses.

As an example, the ratio [Ne iii℄15.5�m/[Ne ii℄12.8�m depends mainly on the fra
tion of

photons with � < 302:8

�

A over the total Lyman photons, and not on the temperature of

the ionized gas (F�orster S
hreiber et al., 2001).

Finally, the weak dependen
y of �ne-stru
ture line on the temperature makes these

lines good estimators of the gas metalli
ity. Commonly, the gas metalli
ity is derived

from opti
al metalli
 lines; however their emission falls when the gas temperature is

lower than 10

4

K. As the gas metalli
ity grows the gas temperature de
reases, and the

emission of opti
al metalli
 lines rapidly de
reases over the solar metalli
ity. On the


ontrary, �ne-stru
ture line 
an be used for abundan
e determinations up to Z � Z

�

.

7.2 Abundan
e determinations

It is straightforward to extend to the infrared the method used for abundan
e deter-

minations for opti
al lines. This method is based on the ratio between the sum of the

intensities of the most abundant ions of an element, and that of a hydrogen re
ombina-

tion line (typi
ally the Br� line). It works as long as the 
urrent density is lower than

the 
riti
al density for 
ollisional deex
itation of the involved transition.

Let's take the 
ase of a generi
 element X that is present in the ionization states

X ii, X iii et
. Let's suppose to observe one transition for ea
h ionization state. The

abundan
e relative to hydrogen is given by:

X

H

=

�

Br�

h�

Br�

L

Br�

 

L

[XII℄

q

[XII℄

h�

[XII℄

+

L

[XIII℄

q

[XIII℄

h�

[XIII℄

+ ::::

!

(7.1)

where �

Br�

is the re
ombination rate of hydrogen with emission of Br�, and q

[XII℄

is the


ollisional ex
itation rate of [X ii℄ transition (for ele
troni
 density near to zero). The
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last 
an be rewritten as:

q =

8:629 � 10

�6

K

1=2

T

1=2

e

�




lu

!

l

e

�

�

lu

kT

e


m

3

=s (7.2)

where 


lu

is the e�e
tive 
ollision strength of the transition, !

l

is the statisti
al weight

of the lower level in the transition, and �

lu

is the energy di�eren
e.

In the near- and mid-infrared the elements to whi
h we 
an apply the above method

are neon ([Ne iii℄15.5�m and [Ne ii℄12.8�m), argon ([Ar iii℄9�m and [Ar ii℄7�m) and sulfur

([S iv℄10.5�m, [S iii℄18.7�m and [S ii℄1.03�m). Suitable 
alibrating relationships 
an be

found in Giveon et al. (2002) and Verma et al. (2003).

In the far-IR, the method is appli
able only to nitrogen ([N ii℄122�m and [N iii℄57�m).

For these lines we have derived the following 
alibrations with respe
t to the Br� line

for di�erent assumptions on the ele
troni
 temperature T

e

. From Storkey & Hummer

(1995):

�

Br�

h�

Br�

=

(

9:906 � 10

�27

erg � 
m

3

=s for T

e

= 10000 K

2:298 � 10

�26

erg � 
m

3

=s for T

e

= 5000 K

(7.3)

From Peng & Pradham (1995):

q

[NIII℄57

h�

[NIII℄57

=

(

0:21 � 10

�20

erg � 
m

3

=s for T

e

= 10000 K

0:28 � 10

�20

erg � 
m

3

=s for T

e

= 5000 K

(7.4)

From Lennon & Burke (1994):




[NII℄122

=

(

1:12 for T

e

= 10000 K

1:0 for T

e

= 5000 K

; !

[NII℄122

= 3 (7.5)

Thus, knowing that h�

[NII℄122

= 1:6314 � 10

�21

J:

q

[NII℄122

h�

[NII℄122

=

(

5:1938 � 10

�22

erg � 
m

3

=s for T

e

= 10000 K

6:4811 � 10

�22

erg � 
m

3

=s for T

e

= 5000 K

(7.6)

N

H

=

8

<

:

1:907 � 10

�5

�

L

[NII℄122

+ 0:247L

[NIII℄57

�

=L

Br�

for T

e

= 10000 K

3:546 � 10

�5

�

L

[NII℄122

+ 0:231L

[NIII℄57

�

=L

Br�

for T

e

= 5000 K

(7.7)

where N/H is the nitrogen abundan
e respe
t to hydrogen.

It is worth noti
ing that this method requires the measurement of the intrinsi
 in-

tensity of a hydrogen re
ombination line. Thus, it is not appli
able when these lines are

not a

essible, either be
ause of an instrumental limitation or for a very high extin
tion.

In this 
ase, we suggest to adopt another indi
ator tightly 
orrelated with the intrinsi


intensity of hydrogen re
ombination lines or, equivalently, with the SFR. The best SFR

indi
ator we have found is the radio luminosity (Table 6.2). To this purpose, we have
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116 7. Infrared emission lines

Figure 7.1: The relationship between nitrogen abundan
e (relative to hydrogen) and N

23

(de�ned by eq. 7.8) for models with di�erent densities and ionization parameters. The

dashed line shows a linear �t to models with Z < 0:015.
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run a set of models varying the metalli
ity of the gas (from Z=0.0008 to Z=0.05), the

hydrogen density, from 10 to 100 
m

�3

, and the ionization parameter. The latter is a

fun
tion of the mass of ionizing 
lusters M

�

, and of the �lling fa
tor � through eq. 3.8.

We stress that the emission lines resulting from quies
ent star forming galaxies are the

sum of the emission of H ii regions of di�erent ages, so that there is not a single ioniza-

tion parameter U at work. However, sin
e all the ionization parameters s
ale linearly

with the quantity m � (M

�

�

2

)

1=3

, we have 
hanged m from 0.7 to 70 M

1=3

�

to simulate a

similar range of variation of U . The fra
tion of ionizing photons absorbed by dust was

assumed to be f

d

= 0:3.

Fig. 7.1 shows the relationship in our models between the nitrogen abundan
e and

the ratio N

23

de�ned as

N

23

=

�

L

[NII℄122

+ 0:247L

[NIII℄57

�

=L

1:49GHz

: (7.8)

We noti
e that the metalli
ity is well determined for values below solar. For higher values

the relation steepens 
onsiderably making the determination of the metal 
ontent quite

un
ertain.

A linear �t to models in whi
h the metalli
ity is lower than 0.015 is plotted in Fig. 7.1;

its analyti
al expression is

log

�

N

H

�

= �18:21 + 1:203 logN

23

; (7.9)

where N

23

is given in hertz.

We stress that this relation holds as long as the density is below the 
riti
al density

for 
ollisional de-ex
itation of the [N ii℄122�m transition (n

e

� 300 
m

�3

).

A similar 
alibration 
ould be obtained by adopting the FIR luminosity instead of

the radio luminosity. However, in the 
ase of disk galaxies the relation between the FIR

luminosity and the SFR is not as tight as that between the radio luminosity and the

SFR (see Table 6.1) and it would introdu
e a signi�
ant s
atter in the 
alibration. The

use of FIR luminosity for the 
ase of starburst galaxies seems to be more promising. We

will explore this possibility in the future works.

7.3 Ionizing spe
trum hardness diagnosti
s

Giveon et al. (2002) (hereafter G02) used the ratios [Ne iii℄15.5�m/[Ne ii℄12.8�m, [Ar iii℄9�m/

[Ar ii℄7�m, and [S iv℄10.5�m/[S iii℄19�m to study the properties of single gala
ti
 and

extragala
ti
 H ii regions observed with ISO. In parti
ular, they 
ompared the observed

ratios with H ii region models 
omputed with Cloudy. In the 
omputation they assumed

that ea
h H ii region is ex
ited by a single massive star instead of a 
luster or an OB

asso
iation. The �lling fa
tor was �xed to 1, therefore the ionizing 
ux (and by 
onse-

quen
e the ionization parameter) is only a fun
tion of the star temperature. Thus, on
e
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omputed the nebular models, they obtained a single path on the diagnosti
 diagrams

[Ar iii℄9�m/[Ar ii℄7�m versus [Ne iii℄15.5�m/[Ne ii℄12.8�m.

The stellar spe
tra were 
omputed using stellar atmospheri
 models both with hydro-

stati
 Lo
al Thermal Equilibrium (LTE) from Kuru
z (1992) and Non-LTE with winds,

the latter 
omputed with the stellar atmosphere 
ode from Pauldra
h et al. (2001). The

stellar e�e
tive temperature used in G02 models ranges from 35000 to 45000 K.

The results obtained by G02 show that models with LTE atmospheres have a mu
h

lower value of the ratio [Ne iii℄15.5�m/[Ne ii℄12.8�m than observed gala
ti
 H ii regions,

while Non-LTE models reprodu
e quite well the position of observed gala
ti
 H ii regions

in the diagram.

Verma et al. (2003) analyzed some starburst spe
tra and 
ompared their ex
itation

diagram with the sample by Giveon et al. The region o

upied by the two di�erent

samples overlaps, however the starbursts show a ratio [Ne iii℄15.5�m/[Ne ii℄12.8�m higher

(up to 10 times larger) than the gala
ti
 H ii regions.

Sin
e the analysis done in G02 do not explains the results of Verma et al. (2003), we

used our 
ode to 
ompute the expe
ted emission of starbursts and to 
ompare it with

G02 and Verma et al. observations.

We 
omputed the nebular emission due to star 
lusters of di�erent ages ranging from

0 to 20 Myr for di�erent assumptions on the �lling fa
tor and stellar mass (m = 1 and

m = 0:1). The results are shown in �gure 7.2. Form the �gure we re
ognize that our

models 
over only part of observed gala
ti
 H ii regions while starburst data are well

reprodu
ed.

The main di�eren
e between our models and G02 models stays in the fa
t that we

use SSP spe
tra instead of single stellar spe
tra. The IMF used in our SSPs extended up

to m

up

=125 M

�

, thus it 
ontains stars with e�e
tive temperatures mu
h higher (up to

10

5

K) than the temperatures used by G02. As a 
onsequen
e, our SSP spe
tra 
ontain

mu
h more hard photons than G02 spe
tra.

This is shown in �gure 7.3 where we 
ompare the hardness of SSP spe
tra at di�erent

ages and metalli
ity with the G02 spe
tra. The hardness is expressed in term ofQ

ArII

=Q

H

and Q

NeII

=Q

H

, noti
ing that the Ar ii is ionized by photons with � < 448:7

�

A and Ne ii

is ionized by photons with � < 302:8

�

A. SSP spe
tra show an Q

NeII

=Q

H

up to 15 times

higher than G02 stellar spe
tra. The high value of [Ne iii℄15.5�m/[Ne ii℄12.8�m found in

our model is thus a 
onsequen
e of the higher hardness of SSP spe
tra.

The results shown in �gure 7.2 suggest that in starbursts the hardest region of ionizing

spe
tra is dominated by stars more massive than 30 M

�

and that the IMF in these

obje
ts must extend up to masses around 100 M

�

. A similar 
on
lusion was a
hieved

by Thornley et al. (2000) that analyzed the [Ne iii℄15.5�m/[Ne ii℄12.8�m 
omparing it

with the IR luminosities for some starbursts.

We support that the di�eren
e shown between gala
ti
 H ii regions and starbursts


an be explained looking at the di�erent star formation a
tivity regime. In fa
t, the
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Figure 7.2: The ex
itation diagram [Ar iii℄9�m/[Ar ii℄7�m versus

[Ne iii℄15.5�m/[Ne ii℄12.8�m luminosity ratios. Observed gala
ti
 H ii regions by

G02 are shown with 
rosses (those within 1 kp
 from the gala
ti
 
enter) and open

squares (those outside 1 kp
 from the gala
ti
 
enter); extragala
ti
 H ii regions by

G02 are shown with open triangles. Upper- or lower-limits in ratios determinations are

plotted with arrows. Observed starbursts by Verma et al. (2003) are shown with �lled

squares. The 
ross in the lower right 
orner represent the typi
al errors of observed

data. Finally, the thi
k line refer to the models by G02 for gala
ti
 H ii regions.
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Figure 7.3: The ratioQ

ArII

=Q

H

versus Q

NeII

=Q

H

for G02 NLTE stellar spe
tra of di�erent

e�e
tive temperature (�lled triangles) 
ompared with our SSP spe
tra at di�erent ages,

for three di�erent metalli
ity.

Galaxy forms stars in a quies
ent regime, and young stars are produ
ed prevalently in

small star 
lusters and OB asso
iations with a total mass smaller than 1000 M

�

(Lada

& Lada, 2003). In this 
ase it is more unlikely that a OB asso
iation have stars more

massive than 30 M

�

. On the 
ontrary, in starbursts the star 
lusters are mu
h bigger

and the presen
e of massive stars is more probable.

Finally, we 
omment on the position of the observed data on the ex
itation sequen
e

in �gure 7.2. From our models we found that the degree of ex
itation is mainly due to the

ratio Q

He

=Q

H

. In fa
t, models with the same Q

He

=Q

H

but with a ionization parameter

that di�er for one order of magnitude show a variation of line ratios smaller than 0.6

dex, while a variation of a fa
tor 2 in Q

He

=Q

H

provides a variation of line ratios around

4. We 
on
lude that the ex
itation sequen
e is mainly due to the shape of the ionizing


ontinuum, that 
hanges with the age of the stellar population. So we 
on�rm Thornley

et al. (2000) results that the sequen
e is an age sequen
e. This is also in agreement

with Verma et al. (2003), who found that highly ex
ited starbursts exhibit WR star

emissions.

7.4 Models for spheroidal galaxy formation

Re
ently Granato et al. (2003, hen
eforth GDS03) presented a physi
ally motivated

model for the early 
o-evolution of massive spheroidal galaxies and the a
tive nu
lei at
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their 
enters. The model has been built by extending the previous s
enario des
ribed in

Granato et al. (2001), whi
h made use of a partly empiri
al approa
h.

The model, in the framework of a 
old dark matter 
osmology, follows with simple

re
ipes and a semi-analyti
 te
hnique the evolution of the baryoni
 
omponent. The

main di�eren
e with respe
t to other treatments, were the nu
lear a
tivity is usually

regarded as an in
idental diversion, is in the emphasis given to the formation of a super

massive bla
k hole in the galaxy 
enter, and to the e�e
t of following QSO a
tivity.

As a result, the physi
al pro
esses a
ting on baryons reverse the order of formation of

spheroidal galaxies with respe
t to the hierar
hi
al assembling of DM halos. This is in

agreement with the previous 
on
lusions of Granato et al. (2001). We refer the reader

to GDS03 for a full des
ription of the model.

GDS03 found predi
tions in ex
ellent agreement with observations for a number of

observables whi
h proved to be extremely 
hallenging for all the 
urrent semi-analyti


models (see dis
ussion in Granato et al., 2001), in
luding the sub-mm 
ounts and the 
or-

responding redshift distributions, and the epo
h-dependent K-band luminosity fun
tion

of spheroidal galaxies.

7.4.1 Number 
ounts for SIRTF surveys

A unique opportunity to observe spheroidal galaxies in their formation phase is given by

the infrared spa
e satellite SIRTF. The Spa
e InfraRed Teles
ope Fa
ility (SIRTF) is the

last Great Observatory mission lun
hed (August 26th 2003) by NASA. The observatory


arries an 85 
m 
ryogeni
 teles
ope and three s
ienti�
 instruments:

� The InfraRed Array Camera (IRAC): a four-
hannel 
amera that provides simul-

taneous 5.2 �5.2 ar
minutes images at 3.6, 4.5, 5.8 and 8 �m.

� The InfraRed Spe
trograph (IRS): an instrument for spe
tros
opy with low (reso-

lution power R � 60� 120) and moderate (R � 600) resolution in the wavelength

interval 5.3-40 �m and 10-37 �m (for low and moderate resolution respe
tively)

� The Multiband Imaging Photometer for SIRTF (MIPS): an instrument for imaging

and photometry in broad spe
tral bands 
entered nominally at 24, 70, and 160 �m,

whi
h is also designed to provide low-resolution spe
tros
opy (R � 20 between 52

and 99 �m).

Two proje
ts of the SIRTF Lega
y S
ien
e Program are 
entered on galaxy evolution:

The Great Observatories Origins Deep Survey (GOODS) and the SIRTF Wide-area

Infrared Extragala
ti
 Survey (SWIRE). These two photometri
 surveys will observe a

large number of IR galaxies at high redshifts.

Silva et al. (in preparation) a

ording to the GDS03 model 
omputed the expe
ted

number 
ounts for IRAC and MIPS observations, and also whi
h fra
tion of obje
ts are

forming spheroidal.
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Figure 7.4: 24�m sour
e 
ounts and redshift distributions, at 0.22 mJy, the expe
ted

5� 
onfusion limit. The dotted line refers to starbursts, the dashed one is for spirals,

the dot-dashed one for star-forming spheroidal galaxies, long dashed line for passively

evolving spheroidal galaxies.
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Figure 7.5: The observed wavelength of some near- and mid-infrared emission lines at

di�erent redshifts. The 
ontinue verti
al lines show the spe
tral window 
overed by low

resolution mode of IRS, while the dot-dashed lines refer to the high resolution mode.

Their predi
tions for sour
e 
ounts and redshift distribution at 24�m are in Fig. 7.4

(for the referen
e 
ase for spheroids). Following Condon (1974), they �nd a 5� 
onfusion

limit of S




= 0:22 mJy. Fig. 7.4 also shows the redshift distributions expe
ted at 0.22

mJy. At that 
ux limit, a fra
tion 25% of the total dete
ted sour
es is expe
ted to be

provided by spheroids. In the 70 and 160 �m bands, at the 
onfusion limit, a fra
tion

up to 50% of the total sour
es 
ould be provided by spheroids.

It is worth to investigate if the NIR emission lines expe
ted from these galaxies 
an

be dete
ted with IRS.

7.4.2 Emission lines observations with SIRTF

Figure 7.5 sket
hes the wavelength shift of several luminous near- and mid-infrared emis-

sion lines in order to show the interval of redshifts in whi
h these lines 
ould be observed

by the spe
trometer IRS. Note that the Ne lines will be observable only for z � 2, and

that Pa� 
ould be only observed in the most distant sour
es.

We 
omputed the nebular emission for some simulated galaxies used in GDS03 to

determine if their emission lines 
an be observed by SIRTF.

The sele
ted models are galaxies produ
ed in dark matter halos with a total mass
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of 2:5 � 10

13

M

�

assumed to virialize at four di�erent redshifts, namely z = 2, 3, 4 and

5. For ea
h model, we 
omputed the nebular emission for two extreme values of opti
al

thi
kness of MCs �

MC

, namely 2 mag and 30 mag at 1 �m. No 
irrus extin
tion was


onsidered.

Figure 7.6 shows the expe
ted 
uxes of Br� (restframe wavelength �

Br�

= 4:05�m),

Pa� (�

Pa�

= 1:88�m), [Ar ii℄7�m, [Ar iii℄9�m, [Ne ii℄12.8�m and [Ne iii℄15.5�m. The

horizontal dotted lines refer to the 1-� sensitivity for unresolved emission lines in 480

se
onds with the high resolution mode of IRS; note that the sensitivity of the low resolu-

tion mode is an order of magnitude better. Results in Fig. 7.6 suggest that spe
tros
opi


observations with SIRTF 
an dete
t emission lines from spheroids in formation at high

redshit, possibly up to redshift � 4 in the most luminous 
ases. It is worth noting that

obje
ts at redshifts 1 or 2 are only 50% brighter than obje
ts at z � 4. This is due to

the higher star formation a
tivity in halos that virialize at higher redshifts.

A lot of information 
an be obtained from the dete
tion of su
h lines. The most ob-

vious one is the redshift, that otherwise has to be estimated from photometri
 methods

(with obvious un
ertainties) or with spe
tros
opi
 follow-ups by 10-meter 
lass ground-

based teles
opes. However, the dust obs
uration 
an be high enough to pre
lude the

observation of rest-frame UV-opti
al, while mid-IR lines su�er a mu
h smaller obs
ura-

tion. The measure of spe
tros
opi
 redshifts of these galaxies is fundamental in order

to 
ompute the redshift distribution of the di�erent galaxy populations and to 
ompute

the luminosity fun
tion at the di�erent redshifts and its evolution.

Furthermore, the Br� 
an provide a measure of the star formation rates in a way that

is independent of estimations from the IR luminosity. Sin
e, among bright hydrogen line,

Br� is the less obs
ured one, it is the only line that 
an provide a reasonable estimation

of the SFR without dust 
orre
tions.

Finally, as shown in the previous se
tions of this 
hapter, the above lines 
an be also

used for the determination of metalli
ity, providing useful 
onstrains on the models for


hemi
al evolution of these obje
ts.

We 
on
lude that spe
tros
opi
 observations with SIRTF of SCUBA galaxies or star

forming spheroids sele
ted in the photometri
s surveys 
an provide fundamental infor-

mation on the formation pro
ess of ellipti
al galaxies. We will develop this dis
ussion in

the future to address a proposal for SIRTF observations.
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Figure 7.6: The expe
ted observed 
uxes for six near- and mid-infrared lines (form

top-left: Br�, Pa�, [Ar ii℄7�m, [Ar iii℄9�m, [Ne ii℄12.8�m, [Ne iii℄15.5�m) from massive

spheroid galaxy models with di�erent virialization redshifts, for �

MC

= 2 (solid line) and

30 mag (dot-dashed line).
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Chapter 8

Con
lusions

The main topi
s and results of this thesis are summarized below:

1. We have built, with the photoionization 
ode Cloudy, a new library of H ii region

models spe
i�
ally designed to be used in models for population synthesis. The

ionizing spe
tra has been represented with a suitable analyti
al form, that is a

fun
tion of the ionizing 
uxes for hydrogen, helium and O ii (namely Q

H

, Q

He

,

and Q

O

). We 
he
ked that the analyti
al spe
tra reprodu
e the emission line

luminosities of H ii regions ex
ited by SSPs within a reasonable a

ura
y provided

that they have the same value for Q

H

, Q

He

, and Q

O

. The main advantage of the

pro
edure is that the H ii region library 
an be used independently of the 
hoi
e

of the IMF and stellar atmosphere models, on
e Q

H

, Q

He

, and Q

O

of ionizing

populations are spe
i�ed. The library 
an be freely retrieved from the web

1

.

2. We have presented a general method to 
ompute nebular emission in star-forming

galaxies that uses the above library and we implemented it in the spe
trophoto-

metri
 
ode GRASIL. Now the 
ode 
an simulate the 
omplete SED of galaxies

in great detail, from far UV to the radio wavelengths, in
luding stellar absorption

features, nebular emission, dust and PAH emission. Moreover, we 
an make a 
on-

sistent 
omparison between emission lines and the 
ontinuum. We have shown that

emission lines provide new important 
onstraints on the opti
al depth of mole
-

ular 
louds, on the 
urrent metalli
ity, and on the shape of the emitted stellar


ontinuum at wavelengths smaller than the Lyman break.

3. We applied the model to study the attenuation in normal star forming galaxies.

The poor 
orrelation between the extin
tion in the UV and of the H� line found

by Buat et al. (2002) is interpreted in our model as a natural 
onsequen
e of age

sele
tive extin
tion. In fa
t, the UV (2000

�

A) 
ux is also provided by stars that live

more than 10 Myr, so it 
an be emitted by stars already outside parental mole
ular


louds. When the opti
al thi
kness of MCs grows over a 
riti
al value, the UV 
ux

1

http://www.sissa.it/�panuzzo/hii/ or http://web.pd.astro.it/granato/grasil/grasil.html
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inside MCs is 
ompletely 
onverted in dust emission and the observed 
ux 
omes

from outside the MCs. In this 
ase, the UV attenuation simply measure the ratio

between the UV 
ux emitted outside MCs and the total emitted one, rather than

measuring the MCs opti
al thi
kness. On the 
ontrary, nebular emission is indu
ed

only by massive stars with a lifetime of a few Myr, and, if the es
ape time is not

short enough, the nebular emission 
omes only from inside the MCs. In the 
ase

that the es
ape time is similar to the lifetime of ionizing stars, a fra
tion of line

emission is produ
ed outside MCs. This fra
tion 
an be important in the 
ase

of H� so that the Balmer de
rement is 
hanged, giving a lower measure of the

attenuation than that su�ered by MCs.

4. By 
onverse, we found that A

UV


orrelates quite tightly with the ratio F

FIR

=F

UV

.

This result 
on�rms that even in normal spiral galaxies the FIR luminosity is

produ
ed by the repro
essed UV light of young stars, and that the 
ontribution

from absorbed opti
al light of old stars is small. We 
an 
on
lude that the ratio

F

FIR

=F

UV

is a robust measure of UV attenuation.

5. We studied the attenuation properties of starburst galaxies. In parti
ular we an-

alyzed the sample of UV-bright starbursts by Wu et al. (2002). From the UV

spe
tra we found that these obje
ts have an attenuation law whi
h presents a sup-

pressed bump at 2175

�

A, more similar to the Calzetti law than to the gala
ti


one. We also 
ompared the attenuation at H� from the Balmer de
rement and

the attenuation at 2000

�

A derived from the ratio F

FIR

=F

UV

; it results that these

two quantities 
orrelate, 
ontrarily to what found in the 
ase of normal galaxies.

This result shows that in UV-bright starbursts UV, FIR and H� are emitted by

the same stellar population.

6. Using a set of simulations, we reprodu
ed the observed diagram F

FIR

=F

UV

vs � of

UV-bright starbursts. The models seem to be bluer (�� � �0:5) than the observed

galaxies. This 
an be partially as
ribed to the bump in the extin
tion law at 2175

�

A. Models also show a dust free spe
tral index around -2.5 whi
h is 0.3 bluer than

the expe
ted one from the Meurer relation; this points to a di�erent intrinsi
 UV

spe
tral index in the stellar 
ontinuum, possibly due to an IMF di�erent form the

Salpeter one. The s
atter of data around the mean relation does not allow a 
lear

answer.

7. The attenuation law extra
ted from the models show a redu
ed bump at 2175

�

A although the adopted extin
tion law is similar to the gala
ti
 one. This is a


onsequen
e of age sele
tive extin
tion whi
h, as already pointed out by Granato

et al. (2000), 
ould at least in part explain the di�eren
es between the gala
ti


and starburst attenuation laws.

8. Very Luminous IR galaxies observed by Goldader et al. (2002) do not follow the

relation F

FIR

=F

UV

vs. � found in UV-bright starbursts; they show a F

FIR

=F

UV

larger by one or two orders of magnitude than that expe
ted by the UV spe
tral

128



129

index. We are able to explain these observation as another 
onsequen
e of age

sele
tive extin
tion. We noti
e that VLIRGs models follow a pattern in whi
h we


an identify three phases: a) The obs
ured phase, in whi
h the burst is heavily

obs
ured and what is seen in the UV band 
omes from older stellar population and

the UV spe
tral index do not measure the attenuation of the burst population.

b) The UV-bright phase, when the burst has 
onsumed an important fra
tion of

the gas and MCs be
ome more transparent. The UV from the burst population

is less obs
ured and the galaxy fall on the Meurer relation. 
) The passive phase,

when all the mole
ular gas is 
onsumed the SFR goes to zero, and the galaxy

evolves passively leaving the Meurer relation. It is worth noti
ing that only some

UV-bright starbursts in Wu et al. sample are, possibly, the result of the above

evolution.

9. We presented new 
alibrations for the SFR estimators obtained by using lines and


ontinuum from the UV to radio wavelengths, and study the reliability of ea
h

estimator. NIR H re
ombination lines and radio luminosities are proved to be very

a

urate SFR estimators. In the 
ase of normal spiral galaxies, the model eviden
es

that H�, UV and even IR estimators of SFR are a�e
ted by important s
atters. For

H�, the age sele
tive extin
tion 
an produ
e an underestimate of the attenuation

when it is derived by the Balmer de
rement. Also IR emission does not provide an

a

urate estimate of the SFR in disk galaxies, be
ause the fra
tion of UV radiation

not absorbed by the dust 
an be high. Anyhow, the UV luminosity 
orre
ted

by using the ratio F

FIR

=F

UV

is a robust SFR estimator, essentially be
ause one

re
overs in the FIR what is lost in the UV. We also reprodu
ed the observed value

of the q ratio between radio and FIR emission. Its s
atter in normal spiral galaxies

is as
ribed to the variation of extin
tion between di�erent obje
ts.

10. We presented some appli
ations of infrared nebular lines. In parti
ular we have

provided a new 
alibration for the nitrogen abundan
e (N/H) as a fun
tion of the

intensities of the [N ii℄122�m, [N iii℄57�m, and Br� lines. When the latter line

is missing or useless (e.g. when a�e
ted by strong extin
tion), we suggest the

possible use of the radio luminosity as indi
ator of the ionizing 
ux Q

H

, that enters

impli
itly the above 
alibration. We provide a new 
alibration of the metalli
ity

with the ratio N

23

de�ned by equation 7.8. This new 
alibration will turn out to

be parti
ularly useful for the Hers
hel experiment.

11. We were also able to explain the di�eren
e in the ratio [Ne iii℄15.5�m/[Ne ii℄12.8�m

between starbursts and gala
ti
 H ii regions as the 
onsequen
e of the presen
e of

stars more massive than 30 M

�

. This 
ould be due to the smaller mass of young

star 
lusters in our galaxy than in starbursts.

12. Finally, we estimated the luminosity of some near- and mid-IR emission lines from

ellipti
al galaxies in formation at high redshift. The results show that these lines


an be dete
ted up to z � 4 by the SIRTF experiment, at least in the most luminous
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ases. Thus, we dis
ussed the possibility of a SIRTF spe
tros
opi
 follow-up of

these obje
ts sele
ted from the SWIRE and the GOODS surveys.
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Appendix A

The UV-bright sample

In this Appendix we report the results of our analysis of data from the UV-bright star-

burst sample from Wu et al. (2002).

In table A.1 we reported the measured � together with its un
ertainty ��. Other


omputed quantities in table A.1 are the FIR luminosity (obtained from Helou's de�ni-

tion), the ratio L

FIR

=L

1600

and the luminosity at 5550

�

A(L

V

= 5550 � L

5550

).

Table A.1: Computed quantities for the Wu's sample.

Obje
t D [Mp
℄ � �� Log(L

FIR

=L

1600

) Log(L

FIR

=L

�

) Log(L

V

=L

�

)

Arp248B { -0.72 0.25 0.93 { {

ESO185IG013 83.95 -1.40 0.22 { { 9.59

ESO296IG011 82.79 -2.01 0.66 0.72 10.02 9.47

ESO338IG004 43.05 -2.04 0.06 -0.22 9.59 9.51

ESO383G044 60.53 -1.04 0.55 0.57 9.93 {

ESO572G034 15.70 -2.13 0.14 -0.02 8.52 8.01

IC1586 91.20 -0.78 0.28 0.57 10.14 9.80

IC214 139.32 -0.74 0.40 1.16 11.22 9.93

IC2184 60.53 -2.09 0.46 0.97 10.17 {

IC2458 29.24 -2.99 0.52 { { {

Mkn116 16.52 -2.39 0.22 { { {

Mkn1267 90.36 -0.98 0.25 { { 9.88

Mkn153 43.05 -2.01 0.11 { { {

Mkn170 21.38 -2.60 0.39 0.50 8.42 {

Mkn19 60.43 -1.42 0.11 { { {

Mkn209 5.70 -1.80 0.16 { { {

Mkn220 70.60 -1.36 0.14 { { {

Mkn25 45.29 -1.93 0.18 0.48 9.59 {

Mkn309 196.79 1.33 0.29 { { 10.37

Mkn33 28.31 -1.57 0.14 0.42 9.74 {

Mkn357 226.98 -1.40 0.40 0.07 10.84 10.23

Mkn36 8.39 -1.68 0.10 { { {
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Table A.1: Continue.

Obje
t D [Mp
℄ � �� Log(L

FIR

=L

1600

) Log(L

FIR

=L

�

) Log(L

V

=L

�

)

Mkn477 179.47 -1.29 0.20 0.68 10.82 {

Mkn487 16.00 -1.27 0.22 { { 7.81

Mkn499 123.03 -0.74 0.20 { { 9.97

Mkn542 209.89 -1.94 0.23 { { 10.37

Mkn54 113.24 -1.74 0.09 0.18 10.33 {

Mkn66 94.22 -1.39 0.17 0.15 9.88 9.63

Mkn789 52.24 -0.77 0.31 1.50 10.17 {

Mkn7 43.68 -2.23 0.37 0.13 9.22 {

Mkn829 24.89 -1.90 0.04 -0.11 8.88 8.45

Mkn960 91.22 -1.35 0.18 0.23 10.25 9.81

NGC1140 22.70 -1.53 0.05 0.22 9.44 9.15

NGC1313 4.33 -0.99 0.17 1.42 8.74 7.33

NGC1510 13.00 -1.62 0.13 -0.01 8.36 8.36

NGC1569 1.73 -1.62 0.16 -0.38 8.29 7.96

NGC1614 72.11 -0.84 0.20 1.86 11.38 10.11

NGC1672 17.95 -0.12 0.10 1.51 10.29 {

NGC1705 7.80 -2.38 0.04 -0.70 7.99 8.16

NGC1800 10.67 -1.88 0.13 0.23 8.23 8.19

NGC1808 13.49 0.83 0.41 3.03 10.42 9.09

NGC2403 3.21 -0.95 0.20 2.12 8.66 6.25

NGC2415 61.09 -0.49 0.22 0.87 10.71 {

NGC2537 6.89 -1.74 0.25 0.90 8.44 {

NGC2782 43.45 -1.11 0.07 1.05 10.44 {

NGC2798 31.48 -0.17 0.40 1.96 10.49 {

NGC3049 26.18 -1.10 0.12 0.70 9.49 8.82

NGC3125 15.42 -1.20 0.14 0.42 9.23 8.54

NGC3256 41.11 0.11 0.23 1.85 11.36 9.84

NGC3310 20.70 -1.13 0.12 0.81 10.30 {

NGC3353 20.23 -1.52 0.14 { { {

NGC3395 30.34 -1.44 0.28 { { {

NGC3396 30.48 -1.36 0.47 { { {

NGC3448 26.79 -0.90 0.22 1.18 9.86 {

NGC3504 29.38 -0.38 0.12 1.31 10.47 {

NGC3690 52.00 -1.21 0.13 2.02 11.60 {

NGC3991 53.46 -1.65 0.04 { { {

NGC3995 54.45 -0.68 0.14 0.79 10.13 {

NGC4194 44.26 -0.36 0.13 1.52 10.80 9.78

NGC4214 4.09 -1.55 0.09 { { {

NGC4385 36.81 -0.96 0.18 0.87 9.98 9.30

NGC4449 2.92 -1.76 0.04 { { {

NGC4500 53.46 -0.66 0.12 1.00 10.26 {

NGC4670 16.67 -1.53 0.11 0.10 9.09 {
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Table A.1: Continue.

Obje
t D [Mp
℄ � �� Log(L

FIR

=L

1600

) Log(L

FIR

=L

�

) Log(L

V

=L

�

)

NGC4853 120.23 -0.21 0.36 1.21 10.26 {

NGC4861 12.47 -2.15 0.06 { { 7.97

NGC5102 3.12 -0.48 0.17 -0.07 7.24 8.14

NGC5236 4.37 -0.85 0.10 1.05 9.59 8.69

NGC5253 2.50 -1.24 0.11 0.61 8.43 7.48

NGC5860 77.09 -0.67 0.34 0.76 10.23 9.86

NGC5996 54.70 -1.19 0.21 0.85 10.32 9.59

NGC6052 76.21 -0.74 0.11 0.90 10.78 10.00

NGC6090 126.34 -0.51 0.18 1.20 11.22 10.18

NGC6217 27.29 -0.66 0.10 1.15 10.14 9.27

NGC6221 21.38 -0.66 0.46 { { 9.27

NGC7250 22.39 -1.83 0.19 0.38 9.42 8.84

NGC7496 23.66 -1.13 0.13 1.25 9.92 8.99

NGC7552 22.70 0.32 0.12 2.02 10.77 9.59

NGC7673 54.70 -1.18 0.10 0.65 10.36 9.84

NGC7714 43.85 -1.16 0.08 { { 9.72

NGC7793 6.19 -1.27 0.12 1.47 8.97 7.82

UGC4305 3.05 -2.08 0.28 0.38 7.31 {

UGC8315 16.62 -2.11 0.62 { { {

Figure A.1 and A.2 show the UV spe
tra of the galaxies with the appropriate �t

F

�

/ �

�

.

Figure A.3, A.4, A.5 and A.6 show the �ts of spe
tral regions around H� and H�,

while in table A.2 we reported the luminosities of su
h lines.
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134 A. The UV-bright sample

Figure A.1: UV spe
tra of �rst 44 obje
ts of the sample 
ompared with the appropriate

�t.
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Figure A.2: As �g. A.1, but for the remaining obje
ts.
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136 A. The UV-bright sample

Figure A.3: Opti
al spe
tra of �rst 24 galaxies of the sample in the region around H�.

The 
ux is in ordinate and in linear s
ale; the latter is di�erent form an obje
t to another

and was 
hosen from the value of the 
ontinuum and the emission line. Small dots are

data, tiny lines show the �tting fun
tion.
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Figure A.4: As previous �gure but for the following galaxies.
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138 A. The UV-bright sample

Figure A.5: As �g. A.3 but for the spe
tral region around H�.
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Figure A.6: As �g. A.5, but for the remaining obje
ts.
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140 A. The UV-bright sample

Table A.2: Luminosity of opti
al lines for the Wu's sample. The luminosities are ex-

pressed in logarithmi
 s
ale, in unit of 10

30

W.

Obje
t H� H� [O ii℄3727 [O iii℄4960 [O iii℄5007 [N ii℄6549 [N ii℄6585

ESO185IG013 4.42 3.86 4.35 3.94 4.39 2.88 3.33

ESO296IG011 4.14 3.49 4.06 3.39 3.90 3.08 3.26

ESO338IG004 4.49 4.02 4.38 4.27 4.72 2.77 3.15

ESO572G034 3.31 2.56 2.99 2.64 3.14 1.28 2.22

IC1586 4.41 3.79 4.26 3.32 3.76 3.35 3.77

IC214 4.61 3.83 3.99 3.42 4.00 3.62 4.14

Mkn1267 4.33 3.88 4.01 3.17 3.62 3.48 3.84

Mkn309 4.86 4.19 3.72 3.30 3.69 4.16 4.67

Mkn357 5.35 4.78 5.05 4.75 5.24 4.05 4.53

Mkn487 3.01 2.43 2.53 2.74 3.24 1.89 1.92

Mkn499 4.36 3.76 4.14 3.60 4.05 3.43 3.80

Mkn542 4.70 4.35 4.54 3.42 3.92 4.13 4.42

Mkn66 4.13 3.80 4.23 3.74 4.23 3.48 3.49

Mkn829 3.61 3.04 3.46 3.16 3.67 2.53 2.64

Mkn960 4.57 3.99 { 3.83 4.30 3.29 3.67

NGC1140 3.95 3.39 3.88 3.42 3.88 2.87 2.98

NGC1313 1.62 1.12 1.67 0.36 0.96 0.76 0.90

NGC1510 3.02 2.42 2.87 2.61 3.08 1.88 2.04

NGC1569 2.55 2.03 2.36 2.32 2.82 1.55 1.63

NGC1614 4.94 4.02 4.15 3.36 3.89 4.27 4.65

NGC1705 2.52 1.98 2.36 2.18 2.63 0.89 1.44

NGC1800 2.24 1.66 2.48 1.68 2.13 1.19 1.42

NGC1808 3.73 2.82 2.50 1.67 2.15 2.85 3.56

NGC2403 1.56 1.06 1.36 0.61 1.13 0.41 0.80

NGC3049 3.67 3.05 3.16 1.85 2.52 2.84 3.25

NGC3125 3.67 3.14 3.46 3.31 3.80 2.11 2.49

NGC3256 4.83 4.05 4.14 2.94 3.68 4.06 4.46

NGC4194 4.64 3.78 4.02 3.36 3.83 3.83 4.33

NGC4385 4.21 3.46 3.68 2.86 3.30 3.49 3.92

NGC4861 3.58 3.01 { 3.34 3.85 2.10 2.34

NGC5102 0.55 { 1.41 { { { {

NGC5236 3.08 2.48 2.37 { 1.01 2.45 2.78

NGC5253 2.79 2.33 2.62 2.55 3.01 1.53 1.63

NGC5860 4.34 3.67 3.50 2.73 2.99 3.24 4.01

NGC5996 4.29 3.58 3.51 2.48 2.96 3.33 3.90

NGC6052 4.67 4.03 4.60 3.81 4.34 3.80 3.92

NGC6090 5.15 4.40 4.55 3.73 4.22 4.30 4.82

NGC6217 3.79 3.04 3.00 2.36 2.46 3.13 3.61

NGC6221 3.91 3.26 3.08 2.15 2.68 3.18 3.70

NGC7250 3.63 3.05 3.60 3.07 3.56 2.42 2.91

NGC7496 3.58 2.86 1.89 2.19 2.53 2.94 3.27

NGC7552 4.12 3.43 3.29 2.22 1.88 3.45 3.88

NGC7673 4.50 4.02 4.41 3.80 4.30 3.52 3.78

NGC7714 4.69 4.08 4.42 3.79 4.29 3.81 4.25

NGC7793 2.00 1.49 1.71 0.49 0.81 1.27 1.55
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Table A.3: Equivalent width (in

�

A) of opti
al lines for the Wu's sample. Negative values

mean net emissions.

Obje
t EW(H�+[N ii℄) EW(H�) EW(HÆ) EW([O ii℄3727) EW([O iii℄5007)

ESO185IG013 -142.55 -13.04 1.94 -52.62 -78.93

ESO296IG011 -101.57 -6.99 6.88 -48.35 -35.52

ESO338IG004 -191.47 -34.11 -6.95 -75.29 -200.89

ESO572G034 -387.90 -33.21 -2.38 -107.25 -189.10

IC1586 -85.54 -5.81 1.98 -41.35 -13.08

IC214 -92.30 -7.39 5.72 -18.27 -18.17

Mkn1267 -70.59 -4.57 4.22 -24.21 -6.41

Mkn309 -105.18 -1.72 1.27 -2.39 -4.34

Mkn357 -343.68 -37.20 -2.29 -40.05 -95.63

Mkn487 -278.82 -45.98 -5.71 -55.82 -245.69

Mkn499 -58.42 -2.08 3.94 -20.29 -16.69

Mkn542 -56.42 -4.36 1.11 -28.25 -6.49

Mkn66 -78.57 -7.91 3.17 -46.10 -42.56

Mkn829 -278.55 -30.28 -8.97 -108.98 -146.83

Mkn960 -124.52 -10.24 2.60 { -40.71

NGC1140 -142.13 -18.28 2.09 -65.28 -67.04

NGC1313 -47.52 0.28 5.32 -25.44 -6.67

NGC1510 -90.22 -6.89 5.34 -46.07 -66.39

NGC1569 -100.74 -7.84 2.00 -13.46 -75.10

NGC1614 -170.98 -8.54 4.28 -20.68 -10.20

NGC1705 -44.17 -2.10 4.22 -14.78 -41.06

NGC1800 -22.75 1.56 6.59 -29.49 -12.54

NGC1808 -98.15 -2.84 4.09 -10.84 -1.96

NGC2403 -479.03 -60.07 -7.51 -59.20 -78.43

NGC3049 -194.94 -20.13 0.26 -30.24 -9.08

NGC3125 -231.92 -37.62 -3.59 -70.94 -233.76

NGC3256 -248.11 -19.23 1.11 -27.53 -10.77

NGC4194 -161.13 -14.70 0.18 -30.67 -16.11

NGC4385 -165.96 -14.95 0.13 -49.27 -17.42

NGC4861 -845.99 -41.71 { { -378.82

NGC5102 0.84 7.29 8.39 -4.35 -0.07

NGC5236 -75.25 -2.48 3.88 -7.29 -0.71

NGC5253 -466.36 -76.16 -8.86 -120.14 -347.18

NGC5860 -68.82 1.06 5.22 -8.74 -3.21

NGC5996 -121.88 -8.20 -0.82 -10.26 -2.73

NGC6052 -99.73 -9.41 0.85 -50.77 -26.67

NGC6090 -225.56 -21.91 -1.24 -33.87 -16.12

NGC6217 -87.13 -5.22 2.01 -8.38 -2.18

NGC6221 -98.64 -2.88 1.72 -15.88 -4.58

NGC7250 -140.77 -16.35 -0.80 -60.16 -64.14

NGC7496 -95.70 -8.28 0.85 -1.48 -7.28

NGC7552 -89.91 -2.09 5.71 -10.62 -0.07

NGC7673 -100.16 -14.36 2.04 -51.71 -35.60

NGC7714 -232.16 -27.63 -2.45 -61.24 -50.34

NGC7793 -37.38 -0.21 5.61 -16.94 -1.55
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